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 This is the right time to clarify the issues that emerge from “omics sciences” 
(genomics, pharmacogenomics, transcriptomics, proteomics, metabolomics, 
connectomics, nutrigenomics, ecotoxicogenomics, environmental genomics, 
etc.) in terms of hopes and limitations. Of course, several hurdles are ahead. 
Given the ongoing additional developments in omics technologies assisted by 
powerful bioinformatic tools, optimism is in place to deliver the expectations 
raised by the genomic revolution. The ambition of “omics sciences” is to 
characterize a large (if not complete) set of molecules within a biological 
sample and their orchestral interactions in fi ne-tuning the phenotype. 

 The aim of these “pluriomics” is to get full insight into the complex 
biological systems often designated as “integrative systems biology.” The 
semantic bioinformatic-based linking process of multitude omics sciences 
has been named “interactomics” which is not limited to protein-protein 
interactions but englobes all cellular processes. Presently, high-throughput 
technologies have generated more data than that we can handle. Harmonization 
and standardization of complex omics data itself is a great challenge to under-
stand the dynamics of biological networks in space and time and also, through 
metadata analysis, to recover meaningful biological response to our questions 
in health and disease. In the omics ocean, it is quite diffi cult to navigate even 
for the experienced biologists and clinicians. To fi ll this gap and to soothen 
the annoyment    of health-care scientists, “ Omics for Personalized Medicine ” 
provides a detailed description of concepts and technologies in the fi rst 
section and the present “state-of-the-art” applications in the remaining six 
sections. The editors, led by the eminent physician  cum  biomedical scientist 
Prof. N.K. Ganguly and coordinated by the principal member of the editorial 
board, Debmalya Barh along with Dipali Dhawan, have brought a distin-
guished list of contributors from around the world to achieve the formidable 
task of explaining what is “omics” and how their concepts can be applied to 
personalized medicine. Since the fi elds of applications of omics are quite 
large, for reasons of clarity, six sections are introduced (cancer/autoimmune, 
neuropsychiatric, cardiovascular/pulmonary, metabolic, and infectious disor-
ders without ignoring the implications in ortho, gyneco, and opthalmo medi-
cal specialities as well as in cell-based therapies). The concept of “personalized 
medicine” is not novel to physicians who have since long practiced it with 
some subjective appreciations and approximations, while the ambition of 
present concept of “personalized prescription” aims to achieve personalized 

   Foreword   



viii

“drug selection and drug dose” and intends to be  evidence-based through 
omics knowledge. These approaches need not  necessarily be based on patient’s 
genetic makeup as we recognize more and more the importance of epigenetic 
modifications in drug tolerance, response, and toxicity which is also 
highlighted in the fi rst section. After all, gene expression is infl uenced by 
xenobiotics including drugs, and the destiny of xenobiotics in our body is 
dictated by organism’s gene expression network. We are in the process of 
searching the road map, and the “omics for personalized medicine” intends to 
be your GPS (“genomic positioning system”).

  Dr. R. Krishnamoorthy 
 Former Director of Research Pharmacogenomics Section  
 Institut National de la Santé et de la Recherche Médicale (INSERM)  
 Paris, France   

 R. Krishnamoorthy, Ph.D., D.Sc. , is an eminent scientist and former 
director of research, INSERM, Paris, France. A specialist in the fi elds of 
pharmacogenetics, pharmacogenomics, hematological genetic disorders, 
and immunogenetics among others, Dr. Krishnamoorthy is dynamically 
engaged in several international committees and advisory boards and 
presently is a consultant for research in molecular hematology for a number 
of institutions in different countries. He works in collaboration with top 
research institutes from India, Brazil, the USA, the UK, Germany, Oman, 
Mauritius, Bahrain, Qatar, and Maldives and has more than 260 interna-
tional publications. He had peer-reviewed for major journals like Am J 
Hum Gen, Blood, Nat Reviews, and PLoS One and other PLoS serie   s.
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 The goal of humankind is to alleviate the human suffering through the gain 
of knowledge. In the last few decades, the rapid advancement of “omics” 
technologies has shown us a way to understand the genetic causes of diseases 
that has led the way for better treatment options and management for the 
diseases that affl ict humankind. The sequencing of human genome was the 
fi rst major step towards the realization and advancement of personalized 
medicine. Researchers all over the world are in unison in their opinion that 
this is just the beginning and as more and more innovations occur, omics 
technologies will gradually become the part of regular treatment and will be 
adopted by both physicians and patients alike. 

 The major need of the hour is the dissemination of knowledge of the latest 
technological development among students of science, medical professionals, 
policy makers, and educated public, in general, so that these revolutionary 
technologies are adopted more quickly and bring about positive changes 
in public health scenario. This book is a sincere effort by researchers all 
over the world to bring that knowledge and development trends in pharma-
cogenomics to the public. 

 The book “Omics for Personalized Medicine” as the title implies presents 
a comprehensive analysis of several aspects of pharmacogenomics and 
personalized medicine. The book has been divided into seven sections com-
prising 34 chapters. Section I contains the general aspects of the omics tech-
nologies that have been developed and also the future innovations that will 
transform public health. Sections II–VII comprise chapters on personalized 
medicine covering several diseases. 

 The book chapters have been written by scientists from all over the world 
and with a focus on present and future global trends in the fi eld of pharma-
cogenomics and personalized medicine. Each chapter is comprehensively 
written and includes fi gures and illustrations for the benefi t of the readers. 
The book has been written and complied for over a year ensuring that all the 
latest aspects of pharmacogenomic research trends have been incorporated in 
the book. The efforts of authors are being refl ected in the considerable amount 
of information incorporated in each of the chapter of the book. 

 The book begins with a chapter entitled “Pharmaco-Geno-Proteo- 
Metabolomics and Personalized Medicine: An overview” by Drs. Raghavachari 
and Gucek, wherein they give an overview of the different omics technologies. 
The second chapter by Dr. Mitra and colleagues describes the current status 
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and future of pharmacogenomics along with the issues that need to be resolved. 
The third chapter by Dr. Hong and colleagues is about next-generation 
sequencing including protocols, algorithms, and software packages for ana-
lyzing the data generated. In Chap.   4    , Dr. Gunduz and colleagues elaborate 
on a novel discipline of pharmacoepigenomics and the epigenetic markers 
that can help in understanding interpersonal variations in response to thera-
peutics. In Chap.   5    , Dr. Hassan explores the relationship between dietary 
factors and prevention of disorders like tumors, diabetes, and obesity. In 
Chap.   6    , Son, Tuzmen, and Dr. Hizel talk about the designing and potential 
applications of studies related to pharmacogenomics. In Chap.   7    , Drs. Sharma 
and Munshi describe the opportunities and applications of personalized 
medicine in clinical trials. In Chap.   8    , Drs. Munshi and Ahuja talk about ethics, 
a very important concept in pharmacogenomics. In Chap.   9    , Dr. Hernández-
Lemus outlines some emerging ideas in the fi eld of computational pharma-
cogenomics. In Chap.   10    , Ms. Pasha and Dr. Scaria have highlighted the 
online resources available in personal genomics. 

 Sections II–VII of this book highlight the applications of personalized 
medicine in different fi elds. Drs. Dhawan and Padh provide an overview on 
the well-studied molecular markers for effi cacy/toxicity and also discuss the 
evolution of companion diagnostics in cancer in Chap.   11    . Dr. Gunduz and 
colleagues elaborate on the recent advances in the fi eld of personalized 
medicine in acute myeloid leukemia in Chap.   12    . Drs. George, Selvarajan, 
and Srinivasamurthy discuss the molecular markers in autoimmune disorders 
in Chap.   13    . In Chap.   14    , Drs. Archer and Fredriksson focus on studies related 
to personalized medicine in Parkinson’s disease. In Chap.   15    , Drs. Archer and 
Johansson highlight the progress achieved in the fi eld of Alzheimer’s disease 
in relation to personalized medicine. In Chap.   16    , Drs. Archer, Ricci, and 
Ricciardi talk about the relevance of pharmacogenomics in mood disorders. 
Drs. Callejas and Garre discuss the association of gene polymorphisms with 
opioid and alcohol addiction in Chap.   17    . Dr. Blum and colleagues highlight 
on an important link of neurogenetics and nutrigenomics with accurate 
genetic diagnosis and dopamine D2 agonist therapy to induce dopaminergic 
activation in Chap.   18    . Dr. Yiannakopoulou focuses on variations that affect 
response on analgesic treatments in terms of effi cacy and safety in Chap.   19    . 
In Chap.   20    , Dr. Chatterjee discusses personalized medicine in cardiovas-
cular disease which is the leading cause of death in the world. In Chap.   21    , 
Dr. Jiménez-Varo and colleagues have elaborated on the studies of oral 
anticoagulants especially coumarin derivatives in relation to pharmacogenetics. 
In Chap.   22    , Drs. Xie and Zhang focus on effi cacy of dual antiplatelet therapy 
in terms of tailored medicine. Dr. Crotti and colleagues highlight the importance 
of polymorphisms associated with therapy resistance in people with respiratory 
diseases in Chap.   23    . Dr. Munshi and colleagues discuss the signifi cant 
heterogeneity in the effi cacy and adverse drug reactions of antiallergic and 
antiasthmatic drugs in Chap.   24    . In Chap.   25    , Dr. Selvarajan and colleagues 
extensively discuss the application of personalized medicine in drug response 
pertaining to type 2 diabetes mellitus and other metabolic disorders. In Chap.   26    , 
Dr. Aguilera and colleagues have focused on clinical biomarkers which 
impact obese individuals mainly those that detect host biomarkers and also 
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gut microbiota biomarkers. In Chap.   27    , Drs. Ganguly and Saha elaborately 
discuss the biomarkers for infectious diseases in the view of effi cacy and 
safety of tailored medicine. In Chap.   28    , Dr. Dwivedi and colleagues focus on 
understanding the genetic makeup and progression of disorders and treatment 
in various viral diseases. Dr. Venegas and colleagues present concerns related 
to pathologies most prevalent in the elderly population like osteoporosis in 
connection to personalized medicine in Chap.   29    . Dr. Kaur and colleagues 
focus on clinical relevance of genetic variations in terms of response to thera-
peutics in gynecological disorders in Chap.   30    . Dr. Majumdar and colleagues 
have discussed the lesser studied aspect of pharmacogenomics in the fi eld of 
infertility in Chap.   31    . Dr. Schwartz and colleagues talk about personalized 
medicine in open-angle glaucoma and age-related macular degeneration, two 
important causes of visual loss and well studied in opthalmology in Chap.   32    . 
In Chap.   33    , Dr. Girija Sanal gives an extensive overview of the fi eld of 
stem cell biology, genetic engineering, and regenerative medicine in terms 
of tailored therapy for future applications in the clinic. In the last chapter, 
Dr. Chemello and colleagues have discussed chronic kidney diseases and 
calcineurin inhibitors as immunosuppressive therapy. 

 The book will be a very useful and comprehensive information source as 
well as good scientifi c read for both the undergraduate and postgraduate 
students of medicine and researchers of the allied fi elds who have keen interest 
in the fi eld of pharmacogenomics and personalized medicine. 

 We further welcome the suggestions and comments from the readers of the 
book for the future editions of the book. 

   (Editors)
Purba Medinipur, West Bengal, India   Debmalya Barh 
 Ahmedabad, Gujarat, India   Dipali Dhawan 
 New Delhi, India    Nirmal Kumar Ganguly 
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 “Omics for Personalized Medicine” will give to its prospective readers the 
insight of both the current developments and the future potential of personalized 
medicine. The book brings into light how the pharmacogenomics and  omics  
technologies are bringing a revolution in transforming the medicine and 
the health care sector for the better. Students of biomedical research and 
medicine along with medical professionals will benefi t tremendously from 
the book by gaining from the diverse fi elds of knowledge of new age person-
alized medicine presented in the highly detailed chapters of the book. The 
book chapters are divided into seven sections for convenient reading with the 
fi rst section covering the general aspects of pharmaocogenomic technology 
that includes latest research and development in  omics  technologies. The fi rst 
section also highlights the role of  omics  in modern clinical trials and even 
discusses the ethical consideration in pharmocogenomics. The remaining six 
sections focus on the development of personalized medicine in several areas 
of human health. The topics covered range from metabolic and neurological 
disorders to non-communicable as well as infectious diseases, and even 
explores the role of pharmacogenomics in cell therapy and transplantation 
technology. Thirty-four chapters of the book cover several aspects of pharma-
cogenomics and personalized medicine and have taken into consideration the 
varied interest of the readers from different fi elds of biomedical research and 
medicine. Advent of pharmacogenomics is the future of modern medicine, 
which has resulted from culmination of decades of research and now is 
showing the way forward. The book is an honest endeavour of researchers 
from all over the world to disseminate the latest knowledge and knowhow in 
personalized medicine to the community health researchers in particular and 
the educated public in general.  

  About the  Book      
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 Abstract 

   The mapping of the human genome has been an important milestone in 
understanding the interindividual differences in genetic predisposition to 
diseases and individuals’ responsiveness to drugs. These factors have 
now begun to revolutionize the clinical landscape with new therapeutic 
strategies defi ned as “personalized medicine.” Personalized medicine is 
believed to transform the traditional “one size fi ts all” model of medicine 
by applying individual gene-based information to better manage a patient’s 
disease or predisposition toward a disease and to tailor strategies for the 
prevention and treatment of diseases. In this context, recent explosion in 
the omics tools and technologies is believed to generate valuable pharma-
cogenomic, proteomic, and metabolic information of patients which 
would serve as potential accelerating factors for the development of 
personalized medicine. Personalized medicine has the ability to change the 
overall landscape of medicine from diagnosis and treatment to prevention. 
The success of personalized therapy in the future will depend on scientifi c 
advances in pharmacogenomics, proteomics, and metabolics and on a systems 
biology approach in the diagnosis and treatment of complex diseases. 
   This chapter discusses the basic concepts and advancements in the fi elds of 
pharmacogenomics, pharmacoproteomics, and pharmacometabolomics 
and their applications in personalized medicine. 

      Pharmacogenomics, 
Pharmacoproteomics, 
and Pharmacometabolomics 
and Personalized Medicine: 
An Overview    

                         Nalini     Raghavachari      and     Marjan     Gucek    

    M.   Gucek      
  Proteomics Core Facility – Systems Biology Center , 
 National Heart Lung and Blood Institute, National 
Institutes of Health,    Bldg 10, Center Drive, R, 8C 
103,   Bethesda,   MD   20892,   USA   
 e-mail: Marjan.gucek@nih.gov  
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1           Personalized Medicine 

1.1      Basic Concepts 

 Declare the past, diagnose the present, and foretell the future.

–Hippocrates

The art of medicine   , so defi ned, is a matter of 
prudence, because it is the combination of careful 
history taking, diligent examination, and diagnosis 
followed by skillful treatment and prognosis 
(Hippocrates  1993 ). With the advancement of tools 
and technologies in the omics fi eld, the practice 
of these acts in clinical medicine has now reached 
an exciting period wherein prediction, diagnosis, 
and treatment of diseases can be safely practiced 
with tailored individualized therapy. 

 In this context, the human genome project 
has made available the complete human genome 
sequence which is currently being analyzed at 
an accelerating rate to unravel the impact of 
variations of the human genome sequence on 
the pathogenesis of complex diseases such as 
cancer, heart diseases, and diabetes and the 
response to drug therapy in each of these condi-
tions. The rapid accumulation of knowledge on 
genome–disease and genome–drug interactions 
from these analyses has led to the emergence of 
personalized medicine in the clinical landscape. 
This fi eld though young is a rapidly advancing 
fi eld of healthcare that is informed by each 
person’s unique clinical, genetic, genomic, 
proteomic, and metabolomic information (Blum 
 2011 ; Farooqi et al.  2012 ). Because these factors 
are different for every person, the nature of 
diseases including their onset, their course, and 
how they might respond to drugs or other inter-
ventions is as individual as the people who have 
them. Thus, personalized medicine involves 
identifying precisely the molecular makeup of 
each individual information that allows accurate 
predictions to be made about a person’s sus-
ceptibility of developing disease, the course of 
disease, and its response to treatment (Davis 
et al.  2009 ; Sadee  2011 ). 

 In current practice, personalized medicine 
consists of trying to integrate comprehensive 

knowledge on individual factors such as genetic 
makeup or environmental conditions in diagnostic 
decisions or therapeutic interventions. In addition, 
it contributes to discovery and clinical testing of 
new drugs, biomarkers, and other medical products. 
Though sometimes personalized medicine is 
still described as a phenomenon of the future, it 
is believed to have begun its impact on patient 
treatments. 

 Few applications where molecular testing is 
being used include identifi cation of breast and 
colon cancer patients who are likely to benefi t 
from new treatments and newly diagnosed 
patients with early-stage invasive breast cancer 
to determine the likelihood of recurrence (Longo 
et al.  2010 ; Chouchane et al.  2011 ). 

 In another example, a genetic test for patients 
with an inherited cardiac condition aims to 
help their physicians determine which course of 
hypertension treatment to prescribe in order to 
maximize benefi t and minimize serious side 
effects (Bochud et al.  2011 ). In this respect, while 
genomic information has been well utilized, 
pharmacoproteomics and pharmacometabolomics 
are only starting to emerge in the medical and 
proteomics fi eld with a goal to bring understanding 
to the role of proteins in drug development and 
disease. Thus personalized medicine promises 
many medical innovations and has the potential 
to change the way clinical medicine is being 
practiced now (Mini and Nobili  2009 ; Chouchane 
et al.  2011 ; Mehta et al.  2011 ).  

1.2      Benefi ts and Challenges 

 Personalized medicine promises signifi cant 
benefi ts to patients, physicians, and pharmaceuti-
cals and also has few challenges. Major benefi ts 
include:
    (a)     Early diagnoses and therapy interventions . 

Molecular analysis could determine precisely 
which variant of a disease a person has, or 
whether an individual is susceptible to drug 
toxicities, to help guide treatment choices. 
In healthy individuals such analysis could 
improve the ability to identify which individuals 
are predisposed to develop a particular condition 
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and guide decisions about interventions that 
might prevent it, delay its onset, or reduce its 
impact (Panareo et al.  2011 ; Sadee  2011 ; 
Sudhindra et al.  2011 ).   

   (b)     Effi cient drug development . A better under-
standing of genetic variations could help 
scientists identify new disease subgroups or 
their associated molecular pathways and 
design drugs that target them. Molecular 
analysis could also help select patients for 
inclusion in, or exclusion from, late-stage 
clinical trials – helping gain approval for 
drugs that might otherwise be abandoned 
because they appear to be ineffective in the 
larger cohort of patient population (Hong and 
Oh  2010 ; Mocellin et al.  2010 ).   

   (c)     Effective therapies . Currently, physicians 
often have to use trial and error to fi nd the 
most effective medication for each patient. 
With the knowledge obtained from GWAS 
on molecular variations, it will be easier 
to best predict how a patient will react to a 
treatment, develop accurate and cost-effective 
tests, and determine which medications are 
likely to work best (Vermeire et al.  2010 ; 
Awada et al.  2012 ) for each individual.     

 Although the benefi ts with the practice of 
personalized medicine are numerous, it also has 
inherent challenges especially in healthcare 
policy and ethics in clinical trials, intellectual 
property rights, reimbursement policies, and patient 
privacy and confi dentiality. Given the array of 
issues, it is extremely important that a broad 
spectrum of life science companies, healthcare 
providers, and policymakers participate in shaping 
the successful application of this powerful new 
opportunity to prevent, diagnose, and manage 
diseases (Qattan et al.  2012 ; van Rooij et al.  2012 ). 
Nevertheless, it can be confi dently said that with 
the adaptation of an integrated policy framework 
that balances new tools and technologies and 
patient, industry, and scientifi c interests, person-
alized medicine would be able to fulfi ll its promise 
as rapidly as possible and accomplish the major 
goal of the human genome project/genomic 
medicine. With these advancements in science, 
medical practice in the future will be customized 
to each individual as depicted in Fig.  1.1 .

2          Pharmacogenomics and 
Personalized Medicine 

2.1      Basic Concepts 

 Pharmacogenomics as a recently emerged 
discipline stems from the fusion of two scien-
tifi c fi elds pharmacogenetics and genomics 
(Newman  2012 ). The term pharmacogenomics 
is also intertwined with the term personalized 
medicine and in general refers to the study of 
how genes affect the way a patient responds to 
medication. Genomic differences can infl uence 
the effi cacy of medications, can be the source of 
serious drug side effects, and can increase the 
risk of drug-to- drug interactions (Whirl-Carrillo 
et al.  2012 ). By having an evidence-based report 
of a patient’s genomic drug suitability profi le, a 
clinician can better understand how their 
specifi c patients may react to a medication. The 
rapid accumulation of knowledge on genome–
disease and genome–drug interactions has also 
impelled the transformation of pharmacogenetics 
into a new entity of human genetics, namely, 
pharmacogenomics. Enabled by high-through-
put technologies in DNA analysis, genomics 
introduces a further dimension to individualized 
predictive medicine. Determining an individu-
al’s unique genetic profi le in respect to disease 
risk and drug response will have a profound 
impact on understanding the pathogenesis of 
disease, and it may enable truly personalized 
therapy (Ma et al.  2012 ). This concept of ther-
apy with the right drug at the right dose in the 
right patient has emerged as an urgent require-
ment in a recent survey of studies conducted in 
the USA on adverse drug effects in hospitalized 
patients (Nielsen and Borregaard  2009 ; Rio 
et al.  2009 ; Roederer and McLeod  2010 ; Madian 
et al.  2012 ). Thus, it is anticipated that pharma-
cogenomics will play an integral role in disease 
assessment, drug discovery and development, 
and selection of the type of drug. Moreover, it 
may provide information useful to the selection 
of dosage regimen for an individual patient. 
Pharmacogenomics holds great promise to shed 
scientifi c light on the costly process of drug 
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development and to provide greater confi dence 
about the risks and benefi ts of drugs in specifi c 
populations.  

2.2      Tools and Technologies 

 In the last decade, examination of human 
diseases for biomarker discovery and disease 
 mechanism has advanced signifi cantly with high-
throughput technologies such as high- density 
microarrays manufactured in companies such 
as Affymetrix, Illumina, and Agilent (Hardiman 
 2008 ; Bhasker and Hardiman  2010 ) and deep 
sequencing of the genomes of humans and other 
species (Matkovich et al.  2010 ). Technological 
progress in analyzing millions of genes and inter-
genic variants in the form of single nucleotide 
polymorphisms (SNP) and copy number variants 
per individual has accelerated our comprehension 
of individual differences in genetic makeup. 
Genome-wide association studies (GWAS) have 
successfully identifi ed common genetic variations 
associated with numerous complex diseases. 
However, most common genetic variants have 
been shown to confer only modest risk, and their 
association accounts for a small portion of the 
total heritability of disease variance. This has 
led to reexamination of the contribution of the 
environment, gene–environment interaction, 
epigenetics, and rare genetic variants in complex 
diseases. Next-generation (Illumina, SOLiD, 454, 
Ion torrent) or third- generation sequencing tech-
nologies (PacBio, Nanopore) have now emerged 
(Pareek et al.  2011 ) and new more effi cient and 
cost-effective tools are evolving rapidly. With the 
signifi cant drop in cost for sequencing, it is now 
possible to perform whole exome sequencing to 
identify rare variants and to use novel exome 
arrays to genotype these rare variants in the 
population at an acceptable cost and time. Recent 
advances in the analysis of regulatory elements 
such as miRNA and long noncoding RNA and 
epigenetic changes that regulate to a large extent 
modulations in expressed genes have resulted in an 
explosion of genomic data that can be well utilized 
for unraveling novel disease biomarkers and disease 
mechanisms which in turn could result in novel 

drug discovery (Costa  2009 ; Bhartiya et al.  2012 ). 
However, the analysis of rare variants is still 
challenging since the methods employed are 
underpowered and the amount of information 
generated is overwhelming, frequently exceeding 
available computational capacity. Rapid advances 
in genomic technologies are being quickly adopted 
by researchers and are expected to fuel great 
progress in this area of pharmacogenomics.  

2.3      Applications in Medicine 

 This evolving fi eld of pharmacogenomics is at an 
intersection of pharmaceuticals and genetics and 
specifi cally studies the variability in drug 
response due to heredity. Pharmacogenomics is 
gaining a lot of momentum with the advent of 
new methods and technologies for genome 
analysis and is widely believed to play a major 
role in predictive and personalized medicine 
(Roden et al.  2006 ). The way a person responds 
to a drug (in both positive and negative manner) 
is a complex trait that is infl uenced by many dif-
ferent genes. Without knowing all of the genes 
involved in drug response, scientists have found 
it diffi cult to develop genetic tests that could 
predict a person’s response to a particular drug. 
The inherited variations in genes that dictate drug 
response and explore the ways of these variations 
can be used to predict whether a patient will have a 
good response or a bad response or no response 
at all to a particular drug. Most importantly, the 
knowledge on the infl uence of genetic variation 
on drug response in patients by correlating gene 
expression or single nucleotide polymorphisms 
with a drug’s effi cacy or toxicity is believed to be 
immensely helpful in reducing drug-caused 
morbidity and mortality. Pharmacogenomics will 
have high impact in areas such as oncology where 
many therapies are currently available, but each 
one works only for a small percentage of cancer 
patients. Genetic polymorphisms of proteins 
involved in drug targeting (i.e., pharmacodynamics) 
and drug metabolism and transport (i.e., pharma-
cokinetics) are the most important causes of 
individual variability in drug safety and effi cacy. 
Some genetic variations can affect them by 
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changing the biological context or environmental 
sensitivity of the drug response. 

 A classic example of the use of pharmacoge-
nomics is in the use of the drug warfarin. With 
respect to the drug targets for the drug warfarin, 
the commonly used anticoagulant, polymorphisms 
located in the enzyme vitamin K epoxide reductase 
complex subunit 1 (VKORC1) result in differential 
response of patients to the drug (Hall and Wilkins 
 2005 ). Inhibition of VKORC1 by warfarin leads 
to vitamin K depletion and, consequently, the 
production of coagulation factors with reduced 
activities. Several mutations in the coding region 
of VKORC1 have been identifi ed (Joffe et al.  2004 ) 
and have been found to be associated with resis-
tance to warfarin, necessitating larger warfarin 
doses. Similarly, Cytochrome P450 family 
members are important enzymes that metabolize 
most, if not all, clinical drugs (McGraw and 
Waller  2012 ). With CYP450 polymorphisms, 
subjects may process the medication too rapidly 
(ultra-metabolizers), rendering it ineffective, or 
too slowly (poor metabolizers), so that drug con-
centrations will build up in blood, potentially 
causing adverse reactions and, in contrast, in case 
of prodrugs, ineffective activation (McGraw and 
Waller  2012 ). Another classic example of pharma-
cogenomics is the usage of tamoxifen, best-known 
cancer drug, and the level of CYP2D6, one of the 
best-studied drug- metabolizing enzymes in each 
individual cancer patient (Beverage et al.  2007 ). 
About 10 % of the general population has a 

slow-acting form of this enzyme, and 7 % have a 
superfast-acting form. In total, 35 % are carriers 
of an abnormally functional 2D6 allele. This 
thereby suggests that prior knowledge on the 
expression of CYP2D6 would be highly benefi -
cial for tailored treatment of cancer patients 
(Beverage et al.  2007 ). 

 Similarly, statins that are widely used in the 
treatment of hypercholesterolemia provide a 
practical application for pharmacogenomics. The 
mechanism of statin-induced myopathy is still 
unclear and generally rare: 1/10,000 cases per year 
on standard therapy (Donnelly et al.  2011 ). 
However, the incidence increases with higher statin 
doses or concomitant use of other drugs, such as 
cyclosporine or amiodarone. A common SNP of 
SLCO1B1 an infl ux transporter on the basolateral 
membrane of hepatocytes that facilitates the drug 
uptake has been shown to markedly affect individ-
ual variation of statin pharmacokinetics in healthy 
volunteers (Mangravite et al.  2008 ; Superko et al. 
 2012 ). It was found that that genotyping SLCO1B1 
could be useful to identify persons with abnormal 
SLCO1B1 and thereby increase the safety and 
effi cacy of statin therapy (Donnelly et al.  2011 ). 
These applications are illustrated in Table  1.1 .

   The above mentioned examples of successful 
pharmacogenetic testing, unraveling the basis of 
some individual drug responses by single-gene 
polymorphisms, can guide future research in phar-
macogenomics and its application. In addition, 
identifi cation    of gene  pathways and networks; the 

   Table 1.1    Few examples of individualized treatment of patients with some of the commonly used drugs   

 Biomarker  Disease  Drug  Application 

 Her-2/neu receptor  Breast cancer  Herceptin  Select Herceptin (trastuzumab) 
for breast cancer 

 BRCA1/2  Breast/ovarian  Tamoxifen  Breast and ovarian cancer 
inherited risk, prophylactic 
tamoxifen and surgery 

 CYP2D6/CYP2D19  Cancer  Cancer drugs  Guide prescribing/adjust dose of 
~25 % of commonly used drugs 

 VKOR/CYP2C9  Blood disorders  Warfarin  Dosing of warfarin 

 CYP2C19  CVD  Clopidogrel  Dosing for variability in platelet 
aggregation 

 HLA-B  HIV  Abacavir  Genotyping to determine 
hypersensitivity 

 B lactam  Bacterial infection  Flucloxacillin  To determine sensitivity 

 CYP450  Hypercholesterolemia  Statins  Risk of myopathy 
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integration of genetics and genomics, proteomics, 
metabolomics, and epigenetics; and noncoding 
RNA derived from hypothesis-free investigation in 
GWAS could immensely help practicing physi-
cians in providing a tailored successful treatment 
regimen for patients in a timely and cost-effective 
manner. Pharmacogenomics is expected to help 
physicians and patients by enabling pharmaceutical 
companies to bring more drugs into market that are 
targeted at those patients who are more likely to 
benefi t from the drugs.  

2.4      Challenges 

 While technological advancements have acceler-
ated the identifi cation of biomarkers of disease sus-
ceptibility, treatment, and progression, the challenge 
that we now face is in the implication of these 
discoveries in clinical practice. This requires repli-
cation of the fi nding in an independent population 
followed by pathway elucidation and validation of 
effi cacy and clinical utility in at-risk populations. 
Most importantly, it has to be borne in mind that 
establishing relationships between numerous 
genomic markers and clinical phenotypes is not an 
easy task. Large-scale, prospective clinical studies are 
diffi cult but much needed to demonstrate the utility 
of genotyping as a basis for individualized medicine. 

 As personalized medicine enters mainstream 
medical practice, physicians and other healthcare 
providers will have to administer the application 
of growing numbers of genomic tests, pharma-
cogenomically guided therapies, and treatment 
decisions based on predictive evidence and risk 
estimation. Future advances in human genomics 
and their application to pharmacogenomics are 
expected to bring continued advances to this 
important area of translational medicine and 
revolutionize the practice of medicine in future.   

3      Pharmacoproteomics 

3.1      Basic Concepts 

 Pharmacoproteomics is the application of proteomics 
technologies to drug discovery and development 
(Jain  2004 ). In contrast to pharmacogenomics, which 

is a well-established concept, pharmacoproteomics 
is only starting to emerge in the medical and 
proteomics fi eld with a goal to bring understanding 
to the role of proteins in drug development and 
disease. The roles of proteins are very diverse, 
and mass spectrometry- based proteomics has 
established sophisticated tools and instruments 
that can identify proteins and measure the changes 
in protein levels, posttranslational modifi cations 
(e.g., kinase signaling), localization, and protein–
protein or drug–protein interactions. 

 The key to a successful drug development is 
a complete understanding of the disease and 
its pathophysiology. Proteomics is only one of 
the pieces of the big puzzle, with other omics 
approaches bringing other pieces to form the full 
picture. Such a complex network of genes, proteins, 
and small molecules yields a functional phenotype, 
with perturbations to the network representing 
pathophenotype (Loscalzo  2011 ). Nevertheless, 
there is a lot of variability among individuals in 
their genome, proteome, or metabolome; that is 
why “personalized medicine” tries to measure 
and tailor the drugs specifi c to an individual 
(Bencharit  2012 ). The high-throughput omics 
technologies are on the verge of being able to 
deliver on the promise of personalized medicine 
with proteomics being almost there. 

 The term is seldom used in the scientifi c liter-
ature; most of the citations are coming in from 
the recent years: a PubMed search for pharmaco-
proteomics shows 63 papers as of September 
2012 and only 18 for pharmacometabolomics, 
whereas generic “proteomics” search term yields 
35,853 and the search term “pharmacogenomics” 
yields 12,866 results ( PubMed ). Given that the 
proteomics fi eld has seen a dramatic growth 
only in the last 10 years, it is only now that 
sub- proteomics fi elds are emerging (such as 
organellar proteomics, serum proteomics, disease 
proteomics, pharmacoproteomics (Witzmann 
and Grant  2003 ). For the purpose of this chapter, 
we are going to focus on proteomics as a tool to 
understand disease and its markers and on 
 proteomics as a platform for personalized medicine. 

 In the past decade, the new proteomics 
 technological advances were driven by biomarker 
discovery, especially for early detection and 
treatment of diseases such as cancer and 
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 cardiovascular diseases. The discovery phase is 
usually less challenging as compared to bringing 
these biomarkers into clinical setting which is a 
more daunting task. For example, there are cur-
rently just over 200 protein targets in plasma pro-
teome that are measured clinically, which only 
represents less than 1 % of the human proteome 
(Anderson  2010 ). Additionally, the rate of vali-
dation of biomarkers from discovery phase into 
clinical use has been extremely low. There is still 
a lot of work to be done to bring the fi ndings from 
basic discovery studies into clinical setting.  

3.2      Tools and Technologies 

 Proteomics studies proteins and their posttransla-
tional modifi cations, protein interactions, and 
their localization. Mass spectrometry has been the 
method of choice for identifi cation and quantifi -
cation of proteins since the discovery of electro-
spray and MALDI ionizations which enabled to 
charge the biomolecules in vacuum (Fenn et al. 
 1989 ; Cho and Normile  2002 ). There has been a 
steady stream of improvements in sensitivity and 
speed of mass spectrometers enabling to detect 
lower amounts of peptides/proteins, with a greater 
reliability. The current state of the art is more than 
10,000 proteins identifi ed in a cell line (Nagaray 
et al. report identifi cation of 10,255 proteins in 
HeLa cell line (Nagaraj et al.  2011 ), whereas 
Beck et al. report that U2OS cells express at least 
10,000 proteins; for 7,300 proteins they also 
estimated their cellular concentrations (Beck et al. 
 2011 )). Once we take into account the protein 
posttranslational modifi cations (PTMs), the num-
bers increase greatly, especially with the most 
widely studied phosphorylation. Huttlin et al. 
carried out phosphoproteomic characterizations 
of nine mouse tissues and identifi ed nearly 36,000 
phosphorylation sites in over 6,000 proteins 
(Huttlin et al.  2010 ). The identifi cations of novel 
sites will likely to continue since there are up to 
500,000 possible phosphorylation sites in the 
human proteome (including all serines, threo-
nines, and tyrosines). 

 All these numbers are impressive; however, 
they pose a signifi cant bioinformatics challenge 

to extract some meaningful hypothesis from this 
vast information pool. Systems biology strives 
to organize these data in order to understand the 
internal workings in a cell, its signaling, and 
network interactions, either among proteins, or 
proteins–metabolites, or proteins–genes. As a 
consequence of the developments in systems 
biology approaches, there is an emerging para-
digm to view human disease as a complex 
network of proteins, genes, and metabolites that 
all contribute to the disease phenotype (Loscalzo 
 2011 ; Chan et al.  2012 ). With the advent of all 
the high-throughput omics approaches, it is now 
possible to embark onto personalized screening of 
an individual’s genome, proteome, and metabolome 
and compile and compare the data with systems 
biology approaches, all in order to understand the 
disease and/or potential risk for developing a 
disease. Chen et al. used such an approach in 
a groundbreaking paper which brings the per-
sonalized medicine into reality and proves that 
systems biology approach can work in medicine 
(Chen et al.  2012 ). 

 Mass spectrometry-based proteomics is used 
to identify and quantify proteins and their post-
translational modifi cations, it can be also utilized 
to study protein–protein or protein–drug interactions, 
and it can be used to follow temporal protein changes 
during progression or treatment of a disease. 
Although mass spectrometry was invented more 
than 100 years ago (Downard  2007 ), its applica-
tion in the arena of large biomolecules is fairly 
recent. The novel instrument designs (dual-pressure 
ion trap) and mass analyzers (orbitrap) (Hardman 
and Makarov  2003 ) have revolutionized the way 
we identify and quantify proteins. These new 
instruments have sensitivities and speeds that 
were almost unimaginable a decade ago. 
Coupling these capable instruments with new 
approaches in sample preparation (e.g., enrich-
ment of various posttranslational  modifi cations, 
antibody-based protein/peptide enrichment) and 
fractionation (e.g., isoelectric focusing, strong 
cation exchange chromatography) led to a wealth 
of proteomics data that can be mined using 
systems biology approaches. Simultaneously, 
relative quantifi cation of proteins has become 
easier using many new approaches and labeling 
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chemistries (label-free, SILAC, iTRAQ, TMT) 
(Boja and Rodriguez  2012 ; Paulo et al.  2012 ). 
Nevertheless, traditional DIGE (2D fl uorescence 
difference gel electrophoresis) approach is still 
well suited for clinical samples. In this type of 
experiment, the two protein samples (control, drug 
treated) are labeled with fl uorescent dyes, mixed 
together, and run in a single gel to see differences in 
protein levels and/or posttranslational modifi cations 
(see Fig.  1.2  for overview of mass spectrometry 
tools and approaches).

   Posttranslational modifi cations are attachments 
of small groups onto amino acids and can have a 
profound effect onto activity, localization, and 
folding of proteins (although they tend to be 
decorative sometimes). The most widely studied 
are the following (listed are also some recent 
reviews on respective PTMs): phosphorylation 
(Macek et al.  2009 ; Grimsrud et al.  2010 ; Nita- 
Lazar  2011 ), acetylation (Choudhary et al.  2009 ), 
S-nitrosylation (Gucek and Murphy  2010 ; Murphy 
et al.  2012 ), glycosylation (An et al.  2009 ), 
ubiquitination (Shi et al.  2011 ; Vertegaal  2011 ), etc. 
Because all of these moieties are usually substoi-
chiometric (individual amino acids are only 
modifi ed up to just a few percentages), there are 
enrichment strategies unique for each PTM that 

take advantage of physicochemical properties or 
are antibody based with the antibody targeting a 
specifi c modifi ed amino acid. An example for the 
former is enrichment of phosphorylated proteins 
and peptides using immobilized metal affi nity 
chromatography (IMAC) and an example for the 
latter is antibody-based enrichment of acetylated 
peptides using anti- acetyllysine antibody (Kim 
et al.  2006 ). Phosphoproteomics is able to iden-
tify thousands and thousands of modifi ed sites by 
exploiting the physicochemical characteristics of 
the phosphate group to interact with positively 
charged metal ions: immobilized metal affi nity 
chromatography (IMAC, gallium or iron based), 
metal oxide affi nity chromatography (MOAC, 
titanium dioxide based), and strong cation 
exchange (SCX). (A comparison of phosphopeptide 
and/or phosphoprotein enrichment strategies is 
given by Grimsrud et al. (Grimsrud et al.  2010 ).) 

 Pharmacoproteomics faces some challenges 
that are connected with the sample types that are 
usually used when, e.g., studying protein–drug 
interactions in biological fl uids (serum, saliva, 
tissue specimens). Such samples are diffi cult to 
solubilize, have a wide protein dynamic range, 
and contain abundant proteins that need to be 
depleted before proteomics analysis can be 
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  Fig. 1.2    Proteomics and metabolomics tools for disease biomarker discovery       
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carried out (such as depletion of albumin in serum) 
(Anderson  2010 ; Stastna and Van Eyk  2012 ). 
The fi eld is striving to employ techniques that are 
simple, for example, using antibody enrichment 
to fi sh out low-level proteins from biological 
fluids or using antibody to fi sh out specifi c 
peptides after tryptic digestion – SISCAPA 
(Kuhn et al.  2012 ). These approaches have 
proven to be viable in biomarker discovery with 
reproducibility of determination – which is a 
crucial component of any protein quantifi cation 
in a clinical setting – becoming acceptable for 
verifi cation studies. 

 Bringing these discovery tools into a clinical 
setting is another big challenge. Protein separation 
tools and mass spectrometric detection are well 
suited for the discovery process of biomarkers or 
measuring relative changes in protein levels and 
their PTM changes in disease or drug treatment. 
The next step is usually a verifi cation step where 
several clinical samples (up to 100) are analyzed 
to verify that a given protein biomarker is actually 
uniformly changing across these specimen. 
The methods mostly used can be traditional 
(western blots and ELISA) or sophisticated mass 
spectrometric assays using triple quadrupole 
mass spectrometers (MRM – multiple reaction 
monitoring assays) (Picotti and Aebersold  2012 ). 
These types of instruments are capable of reliably 
quantifying hundreds of analytes in a single, fast 
separation run with minimal sample preparation. 
The idea is to bring these methods later into a 
routine use in a clinical setting. The technology 
for protein/PTM  quantifi cation has progressed 
enormously in the recent years: faster, high-pressure 
peptide/protein separation (UPLC), fast-scanning 
triple quadrupole instruments, and powerful data 
processing. 

 On the other hand, the use of proteomics in 
personalized medicine has to satisfy some crite-
ria that are at this stage still diffi cult to meet – it 
has to be fast (proteomics usually employs a lot 
of laborious sample preparation), comprehensive 
(it is impossible to identify all proteins in a sample 
without extensive fractionation and prolonged 
mass spectrometry time), and cheap (the most 
powerful mass spectrometers cost well over 
$500 k, not including reagents and expertise). 

Especially, the aspect of comprehensiveness is a 
big bottleneck toward the ultimate goal “$1,000 
per individual proteome.” At the current stage it 
is impossible to have it all – even though the 
instruments may identify most of the proteins, 
identifying all of their posttranslational modifi ca-
tions is impossible because of their transient 
nature and substoichiometric ratios.  

3.3      Applications 

 Proteomics approaches can be applied to many 
aspects of disease understanding and drug devel-
opment, with the three main areas being develop-
ment of protein biomarkers, identifi cation of drug 
targets, and understanding of the molecular 
mechanism of drug action (Yu  2011 ). 

 A major drive for proteomics research in the 
last decade was biomarker discovery for early 
detection and diagnosis in cancer and cardiovas-
cular diseases. For example, prostate-specifi c 
antigen (PSA) was introduced 25 years ago as a 
protein marker to track progression of prostate 
cancer and has been very successful to detect 
early stages of prostate cancer, but it has been 
also attributed to overdiagnosis in some cases 
(Prensner et al.  2012 ). 

 Proteomics technologies can be successfully 
applied in cardiovascular fi eld, for example, 
Addona et al. developed and validated a pipeline 
to identify early biomarkers of cardiac injury from 
the blood of patients undergoing a therapeutic, 
planned myocardial infarction (PMI) for treatment 
of hypertrophic cardiomyopathy (Addona et al. 
 2011 ). Another very promising protein biomarker, 
especially for diagnosis of acute myocardial 
infarction, is troponin (Jaffe  2012 ). The cardiac 
troponin consists of three different proteins 
(encoded by three different genes) that as a complex 
play a regulating role in cardiac contraction. 
The sensitivity of troponin determination has 
increased signifi cantly in the last years, enabling 
now to measure the levels of troponin in healthy 
individuals and thus set a benchmark values for 
healthy and acute states. There are other promis-
ing cardiovascular biomarkers, such as C-reactive 
protein (CRP) – a 25 kDa protein associated with 
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increased cardiovascular risk in several studies 
(Hochholzer et al.  2010 ). 

 There have been many studies that utilized 
proteomics approaches to detect therapeutic 
responses and drug actions. Specifically, 
proteomics analyses of drug effects on, e.g., a 
cell line or an animal has benefi tted a lot from 
recent developments in relative quantifi cation 
techniques (such as SILAC or iTRAQ). In such 
studies, a drug is added to one sample for a period 
of time, and then the protein pool is compared to 
the control, to fi nd the differences either in protein 
levels or in the levels of specifi c posttranslational 
modifi cations (such as phosphorylation, acetylation). 
Some techniques (iTRAQ and TMT) also enable 
measuring time-dependant protein profi les in up 
to eight samples at a time. 

 Malki et al. used a pharmacoproteomic 
approach to study the response to antidepressants 
for two inbred mouse strains with the goal to 
reveal molecular mechanisms underlying antide-
pressant action and identify new biomarkers 
for two antidepressants with proven effi cacy in the 
treatment of depression but divergent mechanisms 
of action (Malki et al.  2012 ). The study was able 
to identify three proteins involved in serotonergic 
(PXBD5, YHWAB, SLC25A4) and one in nor-
adrenergic antidepressant action (PXBD6). 

 Apart from studying proteomics differences in 
“western medicine,” there is a vast interest in the 
usage of natural herbal products for therapeutic 
applications in treatment of diseases and disorders 
that are little responsive to “western drugs.” For 
example, Manavalan et al. investigated the effects 
of tianma (a traditional Chinese herbal medicine 
often used for the treatment of cerebrovascular 
diseases) on the brain protein metabolism by 
quantitative proteomics to gain evidence for a 
direct relationship between tianma treatment and 
brain functions (Manavalan et al.  2012 ). They 
found out that long-term treatment with tianma 
effects the brain by downregulating the expressions 
of various proteins, such as Gnao1 and Dctn2, 
which are related to neuronal growth cone control 
and synaptic activities. 

 Another way that quantitative proteomics can 
be used is to study the drug action on thousands 
of peptides which are posttranslationally modifi ed 

(e.g., phosphorylation sites). In a recent study, 
triple labeling by stable isotope labeling by 
amino acids in cell culture (SILAC) was used to 
quantify the effect of kinase inhibitors on phos-
phorylation sites in growth factor-stimulated 
cells (Pan et al.  2009 ). The authors found out that 
dasatinib, a clinical drug directed against BCR–
ABL, which is the cause of chronic myelogenous 
leukemia, affected nearly 1,000 phosphopeptides. 
A similar study was conducted on lysine acety-
lation and the authors were able to identify 3,600 
lysine acetylation sites on 1,750 proteins and 
quantifi ed acetylation changes in response to 
the deacetylase inhibitors suberoylanilide 
hydroxamic acid and MS-275 (Choudhary et al. 
 2009 ). These examples of drug action on the 
protein levels or the levels of PTMs are a show-
case that pharmacoproteomics is technologically 
mature to reveal the intricacies of drug actions in 
an organism or cell. Some selected applications 
of pharmacoproteomics are listed in Table  1.2  .

3.4         Challenges 

 There was an unprecedented technological 
advancement in proteomics in the last decade, 
both on the instrumental side and the sample 
preparation side. Pharmacoproteomics is slowly 
emerging as an important tool in understanding the 
disease, one of the important omics approaches 
in the systems biology view of modern medicine. 
The main challenge is still the sample preparation 
(proteins in serum), comprehensiveness of the 
proteomics analysis, and data analysis; however, 
making sense of all the proteins and their 
modifications is probably the biggest challenge 
of them all.   

4      Pharmacometabolomics 

4.1      Basic Concepts 

 Metabolomics is an emerging omics tool with 
the goal to analyze (identify and quantify) 
endogenous small molecules in a biological sys-
tem (Patti et al.  2012 ). It has the potential to 
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      Table 1.2    Selected applications of pharmacometabolomics   

 Disease marker/drug 
studied  Sample source  Notes on dose and drug response  References 
 Protein changes with 
nortriptyline 
(antidepressant) 

 Mouse brain  Dose, 5 mg/kg  Malki et al. ( 2012 ) 
 Change in PRDX6 only 

 Protein changes with 
escitalopram 
(antidepressant) 

 Mouse brain  Dose, 4 mg/kg  Malki et al. ( 2012 ) 
 Change in PRDX5, SLC25A4, and YWHAB 

 Tianma eff ect on brain 
functions 

 Rat brain  Dose, 2.5 g/kg/day  Manavalan et al. ( 2012 ) 
 Downregulation in Gnao1 and Dctn2 

 Dasatinib eff ect on 
protein phosphorylation 

 Growth factor-
stimulated cells 

 Dose, 10 mM dasatinib  Pan et al. ( 2009 ) 
 Eff ect on downstream MAPK pathways 

 MS-275 eff ect on protein 
acetylation 

 Whole-cell lysates 
of MV4-11 cells 

 Dose, 5 μM 
 Regulation of cyclin-dependent kinase Cdc28 

 Choudhary et al. ( 2009 ) 

describe any biological state with thousands of 
metabolites, their networks, and interactions. A 
metabolomics study often comprises of a relative 
quantitation on sample sets from a normal state 
and a treated state, where the treatment can be of 
any nature, such as genetic knockout, adminis-
tration of a drug, or change in diet. Metabolomics 
is relevant clinically, especially with promising 
discoveries of metabolic biomarkers that are a 
direct signature of biological functions and are 
thus easier to track back to the phenotype 
(Kaddurah- Daouk et al.  2008 ). Genes and pro-
teins, on the other hand, are subjected to epigen-
etic regulation for genes and posttranslational 
modifi cation for proteins. Serum metabolomics 
is becoming a tool of choice in many clinical 
diagnostics applications where a metabolite can 
be measured for early detection of disease 
(   Zhang et al.  2012b ). Furthermore, metabolo-
mics profi les after drug administration can be 
used as a valuable predictor of a drug’s effi cacy. 

 As it is the case in pharmacoproteomics, the 
term pharmacometabolomics is being gradually 
used more and more. It is especially useful with 
regard to evaluating the drug response pheno-
types by measuring the metabolites before and 
after drug administration in order to highlight 
the biochemical pathways that may be targets 
for the drugs (Kaddurah-Daouk et al.  2008 ). 
With the impressive advancements in technol-
ogy, these types of studies will become more 
common.  

4.2      Tools and Technologies 

 Discovery metabolomics is as challenging as 
the proteomics counterpart. In fact, some of the 
instrumentation can be used for both, such as mass 
spectrometers can be utilized for metabolomics or 
proteomics work. Again, the bioinformatics chal-
lenge in metabolomics is even more profound – 
there are potentially tens of thousands small 
molecules in any biological system. Identifying 
those and assembling their interactions into a 
meaningful network is a huge task. 

 The technologies mostly used for metabolomics 
are NMR and mass spectrometry-based platforms. 
NMR is very comprehensive and can easily 
deduce structure of small molecules. Its disad-
vantages are relatively low sensitivity and a high 
cost associated with the purchase and maintaining 
of the instruments (Serkova and Brown  2012 ). 
Mass spectrometry-based platforms are used 
both in the discovery phase and in the routine 
applications. Metabolites are separated either 
by gas chromatography (GC-MS) or by liquid 
chromatography (LC-MS) (Zhang et al.  2012a ). 
GC-MS has been used for analysis of small 
molecules for a long time, and it can be very sen-
sitive and reproducible and uses less expensive 
instrumentation; however, it is only applicable to 
volatile compounds unless we are willing to 
perform derivatization which can increase the cost 
of analyses. LC-MS-based techniques are more 
suited for polar molecules which can be analyzed 
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in positive or negative electrospray mode (modern 
instruments enable also rapid switching between the 
positive and negative mode, thus collecting valu-
able information on all the types of metabolites). 
In the discovery metabolomics, time-of-fl ight 
instruments are mostly employed, which can 
measure accurate metabolite mass (up to a few ppm) 
and provide structural information. On the other 
hand, in the clinical setting with targeted metabo-
lomics, MRM (multiple reaction monitoring) is 
mostly used with triple quadrupole instruments. 

 Data analysis in the discovery metabolomics 
often helps in fi nding the difference in metabolite 
levels between two or more samples (e.g., healthy 
vs. control) and then identifi es such a compound. 
Another feature of data analysis is network anal-
ysis and integrating the metabolic information 
with protein and gene information to get the 
networks of interconnected small molecules, 
proteins, and genes, thus the systems biology 
picture of a biological system. And this is where 
the biggest challenges are (Korman et al.  2012 ; 
Ram et al.  2012 ).  

4.3      Applications 

 Advances in technology (both mass spectrometry 
and NMR based) enable metabolomics to have a 
great impact on pharmacology. It’s becoming 
easier to answer questions about a drug’s 
effect on metabolites, its toxicity, and effi cacy. 
Furthermore, metabolomics can predict response 
of an individual to a drug before the drug is 
administered (Nicholson et al.  2011 ), leading to 
the ultimate goal of individualized therapy. 

 One of the fundamental examples of pharma-
cometabolomics in practice was work by Clayton 
et al. who used NMR to study metabolomics pro-
fi le of urine before paracetamol (acetaminophen) 
was administered to rats (Clayton et al.  2006 ). 
They showed that they can predict the extent of 
liver damage sustained after paracetamol admin-
istration on the basis of predose urinary composi-
tion. The authors envisioned that this technology 
“might provide the basis of a future population- 
screening tool for selecting individuals according 
to their suitability for treatment with particular 

drugs, drug classes, or drug doses.” Nevertheless, 
when a similar study was carried out in humans, 
the predose metabolomic urine profi le was not 
able to predict which patients would develop 
mild liver injury (Winnike et al.  2010 ). However, 
the authors were able to draw such a prediction 
from comparing the urine metabolite profi les 
before and shortly after dosing. 

 Changes in urine metabolite patterns as a 
molecular marker have been also utilized by 
Klawitter et al. to assess the effect of cyclospo-
rine on the kidney after a single dose in healthy 
humans (Klawitter et al.  2010 ). The study used 
both NMR and LC-MS to detect changes in urine 
metabolite profi le as early as 4 h after taking an 
oral dose of cyclosporine. The major metabolite 
changes were in the levels of citrate, hippurate, 
lactate, TMAO, creatinine, and phenylalanine. 

 In the fi eld of cancer, metabolomics profi ling 
can be used to qualitatively measure cancer 
progression. For example, sarcosine (an N-methyl 
derivative of the amino acid glycine) is a metabo-
lite and a potential biomarker for early detection 
of prostate cancer (Sreekumar et al.  2009 ). 
The authors used a combination of GC-MS and 
LC-MS to profi le more than 1,100 metabolites 
across 262 clinical samples related to prostate 
cancer. They discovered that as prostate cancer 
progresses toward metastatic disease, amino acid 
metabolism along the nitrogen breakdown path-
ways increases. As a consequence, the authors 
believe that the levels of sarcosine increase with 
the severity of prostate cancer. Some selected 
applications of pharmacometabolomics are listed 
in Table  1.3 .  

4.4      Challenges 

 The increasing sensitivity in metabolite detection 
and quantifi cation has helped in identifying more 
small molecules and their patterns that can be 
correlated with a disease or the drug’s effect 
on the organism. Pharmacometabolomics has a 
potential to play a key role in personalized 
medicine, especially because of the fact that 
metabolites are downstream from genes and 
proteins, thus refl ecting the changes in phenotype 

1 Pharmacogenomics, Pharmacoproteomics, and Pharmacometabolomics…



16

most rapidly. The ideal outcome of all the omics 
approaches would be a personal genome, proteome, 
and metabolome which can all be used by a 
physician to make a decision on treatment.   

5      Future Perspectives 

 Systems biological approach by integrating 
genomic, proteomic, and metabolomic informa-
tion from each patient is transforming the era of 
“one size fi ts all” therapy concepts into a new era 
of personalized medicine that already has emerged 
into the clinical landscape. The individualization 
of medicine and healthcare appears to be a promis-
ing trend, wherein right therapy for the patient at 
the right dose and time can be implemented suc-
cessfully. The future of personalized medicine 
should therefore rely on the methods of systems 
biology to develop more effi cient and effective 
diagnostic, prognostic, and predictive biomarkers.     
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 Abstract 

   Adverse drug reactions (ADRs) are one of the most dreadful medical 
conditions that affect a considerable number of individuals when they are 
taking single or multiple prescription drugs. Often these adverse reactions 
can occur with specialized drugs that are used to treat more serious disor-
ders. Seldom ADRs can also occur due to intake of even simpler drugs 
such as penicillin and aspirin. In spite of volumes of data on ADRs, at 
present we still go through “one size fi ts all” model in dealing with pre-
scription drugs. This scenario could change due to the emergence of new 
ways to overcome or minimize ADRs. Pharmacogenomics is one such 
ways to overcome many horrors of side effects caused by drugs, including 
ADRs. Pharmacogenomics is the combination of pharmacy and the 
patient’s genetic composition which interact in an intricate manner to 
produce positive as well as negative drug reactions. When positive, it is for 
the betterment of patients, and when negative it leads to ADRs which 
oftentimes is fatal. Pharmacogenomics is an emerging fi eld of science 
which is still in its infancy. Technologies that were developed along with 
the Human Genome Project (HGP), such as faster DNA sequencing proto-
cols and effi cient data handling softwares would help in the rapid advance-
ment of pharmacogenomics in the near future. In addition, the reduced 
cost to obtain complete sequence of individual genome would provide 
data on single nucleotide polymorphisms (SNPs) and haplotype map 
(HapMap). These data would provide pattern of individual genetic varia-
tions which could be useful in managing diseases and treating patients 
effectively. In this chapter we will look at the current status and the future 
of pharmacogenomics which will aid in the development of personalised 
care. We will also discuss some of the obstacles that would have to be dealt 
with in achieving such target. 
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1             Introduction 

 The study of genetics refers to the genetic com-
position of any living cell or organism. Phar-
macogenetics is a study of differential response of 
individuals to various pharmacological agents which 
could directly be correlated to the genes of an 
individual that are inherited primarily from the par-
ents. Simply put, pharmacogenomics is the evalua-
tion of how an individual’s genetic composition 
affects the physiological response to drugs. In a 
broad sense, the term “pharmacogenomics” comes 
from the combination of “pharmacology” and 
“genomics” and is therefore considered as the com-
bination of pharmaceuticals and genetics. Hence, 
pharmacogenomics refers to the study of genes, 
both inherited and acquired by an individual. These 
genes determine drug behavior such as dosage, 
metabolism, side effect, drug interactions, toxicity 
and half-life. It is generally believed that in future 
drugs could be customized and personalized to 
individual needs. It would be based on patients’ 
genetic informations as well as other factors such 
as environment, occupation, diet, age, lifestyle and 
state of health, that could infl uence the outcome 
(Lagoumintzis et al.  2010 ; Ma and Lu  2011 ). In 
pharmacogenomics the overall genetic and 
genomic informations of the patients are collected 
and evaluated. Data on single nucleotide polymor-
phisms (SNPs), HapMap and genome-wide asso-
ciation studies (GWAS) and data on RNA and 
protein are used for this purpose. The results 
obtained from such evaluations are used to design 
custom-made drugs for individual patients. These 
results can also be used to evaluate the effi cacy of 
novel drugs and patients’ response to existing drugs 
(Laing et al.  2011 ). Overall the study of pharma-
cogenomics involves why or how the individual’s 
genetic composition is responsible for the variation to 
drug response. It is a combination of many areas of 
science such as pharmacology, pharmaceutics, toxi-
cology, population genetics, genomics, pharma-
cology, and biostatistics (Lagoumintzis et al. 
 2010 ; Sato et al.  2010 ; Ma and Lu  2011 ). Many 
scientists envisage that pharmacogenomics would 
eventually help pharmacists to determine how an 
individual would react to a particular medication. 

Such protocols will be based on genetic tests done 
at caregiver’s premises in a cost-effective manner. 
They will be done by individuals with training in 
handling user-friendly instruments, computers, and 
analytical softwares. The fi nal outcome would be 
to minimize and eventually eliminate ADRs.  

2      Adverse Drug Reaction 
and the Need for 
Personalized Medicine 

 In general, the response to any drug by an individual 
is inherited from his/her parents. Variations in the 
DNA sequence and the genetic code determine the 
differential response by individuals for the same 
drug. Harmful side effects of certain drugs cause 
adverse drug reaction which is unintended. ADRs 
are one of the leading causes of fatalities in many 
countries. It is important to understand that more 
than 50 % ADRs is generally preventable. In certain 
instances the cost of managing ADRs exceeds the 
cost of medications. Therefore, it is important to 
develop medications that are safe to the individual 
patients with low or no ADRs. ADRs generally 
occur with the dose that is normally prescribed for 
all individuals with similar disease conditions and 
symptoms. The Journal of American Medical 
Association reported more than 2.2 million adverse 
drug reactions and more than 100,000 hospital 
deaths for the year 1994 in the United States alone, 
making it one of the serious issues to be dealt with 
in managing and treating patients (Willcox et al. 
 1994 ). ADRs are reported to be one of the leading 
causes of hospitalization and death in the USA, 
and it is also reported to be the 4th leading cause of 
death. An international system for monitoring ADR 
was established in 1971 by the World Health 
Organization (WHO). WHO oversees the policy 
matters, and the actual operation is done by the 
WHO Collaborating Centre for International Drug 
Monitoring, Uppsala Monitoring Centre (UMC), in 
Uppsala, Sweden. The WHO database currently 
consists of more than three million suspected ADR 
cases (Lindquist 2008; Clark  2010 ). A vigilant 
system is generally in place from the time the 
drug is formulated, manufactured and tested in a 
variety of experimental set-ups. Then it is tested 
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in human beings in its pre-approval stages and is 
fi nally approved for human consumption. Some of 
the examples of ADRs include (a) consumption of 
thalidomide to control morning sickness in expect-
ant mothers which leads to disfi gured newborn, or 
(b) routinely used oral contraceptives which can 
cause thromboembolism or blood clot, or (c) statins 
which are used to regulate the level of cholesterol 
but can also cause degeneration of muscle cells. It is 
important to understand that no drug is safe and all 
drugs come with certain risk factors and some of 
them fatal. Some of the ADRs are due to a variety of 
reasons such as (a) improper diagnosis of the 
patient’s disease condition, (b) prescription of a 
wrong dosage of the right medicine, (c) consumption 
of medication without a prescription, (d) not follow-
ing the guidelines of the medications, (e) drug-drug 
interaction which could occur due to any of the fol-
lowing: (i) simultaneous consumption of multiple 
prescription drugs; (ii) consumption of traditional 
medicines along with prescription drugs; (iii) inter-
action of prescription drug with environment, (f) 
consumption of fake medication in the market 
which does not have any active ingredient or wrong 
ingredient that does not meet the scientifi c require-
ment, and (g) undetected medical condition, uniden-
tifi ed genetic factors, or allergic conditions of the 
patient (Fig.  2.1 ). Almost all medicines have both 
benefi cial and harmful effects, and no medicine is 
totally safe. However, the side effects can be 
 minimized by taking certain precautions such as (a) 
consuming only good-quality medicines that are 
prescribed by a qualifi ed doctor, (b) taking drugs 

that are known to be safe and effective, and (c) 
 specifi c drugs given to the right patient in the accu-
rate dose at the appropriate time (Fig.  2.2 ). The 
knowledge of ADRs, availability of human genome 
sequence, and individual variations in SNPs and 
HapMaps point towards the fact that one drug does 
not fi t all. It has also created the need for the devel-
opment and use of safe drugs for individual patients.

3          Pharmacology 

 Drugs exert their functions by physically interact-
ing with specifi c proteins. These proteins are 
encoded by specifi c genes. In general drug action 
involves either enhancement or suppression of cer-
tain protein functions. Pharmacology deals with 
medicine and biology in order to evaluate mecha-
nism of drug actions with protein(s). The drugs can 
be any man-made or naturally occurring molecules. 
Once these molecules are in the intracellular envi-
ronment, they can exert biochemical, physiological 
effect on the living cells, organs, and eventually the 
whole organism. Therefore, pharmacology is the 
study that deals with the communication between 
the chemicals and the living organism. It includes a 
variety of related subjects such as substances with 
medicinal values, drug composition, properties, 
interaction, therapeutic values, medical applica-
tions, anti-pathogenic actions, and toxicology. 
Pharmacology can be divided into two broad areas 
of biological chemistry, one dealing with the 
dynamics of and the other dealing with the kinetics 

  Fig. 2.1    Factors involved in adverse drug reactions 
(ADR)       

  Fig. 2.2    Precautionary measures to avoid adverse drug 
reactions       
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of drug actions and interactions. It also involves 
studies related to drug absorption, effect, metabo-
lism, interaction, and excretion from the living 
system. Pharmaceutics is one of the branches of 
pharmacology, and it deals with mechanism of 
drug transportation and distribution within the 
body as well as drug effi cacy and toxicity. 
Concentration of drugs within the various organs, 
tissue, and cell types determines the site of drug 
action. Concentration of drugs at various sites can 
vary from the time of consumption till the meta-
bolic products are fl ushed out of the system. The 
physicochemical properties of the drug determine 
its action which in turn depends on the genetics of 
the patients. In addition, the toxic nature of the 
drugs is also exerted by its interaction with specifi c 
proteins encoded by specifi c genes. Hence, the 
study of pharmacology involves direct patient care. 
However, the study of pharmacy includes drug 
 discovery and testing, evaluation of dose, effi ciency 
and toxicity and drug trials (Hollinger  2003 ; Nagle 
and Nagle  2005 ; Ma and Lu  2011 ).  

4      Genetics 

 The study of genetics deals with the molecular 
structure and functions of genes within the cell and 
in an organism. The living things inherit genes 
from the parents which determine the health 
and disease process in individual’s lifetime. The 
science of modern genetics began with the discovery 
of laws of heredity by Gregor Mendel in 1865. 
Later, DNA was identifi ed as the genetic material 
and its structure and function were determined. 
Subsequently, a range of protocols were devel-
oped to clone and sequence genes and to identify 
their functions. These steps greatly advanced the 
fi eld of molecular genetics (Weiling  1991 ).  

5      Human Genome Project 
(HGP) 

 The advancement of human molecular genetics 
paved ways to the commencement of the Human 
Genome Project (HGP). The main task of HGP 
was to identify and map human genes and to 

obtain the entire sequence of human DNA. HGP 
identified 30,000 to 50,000 functional human 
genes each consisting of approximately 
10,000 base of DNA. One of the important 
objectives of HGP is to identify disease-causing 
genes and to develop effective management and 
treatment protocols for the diseases. Data from 
HGP revealed 2.9 billion base pairs of human 
DNA which consisted of approximately 3 million 
variables. Among the three million variable base 
pairs, approximately 100,000 are confi ned to full 
human variation. It appears that approximately 
10,000 base pairs could have relevance to phar-
macology. Hence, among the 2.9 billion base 
pairs, only 0.1 % accounts for individual varia-
tions, and 3 % of which encodes for genes (Venter 
et al.  2001 ; Lander  2011 ). Technological 
advancement in human genome sequencing can 
make this process more affordable. Then the indi-
vidual variations in DNA sequences could be 
identifi ed quickly in a cost-effective manner at 
the point of caregiver. Robust computational and 
analytical softwares could compile and analyse 
large volumes of data with little assistance from 
experts. Thus, it would be easier for health care 
providers to formulate effective treatment 
protocols.  

6      HapMap 

 Variations between individuals and between their 
drug responses correspond to and exist within the 
DNA sequence in specifi c locations, and they can 
be mapped accurately. The international HapMap 
project offi cially started in the year 2002. It was 
aimed at fi nding the haplotype map of human 
genome which determines genetic variations. A 
haplotype is defi ned a set of variations within the 
individual’s DNA sequence or polymorphism 
that has the tendency to be inherited together. It 
can also be a set of combination of alleles or 
SNPs that are found on the same chromosome. 
The HapMap data provide the pattern of genetic 
variation between individuals and between groups 
of individuals. The genetic variations together 
with environmental conditions infl uence the state 
of health and disease conditions and ADRs. The 
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Phase I data from the HapMap project was 
released in 2005; the phase II and III datasets were 
published in 2007 and 2009 respectively. It is a 
collaborative effort of multiple scientifi c and aca-
demic research centers from many countries such 
as the USA, Canada, the United Kingdom, 
Nigeria, Japan, and China. All the data from the 
HapMap project such as SNP frequency, haplo-
type, and genotype are freely available for the 
public, and it can also be viewed through 
Haploview program (Barrett et al.  2005 ; 
International HapMap Consortium  2010 ). 

 Many human diseases have involvement of 
more than one gene and gene products. Some of 
them have added environmental infl uences as 
well. The genetic and environmental factors have 
signifi cant role in the development and progres-
sion of disorders such as diabetes, cancer, heart 
disease, schizophrenia, hypertension, and arthritis. 
They also have infl uence on the individual response 
to the pharmacological agents used to manage or 
treat these disorders. The HapMap project identi-
fi ed approximately ten million common variants, 
mainly SNPs in limited sets of samples (Goldstein 
and Cavalleri  2005 ; Hinds et al.  2005 ). The inte-
grated data sets of common and rare alleles are 
included in HapMap public release version 3 
(HapMap3). Consequently, HapMap3 includes 
SNPs and single nucleotide polymorphism 
data base (dbSNP). The dbSNP contains short 
deletions and insertions, micro satellite markers, 
short tandem repeats (STRs), heterozygous 
sequences, copy number polymorphisms (CNP) 
and other minor genetic variations (The SNP 
Consortium LTD – SNP search). HapMap data 
is an important link between the human dis-
eases and treatment or management protocols 
(Database of Genotype and Phenotype (dbGaP) 
located at   http://www.ncbi.nim.nih.gov/entrez/
query.fcgi?db=gap    .  

7      SNPs 

 The observed genetic variations among various 
groups of populations are not random. It is evident 
that certain combinations of genetic variations 
are more common than other. 

 Approximately 99.5 % of the DNA sequence 
is shared by any two unrelated human beings. 
The remaining 0.5 % may harbor changes at a 
single nucleotide at a particular region of the 
gene on a particular human chromosome which 
are known as single nucleotide polymorphisms 
(SNPs). SNPs are found in the coding and 
noncoding regions of the chromosomes. They are 
also found in the regulatory regions and intron 
regions of the genes. When they do not alter the 
amino acid sequence of the protein, SNPs gener-
ally have no infl uence on the functions of proteins 
coded by the genes in which they are found. 
SNPs are acquired during evolution and passed 
on to subsequent generations. Human beings 
have diploid number of chromosomes and there-
fore two sets of alleles for each gene, except the 
male Y chromosome. If the SNP in one allele is 
identifi ed, the same in the other allele can be pre-
dicted (Fig.  2.3 ). The international HapMap 
project identifi ed only the common SNPs. These 
common SNPs occur in each allele at least in 1% 
of the population. When they are located in any 
gene of importance or disease genes, the SNPs 
can be used as “tags”. These SNP tags can be 
used to study that particular disease in terms of 
inheritance and progression of the disease. These 
are known as tagSNPs and they correlate well 
with neighboring SNPs. The alleles of tagSNPs 
will provide information of individual haplotype. 
By screening haplotype of individuals with and 
without disease, the disease-related tagSNPs and 
haplotype can be identifi ed. Frequently the SNPs 
lead to change in the restriction enzyme recogni-
tion sites which can help identify loss of heterozy-
gosity (LOH). LOH can be used to identify their 
specifi city in the initiation and progression of 
diseases such as cancer (McCarthy and Hilfi ker 
 2000 ; Laing et al.  2011 ; Varela    and Amos  2010 ; 
American Association for Cancer Research 
Cancer Concepts Factsheet on SNPs; The SNP 
Consortium LTD).

   SNPs can determine the initiation and pro-
gression of human diseases. They can also infl u-
ence individuals’ response to infectious diseases, 
environment, drugs, vaccines, and other agents. 
SNPs have a key role in the fi eld of pharma-
cogenomics and in the development of personal-

2 Personalized Genome, Current Status, and the Future of Pharmacogenomics

http://www.ncbi.nim.nih.gov/entrez/query.fcgi?db=gap
http://www.ncbi.nim.nih.gov/entrez/query.fcgi?db=gap


24

 

ized medicine. One of the most important 
applications of SNPs is the comparison of 
genomic region harboring SNPs between 
 individuals with and without any specifi c disease. 
It is also important within the group of individu-
als with the disease where many parameters 
such as the onset, progression, pathology, and 
response to drugs vary widely. This is particularly 
important in multiple gene disorders where the 
data from genome-wide association studies 
(GWAS) are important in understanding, treating, 
and managing these diseases (Laing et al.  2011 ; 
Varela and Amos  2010 ; The SNP Consortium 
LTD – SNP search). 

 For more information on SNPs, please refer to 
the websites given at the end of references.  

8      Genome-Wide Association 
Studies (GWAS) Data 
in Pharmacogenomics 

 Data from the GWAS are important in assessing 
the specifi c drug performance, drug interaction, 
and effi cacy of the existing management and 
treatment protocols. Association of phenotype of 
a disease to a single gene is found only for a 
very few human disease condition. Most human 

 disorders do not follow Mendelian pattern of 
inheritance. Most human diseases, especially the 
psychological and psychiatric disorders, involve 
more than one gene and interplay between gene(s) 
or family of genes as well as environment. Data 
on GWAS play a central role in identifying the 
causative agent in the diagnosis and develop-
ment of management/treatment protocols for 
some of these diseases even before the onset of the 
disease or manifestation of associated symptoms 
(Borobia et al.  2012 ). It appears that some of the 
SNPs identifi ed in patients with psychological 
and psychiatric disorders are variants that are not 
necessarily associated with disease per se. In such 
cases functional analysis is required to identify 
the actual involvement of such variations, 
hitSNPs are the ones which are initially identifi ed 
to be associated with a disease condition. If the 
hitSNPs are located within the protein coding 
regions or regulatory regions, it affects the gene 
expression. If the hitSNPs happen to be not 
related to the disease condition or if it is localized 
in the noncoding regions of the genes or inter-
genic, resequencing of those genes could be per-
formed to rule out involvement of genes with the 
hitSNPs (Borobia et al.  2012 ). It is also important 
rule out noninvolvement of hitSNPs in the disease 
condition by analyzing their effect on posttran-

  Fig. 2.3    Use of GWA data and SNPs 
in pharmacogenomics       
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scriptional and posttranslational modifi cations 
of mRNA and protein, respectively. Posttran-
scriptional modifi cations could affect mRNA pro-
cessing, stability and splicing. mRNA splice 
variants could produce protein isoforms with 
altered activity or function. Moreover, func-
tional analysis of protein requires the informa-
tions on posttranslational modifi cation (PTM) of 
proteins. Because PTMs determine location of 
proteins within the cell, protein- protein interaction, 
protein half-life, higher-order structure of proteins, 
ubiquitin system, etc. (Fig.  2.3 ).  

9      Clinical Use of Genomes 
in Pharmacogenomics 

 Pharmacogenomics is aimed at targeted treatment 
for specifi c diseases which uses a variety of sets 
of database such as DNA sequence, SNPs, HapMap 
of patients, GWAS data for gene expressions, 
environment, and drug sensitivity (Fig.  2.4 ). 
Recently, “The Personal Genome Project” (PGP) 
permitted patients to give “open consent” for a 
pilot study and publish the data from ten pilot 
participant genomes called as “PGP-10.” In this 
study the Genome-Environment- Trait Evidence 
(GET-Evidence) system was introduced. In GET-
Evidence, the software will help identify previ-
ously unidentifi ed sequence variants. The data 

from this study is automatically processed to 
reveal published and novel variants of healthy 
individuals for interpretation of disease process. 
This study would predict the onset of disease and 
disease progression. GET-Evidence project has 
so far identifi ed 3.2 million variants per person. 
Now PGP is planning to analyze genome from as 
many as 10,000 who would waive the privacy 
rights. PGP may not be useful for late-onset dis-
eases (Ball et al.  2012 ). Similar studies should con-
tribute to better understand pharmacogenomics. 
It would also contribute towards better manage-
ment of diseases, simultaneously reducing cost.

10       Benefi ts of Pharmacogenomics 

10.1    Development of More Safe 
and Potent Medicines 

 Innumerable benefi ts are attributed to pharma-
cogenomic studies, one of them being novel drug 
discovery (Fig.  2.5 ). The drug discovery proce-
dure could draw attention to a particular disease 
and to individual patients. The drug companies 
will be able to create custom-made therapeutics 
based on the genetic informations of a patient. It 
would also be based on the gene expression pro-
fi le and the levels of functional proteins, and their 
conformations. In addition, status of regulatory 
molecules such as micro RNA, siRNA and non-
coding RNA would also be considered for this 
purpose. Drugs can also be developed based on age 
of onset of disease, severity of the disease, patients’ 
hormonal status, and a variety of other biochemical 

  Fig. 2.4    Defi nition of pharmacogenomics which is the 
combination of pharmacology and genetic composition of 
an individual         Fig. 2.5    Immediate advantages of pharmacogenomics       
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parameters. Drugs can be designed depending on 
the proteins, enzymes, and their conformations 
associated with the diseases. This procedure will 
assist pharmaceutical companies to design and 
produce targeted therapeutics which will have 
maximum effi cacy. Such precision in the drug 
development and drug design process will greatly 
reduce the severity of side effects and ADRs. In 
addition, the precision in drug design and tar-
geted therapeutics will help decrease damage to 
the nearby cells and other organs.

   Based on the pharmacogenomic profi le, doc-
tors can formulate the best therapeutic protocols 
and prescribe the best available drugs right from 
the beginning. By doing so, guess work and trial-
and error-based treatments can be avoided. Some 
of the treatments based on guesswork could be 
useless, wasteful, or at times could cause damage 
to the patients’ overall health irreparably. 
Formulation of patient- specifi c therapeutic will 
also lead to a speedy recovery of the patients from 
the disease conditions with minimal side effects. 
The end result could be reduced mortality due to 
adverse drug response (Lazarou et al.  1998 ). 

 Therapeutic antibodies could be developed 
based on genetic material such as DNA or RNA, 
and they should benefi t the patients in enhancing 
their immune system. This would eliminate 
risks such as infection and other complications 
associated with certain immunization proce-
dures based on live viral vaccines. The nucleic 
acid- based antibodies will be relatively less 
expensive to produce, more stable than the con-
ventional antibodies raised against protein anti-
gens, and therefore will be easy to store. These 
antibodies can also be simultaneously raised 
against mixture of DNA/RNA of many patho-
genic strains (Leitner et al.  1999 ).  

10.2      Selection of the Drug Based 
on Pharmacogenomic 
Informations 

 In general, drug approval procedures are based 
on its overall positive effect on the health of 
human population and not based on individual 
benefi ts. Pharmacogenetics is the study of how 

genes infl uence an individual’s response to drugs. 
A part of the pharmacogenomic study involves 
evaluation of pharmacogenetic data of the patients 
as well (Fig.  2.5 ). Use of pharmacogenetic data 
appears to be a recent trend; however, in reality 
it is about half a century old. In the 1950s, scien-
tists fi rst identifi ed defi ciencies in enzymes which 
could be responsible for adverse reactions to 
drugs, and it was also identifi ed that this trait 
could be inherited. For example, an antimalarial 
drug could cause anemia in African American 
soldiers, and the same showed no side effect in 
soldiers of Caucasian origin. Later it was dis-
covered that the adverse side effect was caused 
by a variation the glucose-6-phosphate dehydro-
genase (G6PD) gene which was found only in 
individuals of African descent and not in those of 
Caucasian origin. It was further shown that the 
normal form of G6PD enzyme has protective 
effect on the red blood cells (RBCs). The variable 
form lacks the same leading to damage to RBCs 
in individuals carrying the variant G6PD gene 
(Beutler  1996 ; Weber  1997 )   . Later, a variety of 
other enzyme variants that cause adverse side 
effect have been identifi ed by trial-and-error method. 
To identify the enzyme variants, drugs were fi rst 
administered, and the metabolism of the drug is 
tracked by monitoring the by-product in blood 
and urine.  

10.3      Determination of Accurate 
Drug Dosage and 
Development of Modern 
Screening Protocols 

 Currently most of the prescription drugs use the 
standard parameters such as patients’ age and weight. 
Pharmacogenomics will help determine the drug 
dosage more accurately depending on important 
parameters such as drug tolerance, metabolism, 
and concentration in the circulation. This would 
maximize the drug effi cacy and minimize the 
chances of accidental overdose (Fig.  2.5 ). 

 Knowledge on the genetic makeup of the patients 
will give options to individuals to make enough 
changes in lifestyle and adjust to the environmental 
conditions at younger age in order to minimize 
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severity of a genetic disease. Similarly, advanced 
knowledge of disease susceptibility will help 
patients and doctors to be more attentive so that 
the onset and the severity of disease can be moni-
tored closely. These procedures will help choose 
the right stage and time for drug intervention 
which could maximize the positive outcome. 

 Currently the patients are given one of many 
suitable, available drugs by their doctors. An 
optimum dose is calculated based on the standard 
parameters such as age, sex, weight, hormonal 
status, other prescription medication that the 
patients are taking at any given time, stage of the 
disorder, and many other parameters. This dos-
age is adjusted later depending on the patients’ 
response side effects. Oftentimes it also depends 
on the effectiveness of the drugs on other patients. 
The pharmacogenomic data of the patients will 
help doctors to avoid unnecessary trial-and-error 
method of drug prescription. Instead, the doctors 
will have the patients’ genetic profi le and based 
on that the best available drugs can be prescribed 
at the beginning stages of the treatment protocol. 
This also will help doctors to avoid any guess-
work and provide the right pharmacological care 
to the patients. Thus, the disease can be managed 
safely, with little side-effects which perhaps can 
lead to speedy recovery. Pharmacogenomics in 
this regard will become a remarkable tool to mini-
mize hospitalization and fatalities due to drug 
overdosage and unfavorable drug interactions 
(Grant  2001 ; Roberts et al.  2012 ).  

10.4      Evolution of Drug Development 
and Approval and Reduced 
Cost of Health Care 

 It will be relatively easier for the pharmaceutical 
industries to develop effective, genome-specifi c 
drugs. The initial trials for these drugs can be car-
ried out in selected population with certain trait 
instead of general population. Such procedures 
will be cost effective and it will also minimize the 
risk during drug trials (Fig.  2.5 ). 

 Speedy, genome-based drug development and 
population-based drug trials and approval would 
reduce the overall number of cases experiencing 

harmful drug interactions. Availability of more 
potent drugs together with novel genome-based 
early diagnostic procedures would reduce the 
dose and course of medication. This would 
reduce the cost of treatment which in turn could 
make the overall health care cost effective. 

 Pharmacogenomics would lead to emergence 
of new class of drugs such as antisense 
RNA, siRNA, oligonucleotide-based drugs, novel 
immunotherapeutics, and other drugs based on 
evaluation of individual genetic risk assessment. 
In such process it could channel the drug devel-
opment process from curative to preventive 
direction. Development of preventive therapeu-
tics could involve other businesses such as nutri-
tion and fi tness industries and formation of a 
new branch of preventive caregivers or group of 
consultants for healthy individuals. Thus, phar-
macogenomics has the potential to force new 
business drive based on preventive therapy for 
patients with genetic predisposition to specifi c 
diseases. Combining genetics, disease diagno-
sis, and drug prescription will produce new 
industries (Grant  2001 ; Roberts et al.  2012 ; 
Rodon et al.  2012 ). Overall, emergence of such 
industries could promote development and 
availability of safe and effi cient drugs with less 
toxicity for an affordable price.   

11      Pharmacogenomics Today 

 To a limited extent pharmacogenomics is currently 
being used. Cytochrome P450 (CYP) is a group of 
enzymes which catalyze oxidation of organic 
substance (Guengerich  2006 ). The substrates for 
these enzymes are metabolic intermediates, xeno-
biotic substance, and toxic chemicals. The family 
of enzymes, CYP, breaks down more than 30 dif-
ferent groups of drugs. The effi ciency of these 
enzymes and their ability to metabolize certain 
drugs depend on the DNA variations in genes 
that code for these enzymes (Ingelman-Sundberg 
 2004 ). Less effective or inactive forms of these 
enzymes would result in drug accumulation 
eventually drug overdose leading to adverse side 
effects. Currently, genetics screening is used in 
clinical trials to evaluate the cytochrome P450 
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variants in patients and their ability to metabolize 
a particular drug. DNA microarray tests for 29 
different CYP2D6 genetic variants and tests to 
identify polymorphism for the CYP2C19 are 
currently available (Collins and McKusick  2001 ; 
Brockmoller et al.  2000 , Cytochrome P450 disser-
tations, Human Cytochrome P450 (CYP) 2010, 
  http://www.cypalleles.ki.se/    ). Results from these 
tests help predict poor, intermediate, good, or 
best form of CYPs, and this test is approved by 
Federal Drug Agency (USA). 

 The enzyme thiopurine methyltransferase 
(TPMT) breaks down the thiopurine drug which 
is a chemotherapeutic agent for childhood leuke-
mia. A small percentage of patients of Caucasian 
origin have genetic variants that prevent them 
from producing an active form of TPMT enzyme, 
and these patients tend to accumulate toxic levels 
of the drug. Currently, doctors can use genetic 
screening to identify patients for the TPMT 
defi ciency and adjust the drug dosage accordingly 
(Adams  2008 ). 

 The enzyme UDP-glucuronosyltransferase is 
involved in the metabolism of irinotecan, a drug 
used to treat metastatic colorectal cancer. The 
variations of the gene for this enzyme, UGT1A1 
(*28 variants), are found among population. 
These individuals express the UGT1A1 enzyme 
in the liver. Individuals homozygous for UGT1A1 
gene are recommended for reduced drug dose. 
A test which detects genetic marker that will 
identify patients who would have adverse reac-
tion due to irinotecan-induced toxicity has been 
approved by FDA. Irinotecan is one of the widely 
used chemotherapeutic agents whose dose is 
determined according to the patients’ genotype 
(Desai et al.  2003 ). 

 Warfarin is used to prevent blood clot, and 
variants of the genes CYP2C9 and VKORC1 
(vitamin K epoxide reductase) are involved in 
its effi cacy as an anticoagulant. Warfarin is metab-
olized in the liver by oxidation. The CYP2C9 
protein is involved in the metabolism of warfarin 
and exerts its anticoagulant effect by inhibiting 
the activity of VKORC1. Three SNPs, two in the 
CYP2C9 gene and one in the VKORC1 gene, have 
been identifi ed to play key roles in determining 
the effect of warfarin as an anticoagulant (Rieder 

et al.  2005 ; Hillman et al.  2004 ; Anderson et al. 
 2007 ; Limdi et al.  2008 ). A diagnostic test to 
identify patients with variants for these SNPs has 
been approved by FDA. Results from this test 
help in determining the warfarin dose so that the 
patients will not suffer from bleeding in the head 
or gastrointestinal tract. This test prevents war-
farin-induced bleeding in patients and conse-
quently decreases damage to neighboring healthy 
cells.  

12      Future Pharmacogenomic 
Strategies in the Management 
of Brain Tumors 

 Human brain tumors account for less than 2 % of 
all human neoplasms, but they cause a dispropor-
tionately larger cancer-related morbidity and 
mortality. Brain tumors are the second leading 
cause of cancer deaths in men aged 20–39 years of 
age and fi fth leading cause of death in women in the 
same age group. Glioblastoma multiforme is one 
of the most aggressive form of human brain 
tumors. The median survival period of patients 
diagnosed with these tumors is less than 1 year. 
This survival period has not changed over several 
decades in spite of intense research in this area. A 
few patients with anaplastic astrocytomas and 
glioblastomas survive for 2 years after diagnosis. 
Meningiomas are slow-growing tumors which 
occur in older patients (Kaye and Laws Jr  2001 ; 
Weinberg  2007 ). 

 The human brain tumors consist of a variety of 
neoplasms including glioma, meningioma, epen-
dymoma, and vestibular schwannoma (VS). The 
VS tumors occur in both sporadic and familial 
forms (Kaye and Laws Jr  2001 ; Martuza and 
Eldridge  1988 ; Brackmann and Kwartler  1990 ; 
Weinberg  2007 ). The sporadic forms are generally 
unilateral, and familial forms are almost always 
bilateral. Sporadic VS are known to occur mostly 
in middle age in the fi fth or sixth decade. The 
familial form generally occurs at a younger age 
with peak prevalence in third decade. The uni-
lateral sporadic VS tumors are predominant 
in males, and the bilateral familial forms are 
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predominant in females (Martuza and Eldridge 
 1988 ; Brackmann and Kwartler  1990 ). 

 Alterations at the p53 gene locus have been 
reported in more than 50 % of gliomas, and they 
are not common in meningiomas. p53 regulates 
various genes involved in cell cycle, apoptosis, 
development, differentiation, DNA repair, aging 
and senescence (Hainaut and Weiman  2009 ; 
Hanahan and Weinberg  2011 ). Loss of heterozy-
gosity at p53 gene locus is reported for human 
brain and nervous system tumors (Thomas et al. 
 2005 ; Dayalan et al.  2006a ,  b ; Mathivanan et al. 
 2007a ,  b ; Rohini et al.  2007 ,  2008 ). The retinoblas-
toma gene, RB1, is an important tumor suppres-
sor gene with multiple functions such as cell cycle 
regulation, cell differentiation, and apoptosis (Chen 
et al.  1989 ; Weinberg  1991 ,  1995 ,  2007 ; Hanahan 
and Weinberg  2011 ). 

12.1      SNPs and LOH Status 
in Human Brain Tumors 

 SNPs occur throughout the genome. If the SNPs 
create restriction enzyme recognition sites, it can 
be used for analysis of loss of heterozygosity 
(LOH). Analysis of structure of RB1 and p53 
gene in human vestibular schwannomas (VS) 
and other intracranial tumors with polymorphic 
probes showed LOH at the intron 1 locus of RB1 
and p53 gene loci. The human tumor suppressor 
genes, RB1 and p53, are not known to be mutated 
in human vestibular schwannomas (VS). However, 
there are reports showing loss of heterozygosity 
(LOH) in the 5′ intron, that is, intron 1 locus of 

RB1 and p53 gene in approximately 25 and 54 % 
of informative cases, respectively, in human VS 
tumors (Thomas et al.  2005 ; Dayalan et al. 
 2006a ,  b ,  c ). The LOH was analyzed using the 
change in restriction enzyme BamH1 or Bgl II 
recognition site at the intron 1 region of RB1 and 
p53 gene, respectively. The 5′ introns are 
reported to be rich in regulatory elements which 
infl uence gene expression. Approximately 19 
and 63 % of brain tumors showed LOH at the 
intron 1 locus of RB1 and p53 genes, respec-
tively, in human brain tumors (Mathivanan et al. 
 2007a ,  b ; Rohini et al.  2007 ,  2008 ). The pres-
ence of LOH is indicative of genetic instability 
in patients with VS tumors. LOH can cause hap-
loinsuffi ciency for proteins involved in cell cycle 
and DNA repair pathway which could lead to 
genomic instability and carcinogenesis. Human 
intracranial tumors are heterogeneous disorder 
with variable age of onset, speed of disease pro-
gression, extent of metastasis, and survival 
period after the diagnosis of the disease. SNPs 
and LOH status in RB1 and p53 genes could 
infl uence these parameters. Therefore, LOH sta-
tus of these two important tumor suppressor 
genes in human brain tumors could have an 
important role in the management of patients 
with brain tumors. Currently various drugs are 
available for a variety of tumors including brain 
tumors, and some of which are dependent on the 
mutational status of p53 gene. Therefore, it is 
important to evaluate all types of alterations at 
the p53 locus in brain tumors so that these drugs 
can be prescribed for patients depending on the 
mutational status of p53 (Fig.  2.6 ).

  Fig. 2.6    Future of pharmacogenomics. 
Use of combined data on genes, 
proteins, protein modifi cations 
and function of proteins in brain 
tumor management       
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12.2         Posttranslational Modifi cation 
of Proteins in Human Brain 
Tumors 

 Posttranslational modifi cations (PTMs) of proteins 
are important function in eukaryotic system which 
in turn determines the fi nal shape of the functional 
protein molecule. The PTMs are interconnected 
between various regulatory proteins such as sig-
naling proteins, transcription factors, regulatory 
proteins of cell cycle and cell differentiation, and 
proteins involved in cell death and apoptosis. 
In general these modifi cations include phosphor-
ylation, acetylation, glycosylation, methylation, 
and carboxylation, just to mention a few. Among 
the PTMs, phosphorylation is the most predominant 
one, and it occurs at serine, threonine, and tyro-
sine residues of the protein molecule (Minguez 
et al.  2012 ). 

 Human p53 protein is known to undergo post-
translational modifi cation in many serine and 
threonine sites. Some of the posttranslational 
modifi cations stabilize the p53 protein through 
disrupting the binding to MDM2. MDM2 binding 
is necessary for ubiquitin-mediated  proteosomal 
degradation of p53 protein. Presence of a higher 
percentage of Ser 392 phosphorylated p53 
protein is reported in the VS tumors of the young 
patients of 35 years or less as compared to the older 
patients who are above 35 years of age (Dayalan 
et al.  2006c ). It appears that in the young patients 
the Ser 392 phosphorylation could alter the 
conformation of p53 protein which could hinder 
binding to MDM2 resulting in decreased degra-
dation and accumulation of higher level of p53. 
In the older patients the p53 protein may form 
complex with MDM2 but could have defective 
intermediates that could lead to accumulation of 
p53 (Dayalan et al.  2006a ). Increased percentage 
of Ser 392 phosphorylated form of p53 protein is 
found in brain tumors of higher histological 
grade, that is, grade IV of glioblastoma multiforme 
which is highly malignant, and it is biologically 
the most aggressive form (Rohini et al.  2007 ). 
Ser 392 phosphorylated p53 protein is suggested 
to have an important role in the aggressive behavior 
of these tumors perhaps due to reduced affi nity 
to MDM2 binding. Phosphorylation at the Ser 

392 residue of wild type p53 protein could alter 
its conformation thus altering its function as a 
tumor suppressor. Increased level of p53 isoforms 
is reported in the high-grade human gliomas. 
Recent report shows that Ser 392 phosphorylated 
p53 has reduced affi nity to MDM2 leading to 
stabilization of p53 protein in sarcomas cell lines 
(Piccinin et al.  2012 ). It is important to evaluate 
the posttranslational modifi cation of p53 protein 
in tumors before applying any therapeutic protocols 
that are developed based on only the point mutation 
status of p53 gene. 

 The RB1 gene product pRb undergoes 
phosphorylation at the early G1 phase of the 
cell cycle, and it is dephosphorylated once the cell 
cycle is completed. There are 16 serine/threonine 
sites which can be phosphorylated by the cyclin- 
CDK (cyclin-dependent kinases) complexes, cyclin 
D/CDK4, cyclin E/CDK2, and cyclin A/CDK2, 
when there is mitogenic signal available in 
extracellular milieu (Chen et al.  1989 ; Weinberg 
 2007 ; Hanahan and Weinberg  2011 ). Higher 
level of phosphorylated forms of pRb protein is 
present in human VS tumors and in other human 
brain tumors such as gliomas and meningiomas. 
The Ser 567 that is located at the A domain of the 
pocket region of pRb protein is ineffi ciently 
phosphorylated during normal cell cycle. 
Effi cient phosphorylation of this site is reported 
in human VS tumors which could aid in tumor 
growth (Mitra et al.  2012 ). It is important to note 
that the dephosphorylation of Ser 567 of pRb is 
the initial event in sodium butyrate- induced 
cell death of VS tumors in vitro (Mitra et al. 
 2012 ). Therefore, it is essential to identify the 
phosphorylation status of both pRb and p53 tumor 
suppressor proteins in order to develop effective 
management protocol for patients with brain 
tumors (Fig.  2.6 ).  

12.3      Tumor Heterogeneity 
and Pharmacogenomics 

 A variety of data on chromosome alterations, 
tumor ploidy, immunohistochemistry, mutation 
status and mRNA profi le were analyzed from a 
primary renal cell carcinoma and its associated 
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metastatic tumors. The exome sequencing data 
from these tumors were also used for this analy-
sis. Results from this study showed heterogeneity 
within the tumor. Further, the data revealed 
branched evolution of tumor during growth and 
metastasis. The observed intra-tumor heteroge-
neity also included loss of function of multiple 
tumor suppressor genes. The gene expression 
profi le at various regions within the tumor 
showed regions with good and bad prognosis. 
These variations can mislead investigators and 
clinicians who develop treatment protocols based 
on data from single biopsy sample from one or 
two regions within the tumor (Gerlinger et al. 
 2012 ). These data also points to the fact that the 
intra-tumor heterogeneity could aid and pro-
mote tumor evolution and variable adaptation of 
tumors via Darwinian selection. Existence of 
such intra-tumor heterogeneity could complicate 
development and testing of personalized medi-
cine for treatment.  

12.4      Duplex Sequencing 

 In order to develop personalized medicine for 
tumors, we need the patient’s DNA sequence and 
the sequence of the tumor DNA. Due to the tumor 
heterogeneity, it is important to get DNA sequence 
of tumor from various regions to get an overall 
assessment of the molecular changes that have 
contributed in the tumor development. In general 
DNA sequencing has an error rate of approxi-
mately 1 % which would limit the accuracy of 
the sequences. Deep sequencing is generally 
applied to genetically heterogeneous samples, 
and this technique could produce errors which 
may not be suitable if the management and 
treatment protocols are based on DNA sequences, 
SNPs, HapMaps, GWAS, etc. Recently duplex 
sequencing is developed which is reported to 
greatly reduce the errors. In this method each 
DNA strand is independently tagged, and each of 
the two strands is sequenced. Because of the 
complementary nature of DNA, the true altera-
tions are expected on both strands in the same 
locations. Theoretically, duplex sequencing is 
estimated to have low error rate of less than one 

artifactual mutation per billion nucleotide 
sequence. In addition, if the mutation is detected 
in only one of the strands, it can be used to iden-
tify site specifi c DNA damage in duplex. The 
duplex sequencing would have wide application 
in pharmacogenomics as the DNA sequence 
plays an important role in this area of medicine 
(Schmitta et al.  2012 ). 

 Currently a few management protocols are 
being used to care for patients with brain tumors 
(Weinberg  2007 ). However, targeted therapeutic 
for cancer patients is shifting towards the phar-
macogenomic informations and patient-specifi c 
biomarkers. Any initial drug trial at phase 1 provides 
the basic informations such as toxicity, dosage, 
and effi cacy for appropriate patient population. 
These basic informations together with pharma-
cogenomic data of patient and control groups 
from various geographic and ethnic background 
could help in the development of specifi c treat-
ment protocols. The types of cancers, the 
demography of the patients, and eventually the 
individual pharmacogenomic profi le of the 
patient could be helpful in developing patient-
specifi c treatment protocols. In addition, SNP, 
LOH, and PTM data combined with analysis of 
tumor heterogeneity and duplex sequencing 
could provide a better platform to develop, test, 
and provide patient-specifi c care for brain tumor 
patients.   

13      Ethical Issues 

 Opponents of human genome project believe 
that it is a waste of time and resources. Many 
also believe that pharmacogenomics, like other 
new areas of sciences which branched out of 
human genome project, represents misalloca-
tion of funds. These individuals believe that 
time and resources should be spent on solving 
other major problems facing the survival of 
humanity, such as famine, fl ood, epidemics due 
to infectious diseases, and providing clean 
water to everyone. 

 Others believe that pharmacogenomics has the 
potential to benefi t millions of patients as well as 
economic benefi ts for the health care industry. 
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The arguments for the advancement of pharma-
cogenomics include the mortality due to adverse 
drug reaction which amounts to tens of thousands 
or even more. In USA alone, drug reaction is 
thought to kill and hospitalize approximately 
100,000 patients. Many of these deaths are due to 
individual genetic variants and therefore can be 
prevented by obtaining pharmacogenomics data 
of these patients prior to drug administration. 
However, the fi eld of pharmacogenomics is 
still in its infancy. The science and technology 
associated with pharmacogenomics has to 
evolve in order for it to be used effectively 
(Rothstein and Epps  2001 ). 

 In general, the drugs are prescribed based on 
certain fundamental data on the patients such 
as age, gender, symptoms, and other clinical 
criteria. These criteria may not be suffi cient to 
ensure the safety of the patients. Each year more 
than two million people have fatal drug reaction, 
and another two million have serious, but nonfa-
tal drug reaction. In the absence of pharmacoge-
nomics data, it is impossible for the physicians to 
know in advance the side effects of drugs 
 prescribed to their patients. Pharmacogenomics 
would help in the development of safe and effec-
tive drugs and determination of appropriate 
 dosage. Thus, it could eventually eliminate the 
current practice of “one size fi ts all” method of 
drug prescription. 

13.1      Individuals’ Affordability 
and Patient Benefi ts 
of Pharmacogenomics 

 Currently the cost to obtain individual pharma-
cogenomic data appears to be enormous. However, 
new efficient procedures which would make 

it affordable to all are being developed. At the 
initial stages it may appear that only the rich will 
benefi t from customized medicines, but it should 
become affordable to all once the procedures are 
developed, standardized, and put into practice. 
Some of the novel and affordable protocols may 
be patented by a few companies who could fi x the 
rates keeping the profi t in mind, and it would 
become unaffordable for the masses (Rothstein 
and Epps  2001 ). Researchers who have shares in 
these companies may also include many unnec-
essary procedures which would make the cost of 
pharmacogenomic testing higher than the actual 
cost. Under these circumstances individual health 
could be overlooked for the sake of monetary 
benefi ts (Fig.  2.7 ).

13.2         Benefi ts to the Patients 
Involved in Initial Drug Trials 

 Historically it has been observed that the popula-
tion who initially participated in research and 
development and drug trials did not receive the 
anticipated health benefi ts. This is due to lack of 
health insurance to cover the high cost of treat-
ments once they are commercialized. For exam-
ple, the patients with Gaucher disease who 
participated in the development of safe and 
effective treatment were denied access to it 
by their insurance companies due to high cost of 
the new treatment, and patients could not afford 
to bear the cost on their own. Another example 
is the participation of Canavan’s Disease Support 
Group who helped in raising funds for research 
and recruited willing patients to participate in 
research but was denied continuous participation 
in the further development of treatment procedures 
(Rothstein and Epps  2001 ; Neil and Carigie  2004 ; 

  Fig. 2.7    Ethics in 
pharmacogenomics       
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Peterson-Iyer  2008 ). This group which originally 
supported the research lab in many ways is suing 
the lab for abrupt exclusion (Fig.  2.7 ).  

13.3      Ethical Use of Individualized 
Medicine 

 Advanced knowledge of the individuals’ 
response to a particular medicine should help 
doctors to avoid prescribing ineffective or 
 dangerous medications. However, availability 
of such personal informations could also be 
 misused deliberately in order to prevent patients 
from getting the right treatment. Or under 
extreme conditions patients may be deliberately 
given medications that are ineffective for them 
(Rothstein and Epps  2001 ; Neil and Carigie 
 2004 ; Peterson-Iyer  2008 ). 

 Pharmacogenomic profi ling is not the only way 
to design patient-specifi c drugs. Environmental 
factors, lifestyle behaviors, diet, and many other 
factors affect the effi cacy and safety of prescription 
drugs. Variations in patients’ response to drugs 
also depend on many factors other than SNPs, such 
as drug-drug interaction, drug to food interaction, 
and sunlight exposure of the patients. Variations 
in the manner in which the drugs are metabolized 
by the individual patient depend mostly on the 
pharmacogenomic data. Therefore, the potency 
of drugs appears to be dependent on pharma-
cogenomics components (Fig.  2.7 ).   

14      Pharmacogenomics and 
Protection of Individual Rights 

 A child enrolled in genetic research study giving 
consent. The father of this individual’s medical 
records was obtained by a lab without his consent. 
The father contacted the Offi ce of Human Research 
Protections (OHRP) of the US Department of 
Health and Human Services and indicated that 
his right to privacy is violated. OHRP sided with 
the father, prohibited the child from using father’s 
medical informations or getting access to any 
further informations on his father citing the father’s 
right to privacy in this regard. It is a little confusing 

situation regarding whose right is violated and 
whose right is more important. In this case 
does the child has the right to use fathers medical 
informations to further medical research or to 
get the right evaluation of his genetic condition 
which he could pass on to his offspring. What 
about the right of the child and his offspring’s? 
Under HIPPA it is unclear if the fathers’ right is 
protected or not.  

15      What Is Health Insurance 
Portability and Accountability 
Act (HIPPA), USA 

 The major goal of this act is protect individual’s 
right regarding their medical history and health 
information while allowing fl ow of personal 
medical conditions to advance medical research 
aimed towards better health care to the public. 
HIPPA protects (a) individuals present and past 
physical and mental health conditions; (b) provision 
of health care to individual; and (c) past, present, 
and future provisional health care payments to 
an individual. The individual information can 
be reidentifi ed and the medical informations 
can be disclosed only if necessary.  

16      Risk of Pharmacogenomics 

16.1      Risk of Psychological Harm 

 One of the major ethical issues is regarding testing 
for disease predisposition status of an individual. 
Certain genetic disorders have late onset, and 
knowing these informations could psychologi-
cally harm the individual years ahead of the onset 
of actual disease. Diseases such as Huntington’s 
disease and Alzheimer’s disease have late onset, 
and effective treatments do not exist for these. 
It is diffi cult to establish ethical standards for low 
and high risk in certain diseases which is further 
complicated by competing interest (Williams-
Jones and Corrigan  2003 ; Foster and Sharp  2005 ; 
Shastry  2006 ). In such circumstances an apparent 
low risk can be made to look like very high risk 
and vice versa (Fig.  2.8 ).
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16.2         Insuffi cient Drug Alternatives 
for a Selected Group 
of Patients 

 Detailed pharmacogenomic data on an individual 
could sometimes be disadvantageous if these 
individuals already have genetic disorders or could 
develop one in the latter years. Some of these 
rare disorders may have only a few approved 
drugs available for treatments. If the genetic 
variants of the patients prevent the use of the 
existing drugs, they may be left with no treat-
ment options available to them. Such scenario 
should be given serious consideration as it could 
cause severe psychological problems to the 
patients’ years before the onset of the actual 
disease (Williams- Jones and Corrigan  2003 ; Foster 
and Sharp  2005 ; Shastry  2006 ) (Fig.  2.8 ).  

16.3      Obstructions in the 
Development of 
Pharmacogenomics-Based 
Patient Management 

 The task involved in identifying the gene(s) 
and family of genes involved in multiple gene 
disorders is highly complex. There are three 
billion bases in human genome which are 
placed in a sequential manner, and the SNPs 

are reported to be present in approximately 
every 300–400 bases. Initially all the SNPs 
will have to be identifi ed and analyzed, and 
then their involvement in a particular disorder 
will have to be evaluated in order to use this 
data for patient management. This step has to 
be repeated for each individual which could be 
time consuming and very expensive. This pro-
cedure also can have negative impact as some 
patients may be sensitive to all the available 
drugs and they may be left without any treat-
ment options. The pharmaceutical companies 
may produce drugs which are effective in most 
patients. This could leave a small but a signifi -
cant group of patients who suffer from drug 
sensitivity without any drugs. The other extreme 
scenario could be presence of multiple drugs 
for a single disorder in which case the health 
care provider may have to run extra diagnostic 
procedures to select the ones that is best suited 
for each patient (Williams-Jones and Corrigan 
 2003 ; Foster and Sharp  2005 ; Shastry  2006 ). 
Such extra steps could also be time consuming 
and expensive.   

17      Conclusion 

 Pharmacogenomics is an emerging fi eld and it is 
still in its infancy. It appears that the cost of whole 
genome sequencing could become affordable for 

  Fig. 2.8    Risks associated with 
pharmacogenomics       
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each individual and that would help designer 
drugs to suit individual needs. Health care pro-
viders will have more understanding about their 
patients and will be able to offer better care. 
With the aid of pharmacogenomic  informations, 
appropriate dose of drug can be provided to 
patients and that would reduce the cost of treat-
ment considerably. The more the number of 
patients screened for pharmacogenomic informa-
tion, the better the understanding of the possible 
role of SNPs and HapMaps. This could lead to 
better understanding of human beings globally, 
and it could also throw light into human evolu-
tion and adaptation to various environmental 
conditions. At this juncture we do not know if 
pharmacogenomics will be accessible to all indi-
viduals. It would serve its purpose only if and 
when it helps all human beings equal access to 
better health care.     
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    Abstract 

   Personalized medicine can improve healthcare by selecting treatments that 
are more effi cacious or induce less adverse responses in stratifi ed cohorts 
sharing differentiating genetic traits. Personalized medicine has advanced 
quickly, providing both opportunities and challenges for the pharmaceutical 
industry and regulatory agencies in the twenty-fi rst century. Pharma-
cogenomics is the key to the identifi cation of personalized medicine bio-
markers useful for effi cacy and safety that can ultimately be clinically 
applied for diagnosis, prognosis, and treatment selection. The requisite 
technologies and approaches needed for pharmacogenomics have steadily 
advanced over more than a decade in terms of both capability and cost. 
In 2005, 454 Life Sciences announced their sequencing-by- synthesis tech-
nology, the fi rst next-generation sequencing (NGS) platform, proclaiming 
the breakthrough in sequencing technology. NGS is revolutionizing phar-
macogenomics and personalized medicine, with several NGS platforms 
commercially available. Illumina, Roche 454, and Applied Biosystems are 
the current major vendors. This chapter will characterize the technical 
assessments of NGS, including comparative analyses across platforms, 
experimental protocols, algorithms for mapping short reads to reference 
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1      Introduction 

1.1      Personalized Medicine 

 The term “personalized medicine” has been used 
for some 13 years (Langreth and Waldholz  1999 ) 
in the context widely understood today of “the 
right drug for the right patient with the right 
dose at the right time through the right route.” 
The President’s Council of Advisors on Science 
Technology (PCAST) has a more comprehen-
sive defi nition for personalized medicine: 
“‘Personalized medicine’ refers to the tailoring of 
medical treatment to the individual character-
istics of each patient. It does not literally mean 
the creation of drugs or medical devices that are 
unique to a patient, but rather the ability to 
classify individuals into subpopulations that 
differ in their susceptibility to a particular dis-
ease or their response to a specifi c treatment. 

Preventive or therapeutic interventions can then 
be concentrated on those who will benefi t, 
sparing expense and side effects for those who 
will not” (   President’s Council of Advisors on 
Science Technology  2008 ). 

 The rapid increase in the number of published 
articles per year referring to personalized 
medicine, shown in Fig.  3.1 , is a testament 
to the substantial and accelerating scientifi c 
interest (Jorgensen  2009 ) that is driven by real 
medical needs and fostered by rapid advances in 
information- rich and high-throughput techno-
logies. While technology trends and palpable 
scientifi c excitement has moved personalized 
medicine from futuristic to realistic, a lack of 
demonstrable progress in the clinical appearance 
of personalized medicine related biomarkers 
portends substantial challenges remain for both 
the pharmaceutical industry and regulatory 
agencies.

0
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

100
200
300N

u
m

b
er

 o
f 

p
u

b
lic

at
io

n
s

Publication date (Year)

400
500
600
700
800
900

1000
1100
1200
1300

  Fig. 3.1    Annual number of publications related to 
personalized medicine from 2000 to 2011 based on a 
keyword search in PubMed. Keyword used: personalized 
medicine. Fields searched: title and abstract (Search was 

conducted on August 31, 2012. The number of publications 
in 2012 was projected from 815 for the fi rst 8 months to 
1,219 for the whole year)       

genomes, strategies for quantitatively measuring expression levels, and 
methods for detecting single nucleotide polymorphisms (SNPs). Different 
pipelines and software packages for analyzing NGS data will be reviewed. 
Examples and a prospective outlook on applications of NGS in pharma-
cogenomics and personalized medicine will be given.    
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1.2         Pharmacogenomics 

 Adequate individuals’ biological and lifestyle 
(environment) information is an essential pre-
requisite for realizing personalized medicine 
applications. The biological information com-
prises the molecules and their measurements for 
individuals that genetically distinguish a sub-
population and can therefore be translated into 
clinical practices for personalized medicine. 
Figure  3.2  provides a taxonomy of molecular 
classes pertinent for personalized medicine. Most 
active pharmacogenomics research fully utilizes 
these molecular classes based on DNA and RNA 
measurements yielding genetic, epigenetic, and 
transcriptomic information.

   Pharmacogenomics is a scientifi c research 
fi eld that attempts to explain how genomic and 
genetic variations affect a patient’s response to 
a drug. Motulsky fi rst reported a pharmacoge-
nomics study in 1957 (Motulsky  1957 ). That 
study found enzymes for the metabolism of a 
number of drugs exhibited variation in activity 

among patients that were correlated with the 
adverse reactions to those drugs. Since then, 
pharmacogenomics has enormously advanced in 
accordance with technologies, leading to the 
discovery of genetic variants that can be used as 
markers to monitor the effi cacy and safety of 
drugs on the market (Hong et al.  2010 ). 

 Some 3.1 million common SNPs in human 
populations have been identifi ed by the HapMap 
project (The International HapMap Consortium 
 2007 ). In concert, state-of-art high-throughput 
SNP genotyping technology enables simulta-
neously genotyping of hundreds of thousands 
of SNPs, making genome-wide association 
studies (GWAS) a promising pharmacogenomics 
research fi eld for linking genetics with biological 
response. Some GWAS have found associations 
between genetic variations of patients and their 
therapeutic responses to drugs such as thiazide 
diuretic (Turner et al.  2008 ), warfarin (Takeuchi 
et al.  2009 ), and iloperidone (Lavedan et al.  2008 ). 
Other GWAS have found associations between 
genetic variants and the adverse events caused by 

  Fig. 3.2    Taxonomy of molecules used for biomarkers. 
 Box a  depicts the biological levels and associated molecules 
that can be identifi ed as biomarkers with the appropriate 

technologies.  Box b  gives the corresponding categories 
of the molecular biomarkers based on the type of mole-
cule class       

3 Next-Generation Sequencing (NGS): A Revolutionary Technology in Pharmacogenomics...
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drugs such as the elevation of serum alanine 
aminotransferase by ximelagatran (Kindmark 
et al.  2008 ) and drug-induced liver injury due to 
fl ucloxacillin (Daly et al.  2009 ). Both types of 
studies are important as risk assessment consi-
ders both effi cacy and safety.  

1.3      Biomarkers in 
Pharmacogenomics 

 In this book chapter, a biomarker in pharmacoge-
nomics is a molecule or a set of molecules of 
DNA or RNA that can be measured and used for 
purposes such as characterizing fi nancial risk in 
pharmaceutical drug development, quantifying 
risk or benefi t to inform regulatory decisions, and 
ultimately predicting clinical response (including 
selecting clinical treatment or tailoring dose to 
patient) (Hong et al.  2010 ). Here we classify 
pharmacogenomics biomarkers into three types: 
genetic biomarkers, epigenetic biomarkers, and 
transcriptomic biomarkers, as depicted in Fig.  3.2 . 

1.3.1      Genetic Biomarkers 
 Genetic biomarkers are used in personalized medi-
cine practices mainly for selecting those patients 
who benefi t more or have less risk of adverse drug 
reactions (ADRs) from a particular drug. For 
example, human leukocyte antigen (HLA) allelic 
marker, HLA-B*5701, is a genetic biomarker that 
can be used to predict increased risk of developing 
hypersensitivity reactions to the antiretroviral 
drug, abacavir. Thus, it is recommended that the 
marker’s presence is assessed in patients with 
human immunodefi ciency virus (HIV) prior to 
treatment (Lucas et al.  2007 ; Mallal et al.  2008 ; 
US    Food and Drug Administration  2012 ). 

 Investigation of biomarkers in drug- metabo-
lizing genes may lead to a better understanding of 
drug effi cacy. Drug-metabolizing genes encode 
proteins responsible for metabolizing exogenous 
toxicants including drugs; genetic polymorphisms 
are prevalent in these genes. Gene deletions, 
missense, nonsense, and splice site mutations can 
alter or abolish enzyme activity, whereas mutations 
causing amino acid substitutions can lead to mark-
edly modifi ed enzyme action. A good example is 

the anticoagulant warfarin (a commonly used 
blood thinner). Warfarin is metabolized by the 
enzyme CYP2C9 that exhibits wide geneti-
cally based activity variation among patients 
(Sanderson et al.  2005 ;    Takahashi et al.  2006 ). 
There is a poor effi cacy to safety margin with this 
drug and, since individual response to warfarin 
varies so greatly, that patients have to be closely 
monitored to adjust the dose during treatment 
to prevent hemorrhage that can result in fatal 
strokes, etc. In addition, the target of warfarin is 
vitamin K epoxide reductase and polymorphisms 
in its gene (VKORC1) account for some of the 
dosing variation among individuals, with certain 
haplotype groups requiring larger doses and 
other haplotype groups requiring lower doses, to 
reach safe therapeutic levels. Studies have identi-
fi ed variants associated with warfarin adverse 
reactions that resulted in the FDA updating the 
label for warfarin, stating that “the patient’s 
 CYP2C9  and  VKORC1  genotyping information, 
when available, can assist in selection of starting 
dose” (Kim et al.  2009 ). 

 Another example of biomarkers enabling 
personalized medicine is the genetic testing of 
mutations in the KRAS gene (Kirsten  ras ) to avoid 
treatment of patients with metastatic colorectal 
cancer who cannot benefi t from the use of pani-
tumumab (Vectibix ® ) and cetuximab (Erbitux ® ). 
KRAS is a protein encoded by the KRAS gene 
(McGrath et al.  1983 ); mutations in the KRAS 
gene make potent oncogenes and the protein pro-
ducts of oncogenes play a role in many cancers 
(Kranenburg  2005 ). Pharmacogenetics studies 
revealed that the presence of mutations in the 
KRAS gene was associated with the poor res-
ponse to panitumumab or cetuximab therapy in 
patients with colorectal cancer. Accordingly, 
drug labels were updated by the US Food and 
Drug Administration (FDA) and suggest that 
when these two anti-epidermal growth factor 
receptor (EGFR) antibody drugs are used for the 
treatment of patients with metastatic colorectal 
cancer, gene tests for  KRAS  mutations are recom-
mended (Hong et al.  2010 ). 

 Table  3.1  lists the genetic biomarkers men-
tioned in some drug labels approved by the FDA. 
In addition, to promote drug effi cacy and drug 
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safety, FDA maintains a database (  http://www.
fda.gov/drugs/scienceresearch/researchareas/
pharmacogenetics/ucm083378.htm    ) of genetic 
variants that affect the treatment outcomes of 
some drugs. Included are genetic biomarkers and 
related advices/warnings that are listed on the 
drug labels that indicate effi cacy differences and 
possible adverse reactions among patient with 
certain genotypes.

1.3.2         Epigenetic Biomarkers 
 While DNA sequence of an organism may not be 
changed, nongenetic factors, environmental, and 
lifestyle-related infl uences such as nutrition and 
exposure to stress can induce epigenetic altera-
tion that causes the organism’s genes to behave 
(or express themselves) differently (Bird  2007 ). 
The genetic background of a person can provide 
information at the individual level on the possi-
bility of developing some diseases and responses 
(effi cacy and safety) to some drugs, while epigen-
etic alterations might be more directly associated 
with the phenotype observed. Consequently, 
epigenetic biomarkers hold great promise for 
personalized medicine. 

 Numerous mechanisms are involved in gene 
regulation, among which, chromatin remodeling 
(such as DNA methylation and histone methy-
lation), microRNAs (miRNAs, the term will be 
used hereafter), and other noncoding RNAs are 
the most studied (Bird  2007 ; Berger et al. 
 2009 ). Chromatin remodeling is an approach of 
epigenetic alteration that is achieved either by 
the post translational modifi cation of the amino 
acids that make up histone proteins or by adding 
methyl groups to the DNA (most likely at CpG 
sites) to convert cytosine to 5-methylcytosine. 
Though epigenetic biomarkers of histone modi-
fi cation (Kondo et al.  2008 ) and noncoding RNAs 
(He et al.  2005 ; Lu et al.  2005 ) have been reported, 
the most common ones are the bio markers identi-
fi ed based on DNA methylation. The epigenetic 
biomarkers being pursued so far are mainly uti-
lized for the diagnosis and prognosis of cancers, 
some of which will be discussed in detail below. 

 Cancer epigenetic biomarkers can be simply 
cate gorized as diagnostic and prognostic bio-
markers based on their clinical applications. 

   Table 3.1    Genetic biomarkers mentioned in labels of 
drug products approved by FDA (Hong et al.  2010 )   

 Biomarker  Drug  Section in label 

 CYP2C19  Plavix ®   Clinical pharmacology, 
precautions, dosage and 
administration 

 Vfend ®   Clinical pharmacology 
 Effi ent ®   Use in specifi c 

populations, clinical 
pharmacology, Clinical 
Studies 

 Celebrex ®   Clinical pharmacology 
 CYP2C9  Celebrex ®   Clinical pharmacology 

 Effi ent ®   Use in specifi c 
populations, clinical 
pharmacology, clinical 
studies 

 Coumadin ®   Clinical pharmacology, 
precautions 

 CYP3A4  Celebrex ®   Clinical pharmacology 
 Codeine sulfate  Drug interactions, 

clinical pharmacology 
 CYP3A5  Effi ent ®   Use in specifi c 

populations, clinical 
pharmacology, clinical 
studies 

 CYP2B6  Effi ent ®   Use in specifi c 
populations, clinical 
pharmacology, clinical 
studies 

 CYP2D6  Strattera ®   Dosage and 
administration, warnings 
and precautions, drug 
interactions, clinical 
pharmacology 

 Prozac ®   Clinical pharmacology, 
precautions 

 Codeine sulfate 
tablets 

 Warnings and 
precautions, drug 
interactions, use in 
specifi c populations, 
clinical pharmacology 

 VKORC1  Coumadin ®   Clinical pharmacology, 
precautions 

 UGT1A1  Camptosar ®   Clinical pharmacology, 
warnings, dosage and 
administration 

 Tasigna ®   Drug interactions, 
clinical pharmacology 

 HLA- B*1502  Tegretol ®   Warnings, precautions 
 HLA- B*5701  Ziagen ®   Warnings and 

precautions 
 Deletion 5q  Revlimid ®   Hematologic toxicity, 

clinical studies, 
precautions, adverse 
reactions 
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It has been observed that DNA methylation 
patterns are often altered in early-stage tumors 
(Weisenberger et al.  2006 ; Irizarry et al.  2009 ). 
For example, methylation detection in conjunc-
tion with a cervical Pap test is more sensitive to 
diagnose lethal cervical cancers than the Pap test 
alone (Kahn et al.  2008 ). For the most part, to be 
potentially useful in clinical practice, diagnostic 
epigenetic biomarkers identifi ed from easily 
obtainable and readily available body fl uids and 
tissues are the most valuable. Table  3.2  lists 
some fl uids and tissues that have been used in 
epigenetic biomarkers development (Duffy et al. 
 2009 ). However, one of the challenges for devel-
oping diagnostic biomarkers is the requirement 
of low false positive rates when biomarkers are 
used for screening in an overall healthy popula-
tion since a moderately low false positive rate 
can lead to a substantial number of unnecessary 
follow-up examinations in healthy individuals. 
In contrast, epigenetic biomarkers used as progno-
stic indicators do not present the same concern in 
terms of specifi city. In addition, many epigenetic 
 biomarkers were also developed for classifying 
disease subtypes or disease stages among already 
diagnosed individuals (Weisenberger et al.  2006 ).

1.3.3         Transcriptomic Biomarkers 
 DNA microarrays were introduced for analyzing 
gene expression profi les approximately 17 years 
ago (Schena et al.  1995 ; Lockhart et al.  1996 ). 

They enable measuring expression levels of 
thousands of genes in a single experiment. This 
technology has become ubiquitously applied 
across research and drug development. The basic 
principle behind DNA microarrays experiments is 
the base-pairing hybridization between two DNA 
strands as complementary nucleic acid sequences 
form hydrogen bonds between complementary 
nucleotide base pairs. A typical experiment for 
measuring gene expressions using DNA microar-
rays consists of the following steps for a two 
color array: mRNA molecules in the cells/tissues 
of interest are extracted and collected, the mRNA 
molecules are labeled by attaching fl uorescent 
nucleotides to the cDNAs that are generated by 
using a reverse transcriptase enzyme (usually 
samples labeled with special fl uorescent dyes), 
the labeled cDNAs are added onto a DNA micro-
array slide and hybridized to their complemen-
tary DNAs attached on the microarray slide, and 
fi nally, a special scanner is used to measure the 
fl uorescent intensity for each spot/areas on the 
microarray slide. In this manner, DNA microar-
rays represent a mature technology for measuring 
transcriptome expression for specifi c cell/tissue 
and differential expressions between disease and 
healthy populations. Microarrays can thus be 
applied to discover transcriptomic biomarkers for 
personalized medicine. 

 Some transcriptomic biomarkers are vali-
dated for the application in clinical diagnosis 
and risk assessments. For example, in 2007, FDA 
approved a DNA microarray-based diagnostic kit 
(MammaPrint ® ) that measures the transcription 
level of 70 genes in breast cancer patients (Van’t 
Veer et al.  2002 ; van de Vijver et al.  2002 ; Glas 
et al.  2006 ; Buyse et al.  2006 ). The profi les of the 
70-gene signature are usable by physicians as a 
prognosis test but only for breast cancer patients 
who are less than 61 years old with Stage I or 
Stage II disease, tumor size ≤5.0 cm, and who 
are lymph node negative. Another example of 
transcriptomic biomarkers is Onco type  DX ® , a 
21-gene assay (Paik et al.  2004 ; Goldstein et al. 
 2008 ) approved by the FDA in 2005 and currently 
widely used for lymph node negative breast can-
cer patients whose tumors tested positive for 
hormone receptors (Harris et al.  2007 ). Based on 

   Table 3.2    Fluids and tissues that have been used in dis-
covery of epigenetic biomarkers   

 Fluid/tissue  Cancer type 
 Epigenetic biomarkers 
(methylated genes) 

 Biopsy  Prostate  GSTP1, RARβ2, APC, TIG1 
 Ejaculate  Prostate  GSTP1 
 Nipple fl uid  Breast  RASSF1 
 Peritoneal  Ovary  BRCA1, RASSF1 

 Breast  RASSF1, APC, DAPK 
 Serum  Colorectum  SEPT9, TMEEF2, NGFR 

 Ovary  BRCA1, RASSF1 
 Sputum  Lung  P16 INK4A , RASSF1, MGMT 
 Stool  Colorectum  SFRP2, CDKN2A, hMLH1 
 Urine  Bladder  RASSF1, APC, p14 ARF , 

DAPK, BCL2, TERT 

 Prostate  GSTP1, RARβ2, APC, 
RASSF1 
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results from multi-institutional clinical trials, the 
21 genes ( MK167 ,  STK15 (AURKA) ,  BURC5 , 
 CCNB1 ,  MYBL2 ,  MMP11 ,  CTSL2 ,  GRB7 ,  HER2 
(ERBB2) ,  GSTM1 ,  CD68 ,  BAG1 ,  ESR1 ,  PGR , 
 BCL2 ,  SCUBE2 ,  ACTB ,  GAPDH ,  RPLPO ,  GUS , 
and  TFRC ) are validated to be able to predict 
recurrences, deaths, and responses to chemo-
therapy for patients with estrogen- positive breast 
cancer (Paik et al.  2004 ). 

 Given the amount of resources (including cur-
rent RNA sequencing efforts) being applied to 
fi nd transcriptomic biomarkers, it is expected that 
the number of qualifi ed biomarkers will grow.   

1.4      Technologies for 
Pharmacogenomics 

 Rapid advances in technologies for measuring 
genomic variations that affect patients’ responses 
to drugs have been responsible for accelerating 
pharmacogenomics research that is potentially 
extensible to personalized medicine. The 
techno logies that have been used in pharma-
cogenomics can be conveniently divided into 
two types based on the number of prospective 
genomic or genetic markers that can be simul-
taneously analyzed: low content analysis (LCA) 
and high content analysis (HCA) technologies. 
Table  3.3  summarizes a few of the representa-
tive technologies; there was no intent to provide 
a complete list.

   LCA technologies are used when a few SNPs 
within a single gene (or a few genes) need to be 
genotyped or the gene expression levels for a few 
genes need to be measured. Typical LCA tech-
nologies include methods such as PCR-restriction 
fragment length polymorphism (PCR-RFLP), 
allele-specifi c PCR (AS-PCR), TaqMan-PCR, 
hybridization probe-melting analysis, and oligo-
nucleotide ligation-PCR reactions (Newton 
et al.  1989 ; Syvanen et al.  1990 ; Holland et al. 
 1991 ; Barany  1991 ). 

 PCR is a biochemical technique that has been 
used for some 30 years to generate millions of 
copies from a single DNA molecule or from a 
few DNA molecules. A pair of primers, comple-
mentary to the 3′ ends on each of the two strands 
of the DNA molecule, is used in the amplifi ca-
tion. A typical PCR experiment consists of 15–40 
cycles, with each cycle having several tempera-
ture changes. The amplifi cation in PCR is 
achieved in three major steps: denaturation, 
annealing, and elongation. First, denaturation is 
conducted by heating the reaction to a preset tem-
perature in a short time to melt the DNA template 
by breaking the hydrogen bonds. In the annealing 
step, the temperature of the reaction is lowered to a 
preset temperature (depending the primers used) 
quickly (usually about 15–40 s) to anneal the 
primers. In the elongation (or extension) step, a 
new DNA molecule complementary to the DNA 
template sequence from the primers is synthe-
sized using an enzyme (Tag DNA polymerase) by 

   Table 3.3    Representative technologies used in pharmacogenomics   

 Type  Technology  Detection  Principal  Application 

 LCA  PCR-RFLP  Gel-based  Restriction site  Genotyping 
 AS-PCR  Gel-based and homogeneous 

fl uorescence 
 AS amplifi cation  Genotyping 

 TaqMan-PCR  Homogeneous fl uorescence  FRET quenched hydrolysis 
probes 

 Genotyping and gene 
expression 

 HCA  Microsphere array  Flow cytometry fl uorescence  Bead-immobilized 
oligonucleotide 

 Genotyping and gene 
expression 

 DNA microarray  Fluorescence  Oligonucleotide hybridization  Genotyping and gene 
expression 

 NGS  Fluorescence  Pyrosequencing 
and sequencing-by-synthesis 
or ligation 

 DNA and RNA 
sequencing 

   Abbreviations :  LCA  low content analysis,  HCA  high content analysis,  PCR  polymerase chain reaction,  RFLP  restriction 
fragment length polymorphism,  AS  allele-specifi c,  NGS  next-generation sequencing  
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adding dNTPs (deoxyribonucleotide triphosphate) 
to the template in the 5′–3′ direction. PCR is a 
relatively mature and sensitive technology for 
measuring expression levels of genes. It has been 
broadly applied in biomedical research and diag-
nosis of diseases. 

 PCR-restriction fragment length polymorphism 
(PCR-RFLP) technology was an old fashion 
technology that was used for genotyping com-
mon SNPs within candidate genes, especially 
when a variant naturally occurs at a restriction 
enzyme cutting site (Goldstein and Blaisdell 
 1996 ). This technology is labor intensive and 
diffi cult to automate. More importantly, errors 
 happen frequently due to incomplete restriction 
digestion. It has been replaced, generally, by 
other more effi cient and accurate genotyping 
methods. 

 In allele-specifi c PCR (AS-PCR), two homolo-
gous primers that vary only in their 3′ ends (one 
is complementary to the normal allele and another 
is complementary to the variant allele) are dif-
ferentially amplifi ed (Newton et al.  1989 ). Gel 
or homogeneous fl uorescent dyes are then used 
to detect the PCR reaction products (Higuchi 
et al.  1992 ). In the PCR amplifi cation, undesired 
side reactions such as primer dimerization can 
generate noise that confounds the signal from the 
fl uorescent dye bound to the expected reaction 
products. Thus, optimizing PCR amplifi cation 
selectivity is vital to data quality. However, the 
homogeneous real-time fl uorescent dye-based 
detection is easier to automate than the gel-based 
electrophoretic analysis. 

 Many genotyping methods use direct probe, 
as opposed to the complement, sequence that is 
homogeneously amplifi ed for detecting variants. 
The most popular one is the TaqMan-PCR that 
uses 5′-nuclease hydrolysis probes (i.e., the 
TaqMan probes) (Holland et al.  1991 ). These 
are designed in a way that a dye in the native 
oligonucleotide probe quenches the reporter 
fl uorophore. In amplifi cation, a TaqMan probe 
hybridizes to its complementary oligonucleotide 
and is cleaved by the 5′-nuclease action of 
thermostable DNA polymerases in the primer 
extension and, thus, the quencher and fl uorescent 
reporters are separated and released for the next 

cycle. The fl uorescent signal of the reporter dye 
from the TaqMan probes can be quantifi ed in real 
time. The measured fl uorescent intensity steadily 
strengthens with each PCR cycle and reaches a 
threshold that is preset for determining whether 
homozygous or heterozygous alleles are con-
tained in the genotyping sample. The number of 
SNPs that can be simultaneously genotyped in a 
single TaqMan-PCR is determined by fl uorescent 
signals that can be measured within a single PCR 
reaction. The TaqMan-PCR instruments on the 
market are capable of simultaneously genotyping 
four to six SNPs. 

 LCA technologies have their limitations in 
time, cost, and material effi ciency. HCA tech-
nologies are the solution when a large number of 
genomic or genetic markers need to be interro-
gated. HCA technologies are usually based on 
hybridization or single-base extension techno-
logies, which makes high-throughput SNP geno-
typing and gene expression profi ling possible. 
The early stage of HCA technologies were 
array- based assays, such as oligonucleotide 
(Cronin et al.  1996 ) and bead-based microarrays 
(Armstrong et al.  2000 ) for simultaneously geno-
typing a large number of genetic variants. 

 The microsphere array is a bead-based geno-
typing technology that became available early in 
the last decade. The technology is based on 
attaching oligonucleotide anti-tag sequences to 
polystyrene microspheres with different dyes 
that can be read using a laser instrument. Tag 
complementary oligonucleotides covalently com-
bined with allele-specifi c primer extensions can 
be detected. This technology allows tens of SNPs 
to be simultaneously genotyped in a single tube. 

 GWAS became a promising research approach 
for pharmacogenomics 5 years ago when the 
genotypes of more than 3.1 million common 
SNPs in human populations were determined by 
the HapMap project (The International HapMap 
Consortium  2007 ), and high-throughput SNP 
genotyping technology was advanced enough to 
enable simultaneous genotyping of hundreds of 
thousands of SNPs using high-density oligonu-
cleotide microarrays. However, the common 
genetic variants that were identifi ed by GWAS 
typically contributed only to a small portion of 
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the total variation in the phenotype (Frazer 
et al.  2009 ). Rare genetic variants having high 
penetrance were also found to contribute to the 
phenotypes of interest, e.g., blood pressure (Ji 
et al.  2008 ). Consequently, the best way for 
obtaining biological information on DNA is to 
have the single-base resolution for the DNA 
sequence of an individual, which can be used to 
interrogate all genetic variants, both common and 
rare. Next- generation sequencing is currently the 
best choice for most applications and will be dis-
cussed below.   

2      Next-Generation Sequencing 

2.1      Background 

 The Sanger method was invented in 1977 (Sanger 
et al.  1977 ). The method involves DNA synthesis 
in the presence of chain-terminating inhibitors 
followed by electrophoresis. It is noted for excel-
lent accuracy and reasonable read length but very 
low throughput and high expense, rendering it 
unsuitable for deciphering the human genome, 
crucial information for realizing personalized 
medicine. In 2005, 454 Life Sciences announced 
their breakthrough sequencing-by-synthesis tech-
nology, the fi rst next-generation sequencing 
(NGS) platform (Margulies et al.  2005 ). Since 
then there has been remarkable advances in DNA 
sequencing technologies known as NGS or as 
massively parallel sequencing (Shendure and 
Ji  2008 ; Reis-Filho  2009 ; Ansorge  2009 ; 
Voelkerding et al.  2009 ; Metzker  2010 ). 
Currently, the Illumina HiSeq-2000 and HiScan, 
the Roche 454 GS-FLX, and the Applied 
Biosystems SOLiD Analyzer 5500xl are the most 
used and commercially available platforms, albeit 
the Illumina platforms dominate the market. 
In addition to the platforms that already exist on 
the market, new NGS platforms are under develop-
ment and mainly adopt single DNA molecule 
sequencing technology (e.g., nanotechnology 
and electron microscopy) which can read through 
DNA templates in real time without amplifi cation, 
and thus could be more accurate with potentially 
longer reads (e.g., Pacifi c BioSciences RS system 

produces reads of >1,000 bp; nanoAnalyzer 
from BioNanomatrix, now BioNano Genomics, 
generates reads of around 400,000 bp (Das 
et al.  2010 )).  

2.2      NGS Workfl ow 

 To date, NGS has been successfully applied 
to different aspects of applications, such as 
RNA sequencing for profi ling gene expression 
(also called RNA-seq or whole transcriptome 
sequencing) (Mortazavi et al.  2008 ; Wang et al. 
 2008a ,    Nagalakshmi et al.  2008 ; Cloonan et al. 
 2008 ), chromatin immunoprecipitation followed 
by sequencing (ChIP-seq) for identifying DNA-
binding sites of proteins (Johnson et al.  2007 ; 
Park  2009 ; Schmidt et al.  2010 ), sequencing to 
identify methylated DNA (methyl-seq) (Brunner 
et al.  2009 ; Hormozdiari et al.  2009 ) for DNA 
methylation analysis, whole human genome 
sequencing (Wheeler et al.  2008 ; Wang et al. 
 2008b ) for determination of genetic variants, and 
targeted sequencing of specifi c candidate genes 
or the entire human exome in large numbers of 
individuals (Hodges et al.  2007 ). The common 
workfl ow for studies using NGS technologies is 
depicted in Fig.  3.3 , with main aspects of the pro-
cess described below.

2.2.1        Library Generation 
 The fi rst step in NGS is to make a library from a 
DNA or a cDNA sample. Different NGS platforms 
use divergent protocols and reagent kits for the 
library preparation. In practice, the instruction 
from a specifi c NGS vendor should be strictly 
followed to pursue the quality of the library. Here 
we briefl y review the principle and procedure of 
the library preparation for the Illumina HiSeq-
2000 platform, the most popular platform on the 
market, though readers are recommended to 
follow Illumina’s instruction for detailed proce-
dures for library preparation. 

 The Illumina HiSeq-2000, an upgrade of the 
Illumina GA system that was the fi rst short-read 
sequencing platform, currently dominates the 
NGS platform market (Metzker  2010 ). Figure  3.4  
depicts the principle and procedure of library 
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preparation for the Illumina platform. DNA sam-
ples are fi rst sheared into fragments that are then 
end-repaired to generate 5′-phosphorylated blunt 
ends. The Klenow fragment of DNA polymerase 
is then used to attach a single “A” base to the 3′ 
end of each DNA fragments, which enables the 
DNA fragments for ligation to oligonucleotide 
adapters. After ligation to adapters at both ends, 
the DNA fragments are denatured, and single- 
stranded DNA fragments are attached to reaction 
chambers that are optically transparent solid 
surfaces called a fl ow cell. The attached DNA 
fragments are extended and amplifi ed by bridge 
PCR amplifi cation.

2.2.2         Sequencing 
 Different chemical reactions for sequencing are 
used in current NGS platforms. The main features 
of three most popular NGS platforms are compared 
in Table  3.4 . It is important to note that these met-
rics are constantly changing when newer models of 
the same platforms are released. Both the Illumina 
HiSeq-2000 system and the SOLid 5500xl system 
use the short-read sequencing technologies, while 
the Roche 454 FLX system provides relatively lon-
ger reads that could be advantageous for de novo 
sequencing of new genomes.

  Fig. 3.3    Overview of a common NGS workfl ow       

  Fig. 3.4    Library preparation of Illumina NGS platform       
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   The Illumina HiSeq-2000 system currently is 
the most widely used short-read sequencing 
platform. It uses the sequencing-by-synthesis 
(SBS) method. By using the SBS technology, the 
bases of a DNA fragment are determined using a 
proprietary reversible terminator-based method 
when they are synthesized to “grow” the DNA 
strands. Since many synthetic reactions are carried 
out simultaneously in a reaction chamber (fl ow 
cell), the sequences of millions of DNA frag-
ments are determined in parallel. To be specifi c, 
when synthesizing a base, a fl uorescence- labeled 
terminator-bound dNTP is added to the strand 
and imaged. Then, the terminator is cleaved for 
the synthesis of the next base. Since there are 
four reversible terminator-bound dNTPs (dATP, 
dCTP, dGTP, and dTTP) in each sequencing 
cycle, natural competition minimizes incorpora-
tion bias. During each sequencing cycle, bases 
are called directly from the measured fl uores-
cence intensities of each base. The fi nal data 
obtained are the base-by-base information of the 
fragments. 

 The Roche 454 Genome Sequencer FLX is 
based on pyrosequencing technology. DNA 
fragments are sheared into shorter segments that 
are then ligated to specifi c oligonucleotide 
adapters for amplifi cation by emulsion PCR on 
the surfaces of agarose beads. The current read 
length of DNA sequencing produced by the 
Roche 454 platform is about 700 bp and is the 
longest read among the three short-read NGS 
platforms. Therefore, the Roche 454 could be 
more suitable for applications requiring longer 
reads, such as RNA isoform identifi cation in 

RNA-seq and de novo assembly of microbes in 
metagenomics (Mocali and Benedetti  2010 ). 

 The Applied Biosystems SOLiD 5500xl 
sequencer technology is based on the principle of 
sequencing-by-ligation. In this method, sheared 
DNA fragments are amplifi ed by an emulsion 
PCR approach with small magnetic beads. DNA 
fragments on the surface of each magnetic bead 
are then “sequenced” by detection of the oligo-
nucleotide ligation. One notable drawback of this 
platform is its tedious and time-consuming pro-
cedures for DNA library preparation prior to 
sequencing, currently amounting to some 5 days.  

2.2.3      Data Analysis 
 In the workfl ow of an NGS project (Fig.  3.3 ), once 
the samples are sequenced using a sequencing plat-
form, the task becomes one for bioinformaticians. 
Therefore, NGS data analysis (the rectangle in dash 
line, Fig.  3.3 ) is a crucial step in an NGS project. 

   Mapping or Assembling Short Reads 
to a Reference Genome 
 The fi rst step in NGS data analysis is to align or 
to assemble the huge amount of short reads to a 
reference genome. Although NGS is a powerful 
sequencing tool, the short length of the reads gen-
erated from NGS technology limits its biological 
applications (Li and Homer  2010 ). Therefore, 
accurate alignment or assembly of the millions of 
short reads is an important determinate of experi-
ment success. A variety of algorithms and soft-
ware packages have been specifi cally developed 
for the task (Chistoserdova  2010 ), some of the 
most popular of which are listed in Table  3.5 .

   Table 3.4    Comparison of NGS platforms   

 Platform 

 Illumina  Roche 454  SOLid 

 Sequencing reaction  Sequencing- by-synthesis  Pyrosequencing  Ligation-based sequencing 
 Amplifi cation  Bridge PCR  Emulsion PCR  Emulsion PCR 
 Read length  ~100 bp  ~700 bp  ~75 bp 
 Paired ends/separation  Yes/200 bp  Yes/3,000 bp  Yes/3,000 bp 
 Reads per run (in millions)  3,000  1  1,500 
 Run time  11 days  23 h  8 days 
 Comments  Most widely used  Longer reads, fast run, 

higher cost 
 Good data quality 
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   Bowtie (  http://bowtie.cbcb.umd.edu/    ) is a 
program for aligning short read sequences to a 
genome that is very fast without burdensome 
amounts of computer memory (Langmead et al. 
 2009 ). The reference genome is fi rst indexed 
using a scheme based on the Burrows–Wheeler 
index; the short reads are then mapped to the 
indexed genome, making its memory footprint 
small. Backtracking and double indexing are 
the two major algorithmic strategies Bowtie 
uses to rapidly align short reads to a genome. 
Bowtie allows mismatches and favors high-quality 
 alignments through backtracking, while the double 
indexing strategy makes Bowtie avoid excessive 
backtracking. One of the drawbacks of this pro-
gram is that gaps are not allowed in alignment. 
However, its new version, Bowtie 2, overcomes 
this and can do gapped alignment. 

 BWA (  http://maq.sourceforge.net/    ) is a fast 
“lightweight” software package for aligning 
short sequencing reads against a large reference 
sequence such as the human genome (Li and 
Durbin  2009 ). This alignment algorithm uses a 
backward search strategy with the Burrows–
Wheeler transform (BWT) algorithm to align 
sequences to the reference genome. It allows mis-
matches and gaps in mapping. BWA can align both 
single-end and paired-end reads to a reference. 
It uses a mapping quality index for assessing the 
goodness of a read aligned with a specifi c region 
in the reference genome. Therefore, it provides 

choices for a read mapping to the best location in 
the reference or to multiple regions if requested. 

 MAQ (  http://maq.sourceforge.net/    ) is a freely 
available aligner for rapidly mapping short 
reads from NGS to a reference genome. It gener-
ates genotype calls according to the consensus 
sequence of a diploid genome by using quality 
scores (Li et al.  2008b ). MAQ searches for the 
un-gapped match with lowest mismatch score. 
This program calculates a quality score for each 
alignment to measure the probability that the 
true alignment differs from the one the program 
found. It then searches for the alignment with the 
lowest score. It uses un-gapped mapping. Users can 
use MAQ for aligning reads, calling consensus 
sequences such as SNPs and indel variants, 
simulating diploid genomes, and processing 
alignment results in various ways. 

 SeqMap (  http://www.stanford.edu/group/
wonglab/jiangh/seqmap/    ) is an effi cient sequence 
mapping program for mapping millions of short 
reads to a reference genome (Jiang and Wong 
 2008 ). It fi nds all possible locations in a whole 
reference genome for each of the short read 
sequences from NGS. SeqMap allows up to 
fi ve substitutions and insertions/deletions. The 
FASTA fi le format is used for inputting data and 
alignment results and output is in various formats 
such as the SAM. SeqMap supports parallel com-
puting and, thus, can be run on a cluster of com-
puters. This program is very effi cient, usually 
taking just a few hours on a desktop PC for a 
typical alignment job of NGS data. One distinct 
feature of this aligner is that it indexes and hashes 
the input short reads before mapping them to the 
reference genome. 

 SOAP (  http://soap.genomics.org.cn/    ) is effi cient 
for aligning short read sequences from NGS to a 
reference genome (Li et al.  2008a ). It allows 
both gapped and un-gapped alignments and can 
align both single-read and paired-end reads. 
The seed-and-hash lookup table algorithm is 
used to accelerate its alignment process. Briefl y, 
a two-bits- per-base encoding strategy is used to 
transform the short read sequences and the refer-
ence sequence into a numeric format. The base 
difference between a short read sequence and the 
reference sequence is then calculated using the 

   Table 3.5    Short-read sequence alignment tools   

 Name  Description 

 Bowtie  Uses a Burrows–Wheeler transform to create 
a permanent, reusable index of the genome; 
faster run for short sequence alignment 
to reference genome 

 BWA  Slower than bowtie but allows indels 
in alignment 

 MAQ  Performs only un-gapped alignments 
and allows up to three mismatches 

 SeqMap  Up to fi ve mixed substitutions and 
insertions/deletions. Various tuning options 
and input/output formats 

 SOAP  Allows up to three gaps and mismatches. 
SOAP2 uses bidirectional BWT to build the 
index of references and increases the 
running speed 

 TopHat  Splice junction mapper for RNA-Seq reads 
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lookup table. SOAP is a command-driven program 
and easily used for batch processing with a 
user- specifi c script. It also provides a multithread 
option and thus supports parallel computing. 
It accepts FASTA format for the reference 
genome and both FASTA and FASTQ formats for 
the input short reads. 

 TopHat (  http://tophat.cbcb.umd.edu/    ) is 
designed to align short reads from RNA-Seq to a 
reference genome (Trapnell et al.  2009 ). TopHat 
is designed mainly for fi nding exon–exon splicing 
junctions, although it can be used for other 
tasks. In the TopHat pipeline, the input short read 
sequences are fi rst aligned to the reference 
genome using Bowtie. A short read can contigu-
ously align to more than one exon in the genome 
since many exons are shorter than the length of 
the reads obtained from current NGS. Therefore, 
TopHat splits an input short read into shorter 
segments, and then independently aligns these 
segments to different exons. The aligned exons 
are connected together to generate the complete 
alignment. While mainly developed for aligning 
short reads from an Illumina platform such as 
HiSeq-2000 (~100 bp in length), it can align reads 
up to 1,024 bp. It can handle both single- end and 
paired-end reads. Users need to be aware of the 
parameters used in the program. The default 
values are optimized for alignment of short reads 
to the mammalian genomes. When aligning to 
other genomes, the parameters should be reset 
to suitable values.  

   De Novo Assembly of Short Reads 
 De novo assembly refers to the process of assem-
bling short reads to an unknown genome or to 
a much larger reference sequence by directly 
“sewing” the sequences of short reads that are 
produced using an NGS platform. De novo 

assembly of NGS data is different from reference-
based assembly, and it has more challenges than 
mapping assemblies, in terms of complexity and 
time consuming. Current de novo assembly algo-
rithms have diffi culty assembling large genomes, 
and are generally more suitable for small genomes 
such as found in bacteria (Chaisson et al.  2009 ). 
Table  3.6  lists some widely used de novo assembly 
tools. In this section, we briefl y describe them.

   The ABySS program (Simpson et al.  2009 ) is 
written in C++ and performs de novo sequence 
assembly from short paired-end reads. It has two 
versions, the single-processor version is designed 
for assembly small genomes with a size up to 
100 Mbp. The parallel version is designed for 
assembly of large genomes with a size greater 
than 100 Mbp, and it is implemented using MPI 
(message passing interface). 

 ALLPATHS (Butler et al.  2008 ) is a de novo 
assembler that assembles short sequences such 
as the reads generated from NGS platforms into 
high-quality genome assemblies. One distinct 
feature of ALLPATHS is that its assemblies can be 
nonlinear. Actually, the assembling results are 
pre sented in graphs that can retain ambiguities 
in the input reads arising from polymorphism, 
sequencing errors, unresolved repeats, etc. It works 
better on the reads produced by Illumina platform 
such as HiSeq-2000 than on other platforms. 
ALLPATHS is not the best choice for assembling 
long reads such as those from the Roche 454 FLX. 
The program requires high sequence coverage of 
the genome in order to compensate for the short 
length of the reads. The required depth of raw reads 
coverage, before any error correction or fi ltering, 
depends on both the length and quality of the 
paired-end reads. As a rule of thumb, the required 
coverage for a human genome is one fl ow cell of 
data produced by the Illumina HiSeq-2000. 

   Table 3.6    Programs for de novo assembly   

 Name  Developer  Website 

 ABySS  Simpson JT et al .     www.bcgsc.ca/platform/bioinfo/software/abyss     
 ALLPATHS  Butler J et al .     ftp.broadinstitute.org/pub/crd/ALLPATHS/     
 Cuffl inks  Trapnell C et al .     cuffl inks.cbcb.umd.edu/     
 Edena  Hernandez D et al .     www.genomic.ch/edena.php     
 MIRA  Chevreux B et al .     sourceforge.net/apps/mediawiki/mira-assembler     
 SOAPdenovo  Li R et al .     soap.genomics.org.cn/soapdenovo.html     
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 Cuffl inks (Trapnell et al.  2010 ) is a program 
designed for multiple functions: assembling 
transcripts, estimating abundances of assembled 
transcripts, and quantifying differential expres-
sion of the transcripts based on RNA-Seq data. 
It assembles the short reads into a parsimonious 
set of transcripts and then estimates the relative 
abundances of these transcripts, taking into 
account the biases in library preparation pro-
tocols. Cuffl inks can ignore fragments that map 
to the genome more than a specifi ed number of 
times, but by default it uses all fragments in the 
alignment fi le. This program fi lls gaps smaller 
than 50 bp and joins the “transfrags” in coverage 
when assembling transcripts. Before testing for 
differential expression or regulation of genes and 
transcripts, Cuffdiff, another program in the 
package, checks goodness of the variance model 
for the gene or transcript. Because a positional 
bias correction was reducing accuracy on certain 
data sets in some genes, it was modifi ed with an 
option to model sequence-specifi c bias. Its new 
library size normalization model is based on 
the geometric mean. It uses Eigen package for 
matrix operations that makes good use of vector 
registers in modern processors, speeding up 
the numerical routines used during abundance 
estimation. 

 Edena (Exact DE Novo Assembler) (Hernandez 
et al.  2008 ) is mainly designed for assembling 
short reads generated from the Illumina NGS 
platforms, including HiSeq-2000. It is based on the 
traditional overlap-layout- consensus paradigm. 
The program is still in the development stage, 
thus some features are incomplete and new func-
tions continue to be added. Currently, both Linux 
(64 and 32) and Windows versions are available. 

 MIRA (Mimicking Intelligent Read Assembly) 
(Chevreux et al.  2004 ) was developed for the Linux 
operating system. This program was designed for 
hybrid de novo assembling short reads generated 
from different NGS platforms such as Roche 
454 and Illumina. Therefore, it assembles reads 
instead of a mix of (eventually shredded) consen-
sus sequence and reads. One restriction is the 
length of reads that must be less than 15 kbp. 

 SOAPdenovo (Li et al.  2010a ) performs de 
novo assembly of large genomes from short reads 

generated from NGS platforms. This program 
uses the De Bruijn graph in which each node is a 
k-mer (the suggested k-mer is 25-mer, but it 
supports up to 127-mer to utilize long reads). 
The longer the k-mer that is used, the lower the 
quantity of nodes is obtained, and the more the 
memory is consumed. Dijkstra’s algorithm is 
used to detect bubbles that are then merged into 
a single path if the sequences of the parallel 
paths are very similar. It produces data by its 
Data Preparation Module that is necessary to run 
the “map” and “scaff” steps using the contigs 
generated by SOAPdenovo or other assemblers. 
At beginning, the program was specially designed 
to assemble short reads from Illumina NGS plat-
form such as HiSeq-2000, but now it works for 
short reads from other NGS platforms.  

   Visualizing and Annotating the Mapped 
or Assembled Results 
 Once mapping or assembly is completed, the 
immediate and imperative task is visualizing 
mapping and assembly results that are in the form 
of huge text or binary fi les. The complex and 
rich information requires graphical display com-
mensurate with the task of interrogating and inter-
preting the data, and much effort has been expended 
by the scientifi c community toward this end. 
Table  3.7  lists some popular visualization and 
annotation tools for NGS data analysis. Below 
we will briefl y introduce EagleView (Huang and 
Marth  2008 ) and IGV (Robinson et al.  2011 ).

   EagleView (  http://bioinformatics.bc.edu/
marthlab/EagleView    ) is a genome assembler 
viewer and can be used for data integration. It can 
display many types of information such as base 
qualities and genome feature annotations. Users 
can easily use it to visually examine the quality 
of a genome assembly and to validate polymor-
phism candidate sites (e.g., SNPs) identifi ed by 
polymorphism discovery programs. EagleView 
can be used to interpret assembly results and to 
produce hypotheses. It is written in C++ and is 
available for Windows, Linux, and Mac operating 
systems. EagleView accepts different types of data 
fi les such as the standard ACE genome assembly 
fi le and optional READS, EGL, and MAP fi les. 
It uses the optional fi les to visualize a genome 
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assembly using the additional information con-
tained in the standard fi les. Users can defi ne the 
features to be visualized using EagleView by 
adding the features in the data fi les easily as the 
input fi les are simple text format (EagleView 
documentation contains the detailed format for 
each type fi le). EagleView automatically detects 
and opens the associated optional fi les from the 
same directory when it opens an ACE fi le. The 
key features of EagleView include (1) fast and 
effi cient memory usage; (2) platform- specifi c 
signals pinpoint views of base quality; (3) pin-
points views of read identifi er and strand distinct 
marks for discrepancy sites; (4) provides genome 
annotation; (5) navigation by read ID, contig ID, 
genomic features, or user defi ned locations, and 
both unpadded and padded positions; (6) data 
utility tools; and (7) customizable font and color. 

 IGV (  http://www.broadinstitute.org/software/
igv/home    ) provides concurrent visualization of 
multiple data types of samples, as well as a cor-
relation of integrated data sets with clinical and 
phenotypic data. Sample annotations and associ-
ations with data tracks can be defi ned using a 
tab- delimited text fi le format in which sample 
identifi er (used to link different types of data 
for the same sample), phenotype, outcome, 
cluster membership, and other clinical data can 

be the content. IGV uses the annotations that are 
visualized as a heatmap to group, sort, fi lter, and 
overlay diverse data types to generate a compre-
hensive picture of the integrated data set. Diverse 
genomic data types such as aligned sequence 
reads, identifi ed mutations and copy numbers, 
RNA interference screens, gene expression, 
methylation, and genomic annotations can be 
easily integrated in IGV. Users can navigate a 
data set in a way similar to Google Maps: the 
genome can be zoomed and paned at any level of 
detail from whole genome to a single-base pair. 
One useful feature of IGV is that users can 
visualize their own genomic data sets alongside 
publicly available data because data sets can be 
input from a user’s computer or loaded remotely 
from online resources such as cloud-based repos-
itories. This makes IGV particularly effective for 
collaborative projects as it allows collaborators to 
share data remotely over the Internet. The current 
IGV version utilizes Java 6 or later that has to be 
installed on a user’s computer. Several genomes 
are hosted in IGV genome server, including 
human (UCSC hg16–19 from UCSC Genome 
Bioinformatics, genome.ucsc.edu; Assembly b37 
from 1000 Genomes,   www.1000genomes.org    ), 
mouse (UCSC mm7–9 from UCSC Genome 
Bioinformatics), and rat (UCSC Baylor 3.4/rn4 

   Table 3.7    Programs for visualizing and annotating mapping and assuming results   

 Name  Description and reference 

 EagleView  EagleView is developed at Boston College (Huang and Marth  2008 ). It is an information-rich genome 
assembler viewer that can display a dozen different types of information including base quality 

 IGV  IGV (Integrative Genomics Viewer) developed at MIT (Robinson et al.  2011 ). It is a high-performance 
visualization tool for interactive exploration of large, integrated genomic data sets. It supports a wide 
variety of data types, including next-generation sequence data, and genomic annotations 

 SeqTools  SeqTools was developed at Wellcome Trust Sanger Institute and can be obtained from   www.
broadinstitute.org/software/igv/home     (Sonnhammer and Hollich  2005 ). It contains three tools: Blixem, 
Dotter, and Belvu which can be used independently and called from other tools as part of a software 
pipeline. In a typical application, Blixem is called to analyze a set of alignments in more detail, and 
Dotter is called within Blixem to give a graphical representation of a particular alignment 

 MapView  MapView developed at Sichuan University in China (Bao et al.  2009 ). It is a short-reads alignment 
viewer with genetic detection capability for NGS data analysis. It supports a compact alignment view 
for both single-end and paired- end short reads, multiple navigation and zoom modes, and multithread 
processing. It can handle large-scale data with high computational effi ciency. Moreover, it offers 
automated genetic variation detection 

 SAM  SAM (Sequence Assembly Manager) is a WGA (whole genome assembly) management and 
visualization tool developed at Canada’s Michael Smith Genome Sciences Centre (Warren et al.  2005 ). 
It provides a generic platform for manipulating, analyzing, and viewing WGA data, regardless of input 
type (  www.bcgsc.ca/platform/bioinfo/software/sam    ) 
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based on version 3.4 produced by the Atlas group 
at Baylor Human Genome). Users can load a 
hosted genome into IGV by selecting the genome 
from the drop-down list in the tool bar. IGV pro-
vides the igvtools utility that contains several 
tools for preprocessing data. (1) tool  tile  can be 
used to convert a sorted data input fi le to a binary 
tiled data (.tdf) fi le and to preprocess large data 
sets for improved IGV performance (supported 
input fi le formats are .wig, .cn, .snp, .igv, .res, 
and .gct). (2) Tool  count  can be used to calculate 
average alignment or feature density for over a 
specifi ed window size across the genome and to 
create a track that can be displayed in IGV, for 
example, as a bar chart (supported input fi le for-
mats are .sam, .bam, .aligned, .psl, .pslx, and bed). 
(3) Tool  index  can be used to convert an ASCII 
alignment fi le or feature fi le to an index fi le that 
is required for loading alignment fi les into IGV. 
Index fi les can signifi cantly improve performance 
for large feature files (supported input file 
formats are .sam, .aligned, .vcf, .psl, and .bed). 
(4) Tool  sort  that can be used to sort the input fi le 
by start position and to prepare data fi les for tools 
that required sorted input fi les (supported input 
fi le formats are .cn, .igv, .sam, .aligned, .psl, .bed, 
and .vcf).     

3      NGS Applications 

 NGS technology is used to determine sequences 
of short DNA fragments in a very high- throughput 
manner. Theoretically, there is no limitation for 
application of NGS to scientifi c research so long 
as short oligonucleotide fragments are of high 
quality. NGS has already been widely applied to 
many scientifi c research areas, such as determi-
nation of sequences of genomes of many species 
(Harris et al.  2008 ; Chaisson and Pevzner  2008 ; 
Li et al.  2010b ); identifi cation of genetic variants 
by re-sequencing whole genome or targeted 
genes (Yeager et al.  2008 ; Yi et al.  2010 ); charac-
terization of transcriptomes for cells, tissues, and 
organisms by sequencing their mRNA content 
(RNA-Seq) (Denoeud et al.  2008 ; Pan et al.  2008 ; 
Hiller et al.  2009 ; Guttman et al.  2010 ; Trapnell 
et al.  2010 ); identifi cation of DNA-binding 

proteins and epigenetic markers by ChIP-Seq 
(Robertson et al.  2007 ; Kharchenko et al.  2008 ; 
Kaufmann et al.  2010 ); and pinpointing of the 
genomic content in a complex sample by metage-
nomics (Turnbaugh et al.  2010 ; Fierer et al. 
 2010 ). Many comprehensive review articles on 
NGS technologies and their applications have 
been published (Wang et al.  2009 ; Kato  2009 ; 
Voelkerding et al.  2009 ). This section does not 
intend to cover a comprehensive of applications 
of NGS technologies, and rather focuses on NGS 
technologies with the most potential applications 
in pharmacogenomics. 

3.1      RNA Sequencing 

 Gene expression profi les of patients can be used 
to interrogate their responses to drugs for both 
effi cacy and safety considerations. Identifi cation of 
a gene or a panel of genes that are associated with 
a patient’s response to a specifi c drug is an impor-
tant topic in pharmacogenomics. NGS is thought 
to be more accurate and precise in measuring 
expression levels of genes or transcripts, compared 
to other technologies such as PCR and DNA 
microarray. Therefore, it is expected that NGS 
will accelerate pharmacogenomics research and 
translation of the fi ndings in pharmacogenomics 
into personalized medicine. 

 Directly sequencing RNAs/cDNAs offers an 
alternative approach for high-throughput tran-
scriptome analysis (Marioni et al.  2008 ; Wilhelm 
et al.  2010 ). RNA sequencing (simplifi ed as 
RNA-Seq) is revolutionary in its abilities to pre-
cisely measure expression of genes at the whole 
genome level (Li et al.  2010c ). Its higher reso-
lution output makes NGS a promising tool for 
discovery of novel transcripts, exploration of 
allele-specifi c expression, and identifi cation of 
alternative splice variants and posttranscriptional 
mutations and isoforms compared to the conven-
tional Sanger sequencing and microarray-based 
approaches (Sultan et al.  2008 ; Chepelev et al. 
 2009 ; Perkins et al.  2009 ; Tang et al.  2009 ; 
Hittinger et al.  2010 ). RNA-Seq has been used 
to characterize RNA populations and provided 
more complicated pictures of RNA regulation 
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and expression through alternative splicing, 
alternative polyadenylation, and RNA editing 
(Nagalakshmi et al.  2008 ; Guttman et al.  2009 ; Li 
et al.  2009a ). NGS has expanded our under-
standing of the extent and complexity of gene 
expression and the mechanisms of RNA expres-
sion regulation in both eukaryotic and prokaryotic 
genomes (Jacquier  2009 ; Sorek and Cossart  2010 ; 
Licatalosi and Darnell  2010 ). 

 The most active fi eld of applying RNA-seq in 
pharmacogenomics is the discovery of cancer- 
related genomic biomarkers. Since the Human 
Genome Project fi nished sequencing the human 
genome and published the fi rst human genome 
map draft (a landmark in genomics) (International 
Human Genome Sequencing Consortium  2001 ; 
Venter et al.  2001 ), the understanding and dis-
covery of cancer genomic biomarkers became 
feasible. The recent advances in RNA-seq tech-
nology have made it possible to more precisely 
profi le genes at the whole genome level and 
discover new RNA molecules such as new gene 
transcripts, small RNAs, alternative splicing 
products, and gene fusions products (Lipson 
et al.  2012 ). Sinicrop et al .  developed and opti-
mized the RNA-Seq library chemistry as well as 
bioinformatics methods for whole transcriptome 
profi ling (Sinicropi et al.  2012 ). This work led to 
not only the re-discovery of RNA biomarkers for 
disease recurrence risk that were previously iden-
tifi ed by RT-PCR analysis of a cohort of 136 
patients but also the identifi cation of a new group 
of recurrence risk biomarkers that were not previ-
ously discovered using DNA microarrays in a 
separate cohort of patients (Sinicropi et al.  2012 ).  

3.2      DNA Sequencing 

 Identifying genetic variants (such as SNPs and 
mutations) is possible after successfully aligning 
(or assembling) NGS short reads to a genome. 
However, distinguishing the causal variants for a 
phenotype from the large number of apparently 
novel genetic variants present by chance in any 
human genome can be diffi cult. Identifi cation of 
rare mutations introduced into the population 
that differ from low-frequency alleles descendent 

from ancient ancestors is still more diffi cult when 
analyzing DNA sequencing data. One of the key 
factors for the success of application of DNA 
sequencing in pharmacogenomics is the reli-
ability of software packages for detecting genetic 
variants such as SNPs from the NGS data. 

 Many software packages for detecting SNPs 
from DNA sequencing data have been developed. 
For example, SOAPsnp (Li et al.  2009b ) is a 
member of the Short Oligonucleotide Analysis 
Package (  http://soap.genomics.org.cn/soapsnp.
html    ). SOAPsnp is a re-sequencing utility that 
can be used to assemble a consensus sequence for 
a genome after the raw reads are aligned to the 
reference genome. It identifi es SNPs and deter-
mines their genotypes by comparing the aligned 
reads with the reference genome using the con-
sensus sequence. SOAPsnp is a command line 
driven program written in C/C++ that generally 
runs under the 64-bit Linux system. However, 
this program has been tested on other operation 
systems. It only needs ~0.5 GB or even less 
memory to run but its output might be very large 
because it consumes a lot of hard disk space 
when memory is small. In its text output mode, 
the output fi le may be 60 times the genome size 
(e.g., 180G free space is required to run a human 
genome). The program was evaluated using the 
Asian genome re-sequencing project data, based 
on the Illumina HapMap 1 M BeadChip Duo 
genotyping sites. Over 99 % of the known SNPs 
were identifi ed and 99.9 % of the genotypes for 
the covered SNPs are consistent, indicating its 
reliability for SNP calling. 

 DNA sequencing has been actively applied in 
pharmacogenomics and many interesting fi nd-
ings have been obtained. Some representative 
studies and their major fi nding are revisited 
below. Pleasance et al. sequenced the genomes of 
a malignant melanoma and a lymphoblastoid cell 
line obtained from the same patient to provide 
somatic mutation information from cancer cells 
(Pleasance et al.  2010 ). Sequence data analysis 
detected 33,345 somatic base substitutions, 680 
small deletions, 303 small insertions, 51 somatic 
rearrangements, and all well-validated somatic 
copy number alterations and regions of loss of 
heterozygosity. Lee et al. sequenced a genome 
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from a primary lung tumor and a normal one 
from adjacent normal tissue of the same patient 
(Lee et al.  2010 ). Comparative analysis identifi ed 
more than 50,000 high-confi dence single nucleo-
tide variants (SNV) as somatic variants. Shah 
et al. sequenced the genome and transcriptome of 
an estrogen-receptor-positive metastatic lobular 
breast cancer (Shah et al.  2009 ). DNA sequence 
data analysis led to the identifi cation of 32 
somatic non-synonymous coding mutations. Tran 
et al .  sequenced the blood, tumor biopsy, and 
archived tumor samples of 50 patients collected 
from four different cancer centers by using tar-
geted exon sequencing (Tran et al.  2013 ). 
Combining with multiplex somatic mutation 
genotyping using Sequenom MassARRAY and 
Sanger sequencing, they assessed the feasibility 
of incorporating real-time analysis of somatic 
mutations within exons of 19 genes into patient 
management. Moreover, the identifi ed actionable 
mutations were similar between archival and 
biopsy samples, implying that the cancer muta-
tions do not change much across clinical stages 
making them good predictors of drug response. 
Their results demonstrated that the use of next- 
generation sequencing for real-time genomic 
profi ling in advanced cancer patients is feasible. 

 Some well-known mutations in BRCA1 and 
BRCA2 (BRCA1/2) genes can markedly elevate 
risk of developing breast and ovarian cancers. 
However, mutations in unscreened regions of 
BRCA1/2 and other predisposition genes need 
identifi cation. Ozcelik et al .  recently applied 
long-range PCR and NGS for BRCA1/2 mutation 
analysis (Ozcelik et al.  2012 ). By sequencing 
the genomic DNA from 12 cancer patients, all 
19 distinct (51 total) BRCA1 and 35 distinct 
(63 total) BRCA2 sequence alterations detected 
by the Sanger sequencing were confi rmed, with no 
false-negatives. Moreover, variants from introns 
and untranslated regions were identifi ed, demon-
strating that NGS can provide accurate and more 
comprehensive genetic information. 

 These demonstrable successes portend that 
advances in DNA sequencing will further enable 
molecular diagnostics, accelerate pharmacogeno-
mics research, and expand translation of genetic 
biomarkers into personalized medicine.  

3.3      miRNA Sequencing 

 miRNAs have been found to be involved in many 
diseases (Jiang et al.  2009 ), including diabetes 
(Hennessy and O’Driscoll  2008 ), cardiomyopa-
thies (van Rooij et al.  2006 ), psychiatric disor-
ders such as schizophrenia (Barbato et al.  2008 ; 
Beveridge et al.  2009 ), and cancer (Medina and 
Slack  2008 ). High-throughput sequencing has 
been applied for profi ling known and novel 
small RNAs such as miRNAs that regulate gene 
expression and play a major role in most biolo-
gical processes. They could be used as biomarkers 
and as therapeutic agent targets (Fasanaro et al. 
 2010 ; Dreyer  2010 ; Nana-Sinkam and Croce 
 2011 ) for drug development. Consequently, iden-
tifying miRNAs and measuring their expression 
using NGS has been a recent pharmacogenomics 
research fi eld. 

 Theoretically, the expression of a therapeutic 
target protein involved in a disease can be blocked 
by inhibitors that repress the protein itself or by 
particular miRNAs that repress the expression 
of the protein. Thus, administration of miRNAs 
mimetics can simulate the endogenous miRNAs 
population repressing a detrimental gene and 
its protein products. Therefore, miRNA inhibitors 
and some miRNA mimics can be used as thera-
peutic candidates for various diseases, including 
cardiovascular disease, neurological disorders, 
and viral infection (Nana-Sinkam and Croce 
 2011 ). Drugs that target miRNAs are in the 
discovery and development pipelines of many 
pharmaceutical companies. Table  3.8  lists some 
miRNAs that are used as the targets of a number 
of new drug products in preclinical studies and in 
clinical trials.

   Several miRNA biomarkers for diagnosis and 
prognosis of disease have recently been identifi ed 
using NGS technologies. One example is the 
differential expression of the oncogenic miRNAs 
of the  miR17-92  cluster and the  miR-181  family 
among different types of neuroblastoma patients, 
which was measured using the SOLid NGS 
platform. The expression levels of those miRNAs 
were higher in the fi ve unfavorable neuroblastoma 
patients. In contrast, the expression levels of the 
tumor suppressive miRNAs of  miR-542-5p  and 
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 miR-628  measured using NGS were much higher 
in the fi ve favorable neuroblastoma patients 
compared to the fi ve unfavorable neuroblastoma 
patients whose expressions of these two miRNAs 
were virtually absent (Schulte et al.  2010 ).   

4      Future Perspectives 

 GWAS are based on the “common disease–
common variants hypothesis” and had a great 
wave of research activities 6 years ago. The huge 
prospect for GWAS to advance pharmacogeno-
mics and personalized medicine has so far largely 
proved disappointing. Fortunately, next-gene-
ration sequencing is fundamentally changing the 
way in which genomic information of individuals 
at the base level is being obtained for a holistic 
understanding of the human genome. Sequencing 
target genes of diseases or whole genomes of 
patients is expected to reveal additional instances 
of lower-frequency, higher-penetrance alleles and 
is renewing prospects for more effective person-
alized therapy. It is also expected that more and 
more genomic biomarkers will be identifi ed and 
used in the development of drug products in the 
future. The challenges in the future are not only 
the discovery of genomic biomarkers, but also 
how to incorporate them into drug development, 
regulatory decision making, and personalized 
medicine. To enhance FDA’s scientifi c base for 

regulatory decision making on pharmacogenomics 
fi ndings from NGS for personalized medicine, 
FDA initiated SEQC (sequence quality control) 
project, also known as MAQC-III (  http://www.
fda.gov/ScienceResearch/BioinformaticsTools/
MicroarrayQualityControlProject/default.
htm#MAQC-IIIalsoknownasSEQC    ) to address 
various issues on the reliability of NGS technolo-
gies for pharmacogenomics. 

 The fi elds of pharmacogenomics and per-
sonalized medicine are undergoing a revolution 
today because of the advances in NGS technolo-
gies. Both common genetic variants that have been 
explored by GWAS and rare genetic variants that 
have not been explored can be identifi ed using 
NGS. The authors believe this approach will drive 
the next wave of pharmacogenomics and person-
alized medicine advances. We expect NGS to make 
signifi cant contributions to our under standing of 
pharmacogenomics and will redefi ne the fi eld of 
personalized medicine. As the pharmacogeno-
mics knowledge base expands, translation of 
pharmacogenomics fi ndings into personalized 
medicine will be within reach.     
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1             Epigenetics and 
Pharmaco-epigenomics 

 Epigenetics can be defi ned as the study of heritable 
changes in phenotype that do not involve alterations 
in the DNA sequence (Hamm and Costa  2011 ). 
Epigenetics contains three molecular mechanisms 
which interact with each other; these are DNA 
methylation, modifi cation of histones, and RNA-
mediated regulation of gene expression (Peedicayil 
 2006 ). Epigenetics offers to the researchers fi eld 

of a new playground for their study and modify 
interindividual variation in clinical effects, variation 
in drug response and toxicity, and new targets for 
drug therapy (Mateo Leach et al.  2010 ). This is the 
branch of genetics that also offers a new viewpoint 
to understanding the role of the environment’s inter-
actions with the genome in causing disease and in 
modulating those interactions to improve human 
health  (Feinberg  2007 ). Epigenomic profi les have 
shown varieties from cell type to cell type and 
may alter over time and in response to physio-
logic, pathologic, and pharmacologic triggers 
(Mateo Leach et al.  2010 ). 

 Pharmaco-epigenomics contains the study of 
the roles of epigenomic modifi cations in  intra-
personal and interpersonal variations in response 
of individuals to drugs, in the effects of drugs on 
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methylation, posttranslational modifi cations of the histone proteins, and 
miRNAs are regulating the expression of genes as well as drug- metabolizing 
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cellular processes. Conversely, abnormal epigenetic regulation is a character 
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gene expression profi les, in the mechanism of 
action of drugs and adverse drug reactions, and 
in the discovery of new drug target therapy 
(Peedicayil  2008 ). While the genotype varies 
only between individuals, epigenotypes may vary 
in three distinct situations: between cell types; 
within a cell type across individuals; and as a 
function of a time, during development and 
aging (Bjornsson et al.  2008 ). Furthermore, the 
epigenotype is sensitive to modifi cation by environ-
mental factors, including pharmacologic agents 
(Stamatoyannopoulos and Dunham  2008 ). 

 Describing of epigenomic variation at the 
cellular and individual level will ensure a critical 
backdrop for understanding its potential variability 
under circumstances of pharmacologic and envi-
ronmental exposure (Stamatoyannopoulos and 
Dunham  2008 ). Recent    studies have shown us 
that not only the genetic changes are responsible 
from heritable phenotypic variation but that 
epigenetic changes also play an important role 
in the variation of tendency to disease and to 
drug response (Mateo Leach et al.  2010 ). In con-
trolling gene expression, epigenetic variations 
can play a crucial role and therefore offer  another 
mechanism clarifying to interindividual variation  
(Dennis  2003 ). 

 In drug response, the role of epigenetics has 
just perceived, but its impending infl uence on 
drug metabolism and disposition promises to be 
important (Mateo Leach et al.  2010 ). The impor-
tant point in the area of pharmacogenomics from 
2000 was to explain the most important polymor-
phic alleles and their functional conclusions, 
partly as conclusions of the completion of the human 
genome sequence. The effect of genetic polymor-
phisms on drug response and effi cacy was not fully 
known; there was no major attempt to explain 
epigenetic factors for the interindividual differ-
ences in, for example, the activity and function 
of drug-metabolizing enzymes and transporters 
(Ingelman-Sundberg and Gomez  2010 ) (Fig.  4.1 ). 
Actually, pharmaco- epigenomics has an encour-
aging future. For example, an attractive phase of 
epigenetics that would really be of excellent 
benefi t to further understanding interindividual 
variation in drug response is its plasticity (Mateo 
Leach et al.  2010 ).

2         Epigenetic Disease Mechanism 

 At least there are three different types of epigen-
etic modifi ers. These are DNA methylation, his-
tone modifi cations, and ncRNAs. The fi rst type 
of modifi cation called DNA methylation affects 
the genomic DNA directly. The second type of 
modifi cation called posttranslational histone 
modifi cation affects DNA indirectly (Hamm 
and Costa  2011 ). And the third modifi cation 
includes different classes of ncRNAs, which can 
physically bind to the DNA, change its confor-
mation, and, in the case of microRNAs, silence 
genes by posttranslational control (Costa  2008 ). 

 These epigenetic modifi cations may be differ-
ent among tissues and individuals, but they also 
may alter in time during aging or as a result of 
environmental interactions or different disease. 
Because the epigenome plays a important role in 
programming the expression of the genome, dif-
ferences in gene expression among individuals 
that affect the response to drugs may be modifi ed 
by epigenomic variations on top of nucleotide 
mutations or polymorphisms (Stamatoyannopoulos 
and Dunham  2008 ). 

 In contrast to genetic changes, the epigenetic 
changes can be reversed by the inhibition of DNA 
methylation and histone deacetylation (Sebova 
and Fridrichova  2010 ). Despite their heritability, 
these changes could be reversible, increasing the 
possibility of a new therapeutic target (Hamm 
and Costa  2011 ). Also epigenetic modifi cations 
infl uence the expression of drug-metabolizing 
enzymes, drug transporters, and nuclear receptors 
that settle the expression of various genes and 
ultimately affect the response to drugs (Gomez 
and Ingelman-Sundberg  2009 ). 

 Proper epigenetic regulation is crucial for 
normal differentiation in embryogenesis and 
development. Conversely, abnormal epigenetic 
regulation is a character of complex diseases, 
involving cancer, diabetes, heart disease, and 
other diseases. Understanding    the effects of epi-
genetic modifi cations in normal development and 
disease consequently leads to the future develop-
ment of more effective epigenetic-based thera-
pies (Hamm and Costa  2011 ). In brief, epigenetic 
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processes are natural and crucial to the function 
of organisms, but if they occur inconveniently, 
there can be big adverse health and behavioral 
effects (Csoka and Szyf  2009 ). 

2.1      DNA Methylation 

 DNA methylation is defi ned as the transfer of a 
methyl group (CH3) from the universal methyl 
donor S-adenosylmethionine to the carbon in the 
fi fth position of cytosine in the CpG dinucleotide 
sequence (Fog et al.  2007 ) (Fig.  4.2 ). DNA meth-
ylation exist in mammals mainly as the sequence 
5′-CG-3′, which also is referred to as a CpG 
dinucleotide; approximately 70 % of all CpGs in 
humans are methylated (Issa  2004 ). On the 
other hand, in the 5′ regulatory region of many 
genes there are clusters of unmethylated CpGs 
known as CpG islands. This frequency of CpG 
dinucleotides in CpG islands is higher than the 

other DNA regions. Particularly, differential 
methylation of CpG islands is part of the epi-
genetic variation found in humans (Peaston and 
Whitelaw  2006 ).

   Three main DNA methyltransferases are medi-
ated to transferring the methyl groups. These are 
DNMT1, DNMT3A, or DNMT3B (Hermann 
et al.  2004 ). All DNMTs include multiple domains 
and are able to form variable complexes with 
other corepressors. DNMT1 is known as a 
maintenance enzyme that preferably binds to 
hemimethylated DNA and copies methylation 
patterns from the parent strand to the newly syn-
thesized strand during the cell cycle S-phase 
(Mattson  2004 ). DNMT3a and DNTM3b, named 
as de novo methyltransferases, can methylate 
unmethylated DNA sequences (Toyota and 
Issa  1999 ) (Fig.  4.3 ). DNMT2 and DNMT3L 
are the other two kinds of methyltransferases 
which manifest very little or no DNMT activities, 
respectively (Li et al.  1999 ).

  Fig. 4.1    Association between epigenetic modifi cations and drug response       
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   Researches on cancer developments and 
recent fi ndings have indicated that development 
and progression of tumors are associated signifi -
cantly with epigenome modifi cations. Epigenetic 
therapy can be possible with reversibility of 
epigenetic alterations. Tissues of cancers when 
compared with normal tissues demonstrate wide-
spread epigenetic changes in DNA methylation 
such as global DNA hypomethylation and hyper-
methylation of promoters in many cancer- related 
genes (Esteller  2007 ). 

 CYP gene expression levels can be infl uenced 
by the epigenetic alterations and particularly 
DNA methylation (Baer-Dubowska et al.  2011 ). 
No critical functional polymorphisms have been 
described in CYP1A1 gene. Despite that, there 
are some epigenetic mechanisms that have 
been documented for the regulation of CYP1A1 
expression (Rodriguez-Antona et al.  2010 ). In 
prostate cancer cells, DNA methylation contributes 
to the regulation of CYP1A1 gene (Okino et al. 

 2006 ). Smoking is induced to the CYP1A2, and 
CYP1A2 affected by diet is involved in the 
metabolism of several drugs and interferon. 
Methylation of a CCGG site is apparently related 
to CYP1A2 expression (Hammons et al.  2001 ). 
Believed to play an important role for CYP2A13 
is initiation of carcinogenesis. 5-aza-2- deoxy-
cytidine (a DNA-demethylating agent) and 
trichostatin A (an inhibitor of HDAC) are used 
for treating human lung cancer cells and showed 
a ~10-fold increase in the level of  CYP2A1  
expression (Ling et al.  2007 ). 

 DNA methylation is affecting to the expression 
of drug transporter proteins (Baer-Dubowska et al. 
 2011 ). Two major superfamilies of membrane 
transporter proteins are the ATP-binding cassette 
(ABC) and soluble carrier (SLC) proteins. This 
ABC transporters are often related with decreasing 
cellular accumulation of anticancer drugs and 
multidrug resistance of tumors (Sugars and 
Rubinsztein  2003 ). Some SLC transporters such 

  Fig. 4.2    Methylation of cytosine in DNA. DNMTs convert cytosine to 5-methylcytosine       

  Fig. 4.3    De novo and maintenance methylation patterns       

 

 

M. Gunduz et al.



67

as folate, nucleoside, and amino acid transporters 
usually enlarge chemosensitivity by mediating 
the cellular uptake of hydrophilic drugs such as 
gemcitabine and other nucleoside analogues 
(Candelaria et al.  2010 ). Epigenetic status of the 
 MDR1  (human multidrug resistance gene 1) locus 
detects its expression following treatment with 
chemotherapeutic drugs like daunorubicin and 
etoposide, so that drugs activate  MDR1  transcrip-
tion only when the promoter region is signifi -
cantly hypomethylated. Histone modifi cation 
can induce to upregulation of MDR1. MDR1 
upregulation correlates with increasing histone 3 
acetylation and histone 3 methylation at lysine 4 
(K4) (Baker et al.  2005 ). The gene for solute 
carrier family 5 (iodide transporter) member 8 
( SPC5A5 ) has been characterized as a tumor-
suppressor gene and is downregulated by pro-
moter methylation in pancreatic and prostatic 
cancers. This gene expression was avoided by 
treatment with DNA methylation inhibitors 
(Pandey and Picard  2009 ). Other transporters 
have also been proved to be epigenetically down-
regulated. Abnormal hypermethylation pattern 
of the reduced folate carrier ( RFC ) gene has 
been associated with resistance to methotrexate 
in cancer cell lines, primary osteosarcomas, lym-
phoproliferative disorders (Kastrup et al.  2008 ), 
and breast cancer (Worm et al.  2001 ). These 
examples pointed that circumvention in drug 
transporter expression at the epigenetic level may 
stand for one way to overcome drug resistance 
(Baer-Dubowska et al.  2011 ). 

 Nuclear receptors including the transcription 
control of genes encoding drug transporters and 
enzymes. DNA methylation promotes the expres-
sion of members of the retinoic acid receptor 
family. Loss of retinoic acid receptor α 2 expres-
sion in head and neck squamous cell carcinomas 
was associated with its hypermethylation, which 
occurs early in head and neck carcinogenesis 
(Youssef et al.  2004 ).  

2.2      Histone Modifi cation 

 The eukaryotic genome is compacted with his-
tone proteins. In the nucleosomes, genomic 

DNA is folded and compacted around core 
histone proteins (two copies of each of the 
core histones H2A, H2B, H3, and H4), forming 
the basic repeat units of chromatin. Four differ-
ent core histone proteins have an amino-
terminal tail that sticks out from the chromatin 
fi ber and is thought to interact with DNA or 
other histones or proteins (Mano  2008 ). 
Posttranslational modifi cation of histone pro-
teins can change the electrostatic interaction 
between the histones and adjacent DNA (Ray-
Gallet and Almouzni  2010 ). The interaction of 
histone proteins with DNA has a major impact 
on the accessibility of transcriptional machin-
ery to their target DNA sequences and therefore 
regulates transcriptional activity. Through this 
crucial mechanism, nucleosomes carry epige-
netically inherited information in the form of 
covalent modifi cations of their core histone 
proteins (Mano  2008 ). 

 A myriad of histone-modifying enzymes has 
been identifi ed in recent years. Histone acetyl-
transferases (HAT) and histone deacetylases 
(HDACs) are the most studied enzyme groups 
(Kouzarides  2007 ). Acetylation of histones by 
histone acetyltransferases promotes gene 
transcription by creating a more accessible 
chromatin structure, whereas HDAC-induced 
deacetylation diminishes histone-DNA and 
histone-nonhistone protein interactions, impair-
ing transcription of genes (Sasaki and Matsui 
 2008 ). As such, transcriptionally silent genes 
are commonly associated with deacetylation of 
histone H3 and H4 (Ballestar et al.  2003 ; Jones 
and Baylin  2007 ). Histone methyltransferase 
and histone demethylase enzymes regulate 
methylation of specifi c amino acid residues 
resulting in activation of gene expression (his-
tone H3 lysine 4 [H3K4]) or repression of gene 
expression (histone H3 lysine 9 [H3K9]) 
(Richards and Elgin  2002 ). 

 DNA methylation and histone modifi cations 
are frequently disrupted in cancer cells (Claes 
et al.  2010 ). Both histone methyltransferase 
and histone demethylase enzymes are misregu-
lated in cancer. Also, expression level of HDACs 
is increased and there is a global reduction in 
histone acetylation levels (Shi  2007 ).  
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2.3      Noncoding RNA (ncRNA) 

 Human genome (approximately 98 %) is included 
of noncoding DNAs. These regions do not encode 
to proteins but produce functional RNAs (Mattick 
 2004 ). These noncoding RNAs (ncRNAs) com-
prised of transfer RNAs, ribosomal RNAs, miR-
NAs, small nuclear RNAs (snRNAs), and small 
nucleolar RNAs (snoRNAs), which have impor-
tant functions in gene regulation (Ambros  2004 ; 
Hobert  2008 ). miRNAs (MicroRNAs or miR) 
are short (18–25 nt) double-stranded RNAs that 
originate from nuclear and cytoplasmic larger 
precursor molecules. miRNAs play a crucial 
role in the regulations of gene expression at a 
posttranscriptional level. miRNAs degraded or 
silenced their targeted mRNAs by binding to 
partly complementary base pairs in 3 untrans-
lated regions of mRNAs. miRNA regulation of 
protein expression is very complicated because 
several genes may be targeted by the same 
miRNA and several miRNAs can target the same 
gene (Schroen and Heymans  2009 ). 

 The expression levels of miRNAs are tissue 
and disease specifi c (Mateo Leach et al.  2010 ). 
Abnormal miRNA expression is known to conduce 
to the pathogenesis of diseases, and hereby, 
miRNAs may serve as a novel target for therapy 
(Zhang and Farwell  2008 ). 

 Also miRNAs play a critical role in posttran-
scriptional regulation of ADME genes (Yu  2009 ; 
Nakajima and Yokoi  2011 ). Drugs administered 
orally undergo a series of processes, namely, 
absorption, distribution, metabolism, and excre-
tion (ADME). Drug-metabolizing enzymes 
and transporters are involved in ADME of drugs. 
Among them especially, xenobiotic-metabolizing 
enzymes such as cytochrome P450 (CYP or 
P450) isoforms play a crucial role in metabolic 
elimination of drugs (Guengerich  2006 ), and 
ABC and SLC transporters have high effect on 
drug absorption, distribution, and excretion 
(Giacomini et al.  2010 ). Recent studies show that 
genetic polymorphism has an important function 
in inhibition and induction of ADME enzymes 
and transporters, while others such as posttran-
scriptional regulation of ADME genes are under 
active study. Posttranscriptional regulation of 

ADME genes are controlled by miRNAs. Change 
of ADME gene expression by miRNAs may 
alter ADME gene expression, change the capacity 
of drug metabolism and transport, and infl uence 
the sensitivity of cells to xenobiotics (Yu and 
Pan  2012 ). 

 miRNAs are direct impact on mRNA tran-
scription, but some miRNAs, epi-miRNAs, have 
an indirect infl uence on gene transcription by 
affecting the epigenetic machinery, comprehending 
DNA methyltransferases, histone deacetylases, and 
polycomb repressive complex genes (Fabbri and 
Calin  2010 ).   

3      Disease and 
Pharmaco-epigenomics 

 Many genes encoding transcription factors, 
cell cycle regulators, nuclear receptors, drug 
transporters, and enzymes are controlled by 
epigenetic mechanisms (Baer-Dubowska et al. 
 2011 ). Several modifi cations can infl uence the 
epigenetic condition of a particular locus in the 
genome. Epigenetic modifi cations are funda-
mental for normal development, and they con-
tinue to have a role in gene regulation and genome 
stability throughout the lifespan of an organism 
(Pogribny and Beland  2009 ). Genomic instability 
is a crucial phenotype that permits cancer cells 
to generate oncogenic translocations, inactivate 
tumor-suppressor genes, and amplify oncogenes 
and drug-resistance genes (Toyota et al.  2009 ). 

 Given the prevalence and importance of 
epigenetic changes throughout development, it 
is not surprising that epigenetic aberrations 
conduce to the pathogenesis of cancer. Abnormal 
epigenetic changes were fi rst described in colon 
cancer (Feinberg and Vogelstein  1983 ), but 
subsequent research in the fi eld of oncology 
demonstrated that epigenetic changes might be 
one of the most common abnormities in cancers 
(Pogribny and Beland  2009 ). In other words, 
epigenetic abnormalities have been determined 
in several other human diseases and disorders 
such as cancer, hematologic malignancies, psy-
chiatric disorders and other diseases (Hamm and 
Costa  2011 ). 
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 DNA methyltransferase inhibitors and histone 
deacetylase inhibitors are current epigenetic ther-
apies. DNA methylation inhibitors and HDAC 
inhibitors promote gene expression by promoting 
a more open chromatin structure (Hamm and 
Costa  2011 ). These inhibitors have been FDA 
approved for several years and are clinically 
successful (Kelly et al.  2010 ). 

 The goal of epigenetic therapy is to reverse 
epigenetic silencing and reactivate various 
genes expectation for a therapeutic effect such as 
growth arrest, cell differentiation, or apoptosis. 
In vitro studies have shown that pharmacologic 
inhibition of DNMT or HDAC resulting in reac-
tivation of silenced genes either physiologically 
or pathologically (Bender et al.  1998 ; Marks 
et al.  2001 ). 

3.1      Inhibitors of DNMT 

 Many genes that are hypermethylated in cancer 
and other diseases can be reactivated with DNA 
methyltransferase (DNMT) inhibitors (Baer- 
Dubowska et al.  2011 ). Some drugs that inhibit 
DNA methyltransferases have been demonstrated 
to reactivate silenced genes and induce apoptosis 
or differentiation of malignant cells (Donkena 
et al.  2010 ). 

 DNMTs are overexpressed in almost all 
types of tumors. Consequently, the promoter 
regions of numerous silenced tumor-suppressor 
genes (TSGs) are hypermethylated. Some drugs 
include 5-azacytidine (5AC, Vidaza), 5-aza-2- 
deoxycytidine (DAC, Dacogen, 5-aza-CdR), and 
1-(b- d -ribofuranosyl)-1,2-dihydropyrimidin- 2-
one (ZEB, Zebularine) have the ability to reverse 
aberrant DNA hypermethylation in silent TSGs. 
During the RNA synthesis or DNA replication, 
these compounds are able to incorporate into 
RNA (5AC), or DNA (5AC, DAC), sequences as 
cytidine analogues, respectively (Gowher and 
Jeltsch  2004 ). DNA methylation is prevented by 
covalent binding between the cytidine analogues 
incorporated in the DNA chain and DNMTs 
(Juttermann et al.  1994 ). 

 5-AC is a nucleoside inhibitor that is incorpo-
rated into DNA. DNA methyltransferase methylate 

both cytosine residues and 5-azacytosine residues 
in the DNA chain. However, 5- azacytosine 
inhibits the resolution of a covalent reactive 
intermediate. This event contributes to the DNA 
methyltransferase being trapped and inactivated 
in the form of a covalent protein- DNA adduct, 
which results in depletion of cellular DNA 
methyltransferase (Santi et al.  1984 ). In vitro 
studies have demonstrated that a lower dose of 
5-AC induces apoptosis and cell differentiation 
by promoting the expression of crucial genes 
that are silenced by hypermethylation machinery 
(Jones and Taylor  1980 ). Two inhibitors of DNA 
methyltransferases, Vidaza and decitabine have 
already been approved by the FDA as effective 
drugs for treatment of myelodysplastic syndromes 
(MDS) (Mack  2006 ). 

 Decitabine, the deoxyribose analogue of 
5-azacytidine, demonstrates more specifi city with 
greater inhibition of DNA methylation status 
and less toxicity than 5-AC. However, it also has 
signifi cant toxic effects (Billam et al.  2010 ). One 
potential adverse impact is activation of genes 
that are normally epigenetically silenced, so 
negatively affect disease outcome. DNA hypo-
methylation can promote tumorigenesis (Eden 
et al.  2003 ; Gaudet et al.  2003 ), and treatment of 
tumor cells with a global DNA hypomethylating 
agent, DAC, can promote tumor progression and 
cancer (Hamm et al.  2009 ). 

 Zebularine is more stable than 5-AC or 
decitabine cytidine analogue (Billam et al.  2010 ). 
Decitabine and zebularine can decrease vessel 
formation and circumvent proliferation of tumor- 
conditioned endothelial cells by reactivation of 
growth-inhibiting genes, such as JUNB, THBS- 
1, and IGFBP3, known to be silenced in tumor- 
conditioned endothelial cells (Hellebrekers 
et al.  2006 ). 

 Also DNA methylation is inhibited by some 
nonnucleoside compounds. EGCG, the main 
polyphenol compound in green tea, binds and 
blocks the active site of DNMT1 enzyme (Fang 
et al.  2003 ). RG108, a small-molecule inhibitor 
directly and specifi cally inhibits DNMT1 with low 
toxicity than other compounds (Brueckner et al. 
 2005 ). MG98, a specifi c antisense oligonucleotide, 
represents another class of DNA methyltransferase 
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inhibitors. MG98 has displayed antitumor activity 
in preclinical trials and is recently being tested in 
a phase II clinical trials (Donkena et al.  2010 ).  

3.2      Inhibitors of HDAC 

 HDAC inhibitors can be classifi ed into four 
main families. These families are the hydroxamic 
acids (trichostatin A and suberoylanilide 
hydroxamic acid), the short-chain fatty acids 
(sodium butyrate, phenylbutyrate, and valproic 
acid), the epoxy ketones (trapoxin), and the ben-
zamides. The most widely studied inhibitors 
are trichostatin A, suberoylanilide hydroxamic 
acid, sodium butyrate, and phenylbutyrate. 
HDAC inhibitors prevent growth, induce dif-
ferentiation and apoptosis, and have effi cient 
anticancer activities (Carey and La Thangue  2006 ; 
Minucci and Pelicci  2006 ).  

3.3      Pharmaco-epigenomics 
in Cancer 

 During the carcinogenesis, epigenetic regulation 
is disrupted, leading to the abnormal expression 
pattern of many fundamental genes. TSGs are 
inhibited after the hypermethylation of their 
promoter sequences in tumors. On the other hand, 
oncogenes can be activated by the sequence- 
specifi c decrease of DNA methylation (Peedicayil 
 2006 ). Epigenetic changes can lead to carcino-
genesis by silencing or activating essential genes 
(Jones and Baylin  2002 ). 

 Given the critical function of epigenetic 
changes in cancer, similar to genetic changes, 
they can be used for the diagnosis and molecular 
classifi cation of cancer, and to predict cancer pro-
gression or response to therapy. Also epigenetic 
changes can be used for cancer detection (Claes 
et al.  2010 ). Glutathione S-transferase 1 gene is 
hypermethylated in 80–90 % of prostate cancer 
patients, whereas benign hyperplastic prostate 
tissue is not hypermethylated (Esteller et al. 
 1998 ; Jeronimo et al.  2001 ). Intriguing evidences 
indicate that epigenetic changes occur early in 
cancer development before other biomarkers are 

detectable (Claes et al.  2010 ). For example, 
hypermethylation of the tumor-suppressor gene 
CDKN2A can already be identifi ed in bronchial 
preneoplastic epithelium of smokers (Belinsky 
et al.  1998 ). 

 Targeting of epigenetic alterations is a very 
promising strategy in cancer therapy or chemopre-
vention (Hauser and Jung  2008 ). In non-small- cell 
lung cancer (NSCLC), an unmethylated insulin-
like growth factor-binding protein 3 (IGFBP3) 
promoter is indicative of responsiveness to 
cisplatin-based chemotherapy and predictor of 
the chemotherapy outcome (Ibanez de Caceres 
et al.  2010 ). Also epigenetic modifi cations can be 
used to evaluate treatment effi ciency and disease 
progression. For example, methylation of paired-
like homeodomain transcription factor 2 (PITX2) 
can be used to estimate outcome of early breast 
cancer patients following adjuvant tamoxifen 
therapy (Martens et al.  2009 ). Patients with  p16  
hypermethylation had lower bladder cancer recur-
rence rates after IL-2 treatment compared to 
patients with no  p16  hypermethylation after IL-2 
treatment (Jarmalaite et al.  2010 ). 

 Colorectal cancer patients with  K-ras  muta-
tions reportedly do not respond to treatment with 
cetuximab or panitumumab (Freeman et al.  2008 ; 
Khambata-Ford et al.  2007 ). This mutation may 
permit cells to escape the anti-EGFR activity 
of cetuximab and panitumumab (Toyota et al.  2009 ). 
These patients show methylation of multiple 
CpG islands and DNA methylation of specifi c 
genes may contribute to resistance to these anti- 
EGFR antibodies (Toyota et al.  2000 ).  

3.4      Pharmaco-epigenomics 
for Hematological Disorders 

 Alterations in epigenetic regulation can cause 
some cells to develop several abnormalities, 
while other cells of the same type remain normal 
(Mund et al.  2006 ). Epigenetic regulation is part 
of physiologic processes and becomes abnormal 
in neoplasia, where silencing of critical genes by 
DNA hypermethylation or histone deacetylation 
can contribute to leukemogenesis as an alterna-
tive to genetic changes (Oki and Issa  2010 ). 
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 p15, p73, E-cadherin, ID4, and RARb2 genes 
demonstrate abnormal DNA methylation pattern 
in acute myelogenous leukemia (AML) (Oki and 
Issa  2010 ). In AML, promoter methylation of 
p15INK4B has been known for many years (Herman 
et al.  1994 ), and the methylation of this gene in 
MDS appears to be associated with poor progno-
sis and a higher chance of developing AML 
(Uchida et al.  1997 ). Frequently methylated 
genes in AML are HIC1 (Melki et al.  1999 ), ID4 
(Yu et al.  2005 ), SHP1 (Chim et al.  2004 ), 
MYOD1, PITX2 (Toyota et al.  2001 ), and calci-
tonin (Melki et al.  1999 ). A histone methyltrans-
ferase, MLL gene is located on chromosome 
11q23, is often fused with other genes leading to 
leukemogenesis through chromatin modulation 
(Cimino et al.  1991 ). The N-terminal domain of 
MLL contains a transcriptional repression 
domain (Zeleznik-Le et al.  1994 ). This domain 
recruits HDAC1 and HDAC2 (Xia et al.  2003 ). 
One of the crucial functions of MLL gene is 
the maintenance of expression of HoxA9 and 
HoxC8 genes by binding to their promoter DNA 
and keeping the chromatin open for transcription 
machinery (Milne et al.  2002 ; Nakamura et al. 
 2002 ). The C-terminus of MLL includes a 
transcriptional- activation domain that binds to a 
HAT, CBP (Ernst et al.  2001 ). 

 Widespread translocations in AML result in 
fusion proteins that affect gene transcription by 
HAT/HDAC recruitment (Oki and Issa  2010 ). 
AML1 normally interacts with a co-activator 
complex containing p300, which has HAT 
activity, and will result in acetylation of histone 
proteins and transcriptional activation. In    translo-
cation of t(8;21)(q22;q22), AML1/ETO translocation 
has HDAC activity instead of HAT, and results 
in transcriptional repression. Thus, this activity 
prevents myeloid differentiation (Durst and 
Hiebert  2004 ; Scandura et al.  2002 ). 

 The goal of epigenetic therapy is to reverse 
epigenetic silencing and reactivate various genes 
to induce a therapeutic effect such as differentiation, 
growth arrest, or apoptosis (Oki and Issa  2010 ). 
Meantime, it has been established that certain 
tumor types respond well to HDAC and DNMT 
inhibitor treatments, with the best clinical effi cacy 
seen in hematologic disorders (Claes et al.  2010 ). 

DNMT inhibitor decitabine was initially evaluated 
twenty years ago in cancer treatment and has 
shown important antitumor activity in hemato-
logic disorders (Aparicio and Weber  2002 ). 
Decitabine is approved for the treatment of 
patients with AML or MDS (Hackanson et al. 
 2005 ; Silverman and Mufti  2005 ). Vorinostat 
(suberoylanilide hydroxamic acid) is one of the 
HDAC inhibitors and used for treatment of cuta-
neous T-cell lymphoma in patients with progres-
sive, persistent, or recurrent disease (Khan and 
La Thangue  2008 ). DNMT inhibitor azacitidine 
used at relatively high dose (600–1,500 mg/m 2 /
course) in refractory AML resulted in about 45 % 
overall responses (Glover et al.  1987 ).  

3.5      Pharmaco-epigenomics 
in Psychiatry 

 Epigenetic modifi cations is critical to cellular dif-
ferentiation, development, and behavior, including 
learning and memory (Wood et al.  2006 ; Levenson 
and Sweatt  2005 ). The epigenetic informations 
are responsive to synaptic activity and provide a 
link between experience, genetic predisposition, 
and changes in neural function. Valproic acid is 
the anticonvulsant and mood- stabilizing drug 
in the nervous system. Also it is an inhibitor of 
HDAC1 and its antiepileptic effects are connec-
tive to changes in histone acetylation. Studies in 
recent years have revealed that inhibitors of class 
1 and 2 HDACs demonstrate novel therapeutic 
approaches to treat neurodegenerative disorders, 
depression and anxiety, and the cognitive defi cits 
that accompany many neurodevelopmental 
disorders (Abel and Zukin  2008 ). 

 The environmental factors can effect on an 
individual’s genes to cause depression and related 
disorders (Poulter et al.  2008 ). The antidepressant, 
imipramine, can induce the acetylation of 
histones, thereby reverse depression-induced 
repressive chromatin modifi cations (Tsankova 
et al.  2006 ). 

 Epigenetic abnormalities are a common topic 
in disorders of synaptic plasticity, and cognition 
comprises neurodevelopmental disorders 
(Rubinstein-Taybi syndrome, Rett syndrome, and 
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fragile X syndrome), neurodegenerative disorders 
(Huntington’s disease, Parkinson’s disease and 
ischemia), and mood disorders (depression and 
anxiety) (Abel and Zukin  2008 ).  

3.6      Pharmaco-epigenomics for 
Neurodegenerative Diseases 

 Epigenetic abnormalities play a major role in the 
pathogenesis of cancer and some multifactorial 
diseases such as schizophrenia and bipolar disorder, 
both of which are due to epigenetic defects rather 
than genetic effects (Peedicayil  2006 ). 

 Neurological disorders in which an epigenetic 
gene is mutated comprise α-thalassemia/mental 
retardation X-linked syndrome (ATRX), Rett syn-
drome, Rubinstein-Taybi, and Coffi n-Lowry 
syndromes .  ATRX and Rett syndromes are both 
X-linked disorders caused by mutations in a 
chromatin remodeling complex protein and in 
methyl-CpG binding domain protein 2 (MeCP2), 
respectively. Rubinstein-Taybi syndrome is asso-
ciated with the dysfunction of a HAT, while 
Coffi n-Lowry syndrome is caused by defi ciencies 
in a histone phosphorylase (Urdinguio et al.  2009 ). 

 Alzheimer’s disease (AD) is defi ned by aberrant 
CREB/CBP signaling. AD is a neurodegenerative 
disorder that currently affects nearly 2 % of the 
population in industrialized countries; the risk of 
AD dramatically increases in individuals beyond 
the age of 70. Neuropathological specialty of AD 
comprises extracellular plaques and intracellular 
tangles. Endoproteolytic cleavage of the transmem-
brane amyloid precursor protein (APP) composes 
β-amyloid peptides, which aggregate to form 
plaques. A common thema in neurodegenerative 
disorders (HD, PD, and AD) is the idea that intra-
neuronal aggregates such as plaques interfere with 
transcription machinery and cause defi ciency in 
plasticity and cognition (Mattson  2004 ). 

 Hypermethylation in certain genes can be 
observed in normal tissues during the process 
of aging (Issa  1999 ). HDAC inhibitors used to 
ameliorate the cognitive and motor defi cits char-
acteristic of Huntington’s disease (HD). HD is an 
inherited, late-onset autosomal-dominant neuro-
degenerative disorder defi ned by progressive 

motor, psychiatric, and cognitive decline (Bates 
 2001 ). HD is caused by a polyglutamine (CAG) 
expansion in the 5′coding region of the huntingtin 
(htt) gene. Transcriptional abnormalities play a 
major role in the pathogenesis of HD. Mutant htt 
localizes primarily to the nucleus where it forms 
aggregates of mutant polyQ protein, which bind 
and functionally circumvent transcription factors 
and co-activators such as CBP (Sugars and 
Rubinsztein  2003 ). Loss of accessible CBP leads 
to dysregulation of CBP-/CREB-mediated gene 
expression profi le, histone deacetylation, and 
ultimately neuronal death (Abel and Zukin  2008 ).   

4      Conclusion 

 During the development of a disease, epigenetic 
regulation is disrupted, leading to the abnormal 
expression of many crucial genes. To use epig-
enomic therapies effi ciently, it will be necessary 
to understand the epigenetic modifi cations in 
both normal and disease states. Pharmaco- 
epigenomics’ aim is to provide a new individual-
ized treatment and discover new drug targets. In 
the future, pharmacoepigenetics and pharmaco- 
epigenomics will play an essential role in phar-
macology and clinical medicine.     
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1             Introduction 

 Early in the nineteenth and twentieth centuries, 
most of the scientifi c groundwork conducted in 
the fi eld of nutrition was to elucidate nutritional 
factors, their chemical nature, dietary sources, 
upper and lower intake limits, and how to prevent 

defi ciencies in both animals and human models 
(Zempleni et al.  2008 ). Tremendous advancements 
in the nutrition fi eld were pioneered by early 
biochemists, biologists, and nutritionists leading 
to the transformation of this branch of knowledge 
into a solid evidence-based practice instead of the 
mysterious witchcraft-fi lled one that dominated 
once in the early history of  mankind (Stover 
and Garza  2006 ). Most of the nutrition- related 
discoveries were later utilized by governmental 
agencies, regulatory bodies, and food processors 
and manufactures to enhance the quality of food 
products served to public or to eliminate actual or 
possible defi ciencies of micronutrients such as 
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ascorbic acid, folic acid, and iron (Almeida and 
Cardoso  2010 ; Caudill et al.  1997 ). It can be said 
with confi dence that most of the early nutritional 
recommendations were exclusively based on 
the upper and lower limits of intake and were 
established to match the appearance or disap-
pearance of some diagnostic symptoms of nutrient 
defi ciencies. More importantly, any recommended 
supplementation was designed to target the 
whole studied population without considering 
any differences in the nutritional needs among 
different subgroups within that population. While 
this approach proved to be successful in eradicat-
ing defi ciencies in high- income countries and 
decreasing the reported numbers of such cases 
in low-income countries, it was proven to have 
some side effects related to the incorrectness of 
the imbedded assumption – which assumes that 
all individuals within a certain population are 
homogeneous in their need for nutrients – and 
that other possibly or even better scenarios should 
be explored (Vakili and Caudill  2007 ; Kaput 
 2008 ). The second stage of nutrition-fi eld evolu-
tion came to light, after almost two decades of 
molecular biologists establishing the indivi-
dualistic molecular differences among human 
beings. While we all share 99.99 % of our genome 
sequences with other human fellows and comrades 
around the globe, we still have our unique fi nger-
prints that distinguish us from the rest. Signature 
differences such as single-nucleotide polymor-
phisms (SNPs) do exist between individuals even 
within the same family affecting how cells tran-
scribe, translate, and use the genetic information 
in an amazing fashion (Cui and He  2005 ). 

 Generally speaking, our phenotype (a collection 
of traits) is affected by our genes as well as by the 
surrounding environmental factors. Variations in 
any trait/phenotype are acceptably expressed as 
the result of the genotype and environment 
interactions ( P = G × E ) (Hassan and Zempleni 
 2010 ). Historically, most of our understanding 
and research efforts went around the environ-
mental factors. This was mainly due to the lack of 
proper research techniques and methods, which 
were needed to explore the genetic informa-
tion variability. While these techniques were out 
of our grasps earlier, the picture is dramatically 

changing nowadays, and the latest developments 
of the twentieth and twenty-fi rst centuries are 
enabling us to fully explore genetically and 
environmentally encoded factors. A better 
understanding of the relationship between envi-
ronmental factors and genetic determinants is 
developing day by day with the help of such a 
large arsenal of molecular techniques available 
for researchers at very low costs. Scientist also 
started to recognize that phenotypes of living 
organisms refl ect a dynamic and vibrant nature of 
interactions rather than a rigid and static one. 
Figure  5.1  depicts the interchangeability of the 
genetic and environmental factors infl uencing 
our phenotype and development. In essence, our 
genetic makeup defi nes our susceptibility to a 
disease or condition, but only the environmental 
factors (such as diet, sleep, and exercise) determine 
who among those with such genetic susceptibility 
will later develop the disease (Simopoulos  2010 ). 
In theory, by exploring and knowing our risk/
susceptibility factors ahead of time and modifying 
and tailoring our lifestyles, it is possible to avoid 
or delay the onset of most of the chronic diseases 
that prevail in our modern societies.

   This chapter will introduce the readers to the 
principles of diversity among humans and human 
populations from a nutritional prospective, the 
molecular and genetic bases of nutritional diver-
sity, the principles of nutrigenetics and nutrige-
nomics, the importance of personalized-nutrition, 

  Fig. 5.1    Vibrant and dynamic relationships are found 
between genes and environment that infl uence organism’s 
phenotype throughout early development and in later 
stages of life       
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and fi nally comment on the future practice of 
personalized nutrition.  

2      The Diversity of Human 
Populations and Their 
Nutritional Condition 

 Deep    understanding of how our bodies respond to 
nutrients intake has twofolds: fi rst, those factors 
that are intrinsic to food itself. Example of the 
intrinsic factors include nutrient content of each 
serving/portion of the consumed food, nutrient 
bioavailability, presence of anti-nutritional fac-
tors, and how the food was stored, handled, and 
prepared. These intrinsic factors infl uence the 
fi nal dose that we get from that specifi c nutrient. 

 A second set of factors that affect our exposure 
levels to nutrients are imbedded in our ability to 
digest, absorb, and utilize specifi c nutrients at the 
cellular level. The way our cells express different 
receptors, transports, and hormones shapes the 
fashion of how we respond to our diet. The nutri-
tional needs of humans differ from one individ-
ual to another (based on their genomic makeup), 
growth stage (childhood, adulthood, etc.), and 
physiological state (pregnancy, lactation, etc.). In 
essence, all these biological factors together 
dictate the ultimate needs of different nutrients 
and the required balance among these nutrients 
during consumption. 

 In reality, not only biology infl uences our diet 
or how we respond to nutrients. Behavioral and 
socio-economical factors do in a similar way. 
Our lifestyle, food prices, seasonal availability, 
personal perception, taste, sedentary behavior, 
meal frequency, sleep cycle alteration, temporal 
variation, and religion all together infl uence our 
dietary choices and intakes adding what might 
be considered as a third level of variance and 
complexity to how individuals utilize and respond 
to food. Furthermore, some exogenous and 
random factors such as exposure to sunlight, 
toxins, allergens, or bacterial inoculum may exert 
effects on how individuals respond to dietary 
components (Fay and German  2008 ). 

 Diet does not only shape our short life spans 
contributing to our health and disease status 

but also forms a major determinant of how we – as 
humans – have evolved. During the evolution and 
emergence of complex life forms, food and nutri-
ents stood on the top of environmental-pressures 
list (Hinde and German  2012 ). Recent advances 
in understanding the role of nutrition in human 
genome evolution suggest that part of the genetic 
variations among humans is caused by adaptation 
to the available diet (Ye and Gu  2011 ). In fact, 
modern fi ndings are showing that even variables 
such as taste – which we did not have any idea 
about its biological base until the recent past – can 
now be tracked and attributed to specifi c epigenetic 
elements that are believed to form the foundation 
of how environmental factors impact our cells and 
their physiological status. Molecular and genetic 
bases of environmental and nutritional diversity 
are discussed later in this chapter. 

 From the evolutionary point of view, nutritional 
sciences, in general, study only short-term regula-
tory responses (spanning months to years) that 
modulate the state of organisms in relation to 
the environment and nutrient homeostasis. On the 
other hand, nutritional evolution focuses on the 
longer-term developmental responses trying to 
detect any accumulative genetic changes that take 
place in a Darwinian fashion. Searching and 
archiving nutritional factors that affect our evolu-
tion has an immense practical implication on our 
strive for better health. For example, and as life 
expectancies and aging populations are on the rise 
in our modern societies, tailored and age- specifi c 
nutritional interventions might be advantageous 
in our efforts to eliminate or reduce the numbers 
of age-related chronic diseases. Yet the data 
obtained by most of the current studies in this 
regard is lacking a mechanistic approach of how 
this could be possibly achieved. One recent analy-
sis of such research shortcomings attributed our 
lack of success to the failure of understanding the 
evolutionary context of aging and longevity 
(McDonald and Ruhe  2011 ). Current protocols 
and research designs neglect to acknowledge that 
longevity is only a by-product for genes that were 
merely intended to make organisms survive until 
the age of reproduction and that they are not 
products of random evolution/selective pressure 
that is supposed to start in early years of active 
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reproduction. Hence, comparing differences 
between young (control/normal) groups with old 
(abnormal/experimental) groups is faulty premise 
by itself. To ratify such faulty premises, more and 
more efforts are being invested in order to identify 
human-specifi c selection events that distinguished 
human from nonhuman primates in addition to 
local adaptation events that contributed to 
human diversity. Signifi cant interdisciplinary 
efforts with the help of anthropologists, social, 
and environmental scientists are aiming nowa-
days at elucidating the underlying mechanisms 
behind such differences and divergences. 

 Finally, as humans adapt to their environment 
and evolve, it will be very interesting to see the 
impact of our current energetically dense and easily 
digestible diet on future generations (Hinde and 
German  2012 ). Only limited a number of genera-
tions have been subjected to such high caloric abun-
dance leading to the excessive weight gain that we 
witness nowadays in our societies. Consequences of 
such nutrient overconsumption are subject of con-
cern from the human evolutionary context. 
Unfortunately, it is predicted that such practices are 
more likely to have a severely adverse nature.  

3     Molecular and Genetic Bases 
of Nutritional Diversity 

 Nutrition is an environmental factor of paramount 
importance. Despite the early documented facts 
of nutrients being major regulators of our physi-
ological status (glucose is one of the best exam-
ples that jump into mind here), scientists did not 
have clear and well-established mechanisms of 
how nutrients (such as vitamin, minerals, fatty 
acids) infl uence such large array of biological 
processes. These processes span gene expression, 
protein translation and traffi cking, and enzyme 
functions. Figure  5.2  sets examples of vitamins 
that are involved in some important biological 
processes. It was only lately when we started 
discovering the bases of how food constitutions 
have the capacity to activate/inactivate gene 
expression, infl uence mRNA translation, and 
impact protein folding. For instance, most of the 
vitamins were thought earlier to be merely as 
enzyme cofactors that aid to accomplish one or a 
limited number of functions usually taking place 
in the cytosol. Eventually, it was discovered that 

  Fig. 5.2    Micronutrients and vitamins are involved in vital biological processes spanning functions in the neuromuscular 
system to reproduction       
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some vitamins have a global infl uence on gene 
transcription and genome stability (such as vita-
min A and folic acid). Most of the current reported 
mechanisms of nutrient-action on gene expres-
sion and protein translation imply the involve-
ment of DNA, histones, or both. Histones are 
basic proteins that associate with DNA in the 
nucleus of the cell (Bustin et al.  1969 ). They are 
rich in basic amino acids (around 20 % of their 
amino acid compositions are arginines and 
lysines). Electrostatic interactions between the 
positive charges of these amino acids and the neg-
ative charges of phosphate groups of the DNA 
backbone mediate packaging of DNA into chro-
matin. Two copies of each of the four core his-
tones (H2A, H2B, H3, and H4) form an octamer 
(Bottomley  2004 ). DNA (around 146 base pairs) 
is wrapped around this octamer to produce a 
nucleosomal core particle. The second level of 
organizing chromatin comes with what is known 
as a linker region, where 20–60 bp of DNA links 
one nucleosome to another. Each linker region is 
occupied by a single molecule of histone H1, giv-
ing a “beads on a string” appearance (Cheung 
et al.  2000 ). This 11-nm histone fi ber is then fur-
ther packed into an irregular 30-nm chromatin 
fi ber structure that is coiled into even more com-
plex structures, which eventually form the chro-
mosome (Fig.  5.3 ). Binding of histones to DNA 
does not depend on a particular nucleotide 
sequence in the DNA, but it does critically depend 
on the amino acid sequence of histones.

    Binding of transcription factors to gene pro-
moters may be inhibited if the promoter is 
blocked by a nucleosome and transcription is 
usually associated with sliding nucleosomes 
along the DNA molecule, exposing the gene’s 
promoter so that the transcription factors can 
access that region. Transcription of protein-cod-
ing genes is carried out by RNA polymerase II 
(RNAP II). In order for the polymerase to travel 
along the DNA, a complex of proteins removes 
the nucleosomes in front of RNAP II and then 
replaces them after RNAP II has transcribed the 
sequence. This removal of nucleosomes in front 
of RNA polymerases and putting them back 
after transcription is completed, is known as a 
“chromatin- remodeling” event. 

 Around 75–80 % of the histone’s amino acids 
make up the core, and only the N-terminal tails 
of histones protrude from the nucleosomal sur-
face. Through modifi cations of the side chains of 
 different amino acids on the N-terminus (exposed 
side of the nucleosomes) of histones, the chro-
matin structure can be controlled and part of the 
DNA sequence can be actively expressed or 
silenced. Chemical modifi cations of amino acid 
residues in histones include the covalent attach-
ment of acetyl groups (CH 3 CO–) to lysines, 
phosphate groups to serines and threonines, 
methyl groups to lysines and arginines, biotin to 
lysine groups, ubiquitinylation and sumoylation 
of lysine residues, and poly-ADP-ribosylation of 
glutamic or aspartic acid residues. Most of these 

  Fig. 5.3    Different classes of histones 
help DNA condensation and the 
assembly of the chromatin fi ber inside 
cell’s nucleus       
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modifi cations occur on H3 and H4 histone tails 
(Fig.  5.4 ). The most important feature of these 
modifi cations is that they are reversible. For 
example, acetyl groups are added by enzymes 
called histone acetyltransferases (HATs) and 
removed by histone deacetylases (HDACs) 
(Allfrey et al.  1964 ). Acetylation of histone tails 
occurs in regions of chromatin that become 
active in gene transcription. Adding acetyl 
groups neutralizes the positive charges on 
lysines, thus reducing the strength of the associ-
ation between the negatively charged DNA and 
the positively charged histones. It is now clear 
that histones are a dynamic component of chro-
matin and not simply inert DNA-packing mate-
rial. All of these modifi cations are part of what is 
known as the “histone code.”

   Chromatin remodeling and epigenetic changes 
are implicated in gene expression regulation, 
mammalian cell development, embryogenesis, and 
environmental origins of chronic diseases such 
as diabetes mellitus and cancer (Chan et al.  2010 ; 
Oommen et al.  2005 ; Finnell et al.  2008 ; Ho and 
Zempleni  2009 ; Swanson et al.  2009 ; Wadhwa 
et al.  2009 ). It is now accepted that these genome 
and epigenome wide changes can alter gene 

expression levels, fi x, or determine future set-
points of chronic diseases with lifelong conse-
quences (Arai and Kanai  2010 ; Bird  2007 ; 
Aagaard-Tillery et al.  2008 ). 

 The second level of epigenetic changes that 
connects nutrients to gene expression takes place 
at the DNA level through CpG islands. “CpG” 
simply stands for a cytosine “C” and guanine “G” 
connected by a phosphodiester bond “p.” CpG 
islands are repetitive elements found in the pro-
moter region of most genes (60 % of human genes 
have CpG islands) (Bird  1986 ; Antequera and 
Bird  1993 ). Cytosine in these regions can be mod-
ifi ed by methyl group attachment (−CH 3 ) to both 
DNA strands rendering the genes inactive (known 
as hyper-methylated). CpG islands are one of the 
best examples where DNA methylation plays an 
important role in regulation of gene expression. 
For example, most of the changes that take place 
in folate defi ciency point out to the involvement 
of this water-soluble vitamin in epigenetic 
changes taking place at DNA and histone levels 
through a methylation process. Folate is respon-
sible for a sustained supply of methyl groups for 
histone and DNA methyltransferases. In other 
words, it is required for activating genes that need 

  Fig. 5.4    Simplifi ed map for some of the well-established modifi cations of N-termini of both histone H4 and H3 in 
mammalian cells ( P  phosphorylation,  Ac  acetylation,  M  methylation, and  B  biotinylation)       
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to be active and for silencing genes that need to be 
silenced. S-adenosylmethionine (SAM) is the uni-
versal cellular source of methyl groups for DNA 
and histone methyltransferases, and it is provided 
through the folate and methionine pathways. These 
pathways are dependent on dietary sources of 
folic acid, choline, methionine, and vitamin B 12  
(Fig.  5.5 ). Low levels of DNA methylation are 
associated with active gene transcription, while 
hyper-methylation is associated with gene silenc-
ing. On the other hand, histone methylation, which 
neutralizes the charge on lysines (and arginines), 
can either stimulate or inhibit gene transcription in 
the same region. Methylation of lysine-4 in H3 is 
associated with active genes, while methylation of 
lysine-9 in H3 is associated with inactive genes 
(Bharathy and Taneja  2012 ; Ea et al.  2012 ).

   Understanding how vitamins – and nutrients 
in general – regulate gene expression takes a 

pivotal importance in any recommended nutritional 
intervention that might be useful in preventing 
or fi ghting chronic diseases. In this section the 
reader was introduced to a mechanistic expla-
nation of nutrient actions at the cellular levels 
and the diversity established by such mechanisms. 
The practical importance of such mechanistic 
understanding will be more clear at the end of 
this chapter.  

4      Nutrigenetics, Nutrigenomics, 
and the Importance of 
Personalized Nutrition 

 Nutrigenetics correlates to the development of 
concepts, practices, and research on the genetic 
variation in response to dietary intake (e.g., indi-
viduals responding differently to the same diet 

  Fig. 5.5    Folate cellular cycle and folate-dependent 
modifi cation of DNA and histones ( SLC19A1  solute 
carrier family 19 member 1,  FPGS  folylpolyglutamate 
synthase,  FOLglu  polyglutamylated folic acid,  DHF  
dihydrofolate,  DHFR  dihydrofolate reductase,  THF  
tetrahydrofolic acid,  MTHFD1  methylenetetrahydro-
folate dehydrogenase,  MTHFR  5,10-methylenetetra-
hydrofolate reductase,  MTR  methionine synthase, 
 MTRR  methionine synthase reductase,  MAT2A  methionine 

adenosyltransferase 2A,  SAM  S-adenosylmethionine,  SAH  
S-adenosylhomocysteine,  AHCYL1  S-adenosylhomo-
cysteine hydrolase-like 1,  TYMS  thymidylate synthase, 
 PPAT  phosphoribosylpyrophosphate amidotransferase, 
 GART  glycinamide ribonucleotide formyltransferase, 
 ATIC  aminoimidazole carboxamide ribonucleotide trans-
formylase/inosine monophosphate cyclohydrolase,  MRP  
multidrug resistance protein,  ABCB  ATP-binding cassette 
subfamily B)       
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such as attaining different levels of serum cholesterol/
blood pressure attributed to genetic variation). On 
the other hand, nutrigenomics pertains to studies 
on the evolutionary aspects of diet and the role 
of nutrients in gene expression (e.g., role of poly-
unsaturated fatty acids (PUFA) in suppressing 
fatty acid synthase (mRNA) gene expression). In 
other words, nutrigenomics is defi ned as a mech-
anistic understanding for the interactions between 
dietary components and genes. Dietary compo-
nents of interest can be essential nutrients (e.g., 
vitamins, minerals, fatty acids), other bioactive 
substances (e.g., phytochemicals), or metabolites 
of food components (e.g., retinoic acid, eico-
sanoids). Both of these two fi elds participated in 
creating and branding what scientists refer to as 
“personalized-nutrition.” 

 A very good example of why the personalized 
nutrition concepts should be adapted and imple-
mented in nutritional interventions as soon as 
feasible is set by folic acid (also known as B 9 ). 
This water-soluble vitamin is found in various 
food types including liver, orange juice, straw-
berries, dark green leafy vegetables, peanuts, and 
dried beans (especially black and kidney beans). 
Moreover, a large number of food products 
available in the market nowadays, such as infant 
formulas, meal replacement, nutritional bars, 
ready-to-eat breakfast cereals, and enriched cereal 
grains, are fortifi ed to provide levels of 90–110 µg 
of folic acid per serving. 

 Folate mandatory fortifi cation was established 
as early as 1998 in order to reduce incidences of 
neural tube defect (NTD), a preventable disease 
composed of a spectrum of congenital abnormal-
ities arising from the failure of normal fusion of 
the fetal neural tube. NTD has detrimental effects 
on pregnancy outcomes leading to pregnancy 
termination, miscarriage, neonatal death, and 
lifelong disabilities (Almeida and Cardoso  2010 ; 
Lin and Birmingham  2010 ). Folate as a vitamin 
was given a lot of attention in the last two decades, 
and much of the data collected show its involvement 
as a biofactor in the epigenetic events taking 
place at both the DNA and histone levels (Lucock 
 2006 ; Stover and Garza  2006 ; Boyles et al.  2008 ; 
Finnell et al.  2008 ). 

 Even though folate mandatory supplementa-
tion proved to reduce incidences of  spina bifi da  in 

modern populations (Alasfoor et al.  2010 ; Amarin 
and Obeidat  2010 ), evidence is accumulating that 
high intake of folic acid alters the phenotype and 
epigenotype of individuals which may lead to 
undesirable consequences later in life. Recently, it 
was shown that high levels of folic acid correlated 
with disrupted embryonic development (Pickell 
et al.  2011 ). Evidence from rodent models sug-
gested that diets high in folic acid, methionine, 
and choline produced progenies with different 
coat colors or with kinked tails implying that cer-
tain changes were taking place at the epigenome 
level. A recent study even suggested that too much 
folic acid might result in nervous tissue damage 
associated with autism (Beard et al.  2011 ). 
Further, it is believed that these effects are not 
limited to early embryonic development but can 
also be passed onto the offspring (Waterland et al. 
 2006 ). Such observations raised a very critical 
question: Are we harming parts of our population 
by forcing them to consume too much folate? 

 Folate homeostasis and sensing is part of a 
complicated and tightly regulated process. Cells 
try to coordinate cytoplasmic folate concentration 
with chromatin-remodeling events to a very large 
degree. Major problems can appear when we fl ood 
our cellular systems with folate, choline, methio-
nine, and vitamin B 12 . With increased availability 
of S-adenosylmethionine (SAM) as a methyl 
donor for both DNA and histone methyltransfer-
ases, this could lead to silencing of genes that 
should always be active (such as proto- oncogene) 
or activating genes that always need to be inactive 
(oncogene). Luckily, mammalian cells possess 
mechanisms to reduce adverse effects of high 
intracellular concentrations of folate by effl uxing 
it back to the extracellular space. The nature of 
the effl uxing system is not clear yet, but it involves 
a family of ATP- dependent transporters. These 
transports are also known for their ability to trans-
port different groups of drugs in a mechanism that 
principally evolved to protect cells from toxicity. 
At least 12 members of the multidrug resistance 
protein (MRP) family are reported to exist. These 
proteins are clinically relevant as they can effl ux 
methotrexate, a folate analog that is commonly 
used as a genotoxic agent during cancer therapy. 
Generally speaking, the information available 
about how these effl uxing proteins function in 
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regard to folate homeostasis is very scarce. 
Further research is required to establish a correla-
tion between this defense mechanism, folate 
dietary supplementation, and epigenetic markers 
of healthy and non-healthy cells. 

 Folic acid supplementation in order to prevent 
NTD is highly recommended, and it is obvious 
that the benefi ts of such practice outweigh the 
risks connected with it. At the time of conception 
and early pregnancy, there is no doubt that using 
and prescribing folate supplementation is accept-
able. On the other hand, the questions that need 
to be answered sooner than later are as follows: 
What about the other subgroups of populations 
that are already fulfi lling their daily folate require-
ments through dietary intake and then getting 
additional amounts through other enriched 
products? Does the hidden risk of folate fortifi ca-
tion outweigh the foreseen benefi ts in these 
cases? Are we predisposing large numbers of 
people to factors that lead to chronic health issues 
later in life? Athletes, for example, tend to con-
sume well above the Recommended Dietary 
Allowance (RDA) for most micronutrients either 
through diet or supplements. In some extreme 
cases, a simultaneous use of ten different supple-
ments was reported, resulting in excess intake 
above tolerable upper limits of folate, vitamin 
E, and zinc (Carlsohn et al.  2011 ). What about 
the long-term effect of such practices combined 
with excess intake through dietary sources? 
What about combining this with faulty practices 
of labeling or manufacturing? One recent study 
examined folate content in 95 products that would 
be considered as sources of folate in Canadian 
markets and concluded that the analyzed folate 
values were higher than those reported on labels 
for “breads,” “rolls and buns,” and “ready-to- 
eat cereals” in 141, 118, and 237 %, respectively 
(Shakur et al.  2009 ). 

It is extremely diffi cult to suggest a simple 
solution at least on the population level for such 
a complicated issue that fi ts all groups. More 
efforts and resources should be invested in order 
to scrutinize whether mandatory folate supple-
mentation is a 100 % successful intervention at 
the population level or not.   A much more realistic 
way to overcome the above disadvantages of 
folate supplementation would be focusing on 

adapting the personalized nutrition concept. For 
granted it would not be an easy journey, and most 
likely such adaptation will take time and efforts 
in order to shape this fi eld and establish it in the 
clinical practice. New disciplines such as nutrig-
enomics, proteomics, and metabolomics will 
contribute to the rapid development of personal-
ized nutrition practice. Proteomics tools will help 
us to study the full set of proteins encoded and 
expressed by a particular genome (belongs either 
to a model organism or a particular individual). 
Speaking at large, proteomics will identify a vast 
number of proteins in these organisms, map their 
interactions, and analyze their biological activi-
ties. On the other hand, metabolomics and 
metabolite-profi ling will aid in measuring the 
real outcome of the potential changes suggested 
by genomics and proteomics. Metabolomics will 
investigate the physiological regulation and met-
abolic fl uxes of individual cells or cell types. The 
full power and capacity in addition to the integra-
tion of all these fi elds will highlight the minor dif-
ferences between individuals, between different 
physiological states, and more importantly 
between health and disease. 

 At a simplifi ed level, nutrigenomics will be 
helpful in elucidating how certain dietary compo-
nents affect protein profi le of individuals; pro-
teomics will give ideas about how altered protein 
profi les affect biological systems of such individ-
uals; and fi nally metabolomics will show the cel-
lular response to such changes. Overall, all these 
tools will pour in the direction of understanding 
the direct and indirect infl uence of nutrients on 
the physiological process (Fig.  5.6 ) and utilizing 
them in the personalized-nutrition approach.

5         Single-Nucleotide 
Polymorphisms (SNPs) 
in Nutrition and Drug 
Metabolism 

 The interaction between pharmacology and nutri-
tion fi elds is in steady increase. Scientists on both 
sides are recognizing that simple solutions such as 
one disease–one target–one drug will not provide 
much success on the longer term in our battle against 
chronic diseases. But rather compound combinations 
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of drugs/nutrients that involve multi-targets and 
affect multi-pathways are required in order to 
overcome such complicated conditions. 

 Generally speaking, single-nucleotide polymor-
phisms (SNPs) not only affect enzyme activities 
or protein functions leading to varied conversion 
rates of substrates (either nutrients or medication) 
and metabolites in the body but can also infl uence 
chemical and hormonal receptors leading to 
enhanced or attenuated signaling (Touhara  2002 ; 
Hasin-Brumshtein et al.  2009 ). This phenomenon 
is very important in understanding human behavior 
when it comes to the process of making dietary 
choices where factor such as taste and smell 
plays a pivotal role. McRae et al. ( 2012 ) 
reported a SNP that resides within the  OR2J3  
odorant receptor which can infl uence individual’s 
ability to detect the “freshly cut grass” smell. In 
this study an amino acid substitution, T113A, 
abolished the ability of OR2J3 receptor to 
respond to the chemical compound (namely, 
cis-3-hexen-1-ol) responsible for this odor. Later 
an extensive survey of genetic variations in human 
populations, found that the haplotypes and allele-
frequencies of different variants of OR2J3 differ 
among populations around the globe. African 
populations (including African- Americans) for 
example have a relatively high proportion of the 
T113A nonresponsive haplotype. This study 
was among the few that explored the contribu-
tions of genotype variation to the human olfac-
tion variation within different human societies. 

 Earlier studies tracked how individuals differ in 
their perception to the same chemical. For exam-
ple, androstenone, a steroidal odorous material, is 
variously perceived by different individuals span-
ning from either being an offensive “sweaty and 
urinous” to pleasant “sweet and fl oral” to “odorless” 
(Wysocki and Beauchamp  1984 ; Bremner    et al. 
 2003 ; Keller et al.  2007 ). In this case, the human 
odorant receptor OR7D4 was found to be respon-
sible for this variation in odor perception. The 
receptor contains two non- synonymous SNPs 
resulting in two amino acid substitutions (R88W 
and T133M). Human subjects with RT/WM or 
WM/WM genotypes were found to be less sen-
sitive to androstenone and rated the odor to be 
less unpleasant compared to subjects with the RT/
RT genotype (Keller et al.  2007 ). This study was 
able to successfully link a genotypic variation to 
intensity variance in odor perception. 

 What is true for the smell is true also for the 
taste. SNPs affect most of our perception of taste 
(including but not limited to bitterness, sweetness, 
and umami). The variation in the perceived 
bitterness was linked to making food preferences 
over 50 years ago (Fischer et al.  1961 ,  1963 ). 
Evolutionary speaking, the variation in bitterness 
perception among populations refl ects a local 
adaptation to the avoidance of plant toxins found 
in a particular geographic environment where 
that population inhibited (Kim et al.  2005 ).  
 Among the 25 known human bitterness receptors 
and their respective genes (TAS2Rs), Hayes et al. 

  Fig. 5.6    Diet and food 
constituents can infl uence 
mammalian gene expression 
levels in more than one route 
(direct or indirect effects 
through cellular-signaling 
pathways)       
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( 2011 ) recently studied the allelic variation of 
some of these genes and showed their infl uence on 
responding to bitter compounds found in the food 
supply. A single-nucleotide polymorphism at the 
TAS2R19 receptor was connected with decreased 
liking of grapefruit juice and increased sensation 
of bitterness. An amino acid change from the less 
sensitive Arg299 to the more sensitive Cys299 
explained the reported observation. Furthermore, 
variability in espresso-coffee bitterness was associ-
ated with a haplo- block containing TAS2R3, 
TAS2R4, and TAS2R5 genes. 

 Glutamate, mainly found in protein-rich foods 
(such as meat and cheese) and frequently used as 
a fl avor enhancer directly added to selected cui-
sines, is considered as umami taste perception 
stimulus. Most recently, variations in human gluta-
mate umami taste perception were correlated with 
variations in the human TAS1R3 gene (Chen et al. 
 2009 ). A subset of human subjects displayed 
extreme sensitivity (doubling of umami ratings) 
was mapped to multiple single- nucleotide poly-
morphisms – R757C, A5T, and R247H – in 
TAS1R3 receptor. 

 The above examples of single-nucleotide 
polymorphisms explain how we as humans per-
ceive environmental factors differently and based 
on this perception we pick our dietary choices. 
The map of human SNPs is a good candidate for 
growing and exploration, and thousands of SNPs 
will be defi nitely added before we completely 
comprehend our dietary behavior under the lights 
of molecular biology concepts. But once such 
understanding crystallizes, it will revolutionize 
our approach for attaining better health standards 
with better dietary guidelines and better tools to 
tackle problems related to nutritional choices. In 
a simplifi ed example, if a group of people have 
the natural tendency to avoid food “X”, just 
because they have a genetic disposition that 
intensifi es the taste or odor of one constituent of 
that food, then this food could be replaced with 
another one that does not contain that particular 
constituent and does not produce the same 
adverse perception, yet still contains all the 
benefi ciary nutrients. 

 Absorption and conversion rates of drugs are 
generally infl uenced by the chemistry of that 

particular drug, physiological status of the patient 
and his genetic map, and fi nally the environ-
mental factors that infl uence the drug at the time 
of administration (Murray  2012 ). While pharma-
ceutical companies do their best in optimizing 
the chemical nature of most drugs by enhancing 
stability, solubility, and absorption; little can be 
done in regard to patient’s characteristics. What 
might be considered as an optimum dose for one 
patient with normal metabolic rates can be toxic 
for another patient with reduced or slow meta-
bolic rates or can be ineffective in individuals 
privileged with high clearing and metabolizing 
rates. For that reason understanding how a drug 
will behave in all exposed subgroups is central. 
As it is the case of nutrients, drug metabolism 
is essentially infl uenced by single-nucleotide 
polymorphisms also. A new branch of knowledge 
known as pharmacogenomics is interested in 
answering some of these concerns related to drug 
effi cacy in different populations. This fi eld is 
involved in studying the genetic basis for the dif-
ference noticed between individuals in response 
to drug administration and in tailoring drug pre-
scriptions to match individual genotypes. It uses 
genetic    maps containing the most recent SNPs to 
distinguish between patients who might benefit 
from a particular drug and those who might not 
(Verschuren et al.  2012 ; Voora and Ginsburg  2012 ). 
One good example of such a case, is the recent 
study that was conducted in China correlating 
genetic polymorphisms of carboxylesterase 1 
gene (CES1) to the susceptibility of antituber-
culosis drug-induced hepatotoxicity (Wu et al. 
 2012 ). Different genetic polymorphisms of CES1 
were tracked in 473 tuberculosis patients with 
or without hepatotoxicity after antituberculosis 
chemotherapy. The results indicated signifi cant 
associations between some single- nucleotide 
polymorphisms – such as rs8192950 AC geno-
type and rs1968753 GG genotype – with antituber-
culosis drug-induced hepatotoxicity. As tracking 
of these genotypes is as simple as running an 
array of polymerase chain reactions (PCRs), such 
drug–genotype correlations will prompt the 
future screening of any patient being treated 
from tuberculosis – for an extended time – to pre-
dict and prevent side effects. 
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    Drug–nutrient interaction is another factor that 
is being scrutinized closely for the involvement of 
SNPs. Medications interact with foods and nutri-
ents in several and diverse ways. Medications in 
some cases can decrease appetite or change the 
way a nutrient is being absorbed, metabolized, or 
excreted. On the other hand, a food–drug interac-
tion is the effect of food (or a nutrient in that 
specifi c food) on a medication. Dietary nutrients 
can affect medications by altering their absorption 
or metabolism. The food could make the medica-
tions work faster or slower or even prevent it from 
being absorbed at all (Rodriguez-Fragoso et al. 
 2011 ; Boullata and Hudson  2012 ; Yasuji et al. 
 2012 ). Such interactions raise concerns that medi-
cations may lead to nutritional defi ciencies or that 
diet may change how a medication works. The 
pronounced effect might range from a minor 
chance of adverse nutritional effects – especially 
if the medication is being used for a short time, 
such as ten days treatment – to a complicated and 
serious nutritional defi ciency when some medica-
tions are used for months or years (Hines and 
Murphy  2011 ; Bartal et al.  2012 ). Children, older 
adults, pregnant women, people who are poorly 
nourished, and people with a chronic disease are 
at greater risk of medications affecting their nutri-
tional health. In such cases, dietary changes to 
include more rich foods (in vitamins and miner-
als) are highly preferred (Ruggiero et al.  2012 ). 

 Last but not the least and since clinics around 
the world became aware of the overlapping issues 
between drugs and nutrients and in order to 
improve the therapeutic outcomes of their prac-
tices, a couple of comprehensive databases were 
assembled aiming at making the access of drug/
nutrient interaction-related information easier and 
more reliable. Two databases to be noted over 
here are the PharmGKB (  http://www.pharmgkb.
org    ) and DrugBank (  http://www.drugbank.ca    ). 
The PharmGKB database (Fig.  5.7 ) contains 
information related to more than 20,000 genes, 
3,000 diseases (spanning cardiovascular, pulmo-
nary, cancer, pathways, metabolic, and transporter 
domains), and 2,500 drugs in a searchable format. 
More than 460 genetic variants and SNPs that 
affect drug metabolism have been deposited in 
this database. Indeed, this database is foreseen as 

the foundation of a future central database which 
will encompass the genetic, genomic, molecular, 
and cellular phenotypes and any clinical informa-
tion related to pharmacogenomics studies. On the 
other hand, the DrugBank database relates more 
to the bioinformatics and cheminformatics of 
drugs. It details drug’s chemical, pharmacologi-
cal, and pharmaceutical data with comprehensive 
drug-targets (such as protein sequence, protein 
structure, and metabolic pathways). To date, this 
database contains more than 4,800 drug entries. In 
addition, DrugBank contains extensive SNP-drug 
data that is useful for pharmacogenomics studies.

   Over the past few years, an extensive amount 
of research has been conducted on the molecular 
characterization of target proteins in individuals 
and populations, leading to a clear understanding 
of the physiological signifi cance of a number of 
these proteins and any single-nucleotide poly-
morphisms affecting them. Increasing evidence 
suggests that altered drug–nutrient interactions 
result from changes in activity of these proteins 
affected by those SNPs which differ from the 
interactions noticed among the general popula-
tion. Accordingly, evaluation of the clinical rele-
vance of such SNPs/interactions should be an 
integral part of risk assessment during drug 
development and commercialisation processes 
(Morlighem et al.  2011 ; Ovsyannikova and 
Poland  2011 ; Almal and Padh  2012 ).  

6      Personalized Nutrition 
in Practice 

 The ultimate goal of personalized nutrition is to 
tweak the diet and adjust its components to 
match the personal needs and preferences of 
individuals based on their genetic makeups 
(Ganesh and Hettiarachchy  2012 ; Rubio-Aliaga 
et al.  2012 ). Some of the hurdles that we are fac-
ing nowadays in implementing such a concept 
are technical in nature. For example, the cost and 
time involved in sequencing whole genomes of 
individuals is still considered a daunting task 
(Almasy  2012 ; Peters et al.  2012 ). This is despite 
the technological advancements that we wit-
nessed during the last three decades in this 
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regard, leading to the drop of sequencing-costs 
of model organisms from thousands of dollars 
per organism to less than hundreds of dollars 
range. For example, in a wide range of cancers it 
was reported that individualistic and genome-
wide RNA expression profi ling can be used as a 
powerful tool with a valuable prognostic and 
predictive value that could help in deciding the 
appropriate course of treatment. Both World 
Health Organization (WHO) and US Food and 
Drug Administration (FDA) adopted two RNA 
expression classifi ers for breast cancer patients. 
Unfortunately and due to the costs and technical 
complexity of such tools, they did not reach the 
clinical implementation phase yet (Smeets et al. 
 2011 ). In reality, improving the existing sequenc-
ing methods to yield reliable reads in a feasible 
time frame might take some times (Donley et al. 
 2012 ; Roberts et al.  2012 ). This is true especially 

when we are talking about affordable costs that 
will cover the sequencing of entire genomes for 
individuals/patients. 

 Another catch for the personalized nutrition 
challenge comes from the goal that we are trying 
to achieve by itself. “health” and “healthy” are 
vague defi nitions, which indicate in most of the 
cases “the absence of a sickness/disease and 
its characteristic symptoms.” When it comes to 
measure “individual’s/patient’s healthy state,” we 
are still lacking meaningful markers that refl ect 
how the optimum state should look like. Yes 
we do have so many biological parameters 
(such as cholesterol levels, HDL, LDL, glucose) 
with lower and higher numerals, but these usually 
tend to have wide range of values. In addition and 
due to the inconsistent genetic variation among 
individuals even within the same population 
and under the same environmental factors, 

  Fig. 5.7    The PharmGKB database contains information related to more than 20,000 genes, 3,000 diseases, and 2,500 
drugs in a searchable format       
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establishing a baseline for such “health” markers 
is still considered a very challenging mission. 

 The fi nal hurdle about the personalized nutri-
tion approach relates to the targeted population 
who will use these advances and recommenda-
tions in practice. In other words, scientist can 
make the genomic-related information available 
for public, but it’s the public’s responsibility to 
implement such recommendations and take them 
to the kitchen. Some of the critical questions over 
here are: How easy would it be for patients to 
understand the information that they are being 
offered? Would it be more confusing for them 
than the conventional concepts that we already 
have today? Will they understand that such infor-
mation is specifi cally tailored for them and that 
even a patient with the same disease and the same 
symptoms might get a different set of recommen-
dation? Indeed, we have a lot of questions that 
need to be answered. 

 Despite the aforementioned three major chal-
lenges, sincere efforts are being made to explore 
and implement the principle of personalized 
medicine and nutrition in today’s current prac-
tices. Table  5.1  lists examples of SNPs, their 
association with monogenic and polygenic dis-
eases, and some recommended steps of interven-
tion (when attainable).

   A recent pilot human study was also con-
ducted in Canada with the help of healthy human 
subjects to explore their willingness and readi-
ness to incorporate the genomic information and 
at the same time address some of the values and 
potential risks connected with the personalized 
nutrition approach (Nielsen and El-Sohemy 
 2012 ). In this well-designed study, a comparison 
was made between providing the subjects with a 
genotype-based dietary advice or providing them 
with a general dietary advice. The results of this 
study were very encouraging. Higher percentage 
of participants in the intervention group agreed 
that they understood the dietary advice that they 
were given. Less than 9 % of the participants in 
the intervention group felt that the genetic infor-
mation that they were offered was ambiguous 
and uneasy to grasp. One issue against this study 
was that most of the incorporated subjects were 
among the young generations (20–35 years old) 
which is more likely to facilitate their adaptation 

to the genomic and personalize nutrition concepts 
compared to older ones.  

7      Concluding Remarks 

 Preliminary data that involve gene–diet interac-
tions of most chronic diseases (such as cardiovas-
cular, diabetes, and cancer) are very promising, 
but mostly inconclusive. Challenges facing any 
advancement in the prevention and treatment of 
such diseases are similar to those encountered 
earlier in any drug discovery and development. 
The majority of these diseases are not caused by 
only one genetic variation within a single target 
gene but rather a result of complex interactions 
among different genes, with onset times infl u-
enced by environmental and lifestyle factors. 

 Nutrigenetics, nutrigenomics, proteomics, 
metabolomics, and personalized-nutrition can 
provide the needed bases for more specifi c dietary 
recommendations that match every individual’s 
genetic map. Within this context, personalized-
nutrition and diets tailored to meet the individual-
istic needs have the potential of revolutionizing 
the health sector in the same way as the industri-
alization of food processing did in the past. The 
improved microbiological and hygienic standards 
combined with nutrient retention through nutrient 
enrichment and fortifi cation played a key role in 
the public health success with the noticed 
increased longevity rates in modern societies. The 
current diffi culties that we face in measuring and 
evaluating how environmental and lifestyle fac-
tors contribute to disease risks will be soon 
addressed, opening the door for a more feasible 
and reliable prevention and treatment options.     
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 Abstract 

   Pharmacogenomics of today has its origins in the 1950s with pioneering 
studies of monogenic variations in drug metabolism and pharmacokinetics. 
With the completion of the Human Genome Project in 2003 and the 
advances in genomics such as the high-throughput genomics technologies, 
we are now in the postgenomics era. This transition is increasingly marked 
with study of polygenic and multifactorial traits such as common complex 
human diseases as well as pharmacodynamic differences among pop-
ulations. Changes that emerge from postgenomics medicine are not, 
however, limited to seismic shifts in scale and scope of pharmacogenetics 
research. Importantly, many low- and middle-income countries (LMICs) 
of the South, Asia-Pacifi c, Eastern Mediterranean, and the Middle East are 
becoming notable contributors with rapid globalization of science and 
increasing access to genomics technologies. This brings about, in parallel, 
an acute demand for regional capacity building in LMICs so that the future 
evaluation and implementation of postgenomics technologies in personalized 
medicine take place in an integrated, sustainable, and equitable manner. 
This chapter aims to highlight the potential applications and opportunities 
as well as technical and strategic issues that this fi eld offers to infl uence 
medical care. 
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1             Introduction 

 The era of postgenomics medicine arrived with 
the completion of the Human Genome Project 
(HGP) in 2003, exactly 50 years after the discov-
ery of DNA by Watson and Crick. An important 
conceptual shift in this period is a greater empha-
sis on “prediction/prevention” of future health 
outcomes (e.g., disease susceptibility, response 
to health interventions) with use of individual 
genetic/genomics information. A corollary is that 
preventive and customized interventions and 
diagnostic tests may now be conceptualized 
(and in some cases implemented) during the pre-
symptomatic phase of a disease or before pharma-
cotherapy is initiated. The concept of prevention 
represents the next step in the development of the 
“predictive medicine” as conceived by Jean 
Dausset, one of the three winners of the Nobel 
Prize in Physiology/Medicine in 1980. Dausset 
has suggested the term “predictive medicine” as a 
prerequisite step for preventive medicine (Hizel 
et al.  2009 ). Subsequently in 1993, Jacques Ruffi e 
offered a more comprehensive defi nition for the 
term and laid the philosophical basis for this new 
fi eld in a book entitled “Naissance de la Médecine 
Prédictive” (Birth of Predictive Medicine) (Ruffi é 
 1993 ). Today   , the term “predictive medicine” is 
replaced by one that is more precise: “personal-
ized medicine”, enabled by the introduction and 
availability of high-throughput genomics tech-
nologies. In the present postgenomics era, we are 
witnessing the increasing applications of genom-
ics technologies in multiple sectors of health. The 
genomics science has now left the laboratory 
space and rapidly diffusing to many segments of 
the global society not only in North America and 
Western Europe but also in many other global 
regions and countries (Zimmern  2009 ; Pang  2009 ; 
Normile  2007 ; Sgaier et al.  2007 ; Suarez-Kurtz 
 2004 ). Importantly, a number of low- and middle- 
income countries (LMICs) are fi rmly engaged in 
large-scale genotyping projects to discern the 
genetic diversity among their populations and 
apply such knowledge to discovery of health 
interventions in the form of novel pharmaceuti-
cals, vaccines, and companion diagnostics to 

customize their targeted optimal use (Zimmern 
 2009 ; Pang  2009 ; Normile  2007 ; Sgaier et al. 
 2007 ; Suarez-Kurtz  2004 ). Pharmacoge-nomics 
studies facilitate valuable understanding of the 
genomic characteristics that regulate an individu-
al’s response to particular drugs. Utilization of 
genomic information to personalize treatment is 
being examined in many clinical trials and is 
promising to become an integral factor in the 
application of individualized medicine (Tuzmen 
et al.  2011 ). It is anticipated that both discovery 
and development of medicines and their postmar-
keting pharmacovigilance can substantially bene-
fi t from the availability of mechanistic biomarkers 
of drug treatment outcomes (Frueh et al.  2008 ; 
Hizel et al.  2009 ).  

2      Appropriateness and Validation 
of Pharmacogenomics 

2.1      Genomics for Personalized 
Medicine/Healthcare: 
Pharmacogenomics vs. 
Pharmacogenetics 

 The real breakthrough made in genomics will 
have an important long-term impact on the devel-
opment and utilization of drugs for treatment and 
prevention. Genomic medicine which is the use 
of genomic information to guide medical decision 
is an essential component of the broader per-
sonalized medicine/healthcare concept (Willard 
et al.  2005 ; Ginsburg and Willard  2009 ). Since 
the completion of Human Genome Project in 
2003, symbolically announced postgenomic era, 
tremendous progress has been done during last 
several years in modern medicine due to rapid 
development of molecular medicine specifi cally 
genetics, informatics, and other high-throughput 
technologies (e.g., nanotechnology and proteomics) 
which has accelerated the use of predictive and 
personalized medicine including utilization of 
drugs for treatment in routine medical and 
pharmacy practice for more effi cient treatment 
of individuals (Ozdemir et al.  2009 ; Sheffi eld 
and Phillimore  2009 ). Building on globalization 
of postgenomics R&D and rapid advances in 
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genomics technologies, the predictive, preventive, 
personalized, and participatory (P4) medicine to 
which pharmacogenomics is a concept directly 
related to has come to represent the basic tenets 
of twenty-fi rst-century healthcare in developed 
and developing countries alike (Gurwitz and 
Lunshof  2011 ). Importantly, there is growing 
anticipation among developing countries for P4 
medicine and knowledge-based bioeconomy 
drawing from data-intensive OMICS technologies 
such as genomics and  metabolomics (Hizel et al. 
 2009 ; Pang  2009 ; Ozdemir et al.  2012a ). 

 In spite of tremendous progresses in large 
genome-scale sequencing and improvements in 
bioinformatics during the last several years, hos-
pitalizing problem and many avoidable deaths 
due to adverse drug reactions (ADRs) are becoming 
real public health problem. In addition, ineffi cient 
treatment costs a lot of money. A 1998 meta-
analysis of 39 prospective studies in US hospitals 
estimated that ADRs are the fourth to sixth leading 
cause of death in the USA with more than 100,000 
deaths per year and 2.2 million serious adverse 
reactions per year (Lazarou et al.  1998 ). All 
antidepressants and antipsychotic medicines 
are processed by enzymes with a high incidence 
of poor metabolizers (PM), and hospitalized 
psychiatric patients who are poor metabolizers 
cost $4,000–6,000 more in medical care compared 
to patients with an average metabolizer genotype 
(Chou et al.  2000 ). ADRs    are. The scientifi c 
evidence showed that adverse effect is because 
of 42 % dosing error and 50 % genetic factors 
(Phillips et al.  2001 ). 

 While the fi eld of pharmacogenetics has a 
history dating back to the 1950s, the term phar-
macogenomics fi rst appeared in the literature 
in 1997 (Meyer  2004 ). Terms such as pharma-
cogenetics, pharmacogenomics, personalized 
medicine, and stratifi ed medicine have all been 
used interchangeably over the past few years to 
describe a revolution that is occurring in medi-
cine (Lindpaintner  2002 ). Even though pharma-
cogenetics and pharmacogenomics are two 
terms used interchangeably, pharmacogenetics 
is the study of how genetic differences infl uence 
the variability of individual patient responses 
to drugs, aims to distinguish responders from 

nonresponders, and predicts those in whom 
toxicity, whereas pharmacogenomics as the 
whole- genome application of pharmacogenetics 
takes a much more global approach to the impact 
of variation in genetic information on drug 
response. Moreover, pharmacogenomic analysis 
can identify disease susceptibility genes repre-
senting potential new molecular drug targets for 
therapeutic intervention by correlating gene 
expression or single-nucleotide polymorphisms 
(SNPs) with a drug’s effi cacy or toxicity 
(Sheffi eld and Phillimore  2009 ; Milos and 
Seymour  2004 ; Wang  2010 ) (Fig.  6.1 ). By doing 
so, pharmacogenomics aims to develop rational 
means to optimize drug therapy, with respect to 
the patients’ genotype, to ensure maximum effi -
cacy with minimal adverse effects (Becquemont 
 2009 ). Such approaches stand in contrast to the 
current “one size fi ts all” approach to drug pre-
scription and dosing (Wolf et al.  2000 ; Swen 
et al.  2007 ; Squassina et al.  2010 ; Bartlett et al. 
 2012 ) and promise the advent of “personalized 
medicine” in which drugs and drug combinations 
are optimized for each individual’s unique genetic 
makeup. To this end pharmacogenomics is also 
increasingly being explored in the primary care 
context (Grice et al.  2006 ; Bartlett et al.  2012 ).

   Overall, the fi eld of pharmacogenomics is 
promising a new era of personalized interventions 
based on the person’s genotype, disease subtypes 
and characteristics, and other forms of personal-
ization. Such a fi eld promises the delivery of the 
right drug to the right person at the right dose and 
at the right time, in order to maximize effective-
ness and minimize side effects (Khoury  2009 ).  

2.2      Application 
and Implementation 
of Pharmacogenomics for 
Clinical Practice: Analytic 
Validity, Clinical Validity, 
and Clinical Utility 

 Even though pharmacogenomics is expected to 
determine the right drug at the right dose during the 
pharmacotherapy by identifying individuals at risk 
and decrease adverse events, its appropriate use in 
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clinical uptake and its implementations in medical 
and pharmacy practice is an important issue (Reiss 
and American Pharmacists Association  2011 ; 
Mrazek and Lerman  2011 ). However, translation of 
pharmacogenomics studies into routine practice 
whether in medicine or pharmacy has confronted 
certain barriers such as identifi cation of genetic 
markers associated with drug response which does 
not always equate to clinically useful predictors of 
adverse outcomes, limited availability of test, the 
high cost of genetic testing, disagreements about 
interpretation of results, and even lack of under-
standing about pharmacogenomics in general. To 
this end, pharmacogenomic discoveries need 
clinical/analytical validation and demonstration 
of clinical utility before acceptance into health-
care (Xie and Frueh  2005 ; Squassina et al.  2010 ; 
Scott  2011 ; O’Donnell et al.  2012 ) (Fig.  6.2 ).

   Since the completion of Human Genome 
Project (HGP), progresses in genomics will have 
an important long-term impact on the development 
and utilization of drugs for treatment in the 
context of prediction and prevention of ADRs. 
In recent years, commercially available pharmaco-

genetic tests have been approved (recommended 
but not mandated) by the Food and Drug 
Administration (FDA) (  http://www.fda.gov    ) and 
pharmacogenetic information was added to several 
drug labels, but their application in patient care 
remains very limited (Xie and Frueh  2005 ; 
Jennings et al.  2009 ). Even though many pharma-
cogenomic tests are available, these test have 
not yet been recommended for most drugs, and 
large- scale trials are needed to show that routine 
testing could improve patient outcomes in phar-
macotherapy, such as CYPD6 polymorphism on 
tamoxifen treatment (Lee et al.  2010 ; Abraham 
et al.  2010 ; Kitzmiller et al.  2011 ). Probably the 
best examples of pharmacogenomic applications 
in routine practice are HER2 testing for breast 
cancer treatment (Phillips  2008 ), UGT1A1 variant 
associated with Gilbert’s disease in patient receiving 
irinotecan (Palomaki et al.  2009 ; Marsh and 
Hoskins  2010 ; Evrard and Mbatchi  2012 ), HLA 
testing for Abacavir for HIV management 
(Lai-Goldman and Faruki  2008 ; Faruki et al.  2007 ; 
Khoury  2009 ), thiopurine methyltransferase 
(TPMT) polymorphism in patients with leukemia 

  Fig. 6.1    Application of pharmacogenomics/genetics for clinical use (Adapted from Milos and Seymour  2004 )       
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who are treated with thiopurines (Krynetski et al. 
 1996 ; McLeod et al.  2000 ; Evrard and Mbatchi 
 2012 ; Khoury  2009 ), and variations in two genes 
encoding CYP2C9, the enzyme primarily respon-
sible for warfarin metabolism, and VKORC1 
which is the site of action for warfarin (Seip et al. 
 2010 ; Donohue and Tirschwell  2011 ; Ozer et al. 
 2013 ). To be clinically useful, a pharmacogenetic 
test must predict the outcome of drug treatment 
or guide dose adjustment. The value of phar-
macogenetics is heavily dependent on the identi-
fi cation of useful “biomarkers.” Biomarkers are 
indicators that mark the presence of a potential 
gene-drug interaction or that measure response 
to therapeutic activity (Kitzmiller et al.  2011 ). 
However, not every drug needs a biomarker for 
predicting response. Biomarkers predicting drug 
response are especially useful when the drug’s 
effect cannot be easily monitored or when treat-
ment delay has important clinical consequences, 
or when it predicts the occurrence of severe side 
effects. Biomarkers can be used in clinical trials 
to stratify patients who respond to a new potential 
medicine appropriately, adversely, or not at all. 
In clinical practice, genetic biomarkers can be 
developed into diagnostic tests to measure the 
potential effi cacy or toxicity of a particular 
therapy (Frueh et al.  2008 ). The FDA provides 
information on validated pharmacogenomic 
biomarker tests at its Web site,   www.fda.gov    . In 
pharmacotherapy for a genotype-specifi c popula-
tion, these tests may be necessary to defi ne which 
patients will benefi t from the treatment and which 

will not (Frueh et al.  2008 ; Kitzmiller et al.  2011 ; 
La Thangue and Kerr  2011 ; Sadee  2011 ). 

 For personalized medicine/healthcare approach 
to select the right drug at the right dose for the 
right person and so to improve benefi t/risk ratio 
for existing and common drug during pharma-
cotherapy, a prospective screening of a large 
stratifi ed patient population with relevant genetic 
markers for a given disease is needed (Huang 
and Ratain  2009 ). Prospective pharmacogenomic 
analysis is a crucial step toward the validation of 
genetic markers as predictors of clinical manage-
ment “in real-life” setting (Grossman  2007 ; Xie 
and Frueh  2005 ). Such prospective studies provide 
important evidence for regulatory authorities if 
it is necessary to modify the labelling of specifi c 
settled drugs in order to improve clinical practice 
and patient healthcare during pharmacotherapy. 
   Due to the chances of high cost of such trials 
being very high, there is a lack of large- scale 
prospective studies to determine genetic varia-
tion in drug disposition and response (Xie and 
Frueh  2005 ). 

 While    there are some examples in which pro-
spective approach has been successfully applied, 
because of the high cost of such trials, most of 
them lack large-scale prospective studies to 
determine genetic variation in drug disposition 
and response, and so pharmacogenomics studies 
are currently performed retrospectively in an indi-
vidual patient to identify reasons for treatment 
failure or unexpected ADRs (Huang and Ratain 
 2009 ; Hughes et al.  2008 ; Rauch et al.  2006 ; Xie 

  Fig. 6.2    The current challenges and barriers to clinical implementation of pharmacogenomics (Adapted from Scott  2011 )       
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and Frueh  2005 ). In any case, both prospective 
and retrospective pharmacogenomics testing can 
provide useful information if used appropriately. 
Hence, the decision to perform pharmacogenomics 
testing needs a systematic and critical evaluation 
of the potential clinical utility for genotype-
phenotype evaluation (Xie and Frueh  2005 ). 

 The most important factor impeding the 
appropriate clinical uptake of genomics into 
routine medical and pharmacy practice is the lack 
of evidences for its clinical utility (i.e., evidence 
that use of a genomic technology improves health 
outcomes). Hence, pharmacogenomic applications 
have to be subjected to principles of evidence- 
based medicine and comparative effectiveness 
research to evaluate the benefi t/risk ratio of drug 
use in practice (Khoury et al.  2009 ). Due    to new 
pharmacogenomic testing becoming accessible, 
decision makers need reliable information on 
evidence of effi cacy and cost- effectiveness of 
these tests in order to translate pharmacogenomic 
research into practice health (Khoury et al.  2009 ). 

 To develop and disseminate an integrated 
knowledge base on the clinical validity and utility 
of pharmacogenomic applications and to assure 
the implementation of evidence-based recom-
mendations in practice by evaluating their impact 
on population health, public health is crucial. 
So, genomics can play a kind of honest broker 
role for this process (Khoury et al.  2009 ). 
Evaluation of Genomic Applications in Practice 
and Prevention (EGAPP) group launched in 2004 
by the CDC National Offi ce of Public Health 
Genomics is this kind of effort in the USA. This 
organization supports a well-coordinated, system-
atic process for evaluating genetic tests including 
pharmacogenomics applications that are in tran-
sition from research to clinical and public health 
practice in the USA (Teutsch et al.  2009 ; Khoury 
et al.  2009 ). 

 Since availability of pharmacogenomics data, 
alone, is not a suffi cient reason for its use in inef-
fi cacy monitoring, pharmacogenomics requires 
an evidentiary framework for its use in decision 
making or genetic testing. In this sense, the 
ACCE framework is one of the highly prominent 
approaches for evaluation of genetic tests in a 
context of public health (Sanderson et al.  2005 ). 

   As metrics of clinical biomarker value, ACCE 
approach considers the (AV) analytic validity (Is 
the genetic test robust in the lab?), (CV) clinical 
validity (Does the test predict a clinical event?), 
(CU) clinical utility (Would the test change what 
you do?), and (E) ethical, legal, and social issues 
(ELSIs) associated with a genetic test (Ozdemir 
et al.  2011 ). Although these concepts are imperative 
to genetic testing, some of their exact defi nitions 
with respect to pharmacogenetics and personalized 
medicine are not always clear (Lesko et al.  2010 ). 
Each of these components focuses on a different 
aspect of test performance and applicability in 
real-life settings, starting at the laboratory per-
forming the test, through clinical studies proving 
its benefi ts, to more subjective evaluation of 
managed care burden associated with introduc-
tion of test to routine practice and reimbursement 
frameworks (CDC  2006 ). 

 Another important point is the necessity of 
the integration of pharmacogenomics building 
infrastructures for large-scale genome-wide 
association studies (GWAS) in order to identify 
and validate the biomarkers that reinforce the 
use of pharmacogenomics in clinical setting (see 
Sects.  4.3  and  4.4 ). Despite many successful and 
encouraging GWAS for pharmacogenomic traits 
have been performed to identify genes affecting 
drug response or susceptibility to ADRs used in 
the medical fi eld (Crowley et al.  2009 ; Daly  2010 ; 
   Stuart  2011 ), most drugs are not tested using 
GWAS (Stuart  2011 ). Extensively and publicly 
used personalized medicine/healthcare will lower 
the cost of the pharmacotherapy due to ADRs 
and prescription of drugs that have been proven 
ineffi cient in certain genotypes. It is very costly 
when a clinical trial is put to a stop by licensing 
authorities because of the small population who 
experiences ADRs. The new drives in pharmaco-
genetics make possible to develop and license 
a drug specifi cally designed for those who are 
not the small population genetically at risk for 
adverse side effects (Corrigan  2011 ). 

 The    implementation of genetic data for a bet-
ter prediction of response to medications and 
ADRs is becoming a reality in some clinical set-
tings due to well-defi ned phenotypes being criti-
cal in the success of clinical validation affecting 
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the interpretation of the genotype-phenotype 
association in pharmacogenomic studies. Hence, 
it has been submitted that the application of phar-
macogenomic testing will be more appropriate 
and effi cient if integrated with routine therapeu-
tic drug monitoring (TDM) (Albers and Ozdemir 
 2004 ; Gervasini et al.  2010 ). 

 Finally, genomics and so pharmacogenomics 
on the methodology of drug development in 
preclinical and clinical trials should be viewed 
through a lens of population and public health to 
move beyond a simplistic focus on biotechnology. 
Hence, expertise in both genomics technologies 
as well as regional capacity to design rational 
pharmacogenomics studies and lack of qualifi ca-
tion of information concerning interpretation of 
genomics tests result with precise personalized 
interpretation will be crucial (Hizel et al.  2009 ). 
Because    both physicians and pharmacists might 
fi nd it diffi cult to interpret the clinical value of 
pharmacogenetic test results, guidelines that 
link the result of a pharmacogenetic test to thera-
peutic recommendations might help to overcome 
these problems, but such guidelines are only 
sparsely available (Kirchheiner et al.  2005 ). 
In    addition, as emphasized during the “1st 
International Certifi cate Program on Predictive 
& Personalized Medicine in Daily Modern 
Medicine and Pharmacy – P4 Medicine Meeting” 
(  http://p4certificate.anadolu.edu.tr/p4/?q=en/
home    ), education of scientists, healthcare pro-
fessionals, and publics in genetics is crucial for 
appropriate application of pharmacogenetics to 
integrate into healthcare system.   

3      Methodology, Population, 
and Methodological Biases 

 Until recently, genome-scale technologies were 
not widely available to exhibit connections 
between drug response and gene function pheno-
types. Hence, functional translation of such infor-
mation has been the rate-limiting step in obtaining 
insight into the underlying molecular mechanisms 
and identifying potential connections to drug 
response. This bottleneck was addressed by the 
introduction of the high- throughput RNAi-based 

applications (Tuzmen et al.  2011 ). Personalized 
medicine is facilitated and driven by the develop-
ment and application of new genomic approaches 
to rapidly depict genetic sequence variations and 
gene expression profi les on a large scale. These 
types of experiments are typically accompanied 
by extensive genome-wide association studies 
aimed at identifying genes or gene sets that pre-
dict drug response. The associations are then 
extensively validated and evaluated for their effi -
cacy to predict response. Often, the function of 
these associated genes and their potential role in 
drug response is unknown. Identifi cation of the 
genes that are not only associated with drug 
response but also causally involved would add 
tremendous value to pharmacogenomics data, 
enabling a more intelligent utilization of such 
genes as diagnostic markers and as putative drug 
targets to ameliorate drug response (Tuzmen et al. 
 2011 ). In addition to accelerating the functional 
validation of gene lists from association-based 
pharmacogenomics data, high-throughput screen-
ing approaches for genome-scale functional anal-
ysis can potentially be a more relevant starting 
point for pharmacogenomics analysis. In such 
strategies, genes that are causally involved in 
modulating drug response are discovered, and 
their putative clinical association with drug 
response is later validated. With this principle, 
global phenotype analysis enables the examina-
tion of a wide range of genetic factors including 
associations with specifi c gene and transcript 
sequence variations, protein modifi cations, 
expression of mRNA or protein, and many other 
genetic and epigenetic variations that are often 
not used in primary pharmacogenomics analysis. 
Further, this approach can identify functionally 
associated genes, which after undergoing in-depth 
functional validation may also have utility as drug 
targets. Consequently, there is clearly an unmet 
need to develop and apply genome compatible 
strategies and methodologies to unveil functional 
modulators of drug response (Tuzmen et al.  2011 ). 

 The function of a gene could be determined by 
experimentally interfering with its expression. 
The resulting phenotype or effect on molecular 
endpoints and signaling pathways can then be 
examined. 
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3.1      The Muting Apparatus: 
RNA Interference (RNAi) 

 RNA interference (RNAi) is a naturally occurring 
phenomenon of gene expression control, trig-
gered by the introduction of double-stranded 
RNA into a cell. This mechanism can be syn-
thetically employed to downregulate expression 
of specifi c genes by transfecting mammalian 
cells with synthetic short interfering RNAs 
(siRNAs) (Fire et al.  1998 ; Tuschl  2001 ; Elbashir 
et al.  2002 ; Hannon  2002 ; Nakayashiki and 
Nguyen  2008 ; Travella and Keller  2009 ; Tuzmen 
et al.  2011 ). 

 When a long double-stranded RNA (~ >200 bp) 
is introduced into a cell, it is recognized and 
cleaved by the enzyme Dicer resulting in 21–23 
nucleotide long double-stranded RNAs referred 
to as siRNAs, which mediate gene silencing 
through an interaction with a protein complex 
called RNA-induced silencing complex (RISC) 
(Tuzmen et al.  2011 ). The RNAi technology 
involves the use of siRNAs as powerful media-
tors of a naturally occurring posttranscriptional 
gene-silencing mechanism. This mechanism is 
highly conserved among multicellular organisms 
as diverse as fl ies, yeast, plants, worms, and humans 
(Huppi et al.  2005 ; Tomari et al.  2007 ; Matranga 
and Zamore  2007 ; Zamore  2004 ; Roguev et al. 
 2008 ; Volpe et al.  2003 ; Hamilton et al.  2005 ; 
Caplen and Mousses  2003 ; Haley et al.  2003 ; 
Stroschein-Stevenson et al.  2009 ; Wendler et al. 
 2010 ; Saleem et al.  2012 ). In  Caenorhabditis 
elegans , RNAi has been applied to generate 
“somatic knockdowns” for the functional analysis 
of thousands of genes (Sonnichsen et al.  2005 ; 
Kim et al.  2005 ; Grishok et al.  2008 ; Rocheleau 
 2012 ; Schwarz et al.  2012 ; Schøler et al.  2012 ). 
In mammalian cells, siRNAs can induce RNAi 
without activation of nonspecifi c dsRNA-dependent 
pathways (Caplen and Mousses  2003 ; Huppi 
et al.  2005 ; Sun, X et al.  2008 ; Sun, TM et al. 
 2008 ; Mariotti et al.  2009 ; Schnettler et al.  2012 ; 
Holland et al.  2012 ; Chalupnikova et al.  2013 ). 
Enzymatically or chemically synthesized siRNAs, 
as well as vector-based short hairpin RNAs 
(shRNAs), have been thoroughly applied to the 
study of function of individual mammalian genes 

(McManus and Sharp  2002 ; Huppi et al.  2005 ; 
Aleku et al.  2008 ; Rines et al.  2008 ; Sibley and 
Wood  2011 ; Zhou et al.  2012 ; Pieraets et al. 
 2012 ). SiRNAs act as a guide for the RNA- 
induced silencing complex (RISC) (Huppi et al. 
 2005 ;    Filipowicz  2005 ; Ohrt et al.  2008 ; MacRae 
et al.  2008 ; Lima et al.  2012 ; Kubo et al.  2012 ; 
Derrien et al.  2012 ). These siRNAs can be 
designed to silence the expression of specifi c 
genes carrying a particular target sequence in 
high-throughput (HT) siRNA experimental sys-
tems. This may potentially be offered as a thera-
peutic strategy for inhibiting transcriptional 
regulation of genes, which in such cases can con-
stitute a strategy that can inhibit targets that are 
not accommodating by small molecule com-
pounds. Large-scale experiments using low-dose 
drug exposure combined with siRNA also repre-
sent a promising discovery strategy for the pur-
pose of identifying synergistic targets that 
facilitate synthetic lethal combination phenotypes 
(Tuzmen et al.  2011 ). Considering such powerful 
applications, siRNA technology provides an 
exciting opportunity for relatively rapid and revo-
lutionary approaches to cancer drug design. Small 
RNAs that harness the RNAi machinery may 
become the next new class of drugs for treating a 
variety of diseases (Tuzmen et al.  2011 ; Petrocca 
and Lieberman  2011 ). 

 In this section, we provide examples on the 
application of RNAi, with particular focus on HT 
siRNA phenotype profi ling, technical requirements, 
methodological challenges, and population and 
methodological biases. Through specifi c examples, 
we also illustrate how such research can be used 
to advance and accelerate drug target discovery 
and clinical drug development to support cellular 
pharmacogenomics.  

3.2      Resources for High-Throughput 
RNAi (HT-RNAi) Research 

 Thus far many attempts have driven the develop-
ment of large siRNA and shRNA libraries targeting 
human genome utilizing RNAi (Aleku et al.  2008 ; 
Berns et al.  2004 ; Ganesan et al.  2008 ; Schlabach 
et al.  2008 ; Silva et al.  2008 ; Paddison and Hannon 

Y. Aydın Son et al.



105

 2003 ). Large genome-wide siRNA libraries as well 
as focused libraries are commercially available 
from suppliers including Qiagen, Ambion, Life 
Technologies, Sigma, and Dharmacon. Similarly, 
shRNA libraries are commercially available from 
sources including Sigma Open Biosystems, System 
Biosciences, and GeneCopoeia.  

3.3      Problems Faced by RNAi 
as Therapeutics: Could This 
Originate a Mainspring of 
Population and 
Methodological Biases? 

    Despite siRNAs proving to be very powerful 
inhibitors of gene regulation and enabling the 
elucidation and better comprehension of gene 
functions in variety of cell lines and organisms, 
several challenges of the siRNA technology 
remain to be resolved.  Sequence specifi city , 
 delivery ,  off-target effects , and  alternative splice 
forms of genes  constitute some of the major prob-
lems associated with RNAi analysis. Hence, 
development of RNAi-based therapeutics can 
still be considered as being at its infancy. 

3.3.1      siRNA Sequence Specifi city 
 Amarzguioui (Amarzguioui et al.  2003 ; 
Amarzguioui and Prydz  2004 ) demonstrated that 
changes at the 3′ end of the guide siRNA strand 
are well tolerated. However, variations at the 5′ 
end and in the middle of the siRNAs have adverse 
effects, and these observations have also been 
validated by other scientists in the siRNA fi eld 
(Boden et al.  2003 ; Das et al.  2004 ; Gitlin et al. 
 2002 ). Sano et al. ( 2008 ) recently showed that the 
character of the 2-nt 3′-overhang of siRNAs is 
the predominant determinant of which strand 
participates in the RNAi pathway. They illus-
trated that siRNAs with a unilateral 2-nt 3′-over-
hang on the antisense strand are more potent than 
siRNAs with 3′-overhangs at both ends, due to 
preferential loading of the antisense strand into 
the RISC (Sano et al.  2008 ). Several groups have 
proposed a set of guidelines that seek to have a 
focused choice of siRNAs that could potentially 

knockdown gene expression (Elbashir et al.  2002 ; 
Paddison and Hannon  2003 ). There are also web- 
based online software systems available for com-
puting highly functional siRNA sequences with 
maximal target specifi city in mammalian RNAi 
(Naito et al.  2004 ; Ui-Tei et al.  2007 ; Theis and 
Buchholz  2010 ; Kittler et al.  2007 ). It is recom-
mended that systematic testing be performed to 
verify that the siRNA sequence under consider-
ation targets a single gene as well as the correct 
splice variant of the gene of interest. A BLAST 
search of the selected sequence should be per-
formed against sequence databases such as EST 
and/or Unigene libraries using the National 
Center for Biotechnology Information (NCBI) 
website (Dykxhoorn et al.  2003 ). These studies 
should include at least two carefully BLASTED 
siRNA sequences as well as scrambled and mis-
matched controls, and all the siRNAs should be 
used at the lowest active concentrations. 

 Furthermore, siRNAs yield mRNA knock-
downs rather than knockouts, and care must be 
taken in the interpretation of negative outcomes 
given that even minute and undetectable changes 
in the level of protein expression might still be suf-
fi cient to stimulate a cellular functional response 
(Jones et al.  2004 ; Jones and Lindsay  2004 ). On 
the other hand, plasmid-based RNAi expression 
systems (shRNAs) can be considered as an alter-
native/addition to the synthetic siRNAs, but there 
are both advantages and disadvantages associated 
with this system (Rossi  2008 ). For example, chem-
ically synthesized siRNA transfection is more effi -
cacious than plasmid- based shRNA transfection as 
more cells will experience gene expression down-
regulation after siRNA transfection. The initiation 
of siRNA- transfected knockdown is immediate 
as opposed to shRNA-based strategies, which 
would require transcription and dicer processing. 
Plasmid- based RNAi expression systems permit 
plasmids to be readily regenerated and the dura-
tion of silencing can be extended using this 
system. However, the utility of plasmid-based 
strategies is limited in cell lines that are diffi cult 
to transfect and that cannot be grown for long 
periods of time in culture including primary cells 
(Dykxhoorn et al.  2003 ).  
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3.3.2      siRNA Delivery 
 Effi cient, reproducible and rapid siRNA delivery 
is necessary for effective siRNA library screen-
ing. This creates a major obstacle especially for 
siRNA-directed silencing by lipid-based trans-
fections. This is mainly because siRNAs cannot 
readily cross the mammalian cell membrane. 
Protocols often need to be optimized individually 
for the effi cient delivery of siRNAs into different 
cell lines. There are a multitude of reagents avail-
able today for the transfection of siRNAs into 
mammalian cells. The number of commercial 
vendors has signifi cantly increased over a short 
period of time and continues to grow today as 
more researchers are beginning to utilize a func-
tional genomics approach (Tuzmen et al.  2011 ). 
The most common is lipid-based (cationic and 
polyamine) transfection. New cationic-based 
delivery methods have recently been tested (Han 
et al.  2008 ). Furthermore, newer technology for 
siRNA transfection has emerged, such as amphi-
philic chemicals, nanoparticles, and microelectrode 
arrays (Sun, X et al.  2008 ; Sun, TM et al.  2008 ; 
Medarova et al.  2007 ,  2008 ; Patel and 
Muthuswamy  2012 ; Castillo et al.  2012 ; Toriyabe 
et al.  2013 ). Both lipid-based transfection and 
electroporation have been adapted for high-
throughput siRNA delivery. Simultaneous trans-
fection and plating of cells (reverse transfection) 
(Tuzmen et al.  2011 ) permit large number of 
sample plate handling in a short period of time 
(Kuuselo et al.  2007 ). Electroporation can deliver 
hundreds of siRNAs quickly when performed with 
multiwell plate electroporators (Ovcharenko 
et al.  2005 ; Arabsolghar and Rasti  2012 ). 
However, while electroporation can deliver siR-
NAs quicker in multiwell format, it has a major 
drawback of toxicity from the process itself. It 
may not be consistent from well to well, thus 
introducing a noise factor in the experiment that 
may make it hard to reproduce (personal com-
munication). The necessity of initial optimization 
of transfection conditions for each cell line, and 
protocol optimization for individual targets, causes 
the high-throughput target identifi cation and vali-
dation to be very challenging. Nevertheless, once 
the selection of the best delivery method (a trans-
fection reagent and its particular conditions or 
electroporation conditions to increase the uptake 

of siRNAs while maintaining high cell viability) 
for the  chosen cell type is identifi ed, these chal-
lenges can be defeated (Tuzmen et al.  2011 ).  

3.3.3      siRNA Off-Target Effects 
 Although RNAi offers specifi city as one of its 
greatest advantages, off-target effects appear as a 
potential disadvantage. Consequently, a stringent 
screening strategy has to be accomplished for all 
candidate siRNAs in order to avoid or at least 
limit off-target effects (Anderson et al.  2008 ; Dua 
et al.  2011 ; Shum et al.  2013 ; Nolte et al.  2013 ). 
Several researchers have illustrated in their 
microarray studies that siRNAs can have off- 
target effects by silencing unintended genes 
(Jackson et al.  2003 ; Scacheri et al.  2004 ; 
Anderson et al.  2008 ). Additionally, other studies 
showed that some cationic liposomes induce or 
trigger interferon response (Heidel et al.  2004 ; 
Ma et al.  2005 ; Kim et al.  2007 ). Similarly, any 
viral vector harboring an shRNA expression cas-
sette could stimulate an unintended immune 
response (Uprichard  2005 ). Also, the nature of 
the synthetic siRNAs may trigger the induction 
of the dsRNA cellular defense mechanism. It has 
been stated that interferon induction might be 
benefi cial for therapy in some cases, but cytotox-
icity may be an outcome of this uncontrolled 
induction of the innate defense mechanism 
(Uprichard  2005 ; Tuzmen et al.  2011 ). These 
studies made it possible and practical to chemi-
cally synthesize siRNAs, which could then be 
applied as a molecular biology tool for gene 
silencing in mammalian cells.  

3.3.4      Alternative Splice Forms 
of Genes 

 Over 60 % of protein-coding genes in vertebrates 
express mRNAs that undergo alternative splicing. 
Alternative splicing of precursor messenger 
RNAs (pre-mRNAs) is one of the most important 
sources of protein diversity in vertebrates. The 
resulting collection of transcript isoforms pres-
ents signifi cant challenges for contemporary bio-
logical assays. For example, real-time quantitative 
PCR (qPCR) validation of gene expression micro-
array results may be unsuccessful if the two tech-
nologies target different splice variants. Effective 
use of sequence-based technologies requires 
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knowledge of the specifi c splice variant(s) that are 
targeted. Additionally, the critical roles of alterna-
tive splice forms in biological function and in dis-
ease suggest that assay results may be more 
informative if analyzed in the context of the tar-
geted splice variant (Ryan et al.  2008 ). Defects in 
alternatively spliced process are linked to numer-
ous human genetic diseases and various forms of 
cancer (Gaur  2006 ). Alternatively spliced forms 
of genes may refl ect disease diversity and popula-
tion specifi city, which can deliver biased outcome 
of the results depending on what methodologies 
are used (Tian et al.  2011 ; Wegmann et al.  2008 ; 
Tucker et al.  2011 ).   

3.4      RNAi and Microarray 
Technology 

 The emergence of novel technologies in molecu-
lar biology enabled the identifi cation of new tar-
gets that have been correlated with human 
disease. Technical advances in RNAi fi eld and 
the completion of Human Genome Project have 
also enabled the high-throughput, genome-wide 
RNAi analysis of various organisms. Several 
groups have utilized high-throughput RNAi 
(HT-RNAi) technology to systematically study 
hundreds or thousands of genes for knockdown 
phenotypes (Ganesan et al.  2008 ; Kimura et al. 
 2008 ). HT-RNAi is also routinely being used for 
rapid, genome-wide screening for genes involved 
in specifi c biological processes. The integration 
of this technology, with platforms such as 
microarray- based analysis, has enhanced the 
speed, accuracy, and throughput of such genome- 
wide screens (Mousses et al.  2003 ; Semizarov 
et al.  2004 ; Vanhecke and Janitz  2004 ; Wheeler 
et al.  2005 ; Ortega-Paino et al.  2008 ; Wilson and 
Plucinski  2011 ; Wu et al.  2011 ; McConnell et al. 
 2011 ; Tuzmen et al.  2011 ; Vainio et al.  2012 ).  

3.5      High-Throughput RNAi Drug 
Sensitivity Screening 

 The value of high-throughput cell-based screen-
ing technology is that it not only enables a fast 
screening method for the phenotype associated 

with silencing of individual genes, but also it 
enables the researchers to study gene interactions 
in parallel. The establishment of an effi cient 
HT-RNAi platform involves successful develop-
ment of several stages including assay devel-
opment, assay validation, high-throughput 
screening, and data analysis (Tuzmen et al.  2011 ). 
Once established, HT-RNAi can be used to iden-
tify and functionally validate target hits. One 
application of HT-RNAi is to conduct multidi-
mensional analysis of drug modulator genes 
across multiple inputs (different chemical or drug 
exposures), in various systems (different cell 
lines or cell line variants), and across multiple 
outputs (cellular phenotypes or molecular end-
points). When each of these dimensions is multi-
plied, we achieve highly multidimensional RNAi 
data which can be extremely valuable in not only 
identifying chemo-modulators but also gaining 
some understanding about the chemo-selectivity 
of chemotype modulation and its relationship 
to various genomic parameters and contexts 
(Tuzmen et al.  2011 ). 

 High-throughput screening technologies are 
providing the means with which to perform large- 
scale and whole-genome RNAi phenotype studies 
with massive amounts of data (Rines et al.  2008 ; 
Ganesan et al.  2008 ). In addition to pushing the 
envelope of our current understanding of global 
gene function and regulation, it will also present 
substantial challenges in the areas of data man-
agement and analysis (Tuzmen et al.  2011 ). For 
this reason, it becomes important to focus on 
effective informatics methods in order to make 
novel biological conclusions (Zhang et al.  2006 ).  

3.6      Drug Target Validation vs. 
Drug Discovery 

 Genomic technologies have massively accelerated 
the identifi cation of genes that are linked with 
physiological processes and pathological states. 
The challenge has traditionally been to functionally 
evaluate these candidate genes to determine which 
ones would make appropriate and pharmacologi-
cally relevant drug targets. In this context, a gene is 
fi rst associated with a disease process, or with 
response to therapy, and then the expression or 
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function of a gene is  perturbed experimentally to 
determine if a functional and causal link exists 
between the gene and signaling pathways, and the 
desired pharmacological outcome or phenotype 
(Thomas et al.  2006 ). Hence, RNAi technology is 
now being widely applied as a readily available 
research tool to accelerate the functional validation 
of the multitude of new candidate drug targets 
emerging from “omics” data (Ghosh and Poisson 
 2009 ; Navratil et al.  2011 ; Daka and Peer  2012 ). 
Our own laboratory at the Translational Genomics 
Research Institute (TGen) has used this approach 
to evaluate candidate drug targets which were 
found to be amplifi ed and overexpressed genes 
in cancer genomes through comparative genomic 
hybridization (CGH) microarray and cDNA micro-
array analysis. In such experiments, small 
focused siRNA libraries (i.e.,  Cancer Gene Library  
of 278 siRNAs targeting 139 classic oncogenes and 
tumor suppressor genes) were created against pri-
oritized candidates and used to rapidly determine 
the ones that were also necessary for cell growth 
and survival (Tuzmen et al.  2007 ). The functional 
data adds substantial value to the genomic informa-
tion and permits the rapid prioritization of pharma-
cologically vulnerable targets to be distinguished 
from disease- associated genes that would not make 
appropriate drug targets. This approach however is 
limited in that it focuses on genes that are associ-
ated with the disease or with some related process. 
Although disease-related genes make sense as can-
didate drug targets, it is also possible that certain 
genes and pathways which are not involved in the 
etiology of the disease may also represent points of 
vulnerability that can be therapeutically exploited. 
The hypothesis behind this concept is that certain 
gene targets would become vulnerable under cer-
tain contexts, such as exposure to a drug or in the 
context of a cell in a pathological state, but would 
not be associated with the disease state (Tuzmen 
et al.  2011 ). Despite a very large body of knowl-
edge about the genes that are in some way associ-
ated with cancer initiation, promotion, and 
progression, targeted cancer therapies have had 
limited success. 

 We propose an alternative approach that con-
sists of focusing on vulnerabilities in cancer cells 

that arise from the cancer process. In this paradigm, 
the most important aspect is not the disease- 
causing genes, but the specifi c modifi cations to 
the normal genetic regulatory network that occur 
in the context of a cancer cell with a highly 
altered genome (Tuzmen et al.  2011 ). With 
HT-RNAi technology, it is possible to rapidly 
analyze genes in the genome to determine if they 
are needed for growth and survival in cancer cells 
but are not critical for survival of normal cells. 
Such genes may not be directly involved in the 
cancer process itself but nevertheless represent 
selectively vulnerable drug targets for therapeutic 
intervention. In a similar fashion, the cellular 
response to a specifi c drug may be controlled and 
modulated differently in various cell types, under 
different physiological and pathological condi-
tions (Tuzmen et al.  2011 ). Systematic RNAi 
phenotype screening can reveal the genes that 
functionally regulate the response to specifi c 
drugs in cancer cells providing a means for devel-
opment of new combination chemotherapies that 
exploit these chemo-selective vulnerabilities 
(Tuzmen et al.  2011 ).  

3.7      Key Benefi ts of RNAi 

•     Relative to other functional methods, RNAi 
provides several advantages for studying the 
function of genes, gene-gene interactions, and 
interactions with gene-environment.  

•   Knocking down gene expression provides a 
more biologically relevant experimental out-
come for analyzing gene function than over-
expression of a gene in the context, where it is 
usually not functional.  

•   Utilization of siRNA to trigger RNAi has 
proven to be more potent, highly specifi c, and 
more reliable than other approaches such as 
antisense technology.  

•   The ease of use and high success rate in design-
ing effective and specifi c siRNA reagents 
enabled this technology to be compatible with 
the creation of large, genome- wide libraries for 
systematic and global scale studies (Tuzmen 
et al.  2011 ).     
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3.8      Pharmacogenomics 
Applications of HT-RNAi 

 Genome-scale analysis of mRNA and protein 
expression has produced enticing clues about 
which genes may be associated with drug response 
and therapy failure in the clinic. Unfortunately, 
regulatory genetic networks that control drug 
response are highly complex, heterogeneous, and 
virtually impossible to model based on our current 
understanding. Therefore, most attempts to develop 
response biomarkers are currently based primarily 
on associative data from genomics analysis, with 
little regard to the functional role that genes have in 
modulating drug response. Consequently, these 
genes and gene signatures may initially show 
extremely strong associations with drug response, 
but when applied to large clinical trials, they often 
do not have suffi cient predictive power to be useful 
(Tuzmen et al.  2011 ). 

 As an alternative, we have approached the 
problem from a systems analysis perspective, 
assuming a “black-box” model for the regulatory 
genetic network of a cell, and applied genome- 
wide RNAi for multidimensional analysis to 
reveal insightful functional relationships between 
synthetic genotypes and chemical compounds in 
cancer cells (Tuzmen et al.  2011 ). This approach 
is based on recent advances in RNAi technology 
and requires extensive expertise, infrastructure, 
and resources to perform HT-RNAi on a large 
scale (Tuzmen et al.  2011 ). 

 HT-RNAi screening has emerged to offer tre-
mendous insights and knowledge behind the 
mechanisms and contexts of vulnerability of any 
particular drug therapeutic. Use of this informa-
tion can then be applied to better position the 
therapeutic drug clinically by suggesting new 
drug combinations that may have enhance effec-
tiveness or by identifying biomarkers that will 
indicate patient groups that will likely respond 
better to the therapeutic (Tuzmen et al.  2011 ). 
Consequently, it is very critical that the acquisi-
tion of the data from RNAi studies be as accurate 
and genuine. The use of appropriate siRNA con-
trols will also provide the ability to reduce the 
selection of false-positive results from these 
screens. Hence, potential transient variables 

such as transfection reagent cytotoxicity that 
may contribute to false-positive selection can be 
identifi ed and fi ltered out during the analysis 
(Echeverri et al.  2006 ; Zhang  2010 ; Das et al. 
 2012 ). These controls can then also be used to 
assess the quality of the HT-RNAi screen over a 
large genome- wide library. Plate-to-plate and 
run-to-run variations within the screen provide 
an overall assessment of the robustness of the 
screen. 

 Application of HT-RNAi to functional che-
mogenomics is a powerful strategy for “predictive 
pharmacogenomics” since it permits the discovery 
of candidate biomarkers that are causally related to 
drug response (Tuzmen et al.  2011 ).   

4      Power Calculations 
and Statistical Analysis 

 The power of a statistical test can be described as 
the probability that it will give a statistically 
signifi cant result when the null hypothesis is 
false. Fisher’s and Neyman-Pearson’s theories for 
hypothesis testing have become the two most pop-
ular of the statistical tests in biomedical sciences 
since they have been described (Fisher  1958 ; 
Neyman and Pearson  1933 ). In order to face the 
challenges of the biomedical data and clinical 
studies, strengths of both tests have been utilized 
by a combination approach where both a signifi -
cance of the statistics can be provided with the 
power of the test (Lehmann  1993 ; Altman and 
Goodman  1994 ). Details of the theories and the 
applications of each test have been covered in 
many publications to date. In this chapter, our goal 
is neither a comprehensive review nor teaching 
basics of statistics but to address how power calcu-
lations can be effectively adapted to genome-wide 
studies and the statistical analysis approaches used 
for genome-wide association studies (GWAS) that 
are the backbone of pharmacogenomics. 

4.1      Power Calculations 

 In statistical analysis the main parameters effect-
ing the outcome can be listed as (1) the statistical 
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model chosen for testing, (2) effect size and its 
variability, (3) sample size, (4) type I error (sig-
nifi cance, α), and (5) type II error (power of the 
test, 1-β). Among all fi ve parameters sample size 
is the one that researchers have the most control 
over and by determining the appropriate sample 
size for the study, signifi cance of the results and 
the power of the test can be assured. Power calcu-
lations aim to determine the sample size for the 
desired statistical signifi cance at the design stage 
of the studies. The smallest study size that can 
detect the appropriate effect size with desired 
power can be calculated through power calcula-
tions. Main goal of the power calculations is to 
design effi cient studies where enough samples 
are analyzed without need for excessive data 
collection. 

 In general, biomedical study designs can vary 
from a basic candidate gene-fi nding study or 
association of genetic variations with a pheno-
type and drug response to genome-wide associa-
tion studies to determine risk SNPs. In any of the 
study designs, case-control, cross-sectional, or 
prospective sampling strategies can be used for 
the selection of study population. The goal of the 
study and selection method of study population 
mostly determines the parameters that should be 
considered while calculating the sample size. 
Typically type I error of  α  = 0.05 (signifi cance) 
and type II error of  β  = 0.20 (power of 80 %) are 
accepted. In a classical genetic epidemiological 
study like candidate gene fi nding, the factors that 
have to be determined before any power calcula-
tion to fi nd the appropriate sample size are the 
prevalence or the relative risk of the condition 
under study to determine effect size, and the ratio 
of cases vs controls as recruiting more controls 
can increase the power. In order to identify the 
association of genetic variations, additional 
parameters are necessary. Most important param-
eters are the mode of inheritance (multiplicative, 
additive, recessive, or dominant), linkage dis-
equilibrium (LD), and marker allele frequency 
(maf). In either study the Pearson’s chi-squared 
test is suggested for case-control design (Sasieni 
 1997 ). If a trio study is being conducted where 
three members of a family (child, mother, and 
father) are recruited, then effect size of the study 

cannot be represented with the prevalence or 
 relative risk of the population. Advantages of a 
trio study are control for the population stratifi ca-
tion and detection of parent of origin and/or 
any genotyping errors. Trio studies are preferred 
to study genetic variation of rare diseases. The 
Spielman’s transmission disequilibrium test 
(TDT) is available for the analysis of trio studies 
where the number of trio families is used as the 
number of participants while calculating the 
expected power (Spielman et al.  1993 ). 

 When    any of the studies described above is 
conducted at genomic level, like genotyping 
hundreds of thousands up to millions of single- 
nucleotide polymorphisms (SNPs) in a single 
study, to detect changes in the minor allele fre-
quencies, its results represent genome-wide 
associations. Genome   -wide studies are mainly 
designed for genomic marker discovery for 
chronic complex diseases, drug effi cacy, and 
side-effect studies and require sample sizes of 
thousands for the accurate interpretation of the 
results. The details of the statistical design and 
analysis issues of genome-wide studies espe-
cially in pharmacogenomics studies will be 
covered in the following sections.  

4.2      Tools for Calculating 
Sample Size 

 There is variety of software tools available to aid 
researchers with the power calculations at the 
design phase of their studies. The study designs 
that can be assessed with these tools range from 
candidate gene association studies to gene-gene 
interaction or gene-environment interactions for 
case-control or cross-sectional studies. 

 The most popular power calculation tools can 
be listed as:
    (a)     CaTS : Power  ca lculator for  t wo- s tage asso-

ciation studies is a genetic power calculator 
for case-control association studies including 
two-stage genome-wide association studies. 
It has been developed by Skol et al., and the 
software is available for download through 
  http://www.sph.umich.edu/csg/abecasis/CaTS/
index.html    . Information on the prevalence, 

Y. Aydın Son et al.

http://www.sph.umich.edu/csg/abecasis/CaTS/index.html
http://www.sph.umich.edu/csg/abecasis/CaTS/index.html


111

relative risk, allele frequency, mode of 
inheritance, case-control ratios, as well as 
the expected signifi cance level can be deter-
mined using the sliders on the graphical 
interphase of the software. Tutorials provided 
with example data provides further training 
on the software. The details on the calcula-
tions implemented in the software are 
described in Skol et al. ( 2006 ).   

   (b)     Quanto  is a software that computes sample 
size or power for association studies of 
gene, gene-gene, or gene-environment 
interactions. Studies with matched case-
control, case-sibling, case-parent, and case-
only designs can be evaluated with Quanto 
through the graphical interface that allows 
users to select/change models to observe 
the results without restarting. Program runs 
on windows platforms and analysis results 
can be exported as a text fi le. The software 
can be downloaded through   http://hydra.
usc.edu/gxe/     .    

   (c)     GPC : Interactive  G enetic  P ower  C alculator 
is a website that provides an interphase for 
various power calculations including discrete 
and quantitative trait TDT analysis (Purcell 
et al.  2003 ). The program can be reached 
from   http://pngu.mgh.harvard.edu/~purcell/
gpc/     where links to different analysis options 
and tutorials are available. After the statisti-
cal model of the study is selected, parameters 
such as prevalence, relative risk, and allele 
frequencies are asked. According to the 
expected type I and type II errors, the analy-
sis returns appropriate sample sizes.   

   (d)     PAWE :  P ower for  a ssociation  w ith  e rror 
computes power and sample size calcula-
tions for genetic case-control association 
studies in presence of genotyping errors 
and also offers the option to determine 
power for a fi xed sample size (Gordon et al. 
 2002 ). In case of no genotyping errors, the 
calculation results will match other power 
calculators listed above. PAWE program 
also runs through its website   http://linkage.
rockefeller.edu/pawe    . In the fi rst screen 
analysis for either power calculations for a 
fi xed sample size or sample size calculation 

for a fi xed power can be selected. Then, the 
other parameters such as case-control ratios 
are entered, and the calculation results are 
returned on the screen.      

4.3       Pharmacogenomics and 
Genome-Wide Association 
Study Design 

 Post-Human Genome technologies and knowl-
edge shifted how we study genetics at molecular 
level from single gene approach to genomic level 
studies. Pharmacogenomics approach, where 
variation in drug effects are studied as a function 
of genetic variation, has been utilized to carry 
pharmacogenetic studies at genomic level. 
Genome-wide association studies (GWAS) are a 
fundamental approach in pharmacogenomics 
with their potential to reveal molecular basis of 
variations to drug effi cacy and side effects within 
populations through analysis of polymorphisms 
(Gurwitz and McLeod  2009 ). 

 Genome-wide association studies are 
hypothesis- free, unbiased studies for discovery 
of novel variants with the capability to test few 
thousands to up to million markers at a time. In 
order to identify small changes with high confi -
dence, a study design with large group of subjects 
is essential. Due to the challenges with analysis 
of appropriate case numbers, so far outcomes of 
completed GWAS for pharmacogenomics were 
only able to defi ne major effects of genomic vari-
ations on drug response and susceptibility to side 
effects (Duncan  2009 ). 

 In GWAS design, large sample size is required 
to be able to detect rare variations and effects and 
also to be able to handle increasing number of 
false associations as hundreds of thousands of 
markers are studied simultaneously (Reich and 
Lander  2001 ; Wang et al.  2005 ). GWAS face a 
challenge on both side of the study design. 
Conducting studies at the required size increases 
the analysis cost, while recruiting enough partici-
pants might also raises its own problems. On the 
other hand, if these challenges are not met, overall 
study might fail to discover associations at a sig-
nifi cant level due to the low power of the study. 
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 A GWAS can be designed as a single stage or 
two stage depending on the goal of the analysis, 
which mainly affects the number of participants 
needed and the cost of the studies. Single-stage 
cohort studies aim to collect baseline information 
on the participants and monitor the changes in a 
prospective study. Even though single-stage 
cohort studies require the largest number of indi-
vidual and have the highest cost, novel and pre-
dictive biomarkers and rare associations for 
complex diseases within populations can be dis-
covered. Most of these studies are conducted by 
governmental support or funded by big pharma-
cological companies. 

 Single-stage case-control studies are preferred 
widely for academic and clinical research. Case- 
control studies have the strength of comparing 
allele frequencies in patients compared to the con-
trol group. In GWAS with case-control design, the 
sample size requirement is usually at a much 
lower scale than cohort studies. Investigations on 
the power of GWAS suggests around 1,000 par-
ticipants each for both case and control groups for 
the single-stage or the initial stage of a two-stage 
study to be able to address the issue of increased 
number of false positives due to the genome-scale 
multiple marker analysis (Eberle  2007 ). Still 
many GWAS that have been completed are done 
with fewer participants than the statistically 
required number. These studies were able to dis-
cover the major associations between the varia-
tions, and the effects have been described even 
though there were limitations due to the sample 
size (Crowley et al.  2009 ). 

 In early 2000s when the    idea of GWAS was 
new and studies were much costly, different 
approaches with two-stage design have been 
proposed. A usual two-stage design involves 
genome-wide analysis of the initial case-control 
group and then replicating the results for small 
number of associated markers on other case- 
control groups. Another example to a two-stage 
design would be using pooled sample of DNAs 
in the fi rst stage to be able to survey higher 
number of individuals by following up with 
individual genotyping of few. Especially, the 
two-stage dependent design, in which the par-
ticipants in the second stage are also sampled in 

the fi rst stage, has been shown to be the more 
cost-effective even when compared to one-stage 
design (Wang et al.  2009 ). Availability of low-
cost commercial genotyping platforms, along 
with the opportunity for researcher to test mul-
tiple hypotheses with multiple end points, is 
now the main driving cause behind selecting 
one-stage designs (Duncan  2009 ). 

 In general, sample size and power estimations 
options are compared to decide on the optimal 
study design which will provide the maximum 
power for the total cost of the study. In some 
cases, the maximum power can also be optimized 
against other parameter such as sample size, gen-
otype cost, and type I error.  

4.4       Analysis of Genome-Wide 
Association Studies 

 Genome-wide association studies (GWAS) aim 
to discover genomic level variance among indi-
viduals or different case-control groups within a 
population in a holistic and agnostic manner. The 
case-control studies mainly focus on identifi ca-
tion of signifi cant variations that are likely to be 
associated with phenotypes, susceptibilities, 
disease conditions, and drug effi cacy or side effects. 
Following the advancements in the genomics- 
based technologies, the single-stage case-control 
design has become much cost-effective and over-
whelmingly preferred as mentioned in the previ-
ous sections. Thus, this section will focus on the 
overall statistical analysis of GWAS with single- 
stage case-control design for discovering poly-
morphic associations. Also, further approaches 
that need to be employed before the validation 
studies will be discussed. 

4.4.1      Association Analysis 
and Multiple Testing 

 In a typical GWAS after genotyping is completed, 
allelic frequencies of all control and case subjects 
are compared and the signifi cant variations 
between cases and controls are reported. A widely 
used software PLINK is designed to perform 
basic, large-scale statistical analysis of GWAS. 
PLINK provides a comprehensive toolkit solely 
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for the whole-genome association analysis step of 
genotype-phenotype data, so it can handle GWAS 
data only after the genotyping is completed. 
PLINK is developed by Shaun Purcell and his col-
leagues at the Center for Human Genetic Research 
Massachusetts General Hospital and the Broad 
Institute of Harvard and MIT (Purcell et al.  2007 ). 
It is free, open-source software basically operated 
through command line, available for download at 
  http://pngu.mgh.harvard.edu/~purcell/plink    . The 
graphical user interphase and visualization of 
analysis results and is supported by third-party 
tools like gPLINK and Haploview. 

 PLINK offers all the basic association testing 
models available for the analysis of GWAS 
analysis of case-control studies including stan-
dard allelic test, Fisher’s exact test, Cochran-
Armitage trend test, Mantel-Haenszel, and 
Breslow-Day tests for stratifi ed samples, domi-
nant, recessive, and general models and model 
comparison tests. Multi-marker predictors, hap-
lotypic tests, copy number variant analysis, and 
TDT analysis for family-based studies are addi-
tional analysis options offered by PLINK. 

 GWAS analysis provides testing for multiple 
hypotheses as hundreds of thousands of SNP 
markers are tested simultaneous. That raises the 
issue of high number of false-positive results that 
would pass the thresholds of statistical signifi -
cance purely by chance. The multiple-hypothesis 
correction tests just as Bonferroni and false dis-
covery rate (FDR) have been suggested, but these 
generic multi-hypothesis correction tests do not 
account for the association of SNPs to each other 
on the same haplotype through LD and are found 
to be too conservative for GWAS analysis (Storey 
and Tibshirani  2003 ). 

 The resulting  p -values of associations should 
be interpreted with utmost caution for GWAS 
analysis. The  p -value indicates the “strength of 
the evidence found against the null hypothesis.” 
It has been shown that the hypothesis testing 
results with widely excepted p-value 0.05 may 
not be the conventional threshold to support evi-
dence against the null hypothesis in case of 
GWAS analysis (Azuaje  2010 .) The genome- 
wide signifi cance threshold can be estimated by 
accounting for (1) ratio of markers selected to 

the total number of markers investigated in a 
GWAS. As the total number of selected SNPs is 
small enough compared to up to millions of 
SNPs, it can be ignored in the calculations. So, 
the problems present itself as the ratio of 
genome-wide error to total number of markers in 
the study. Then   , in a genome-wide study of mil-
lions of SNP markers with the estimated genome-
wide type I error of 0.05, the  p -value threshold 
of 0.5·10 −7  would be acceptable to determine sta-
tistical signifi cance of the identifi ed associations 
(Panagiotou and Ioannidis  2012 ). 

 PLINK also offers the meta-analysis option, 
through which the results of independent studies, 
with same research hypothesis, are combined. It 
does not require access to the original data, but 
the analysis results are collected and a consensus 
is presented. Meta-analysis has been accepted as 
an appropriate method to increase the statistical 
power in genetic analysis (Sagoo et al.  2009 ; 
Yesupriya et al.  2008 ).  

4.4.2      SNP Subset Selection 
 Next stage in the GWAS analysis after determi-
nation of statistically associated SNPs is the rep-
lication and/or validation of the study for selected 
markers through independent studies. Focusing 
on a smaller subset of SNPs from the initial study 
is recommended in order to decrease the burden 
on the cost and statistical analysis. The subset of 
SNPs can be selected through various approaches 
depending on the choice of the researcher. The 
most direct forward approach is to use the calcu-
lated  p -values by setting an appropriate threshold 
for the study including all SNPs with a  p -value 
smaller than the cutoff in the validation phase. 
Many alternative strategies also have been sug-
gested such as population attributable risk, the 
false-positive report probability, Bayes factors or 
 q -values, empirical Bayes estimates of effect 
size, and multi-marker methods like a local scan 
statistic where a specifi c variable is used to com-
pare the signifi cance assigned to the SNPs in the 
study. The specifi c variable that carries prior 
information about the markers has been shown to 
improve the subset selection, allowing the 
researchers to focus on SNPs with higher rate of 
true associations (reviewed in Duncan et al.  2009 ). 
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This observation has paved the road to the 
development of further methodologies for the 
selection of SNPs, based on multiple parameter 
criteria rather than single prior information.  

4.4.3      Prioritization 
of Associated SNPs 

 The linkage disequilibrium (LD) between SNPs 
is not considered during the statistical analysis, 
while the  p -value associations are calculated for 
SNP biomarker discovery in a GWAS setting; 
therefore, concentrating solely on the statistical 
evidence alone is not an adequate approach. So, it 
is highly unlikely that the true causal polymor-
phisms would be identifi ed by using a single 
threshold for the  p -values of association as the 
genotypes will be very similar. Additionally, sim-
ulations showed that even when there is weak 
predictive prior knowledge and even the ones that 
are truly predictive are unclear, the prioritization 
through hierarchical Bayes ranking utilizing mul-
tiple features led to better power than just relying 
of  p -value thresholds (Duncan et al.  2009 ). 

 The necessity of prioritizing SNPs for subse-
quent GWAS and/or functional experiments leads 
the search for optimum prioritization method for 
SNPs. Alongside with statistical evidence, use of 
other available information such as biological/
functional effects of SNPs and other contributing 
factors to the disease susceptibility like conserva-
tion, natural selection, and microRNA binding 
has been suggested (reviewed in Üstünkar  2011 ). 
Today many software tools are available for the 
systematic prioritization of SNPs based on the 
various of biological information available in 
public databases such as SPOT (Saccone  2010 ), 
FunctSNP (Goodswen et al.  2010 ), FASTSNP 
(Yuan  2006 ), SNPLogic (Pico  2009 ), SNPinfo 
(Xu and Taylor  2009 ), and SNPit (Shen  2009 ). 

 Recently, using meta-analysis is also sug-
gested for prioritizing genes and SNPs for subse-
quent studies after GWAS. Besides combining 
test statistics from comparable studies, other 
statistical approaches like Fisher’s method of 
combining  p -values are proposed (Fisher  1948 ). 
Another method favored by researchers is con-
verting the test statistics into  z  scores and using 
odds ratios and regression coeffi cients. There are 

various number studies for SNP prioritization 
utilizing meta-analysis results (reviewed in 
Üstünkar  2011 ). Some of them are based mainly 
on meta-analysis of the  p -values, whereas others 
like METU-SNP utilize predetermined decision 
rules that are based on available evidence in addi-
tion to meta-analysis results to guide the decision 
(Üstünkar and Aydın Son  2011 ). 

 For    many of the GWAS results, however, the 
underlying mechanisms, such as the effect of the 
genetic variant on regulation, function and struc-
ture of the protein product, or transcription, 
remain unclear, and overall associations are able 
to explain only a limited amount of heritability. 
These issues may be clarifi ed by more detailed 
investigations on the prioritized SNPs in combi-
nation with the analyses of rare variants at 
genomic and epigenomic levels. Further studies 
on wide range of populations would validate the 
fi ndings of GWAS and ultimately will provide 
the evidence needed for developing predictive 
and personalized approaches for pharmacoge-
nomics applications and maintaining public 
health.    

5      Conclusion 

 At the twenty-fi rst century, we are fortunate to 
witness the revolutionary changes in pharmaceu-
tical and medical science due to fi nalization of 
Human Genome Project (HGP) in 2003. In the 
current postgenomic era, there is rapid increase in 
the amount of genomic knowledge, which could 
be utilized to improve pharmacotherapy via phar-
macogenomics by identifying  patients for ADR 
risk . Pharmacogenomics studies of variability in 
drug safety and effi cacy using information from 
the entire genome of a patient without a priori 
hypotheses specifi c to a candidate gene is the cor-
nerstone of P4 medicine (Gurwitz and Lunshof 
 2011 ). However, pharmacogenomics is still at its 
infancy. Even though clinically meaningful asso-
ciations have been established for few drugs, and 
various technologies that are now being used such 
as gene expressions, genome- wide associations 
studies, epigenomics, proteomics, and metabolo-
mics, it rarely provides simple, clear-cut result 
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(Kirchheiner et al.  2005 ; Swen et al.  2007 ; Crowley 
et al.  2009 ; Daly  2010 ; Stuart  2011 ; Clayton et al. 
 2006 ,  2009 ; Ingelman- Sundberg and Gomez 
 2010 ). Prior to pharmacogenetic testing being 
 routinely available in clinical settings, there is an 
urgent need to have more prospective evidence to 
support its clinical utility. 

 Recently developed pharmacogenomics tests 
and emerging technologies should be carefully 
implemented in clinical practice as soon as they 
are available, for the public to appreciate the 
benefi ts of personalized medicine/healthcare. 
Teaching the current, continuously updated 
knowledge of pharmacogenomics should not 
be postponed until the new paradigm arrives. 
Education of healthcare providers, graduate med-
ical and pharmacy students, policymakers, the 
public, and governments about genomics medi-
cine and bioeconomy contributes to “collective 
learning” essential in the postgenomic era for 
integration of pharmacogenomics as a part of P4 
medicine into mainstream healthcare (Hizel et al. 
 2009 ). Legal aspects should also be considered in 
terms of the problem of availability and the 
degree of qualifi cation of commercial drug tests 
on the market (Williams-Jones and Corrigan 
 2003 ; Ozdemir  2010 ; Ozdemir et al.  2011 ,  2012b ; 
Ozdemir and Knoppers  2010 ).     
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 Abstract 

   Clinical trials are aimed at compiling evidence of effi cacy and safety 
through the use of drugs in a large number of patients. Large numbers are 
required to overcome the issues such as disease heterogeneity, partial 
understanding of the underlying disease mechanisms, and variability in 
drug response adverse drug reactions. Due to poor effi cacy and suboptimal 
safety, the failure rate of potential products in development is more 
than 90 %. This pipeline attrition has an enormous cost – both fi nancially 
and time-wise. 

 Novel approaches and tools of omics, especially “pharmacogenomics,” 
have enabled exploration of the molecular mechanisms underlying differ-
ences in drug response and thereby reduce attrition. After the sequencing 
of human genome, genomic information has benefi tted the mankind in a 
number of ways. The    stratifi cation of patients based on their genotype, 
thus prevents the occurrence of severe drug reactions and better clinical 
outcome in susceptible patients, is one of the few examples of use of 
genomics in the area of health care. Pharmacogenomics identifi es safety 
biomarkers and provides an opportunity to rescue a compound that would 
otherwise fail to be commercialized due to safety concerns. Further the 
knowledge of pharmacogenomics along with bioinformatics during differ-
ent phases of clinical trials will formulate the drugs with more therapeutic 
effectiveness and with minimum adverse effects. This will also reduce 
the cost of adverse drug reactions being experienced by the patients and 
chances of withdrawal of the drug molecule from the market. 

      Omics Approaches 
and Applications in Clinical Trials 
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  Department of Molecular Biology, Institute of 
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1             Introduction 

 A clinical trial is defi ned as any investigation in 
human subjects intended to discover or verify 
the clinical, pharmacological, and/or other 
pharmacodynamic effects of an investigational 
product(s) and/or to identify any adverse reactions 
to an investigational product(s) and/or to study 
absorption, distribution, metabolism, and excre-
tion of an investigational product(s) with the 
object of ascertaining its safety and/or effi cacy 
(Aronson  2004 ). 

 The evolution of clinical research has been a 
long and fascinating journey. Evidences from 
history suggest that drug discoveries are the 
result of serendipity and a product of trial and 
error method “guided as much by the intuition and 
serendipity of chemists, biologists and physicians 
as by any rational linear process” (Papanikolaw 
 1999 ). Prior to the existence of pharmaceutical 
industry, drugs were discovered by accident and 
their uses passed down by verbal and written 
records (Ratti and Trist  2001 ). People have found 
berries, roots, and barks that could be used to 
treat or to alleviate symptoms of illness (Boa  2003 ). 
One of the best examples is of willow bark 
containing salicin, which was used to reduce 
fever, and of cinchona bark from which quinine 
was discovered (Boa  2003 ). 

 In the twentieth century, when the pharmaco-
logical basis of disease and drugs were defi ned, 
the drug discovery process was based on the 
conventional methods of hit and trial (Papanikolaw 
 1999 ). The pharmaceutical industry was initiating 
screening of known compounds or randomly 
testing any available molecules. A few examples 
of successful drugs, which were discovered in 
this way, are chlorpromazine and meprobamate 
benzodiazepines (Ratti and Trist  2001 ). In this 
process expected potential lead molecules were 
obtained from serendipity or from screening of 
the chemical diversity (Papanikolaw  1999 ). 
These molecules were further optimized by 
medicinal chemist and were passed to the process 
of development and eventually into the market. 
However, this approach suffered from a drawback 
of lack of suffi cient molecules with high enough 
structural diversity and effi cacy. 

 In the 1980s, more rational approach was 
developed using in vitro assays (rather than 
previously used in vivo assays) on animal tissues 
which became a central part in the process for 
giving valuable information on structure–activity 
relationships. This also helped in pharmacophore 
construction. Therefore, if the lead molecule 
fails, then there is suffi cient information on 
structure and activity in order to allow the cause 
for failure to be extricated from the molecule 
(Papanikolaw  1999 ). 

 From the very fi rst recorded trial of legumes in 
biblical times to the fi rst randomized controlled 
trial of streptomycin in 1946, the history of clinical 
trial is full of examples (Bhatt  2010 ). In 1747, 
scurvy trial was conducted by James Lind which 
contained most of the elements of a controlled 
trial. The UK Medical Research Council’s (MRC) 
trial of patulin for the treatment of common cold 
in year 1943 was the fi rst double-blind controlled 
trial. These studies have paved the way for conduct-
ing the fi rst randomized control trial of streptomycin 
in pulmonary tuberculosis which was carried out 
in 1946 by MRC of the UK. 

 Over the years, as the discipline of clinical 
trials grew in sophistication and infl uence, a 
number of clinical trials have come into existence 
with groundbreaking results. The clinical trials 
consist of four phases: phase I is conducted on 
healthy volunteers and mainly include pharmaco-
kinetic studies, phase II is designed to explore the 
therapeutic effi cacy and tolerability in diseased 
individuals, phase III trials are conducted with 
large sample sizes and produce confi rmatory 
results, whereas phase IV trials assess the long- 
term drug effi cacy and also include post market 
surveillance studies. 

 The most common cause of termination of a 
clinical trial or failure of a drug molecule is lack 
of desired therapeutic effi cacy followed by safety 
concerns (McCarthy et al.  2005 ). This occurs in 
phase II and phase III trials. Phase III trials utilize 
a very large share of the resources and are con-
ducted on a large population group. Therefore, 
the unsuccessful ending of a trial is unacceptable 
to a pharmaceutical fi rm in terms of time loss and 
fi nancial loss incurred. The complete process 
of drug development is extremely expensive. It has 
been found that industry-funded sources put the 
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cost at approximately €500–800 million per 
marketed drug (Anon  2001 ; DiMasi  2002 ; 
DiMasi et al.  2003 ). Few suggest that the fi gure is 
considerably lower (Henry and Lexchin  2002 ; 
Public Citizen  2001 ). After discovery of the com-
pound, it takes approximately 10–15 years for a 
drug to reach to the market (Anon  2001 ). In addition, 
there is a high attrition rate with only one out of 
every 5,000 chemical compounds considered to 
have a therapeutic potential of being successfully 
developed for clinical use. 

 Before the advent of pharmacogenomics and 
proteomics, effi cacy and safety concerns were 
poorly determined in a clinical trial leading to 
higher attrition rate. Nowadays, the predictability 
of safety and effi cacy of a drug has increased to 
a signifi cant level as these are infl uenced by 
genomic profi le of an individual which can be 
assessed by pharmacogenomic studies (Surendiran 
et al.  2008 ). 

 The last decade has seen remarkable techno-
logical developments in many sectors of biological 
and medical research. The sequencing of Human 
Genome and International HapMap projects has 
increased the expectations in health-care fi eld by 
generating the tools which are aimed at identifying 
and characterizing human diversity (Shyh-Yoh 
et al.  2012 ). These projects have provided a large 
resource of single nucleotide polymorphisms 
(SNPs), explaining the variations between differ-
ent individuals and different ethnic groups. Now 
there is lot of literature available explaining con-
tribution of genetic variability in drug-metabolizing 
enzymes, transporters, and drug targets toward 
interindividual differences in efficacy and 
toxicity of many medicines. Pharmacogenomics 
broadly explains the interindividual variability 
related to drugs prescribed on the basis of indi-
vidual’s genomic profi le. Till now focus of phar-
macogenomics was on studying the relationship 
between DNA variants – mainly in the genes 
encoding for drug absorption, drug metabolism, 
and excretion system. Pharmacokinetics refers 
to the analysis of how drug molecules available 
in the blood stream, transported to the target site 
with the help of transporter proteins, binds to 
the target and subsequently metabolized and 
excreted. Pharmacodynamics refers to the target 
receptor binding and subsequent signaling or 

metabolic events that determine the therapeutic 
effi cacy and is the area of focus of pharmacoge-
nomics recently (Shyh-Yoh et al.  2012 ). The 
addition of pharmacogenomic information has 
improved the understanding of interindividual 
variability in pharmacokinetic and pharmacody-
namic profi le of a drug molecule administered in 
a subgroup of population. 

 Despite the increase in investment in research 
almost twofold, the industry has submitted 50 % 
fewer new drug applications to the US Food and 
Drug Administration (FDA) in comparison with 
applications fi led in the years of 1997–1998 
(Lesko and Woodcock  2004 ). Moreover, number 
of new applications fi led to regulatory agencies 
for drug approval has shown a reduction almost 
every year over the last decade.  

2      History of Pharmacogenomics 

 Numerous efforts have focused on identifying the 
mechanisms underlying the variability in drug 
response from individual to individual. Initially, 
disease heterogeneity, age, gender, diet, coad-
ministration of drugs, renal function, and hepatic 
function are various causes identifi ed to modify 
drug response. A large body of literature governs 
the role of genetic factors in the pathogenesis of 
various diseases as well as in interindividual 
variability toward drug response. Genetic factors 
can account for 20–95 % of the variability in drug 
therapies (Evans and McLeod  2003 ). Throughout 
the history, the art of prescribing medicines has 
evolved from advances in various fi elds of science 
and technology. One of the major areas which has 
changed the view of researchers and clinicians is 
pharmacogenomics/pharmacogenetics. The history 
of pharmacogenetics dates back to 510 BC, when 
Pythagoras observed that the ingestion of fava 
beans results in potentially fatal condition in 
some individuals but not in others (Bhatt  2010 ). 
Since then there have been a number of landmarks 
in the fi eld of drug discovery and development, 
for example, a link between the inability to taste 
phenylthiocarbamide (PTC) and an autosomal 
recessive trait was the fi rst report of pharmacoge-
nomics study in 1932. This report demonstrated 
that certain chemicals react differently based 
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on genetic differences (Mancinelli et al.  2000 ). 
Another example of genetic differences in drug 
metabolism was the varied response of patients to 
succinylcholine, described by Kalow in the 1950s 
(Sweeney  2005 ). A defi ciency in plasma cholin-
esterase activity (an enzyme) affecting approxi-
mately 0.03 % of the population, which was due 
to an inherited abnormality of succinylcholine 
metabolism resulted in prolonged paralysis. 
The term pharmacogenetics was coined in 1959 
by Friedrich Vogel to describe the examining of 
inherited differences in response to drugs (Vogel 
 1959 ). Basically the variation in genes in the 
form of single nucleotide polymorphisms, copy 
number variation, and others has been found 
to be implicated in interindividual variability 
toward drug response and drug-associated 
adverse effects leading to poor clinical outcome. 
The rapidly emerging fi elds of pharmacogenomics 
and proteomics have become a key phase of new 
drug development, examples of which can be 
observed in medications used in pain management, 

chemotherapeutics, epilepsy, hypertension, 
cardiovascular disorders, cancer, metabolic dis-
orders, and various other diseases. Therefore, the 
incorporation of pharmacogenomics in clinical 
practice has the potential to improve effi cacy and 
reduce toxicity by providing the right drug to the 
right person in right dose (Pirmohmad and Lewis 
 2004 ). The process of drug development includes 
target identifi cation, preclinical drug development 
including screening studies using animal models, 
clinical drug development, and marketing (phase 
I, II, III, IV). Figure  7.1  outlines the use of phar-
macogenomics in drug development process.

3         Target Selection 

 The process of drug development starts with 
the identifi cation of a potential target at which a 
drug can initiate expected effect in a particular 
disease. Researchers try to fi nd/select a biological 
target such as a particular metabolizing enzyme, 
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a transporter, a receptor or ion channel, and a 
protein in signal transduction, to develop the 
expected drug molecule. The selection of drug or 
lead molecule involves finding a group of 
molecule/single molecule which might have the 
potential to target the protein or enzyme and 
can modulate its activity. Lead candidates thus 
selected are chemically modifi ed and pharmaco-
logically characterized to obtain a candidate 
molecule with desirable pharmacokinetic and 
pharmacodynamic properties and subjected to 
preclinical development. It helps to fi nd the right 
drugs for the right patients so as to avoid undesir-
able adverse drug effects. A number of research 
tools are available for exploring new methods 
for preventing, diagnosing, and treating disease 
which have replaced the traditional methods of 
target selection and drug development process. 
At present the target selection is carried out 
by the medical genomics, transcriptomics, and 
proteomics. DNA microarrays and microfl uidic 
devices, high-throughput screening, are the few 
examples of advanced tools of genetics which are 
used in pharmacogenomic profi ling. The massive 
amounts of sequence data is handled by using 
improved genome-based research strategy, infor-
matics and analytical methods, and automated 
instruments. Genomic techniques have helped us 
in identifying new gene targets and their asso-
ciation between established biomarkers and 
drug responses. The Pharmacogenetics Research 
Network (PGRN), The SNP Consortium (TSC), 
and the International HapMap Project are large- 
scale collaborations in pharmacogenomics 
area. Efforts from the PGRN have already con-
tributed to the development of Pharmacogenomics 
Knowledge Base program (PharmGKB), by 
Stanford University. This database evaluates the 
functions of proteins, identifi es polymorphisms, 
and assesses the relationship of genetic variants 
to clinical drug responses. The database is made 
up of patient information such as medical history, 
drug responses, side effects, and DNA sequences. 
Currently it contains information on 608 
genes, 540 drugs, 523 diseases, and 27 annotated 
 phar macogenomics genes (Klein et al.  2001 ; 
Stanford University  2007 ). TSC was a nonprofi t 
partnership between major pharmaceutical, 

technological companies, and academic research 
centers, formed in year 1999. The aim of TSC 
was to identify 300,000 single nucleotide poly-
morphisms (SNPs) of biomedical interest. 

 The HapMap Project, aimed to identify 
common genetic variations in humans, was started 
in 2002 (International HapMap Project  2007 ). 
HapMap is a useful tool not only for conducting 
association studies but also allowing researchers 
to link variations to predict the risk for specifi c 
diseases (Ahn  2007 ). HapMap will enable the 
rapid dissection of genetic contributions to drug 
responses used in the treatment of various diseases. 
The identifi cation of the haplotype of vitamin K 
reductase 1 gene (VKORC1) in correlation with 
warfarin sensitivity was based data generated by 
HapMap (Geisen et al.  2005 ). Similarly the role 
of human leukocyte antigen (HLA) haplotypes in 
determining the drug-associated adverse drug 
reactions was another contribution of HapMap 
(Hung et al.  2005 ).  

4      Preclinical Drug Development 

 Preclinical phase of drug development process 
involves the laboratory-based analysis of a 
potential drug molecule. This phase consists of a 
wide array of chemical and biochemical assays, 
animal models, and cell culture methods. Mainly 
pharmacological studies (pharmacokinetic and 
pharmacodynamic) and toxicological studies 
(acute, subacute, chronic, reproductive, and 
mutagenic) are performed to check the lead 
molecule. Pharmacogenetics has great impact 
on preclinical phase of drug development. 
Interindividual variability in metabolism of drugs 
is known for years now. The identifi cation of the 
molecular abnormalities underlying phenotypic 
variability has led to the development of in vitro 
screens. For instance, a major advance has been 
the development of cell lines expressing drug-
metabolizing enzymes, e.g., the cytochrome 
P450 enzymes. The CYP450 group of enzymes is 
the most versatile group of biological catalysts 
known to exist in nature and is involved in the 
metabolism of majority of the available drugs. 
This allows the consideration of interaction of a 
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drug with a particular enzyme (CYP450 enzyme) 
at an early stage of development and the subse-
quent prediction of polymorphic metabolism in 
human with the possibility of drug–drug interactions 
(Park and Pirmohamed  2001 ). Further development 
of a molecule is abandoned, once it is clear from 
preclinical studies that a drug is a substrate for a 
polymorphic metabolizing enzyme, in case, if the 
molecule is developed, an appropriate warning 
for prescriber is placed on drug label. This type of 
screening may be extended to the protein targets 
on which drugs act, e.g., ion channels and receptors. 
Further development in pharmacogenomics has 
been concentrated on the use of gene expression 
profi ling in order to predict toxicity and drug-
related adverse effects. A large amount of money 
is being spent for developing databases of gene 
expression profi les in relation with known toxi-
cants with the hope that databases would allow 
future candidate gene selection and reduce attrition 
rates later in the drug development processes. 
   Although this may help in certain situations, where 
the adverse effect depends on an idiosyncratic 
feature found only in a small proportion of patients, 
it is also important to note that such screens 
will not replace animal experimentation as they 
are not absolute predictive (Lindpaintner  2002 ). 
However, it is possible that these screens will 
allow more focused animal experimentation, 
leading to a reduction in the total number of 
animals tested, and thereby saving time and 
cost because of their high- throughput nature 
(Pirmohmad and Lewis  2004 ).  

5      Phase I–IV Studies 

 These clinical studies, ranging from “fi rst in 
man” kinetic and tolerability studies (phase I) in 
small numbers of healthy volunteers to the large 
randomized clinical trials designed to assess the 
effi cacy of a compound (phase II and III), provide 
the basis for regulatory approval. These trials are 
based on a statistical model of frequency, aimed 
at compiling evidence of effi cacy and safety 
through the use of the drug in large numbers of 
subjects (McCarthy et al.  2005 ). These large 
number of study subjects are needed to overcome 

many issues such as disease heterogeneity, partial 
understanding of underlying disease mechanisms, 
variability in drug responses, and placebo effects. 
Currently, the failure rate of potential products in 
development has been found to be more than 90 %. 
The main causes for this have been supposed 
to be poor effi cacy and suboptimal safety. This 
“pipeline attrition” has been estimated to bear 
enormous cost – both fi nancially and time-wise. 
The average cost of developing a market product 
is approximately more than $800 million (DiMasi 
et al.  2003 ). The estimated capitalized phase cost 
for a new chemical entity is about US$1.6 million 
for animal model testing, 15.2 million for phase I 
trial, 16.7 million for phase II, and US$27.1 million 
for phase III trials. The average time from fi rst 
screening to marketing varies between 8 and 
15 years (DiMasi et al.  2003 ). The large-scale 
phase III studies consume the majority of these 
resources and also represent up to 50 % of the 
overall attrition (Gilbert  2003 ). Novel approaches 
and tools such as pharmacogenomics may enable 
exploration of the pathophysiological mecha-
nisms underlying differences in drug response 
and reduce attrition (Lesko et al.  2003 ). 
Pharmacogenomics can be applied either retro-
spectively or prospectively in the trials. When we 
look back over the results of clinical trials, using 
genomic data to create insights into issues such as 
the kinetic and dynamic properties of drugs, effi cacy, 
and adverse events, it is termed as retrospective 
pharmacogenomics. Prospective pharmacoge-
nomics allows proactive identifi cation of patient 
subgroups (poor metabolizers or rapid metabolizers) 
that would be predictive of either positive or 
negative responses to a drug. If this data would be 
available before or between phase IIa and IIb trials, 
this would signifi cantly shorten and simplify 
phase III and increase the probability of success 
(Lesko and Woodcock  2004 ). In addition, the 
ability to prospectively identify subgroups of 
patients by therapeutic response during early 
phase II would permit the progression of multiple 
compounds that can treat overlapping groups of 
patients with the same disease subcomponent 
(Roses  2004 ). 

 Phase IV refers to the period after the licensing 
and marketing of a drug. Phase IV studies include 
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hypothesis generating, spontaneous reporting, 
hypothesis testing, and pharmacoepidemiological 
analysis. Since phase IV involves exposure of 
large number of patients to the drug, detection of 
rare adverse events usually occurs in this phase. 
Storage of DNA samples from patients treated 
with the drug in this phase may allow pharma-
cogenomic testing and identifi cation of genetic 
predisposing factors. The best example is of 
abacavir hypersensitivity, where post- marketing 
studies have found a major genetic predisposing 
factor in the major histocompatibility complex 
(MHC) locus (Mallal et al.  2002 ; Hetherington 
et al.  2002 ). For the identifi cation of rare and 
long-term drug toxicities, reduction in total 
number of patients may require more structured 
phase IV trial (Pirmohmad and Lewis  2004 ). 

 Further, prospective collection of DNA samples 
in phase IV might be expensive as the cost of this 
may have to be borne by the pharmaceutical 
industry (Roses  2000 ). This may result in the 
development of more expensive product, and 
therefore, this type of a shift in cost, to the fi eld of 
health care, is unclear at present.  

6      Role of Pharmacogenomics 
in Pharmacokinetics 

 Pharmacokinetics deals with absorption, distri-
bution, metabolism, and excretion of drugs. 
Interindividual variation in metabolism appears 
to limit the rate at which medicines are cleared 
from the body thus producing toxic effect. From 
the year 1950 onward, pharmacogenomics is used 
to explore genetic variation affecting metabolism 
(Daly  2003 ). The principle underlying the design 
of such pharmacogenomic studies has remained 
essentially the same for many years (McCarthy 
et al.  2005 ). 

 Recently with the availability of more sophis-
ticated tools, many enzymes and transporters 
involved in the drug disposition and clearance 
have come under focus. Absorption and distribu-
tion are also better understood and the relevant 
alleles are well characterized, along with their 
frequency distribution in different groups across 
the world. Studies on drug clearance on different 

individuals have revealed that at least 40 % of 
drug metabolism is via polymorphic CYP450 
enzymes (Ingleman-Sundberg  2004 ). While 
these data may appear straightforward, we 
need to be aware of complexities (confounding 
factors) that may impact the interpretation or 
analysis in a study. For example, environmental 
confounders (such as smoking), grapefruit juice, and 
drug–drug interaction can affect CYP expression 
and change the metabolic route of a number of drugs 
which are the substrates for CYP450 enzymes. 
It has been estimated that 6 % of patients on two 
medications, 50 % of those on fi ve medications, 
and nearly 100 % of those on ten medications 
experience adverse drug reactions (ADRs) because 
of drug–drug interaction (McCarthy et al.  2005 ). 
Interference in the metabolism of drugs through 
CYPP450 pathways is the major cause of these 
ADRs. For example, a person who is having 
CYP2D6 genotype responsible for extensive 
metabolizer was treated with the potent CYP2D6 
inhibitor drug, bupropion, became a phenotypically 
poor metabolizer. The extensive metabolizers in 
this enzyme are the result of some of the SNPs 
in the gene encoding for the enzyme with altered 
metabolic activity. This example clearly demon-
strates the complexity of assessing the exact 
causes of ADRs based on CYP2D6 genotype 
(Guzey et al.  2002 ). 

 It is well established that CYP2D6 poor 
metabolizers have increased biological exposure 
and increased risk of adverse events to a variety 
of commonly prescribed medicines. Despite the 
extensive research of literature, there is a shortage 
of clinical outcome studies demonstrating the 
clinical benefi t of such interventions. This lack 
of clinical utility data makes it diffi cult for physi-
cians to apply this information in their prescribing 
decisions on routine bases. 

 Although prescribing practices have not yet 
been signifi cantly altered from the traditional 
approach of “one size fi ts all,” pharmacogenomic 
information has already been appeared in the label 
information provided when the drug is dispensed 
(McCarthy et al.  2005 ). In the USA, labels for 
atomoxetine and 6-mercaptopurine provide 
information to the physician regarding the metab-
olism of these medicines by polymorphic enzymes 
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(CYP2D6 and thiopurine methyltransferase, 
respectively). Physicians have utilized this infor-
mation to identify poor metabolizers by doing 
genotypic tests. But the prescreening of patients by 
the physicians is not required prior to prescribing 
these medicines (Lesko et al.  2003 ). 

 An updated list of CYP450 enzymes and 
literature references for in vitro or in vivo activities 
for various alleles is available online (  http://www.
imm.ki.se/cypalleles/    ). In addition to polymor-
phisms in metabolizing enzymes, there are 
polymorphisms in transporters, receptors, and 
other therapeutic target receptor genes. Various 
reviews have focused on extent to which the 
metabolizing enzyme genotypes have signifi cantly 
infl uenced the drug response in people belonging 
to different ethnic population (Xie et al.  2001 ; 
Evans and McLeod  2003 ; Weinshilboum  2003 ; 
Pauli-Magnus and Kroetz  2004 ). There are 
several enzymes that are considered “established” 
biomarkers based on the criteria described in a 
recently released guidance on pharmacogenomic 
data submission (FDA  2005 ,   http://www.fda.gov/
cder/guidance/6400fnl.pdf    ). These valid biomarkers 
are defi ned as being measured in an analytical test 
system with well- established performance 
characteristics and for which there is evidence 
about the physiological, toxicological, pharma-
cological, or clinical signifi cance of the results 
(FDA  2005 ). Table  7.1  includes several drug-
metabolizing enzymes considered valid bio-
markers and summarizes the published correlation 
data between the genotypes and outcome 
measures (e.g., clinical effi cacy, ADR, doses, 
PK, and PD) for some drugs. Table  7.2  includes 
pharmacogenomic biomarkers in drug labels 
approved by the FDA.

7          Pharmacogenomics of Drug 
Effi cacy 

 Variable effi cacy is an important issue to be 
considered for drug development, which has 
direct clinical impact of a drug on patients and 
health- care systems. The most common reason 
for terminating the development of medicines is 
failure to show effi cacy in phase II studies. The 
large- scale phase III studies required to establish 
safety and effi cacy are very expensive; therefore, 
if more information could be extracted from 
smaller phase II studies to defi ne the effi cacy of 
a candidate drug molecule more clearly, then 
valuable time and resources would be saved 
during phase III. In fact, the variable effi cacy 
of medicines, even in apparently homogeneous 
patient groups recruited in phase II studies, can 
obscure true and signifi cant effi cacy in a subset of 
patients, thus leading to inappropriate termination 
of the drug (McCarthy et al.  2005 ). Effi cacy 
prediction is a very promising area for pharma-
cogenomics. Based on genetic and other validated 
biomarkers, we can identify subgroup of patients 
in phase II studies, in which new drugs are effec-
tive. Compounds or the drug molecule that are 
effective in patient subgroups may be subjected 
to further stages of drug development, and this 
will signifi cantly increase the delivery of new 
medicines to meet the unmet patient needs and thus 
increasing the productivity of pharmaceutical 
research and development. The critical issue is 
whether the phase II studies are appropriate to 
generate robust pharmacogenomics data that can 
be reliably used to support the further develop-
ment of compounds. Over half a dozen products 

   Table 7.1    DNA-based biomarkers of enzyme activities considered as valid biomarkers   

 Enzyme  Drugs  Outcome measures  Study results 

 TPMT  6-MP  Dose-limiting hematopoietic toxicity  More in TPMT defi ciency or heterozygosity 
 UGT1A1  Irinotecan  Grade 3 / 4 neutropenia, pharmacokinetic 

parameters (AUC ratio of SN38G/SN38) 
 UGT1A1 7/7 and 6/7 more frequent than 
6/6, UGT1A1∗28 and ∗6 with reduce ratios 

 CYP2C9  Warfarin  Maintenance dose time to reach stable dosing  Patients with ∗2 and ∗3 maintained 
with lower doses and took longer time 
to reach stable dosing 

 CYP2D6  Codeine  Morphine formation, analgesic effects  Higher in extensive metabolizer 

  Hung et al. ( 2005 )  
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   Table 7.2    Pharmacogenomic biomarkers in drug labels approved by the FDA   

 Drug  Therapeutic area  Biomarker  Label sections 

 Celecoxib  Analgesics  CYP2C9  Dosage and administration, drug 
interactions, use in specifi c populations, 
clinical pharmacology 

 Codeine  Analgesics  CYP2D6  Warnings and precautions, use in specifi c 
populations, clinical pharmacology 

 Tramadol and 
acetaminophen 

 Analgesics  CYP2D6  Clinical pharmacology 

 Quinidine  Antiarrhythmics  CYP2D6  Precautions 
 Terbinafi ne  Antifungals  CYP2D6  Drug interactions 
 Voriconazole  Antifungals  CYP2C19  Clinical pharmacology, drug interactions 
 Chloroquine  Anti-infectives  G6PD  Precautions 
 Rifampin, isoniazid, 
and pyrazinamide 

 Anti-infectives  NAT1; NAT2  Adverse reactions, clinical pharmacology 

 Abacavir  Antivirals  HLA-B*5701  Boxed warning, contraindications, 
warnings and precautions, patient 
counseling information 

 Boceprevir  Antivirals  IL28B  Clinical pharmacology 
 Maraviroc  Antivirals  CCR5  Indications and usage, warnings and 

precautions, clinical pharmacology, 
clinical studies, patient counseling 
information 

 Peginterferon alfa-2b  Antivirals  IL28B  Clinical pharmacology 
 Telaprevir  Antivirals  IL28B  Clinical pharmacology 
 Carvedilol  Cardiovascular  CYP2D6  Drug interactions, clinical pharmacology 
 Clopidogrel  Cardiovascular  CYP2C19  Boxed warning, dosage and 

administration, warnings and precautions, 
drug interactions, clinical pharmacology 

 Isosorbide 
and hydralazine 

 Cardiovascular  NAT1; NAT2  Clinical pharmacology 

 Metoprolol  Cardiovascular  CYP2D6  Precautions, clinical pharmacology 
 Prasugrel  Cardiovascular  CYP2C19  Use in specifi c populations, clinical 

pharmacology, clinical studies 
 Propafenone  Cardiovascular  CYP2D6  Clinical pharmacology 
 Propranolol  Cardiovascular  CYP2D6  Precautions, drug interactions, 

clinical pharmacology 
 Ticagrelor  Cardiovascular  CYP2C19  Clinical studies 
 Cevimeline  Dermatology 

and dental 
 CYP2D6  Drug interactions 

 Dapsone  Dermatology 
and dental 

 G6PD  Indications and usage, precautions, 
adverse reactions, patient counseling 
information 

 Fluorouracil  Dermatology 
and dental 

 DPD  Contraindications, warnings 

 Tretinoin  Dermatology 
and dental 

 PML/RARα  Boxed warning, dosage and 
administration, precautions 

 Dexlansoprazole (1)  Gastroenterology  CYP2C19  Clinical pharmacology, drug interactions 
 Dexlansoprazole (2)  Gastroenterology  CYP1A2  Clinical pharmacology 
 Esomeprazole  Gastroenterology  CYP2C19  Drug interactions, clinical pharmacology 
 Omeprazole  Gastroenterology  CYP2C19  Dosage and administration, warnings and 

precautions, drug interactions 

(continued)
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 Drug  Therapeutic area  Biomarker  Label sections 

 Pantoprazole  Gastroenterology  CYP2C19  Clinical pharmacology, drug interactions, 
special populations 

 Rabeprazole  Gastroenterology  CYP2C19  Drug Interactions, clinical pharmacology 
 Sodium phenylacetate 
and sodium benzoate 

 Gastroenterology  UCD (NAGS; CPS; 
ASS; OTC; 
ASL; ARG) 

 Indications and usage, description, 
clinical pharmacology 

 Sodium phenylbutyrate  Gastroenterology  UCD (NAGS; CPS; 
ASS; OTC; 
ASL; ARG) 

 Indications and usage, dosage and 
administration, nutritional management 

 Eltrombopag (1)  Hematology  Factor V Leiden (FV)  Warnings and precautions 
 Eltrombopag (2)  Hematology  Antithrombin III 

defi ciency 
(SERPINC1) 

 Warnings and precautions 

 Lenalidomide  Hematology  Chromosome 5q  Boxed warning, indications and usage, 
clinical studies, patient counseling 

 Warfarin (1)  Hematology  CYP2C9  Dosage and administration, precautions, 
clinical pharmacology 

 Warfarin (2)  Hematology  VKORC1  Dosage and administration, precautions, 
clinical pharmacology 

 Atorvastatin  Metabolic and 
endocrinology 

 LDL receptor  Indications and usage, dosage and 
administration, warnings and precautions, 
clinical pharmacology, clinical studies 

 Pravastatin  Metabolic and 
endocrinology 

 APOE2  Clinical studies, use in specifi c 
populations 

 Carisoprodol  Musculoskeletal  CYP2C19  Clinical pharmacology, special 
populations 

 Carbamazepine  Neurology  HLA-B*1502  Boxed warning, warnings and precautions 
 Clobazam  Neurology  CYP2C19  Clinical pharmacology, dosage and 

administration, use in specifi c populations 
 Dextromethorphan 
and quinidine 

 Neurology  CYP2D6  Clinical pharmacology, 
warnings and precautions 

 Galantamine  Neurology  CYP2D6  Special populations 
 Phenytoin  Neurology  HLA-B*1502  Warnings 
 Tetrabenazine  Neurology  CYP2D6  Dosage and administration, warnings, 

clinical pharmacology 
 Arsenic trioxide  Oncology  PML/RARα  Boxed warning, clinical pharmacology, 

indications and usage, warnings 
 Brentuximab vedotin  Oncology  CD30  Indications and usage, description, 

clinical pharmacology 
 Busulfan  Oncology  Ph chromosome  Clinical studies 
 Capecitabine  Oncology  DPD  Contraindications, precautions, patient 

information 
 Cetuximab (1)  Oncology  EGFR  Indications and usage, warnings 

and precautions, description, clinical 
pharmacology, clinical studies 

 Cetuximab (2)  Oncology  KRAS  Indications and usage, dosage and 
administration, warnings and precautions, 
adverse reactions, clinical pharmacology, 
clinical studies 

 Cisplatin  Oncology  TPMT  Clinical pharmacology, warnings, 
precautions 

Table 7.2 (continued)
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Table 7.2 (continued)

 Drug  Therapeutic area  Biomarker  Label sections 

 Crizotinib  Oncology  ALK  Indications and usage, warnings and 
precautions, adverse reactions, clinical 
pharmacology, clinical studies 

 Dasatinib  Oncology  Ph chromosome  Indications and usage, clinical studies, 
patient counseling information 

 Denileukin diftitox  Oncology  CD25  Indications and usage, warnings 
and precautions, clinical studies 

 Erlotinib  Oncology  EGFR  Clinical pharmacology 
 Everolimus  Oncology  HER2/NEU  Indications and usage, boxed warning, 

adverse reactions, use in specifi c 
populations, clinical pharmacology, 
clinical studies 

 Exemestane  Oncology  ER and/or PGR  Indications and usage, 
dosage and administration, clinical 
studies, clinical pharmacology 

 Fulvestrant  Oncology  ER  Indications and usage, patient counseling 
information 

 Gefi tinib  Oncology  EGFR  Clinical pharmacology 
 Imatinib (1)  Oncology  C-Kit  Indications and usage, dosage and 

administration clinical pharmacology, 
clinical studies 

 Imatinib (2)  Oncology  Ph chromosome  Indications and usage, dosage and 
administration, clinical pharmacology, 
clinical studies 

 Imatinib (3)  Oncology  PDGFR  Indications and usage, dosage and 
administration, clinical studies 

 Imatinib (4)  Oncology  FIP1L1-PDGFRα  Indications and usage, dosage and 
administration, clinical studies 

 Irinotecan  Oncology  UGT1A1  Dosage and administration, warnings, 
clinical pharmacology 

 Lapatinib  Oncology  HER2/NEU  Indications and usage, clinical 
pharmacology, patient counseling 
information 

 Letrozole  Oncology  ER and/or PGR  Indications and usage, adverse reactions, 
clinical studies, clinical pharmacology 

 Mercaptopurine  Oncology  TPMT  Dosage and administration, 
contraindications, precautions, adverse 
reactions, clinical pharmacology 

 Nilotinib (1)  Oncology  Ph chromosome  Indications and usage, 
patient counseling information 

 Nilotinib (2)  Oncology  UGT1A1  Warnings and precautions, 
clinical pharmacology 

 Panitumumab (1)  Oncology  EGFR  Indications and usage, warnings and 
precautions, clinical pharmacology, 
clinical studies 

 Panitumumab (2)  Oncology  KRAS  Indications and usage, clinical 
pharmacology, clinical studies 

 Pertuzumab  Oncology  HER2/NEU  Indications and usage, warnings 
and precautions, adverse reactions, 
clinical studies, clinical pharmacology 

 Rasburicase  Oncology  G6PD  Boxed warning, contraindications 

(continued)
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 Drug  Therapeutic area  Biomarker  Label sections 

 Tamoxifen (1)  Oncology  ER  Indications and usage, precautions, 
medication guide 

 Tamoxifen (2)  Oncology  Factor V Leiden (FV)  Warnings 
 Tamoxifen (3)  Oncology  Prothrombin 

mutations (F2) 
 Warnings 

 Thioguanine  Oncology  TPMT  Dosage and administration, precautions, 
warnings 

 Tositumomab  Oncology  CD20 antigen  Indications and usage, clinical 
pharmacology 

 Trastuzumab  Oncology  HER2/NEU  Indications and usage, precautions, 
clinical pharmacology 

 Vemurafenib  Oncology  BRAF  Indications and usage, warning and 
precautions, clinical pharmacology, 
clinical studies, patient counseling 
information 

 Aripiprazole  Psychiatry  CYP2D6  Clinical pharmacology, 
dosage and administration 

 Atomoxetine  Psychiatry  CYP2D6  Dosage and administration, 
warnings and precautions, 
drug interactions, clinical pharmacology 

 Chlordiazepoxide 
and amitriptyline 

 Psychiatry  CYP2D6  Precautions 

 Citalopram (1)  Psychiatry  CYP2C19  Drug interactions, warnings 
 Citalopram (2)  Psychiatry  CYP2D6  Drug interactions 
 Clomipramine  Psychiatry  CYP2D6  Drug interactions 
 Clozapine  Psychiatry  CYP2D6  Drug interactions, clinical pharmacology 
 Desipramine  Psychiatry  CYP2D6  Drug interactions 
 Diazepam  Psychiatry  CYP2C19  Drug interactions, clinical pharmacology 
 Doxepin  Psychiatry  CYP2D6  Precautions 
 Fluoxetine  Psychiatry  CYP2D6  Warnings, precautions, clinical 

pharmacology 
 Fluoxetine 
and olanzapine 

 Psychiatry  CYP2D6  Drug interactions, clinical pharmacology 

 Fluvoxamine  Psychiatry  CYP2D6  Drug interactions 
 Iloperidone  Psychiatry  CYP2D6  Clinical pharmacology, dosage and 

administration, drug interactions, specifi c 
populations, warnings and precautions 

 Imipramine  Psychiatry  CYP2D6  Drug interactions 
 Modafi nil  Psychiatry  CYP2D6  Drug interactions 
 Nefazodone  Psychiatry  CYP2D6  Drug interactions 
 Nortriptyline  Psychiatry  CYP2D6  Drug interactions 
 Paroxetine  Psychiatry  CYP2D6  Clinical pharmacology, drug interactions 
 Perphenazine  Psychiatry  CYP2D6  Clinical pharmacology, drug interactions 
 Pimozide  Psychiatry  CYP2D6  Warnings, precautions, contraindications, 

dosage and administration 
 Protriptyline  Psychiatry  CYP2D6  Precautions 
 Risperidone  Psychiatry  CYP2D6  Drug interactions, clinical pharmacology 
 Thioridazine  Psychiatry  CYP2D6  Precautions, warnings, contraindications 
 Trimipramine  Psychiatry  CYP2D6  Drug interactions 
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 Drug  Therapeutic area  Biomarker  Label sections 

 Valproic acid  Psychiatry  UCD (NAGS; CPS; 
ASS; OTC; 
ASL; ARG) 

 Contraindications, precautions, 
adverse reactions 

 Venlafaxine  Psychiatry  CYP2D6  Drug interactions 
 Indacaterol  Pulmonary  UGT1A1  Clinical pharmacology 
 Ivacaftor  Pulmonary  CFTR (G551D)  Indications and usage, adverse reactions, 

use in specifi c populations, clinical 
pharmacology, clinical studies 

 Drospirenone and 
ethinyl estradiol 

 Reproductive  CYP2C19  Precautions, drug interactions 

 Clomiphene  Reproductive 
and urologic 

 Rh genotype  Precautions 

 Tolterodine  Reproductive 
and urologic 

 CYP2D6  Clinical pharmacology, drug interactions, 
warnings and precautions 

 Azathioprine  Rheumatology  TPMT  Dosage and administration, warnings and 
precautions, drug interactions, adverse 
reactions, clinical pharmacology 

 Flurbiprofen  Rheumatology  CYP2C9  Clinical pharmacology, special 
populations 

 Mycophenolic acid  Transplantation  HGPRT  Precautions 

    www.fda.gov/drugs/scienceresearch/researchareas/pharmacogenetics/    . Accessed on 22 Oct 2012  

Table 7.2 (continued)

have been approved in the USA with either 
mandatory or recommended genetic testing 
associated with use of the drugs. 

 The example of Herceptin (trastuzumab) 
highlights how specifi cally a drug can be pre-
scribed using pharmacogenomic information 
and can be used to progress the medicines 
through the research and development pipeline. 
Overexpression of the ErbB2 gene is associated 
with increased tumor aggressiveness and poorer 
prognosis. Herceptin – a humanized monoclonal 
antibody against the ErbB2 receptor – has been 
approved for the treatment of breast cancer 
(Vogel and Franco  2003 ; Noble et al.  2004 ). 
Retrospective examination of the clinical trials of 
Herceptin showed in patient with tumor over-
expressing ErbB2 protein, a positive response 
was more likely. Therefore, the measurement of 
ErbB2 overexpression conducted by methods 
using immunohistochemistry or fl uorescent in 
situ hybridization (FISH) has been used to assess 
the appropriateness of treatment with Herceptin 
in patients with breast cancer. The availability of 
a test for a subgroup of patients with higher prob-
ability of responding to treatment with Herceptin 

has allowed this drug to progress through further 
studies of approval and reach to the clinic from 
the manufacturing pharmaceutical fi rm. 

 The same paradigm has been applied to under-
stand the response of lung cancer patients to 
Iressa or gefi tinib, where a positive response has 
been found to be closely associated with the 
presence of active mutations in epidermal growth 
factor receptor (EGFR) gene, the main target of 
the drug used in the lung tumors. Tests for EGFR 
expression, such as Genzyme’s EGFR Mutation 
Assay, have helped to predict the patients which 
may respond better to gefi tinib (Lynch et al. 
 2004 ). This drug treatment was approved by the 
FDA in 2003 and was developed by AstraZeneca 
(Kirk et al.  2008 ). 

 A phase II study of a GlaxoSmithKline 
anti- obesity compound which included analysis 
of all of the patients treated has showed less 
effi cacy in contrast to the reports available in 
the literature for the current “gold standard” 
therapies. However, pharmacogenomics analysis 
using candidate genes based on the compound’s 
target and putative mechanism of action showed 
association between three pharmacogenomic 
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markers and weight loss during the study. Thirty-six 
percent of the patients could be clustered to show 
signifi cantly greater weight loss when subgroup 
was identifi ed by using one of these three alleles 
(McCarthy et al.  2005 ). 

 Gleevec (imatinib), a targeted cancer drug, 
has got FDA approval in 2001 and was developed 
by Novartis (Kirk et al.  2008 ). The drug acts by 
inhibiting the specifi c tyrosine kinase enzyme 
(BCR-ABL) and is used to treat multiple cancers 
including chronic myelogenous leukemia and 
gastrointestinal stromal tumors. This abnormal 
tyrosine kinase is created by the Philadelphia 
chromosome, a translocation between chromosome 
9 and 22. Quantifi cation of p210 expression 
levels is a method to monitor response to the drug 
(Kirk et al.  2008 ). 

 Another example of FDA-approved drug is 
Tarceva (erlotinib), a drug developed in 2005 by 
Genentech, which targets the EGFR tyrosine 
kinase domain. It is used to treat non-small cell 
lung cancer and pancreatic cancer. Genzyme 
Mutation Assay can be used to predict patient’s 
response to erlotinib (Kirk et al.  2008 ). 

 Erbitux (cetuximab) is an EGFR inhibitor used 
to treat metastatic colorectal cancer and head and 
neck cancer. EGFR immunostain performed on 
tumor tissue is used to predict patient’s response 
to cetuximab. The drug label requires the EGFR 
test. Vectibix (panitumumab) is designed to treat 
EGFR expressing metastatic colorectal cancer 
in patients who have received prior treatment. 
Vectibix differs from Erbitux in its isotype 
(IgG2 for Vectibix and IgG1 for Erbitux) and 
potentially in its mechanism of action. 

 Irinotecan is a semisynthetic analogue of 
camptothecin and requires metabolic activation 
by carboxyl esterase to form the active metabolite 
7-ethyl-10-hydroxycamptothecin (SN-38), which 
in turn inhibits topoisomerase-I (Rothenberg et al. 
 1993 ). SN-38 is further detoxifi ed via formation of 
SN-38 glucuronide (SN38G). Irinotecan has potent 
antitumor activity against a wide range of tumors, 
and it is one of the most commonly prescribed 
chemotherapy agents. Diarrhea and myelosup-
pression are the dose-limiting toxicities of irinotecan 
and these toxicities limit optimal utilization of 
irinotecan (Lee et al.  2005 ). These toxicities have 

been found to be associated with increased levels 
of SN-38 (due to accumulation). Polymorphisms 
in UDP-glucuronosyltransferase 1A1 (UGT1A1), 
the enzyme responsible for glucuronidation of 
SN-38 is the focus of pharmacogenomic studies 
of irinotecan (Gupta et al.  1994 ). Variations in 
UGT1A1 activity most commonly arise from 
polymorphisms in the UGT1A1 promoter region 
that contains several repeating TA elements. 
The presence of seven tendom    (TA) repeats 
(referred to as UGT1A1*28), instead of the wild-
type number of six, results in reduced UGT1A1 
expression and activity (Bosma et al.  1995 ). 
Accordingly, UGT1A1*28 has been found to 
be associated with reduced glucuronidation of 
SN-38 leading to increased exposure to SN-38 
and increased clinical toxicity for patients 
(Bosma et al.  1995 ; Iyer et al.  1998 ,  1999 ,  2002 ; 
Innocenti et al.  2004 ). UGT1A1*28 alleles are 
present in approximately 35 % of Caucasians 
and African Americans, while their frequency 
has been found to be much lower in Asians 
(Beutler et al.  1998 ; Innocenti et al.  2002 ). In 
addition, common UGT1A1 promoter variants 
are in linkage disequilibrium, and the haplotype 
structure of the promoter appears to differ 
among different ethnic groups (Innocenti et al. 
 2002 ). 

 In 2005, the FDA has recommended the label-
ing of drugs and to add the information that 
patients with polymorphisms in UGT1A1 gene, 
particularly the TA7/*28 variant, should receive 
lower doses of the drug to avoid drug toxicity 
(Yates et al.  1997 ). Irinotecan is the fi rst chemo-
therapeutic agent to be dosed according to a 
patient’s genotype. Therefore, we are able to 
achieve optimal therapeutic response of many 
drugs by predicting an individual’s response to a 
drug based on the genotypic information. 

 The crizotinib trial in the area of oncology 
was unusual because it did not contain a control 
arm for placebo treatment. The anticancer drug 
crizotinib is a potent inhibitor of a fusion protein 
ALK-EML4 which results from chromosomal 
rearrangement observed in about 4 % lung 
cancer patients. This drug acts by shrinking of 
tumors visibly and immediately, in some cases 
within 48 h. In this trial, clinicians enrolled 

S. Sharma and A. Munshi



137

patients which were positive for ALK biomarker. 
Even though only 82 patients were enrolled, the 
results were found to be statistically signifi cant 
(Vaidyanathan  2012 ).  

8      Pharmacogenomics in Drug 
Safety 

 A key objective of development of clinical trials 
producing new drug molecule/molecules is not 
only establishing the drug effi cacy but also to 
defi ne potential safety issues associated with 
new drugs. ADRs cause approximately 106,000 
deaths each year in the USA (Lazarou et al.  1998 ; 
Rau et al.  2004 ). Increasing evidences have 
shown that genetic variations can predispose 
individual risk to ADRs. For example, nearly 30 % 
of patients who had ADRs due to antidepressants 
had CYP2D6 genotype encoding for enzyme which 
makes them poor metabolizers. This genotype 
has been found to be present in only 7 % of 
Caucasian population (Rau et al.  2004 ). 

 Pharmacogenomics-based clinical trials 
signifi cantly contribute in understanding of rare 
adverse events. Suffi cient cases of ADRs may 
only be reported once a medicine is registered and 
more widely available. Therefore, retrospective 
studies including may be required along with vari-
ous approaches to accelerate the effi cient collection 
of such cases and controls in order to evaluate the 
pharmacogenomic analysis of ADRs. 

 Serious and fatal hypersensitivity reactions 
have been associated with abacavir (antiretroviral 
drug). Patients bearing the HLA-B*5701 allele 
are at high risk for experiencing hypersensitivity 
reaction to abacavir. Therefore, prior to initiating 
treatment with abacavir, screening for the HLA- 
B*5701 allele is recommended; this approach 
has been found to decrease the risk of a hyper-
sensitivity reaction (  http://dailymed.nlm.nih.gov/
dailymed    ). Screening is also recommended prior 
to re-initiation of abacavir in patients of unknown 
HLA-B*5701 status who have previously tolerated 
abacavir. For HLA-B*5701-positive patients, 
treatment with an abacavir-containing regimen 
is not recommended and should be considered 
only with close medical supervision and under 

exceptional circumstances when the potential 
benefi t outweighs the risk. 

 Candidate gene analysis identifi ed polymor-
phisms in the human leukocyte antigen (HLA) 
region on chromosome 6 with strong association 
of drug-induced hypersensitivity reactions 
(Hetherington et al.  2002 ). The association 
between certain markers in the HLA region was 
reported to be strongly present among Caucasians, 
weakly in Hispanics, and was not detected in 
Blacks (Hetherington et al.  2002 ). Stevens–Johnson 
Syndrome (SJS) is a rare, serious cutaneous reac-
tion that is occasionally seen in response to a range 
of medicines such as antiepileptic drug carbam-
azepine, which was reported to have some 
genetic association with HLA markers (Chung 
et al.  2004 ). It has been found that genetic variant 
HLA-B*1502 was found to be strongly associated 
with carbamazepine-induced SJS in the Taiwanese 
population. Carbamazepine- induced SJS produces 
another incidence explaining the rare adverse 
event where pharmacogenomics technology has 
provided signifi cant new insights. The above 
mentioned examples of adverse events clearly 
indicate that association of a strong genetic com-
ponent associated with the risk of developing these 
drug-associated adverse events of some people 
which was impossible to predict before the 
genomic era came into existence. Moreover, this 
type of clinical trials have led to remarkable fi nd-
ings in the fi eld of health care.  

9      Mitigating Risk in Drug 
Development 

 Potential safety signals can be apparent in early 
phase II studies and can have a signifi cant (negative) 
impact on the risk for further development of a 
drug molecule. For example, if reversible changes 
in liver function tests are seen in a small subset of 
patients in a phase II study, it would be diffi cult 
to assess the importance of this in relation to 
drug metabolism alone. A number of medicines 
have failed either in late development or after 
launch due to a subset of patients who exhibited 
liver function changes and subsequently devel-
oped severe liver failure (McCarthy et al.  2005 ). 

7 Omics Approaches and Applications in Clinical Trials

http://dailymed.nlm.nih.gov/dailymed
http://dailymed.nlm.nih.gov/dailymed


138

If high-risk patients could be identifi ed before 
initiating the drug, the overall safety of a medicine 
in use would increase considerably and this could 
avoid failure of drug to reach the market. 

 Pharmacogenomics is expected to demonstrate 
the basis of safety concerns such as liver function 
changes seen during the process of drug develop-
ment. For example, in recent clinical studies 
on tranilast (a product under development for 
reducing restenosis after coronary angioplasty), 
approximately 8 % of individuals have shown 
elevated levels of unconjugated serum bilirubin, 
which dissipated on termination of drug treatment. 
This phenotype showed some similarity to 
Gilbert’s syndrome. Gilbert’s syndrome is a 
condition which is characterized by episodic 
increase in unconjugated bilirubin levels but 
not associated with long-term impact on liver 
functions (McCarthy et al.  2005 ). 

 Genetic analysis of Gilbert’s syndrome patients 
has revealed a strong genetic susceptibility 
marker in the promoter region of the gene uranyl 
glucosyltransferase (UGT-1A), where a variable 
tandem repeat (TA) repeat is located. “Wild-
type” or normal allele activity is associated with 
six copies of the TA repeat, whereas seven 
copies of the TA repeat have been found to be 
associated with reduced expression of UGT-1A 
and increased propensity to Gilbert’s syndrome. 
This example strongly supports the hypothesis 
that the observed hyperbilirubinemia can be 
due to tranilast-induced Gilbert’s syndrome 
(McCarthy et al.  2005 ). 

 Another example of genomic information 
predicting the drug response and toxicity can 
be explained with the help of cancer chemo-
therapy. Pharmacogenomics approaches have 
been applied to many existing chemotherapeu-
tic agents in an effort to identify relevant genetic 
variations which may better predict the response 
of a patient toward prescribed chemotherapeutic 
agent (Lee et al.  2005 ). 6-Mercaptopurine (6-MP) 
is a purine antimetabolite used in the treatment 
of leukemia. The antitumor activity of 6-MP is 
exerted via the inhibition of the formation of 
nucleotides necessary for DNA and RNA synthesis. 
Thiopurinemethyltransferase (TPMT) catalyzes 
the S-methylation of 6-MP to form inactive 

metabolites. Genetic variations in the TPMT 
gene have been found to have profound effects on 
the bioavailability and toxicity of 6-MP. It has 
been demonstrated that about 1 in 300 individuals 
inherit TPMT deficiency as an autosomal 
recessive trait (Lee et al.  2005 ). Patients who 
carry TPMT polymorphisms are at higher risk for 
severe hematologic toxicities when treated with 
6-MP because these polymorphisms lead to a 
decrease in the rate of 6-MP metabolism (Evans 
et al.  1991 ; Lennard et al.  1993 ). The molecular 
basis for polymorphic TPMT activity has been 
well defi ned. In around 95 % of observed cases, 
TPMT defi ciency is due to three particular TPMT 
alleles, designated as TPMT*2, TPMT*3A, and 
TPMT*3C (Innocenti et al.  2000 ). Appropriate 
6-MP dose reductions for TPMT-defi cient 
patients have allowed for similar toxicity and 
survival outcomes as patients with normal TPMT 
levels (Relling et al.  1999 ). Genotyping methods 
have been established for the molecular diagnosis 
of TPMT defi ciency and can assist determining a 
safe starting dose for 6-MP therapy (Yates et al. 
 1997 ). TPMT testing is now being used for 
dose optimization in children before 6-MP 
therapy is initiated.  

10      Rare Adverse Events 
and Collaborative Models 

 The feasibility of clinically validating the predic-
tive power of pharmacogenomics test to predict 
rare safety event is questionable. The number of 
rare ADEs in a typical clinical development 
program of 5,000–10,000 patients will be approx-
imately 5–10 cases (Frank  2008 ). For rare adverse 
events, different post-marketing surveillance 
scenarios have been described with regard to 
validating test fi ndings. Pharmacogenomic test will 
be required for assessing the seriousness and 
frequency of the ADEs. Pharmacogenomics will 
help in explaining the adverse drug reactions. 
The industry is now realizing to join efforts in a 
collaborative mode to pool resources to make 
signifi cant headway in the area of rare but serious 
adverse events. One example is the recent creation 
of the Serious Adverse Events Consortium (SAEC), 
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which is a nonprofi t partnership of industry, 
academia, and government. It is an effort to identify 
the genetic markers related to harmful drug 
reactions (Frank  2008 ). 

 The short-term priorities of the SAEC are 
drug-induced liver injury and serious skin rash 
and QT prolongation. This is a major step 
forward in understanding the basic science 
underlying drug-induced toxicity and, if suc-
cessful, will benefi t the pharmaceutical industry 
overall but more importantly benefi t patients and 
society at large.  

11      Pharmacogenomics 
in Pediatrics 

 According to National Health Institute, approxi-
mately 70 % of the medicines given to children 
have only been tested in adults. But there are a 
number of anatomical, physiological, and genetic 
differences among children and adults. The gene 
products and their expression in particular 
 phenotype–genotype correlations observed in 
neonates may be markedly different from the one 
observed in trials on adults (Leeder et al.  2010 ). 
Further, evidences have suggested that the response 
to some medications may differ in children relative 
to adults. The extent of pharmacokinetic variability 
for a drug which is metabolized by a polymorphic 
enzyme may be same, increased, or decreased in 
children based on relative development of other 
enzymes or transporters involved in absorption, 
distribution, metabolism, and excretion of the 
drug (Leeder et al.  2010 ). Thus, genotype-
based pharmacokinetic studies involving poor 
metabolizers and extensive metabolizers/ultrarapid 
metabolizers at different ages or developmental 
stages will help in revealing any age-related dif-
ferences in drug disposition and the dose–exposure 
relationship that can then be incorporated in the 
effi cacy studies. The role of pharmacogenomic-
based pharmacokinetic studies is to establish the 
range of drug exposures that might be present in 
a pediatric population at a given age or develop-
mental stage. The range of doses required to 
achieve the most appropriate drug exposure 
with which to conduct effi cacy studies can be 

established. Similarly, there may be differences 
in receptor (and pathway involved) response and 
hence differences in exposure–response relation-
ships in children, compared with adults, that can 
be identifi ed if dosing strategies in pediatric 
studies are designed to achieve exposures known 
to be associated with the desired therapeutic 
response in adults (Leeder et al.  2010 ). The pedi-
atric drug development may be infl uenced by 
adult experience of clinical trials but depends on 
increased knowledge of both pharmacogenomics 
and ontogeny in children. The determinants of 
drug disposition and action are multifaceted and 
are polygenic in their origin. Therefore, while 
designing a clinical trial with children as partici-
pants, genes expressed or not expressed according 
to their age and developmental stages infl uencing 
the drug kinetics and dynamics should be consid-
ered and taken care. The quantity and type of 
procedures used in a pediatric trial should be 
related to minimize discomfort, pain, and fright, 
and invasive procedures should be used only 
when clinically necessary. The increased use of 
established biomarkers is also an appropriate 
way to minimize invasive procedures in such 
trials in order to prove the effi cacy of drug treat-
ment. Another sensitive issue is the frequency of 
withdrawal of blood sample to isolate deoxyribo-
nucleic acid (DNA) and to analyze the serum 
samples for biochemical assays, which should be 
minimized during study period. A clinical trial’s 
safety and effi cacy endpoints might need to be 
adjusted for pediatric clinical trials before 
implementation. 

 Effi cacy endpoints commonly used in adult 
studies should not be translated directly to the 
study recruiting children. Apart from this, safety 
follow-up must always be larger and longer in 
order to detect any adverse effects on develop-
ment as the children grow in later stages of study 
period. The route of drug administration and type 
of drug formulation may vary from adults to 
children because adults can be given tablets or 
capsules which is not appropriate in case of small 
children. Given that many factors complicate the 
pharmacogenomics in pediatric clinical trial 
design, utmost care should be taken by sponsors 
for protocol design, drug formulation, consent, 
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enrollment, ethnicity, age group, and many other 
factors to enhance the effi cacy and benefi ts of 
therapeutic molecule.  

12      Pharmacogenomics 
and Regulatory Issues 

 The function of regulatory agencies such as the 
European Medicines Agency (EMEA) and Food 
and Drug Administration dealing with the whole 
area of pharmacogenomics in terms of clinical 
trials, licensing, and labeling is not clear at present. 
As the predictive power of pharmacogenetic test-
ing increases, labeling is likely to become more 
prescriptive (Robertson et al  2002 ). An important 
issue in drug development is new technology not 
encompassed in many guidelines. Thus, new 
guidelines will have to be developed. The FDA 
and EMEA are actively supporting the introduc-
tion of pharmacogenetics-based therapy (Lesko and 
Woodcock  2004 ), with regular  meetings with 
industry and discussion of “safe harbor”-type 
arrangements to encourage joint discussion of the 
“meaning” and interpretation of pharmacogenetics 
data. According to the FDA, it is necessary to 
submit pharmacogenomic data by pharmaceutical 
fi rms which are involved in these type of trials 
(Surendiran et al.  2008 ). 

 There are many drugs currently in the market 
that have information displayed on their labels 
indicating the possible adverse drug effects and 
mandatory genetic testing for their prescribing. 
When a drug has been shown to be effi cacious in 
patients with a certain genotype, the indication in 
the label should refl ect this. Therefore, the drug 
will be licensed not only for a particular condi-
tion but will also be recommended for use in 
patients with certain genotypes. This has been 
already exemplifi ed by the label for trastuzumab 
(Herceptin) used in the treatment of breast can-
cer. Any prescription for this drug without the 
particular genotype test of patients will therefore 
have to be considered to be outside the licensed 
indication. This may lead to issues how instruc-
tions for use will be encouraged or enforced. 
Doctors currently have the right to prescribe 
“off- label,” and it is diffi cult to see how this 

would change (Pirmohmad and Lewis  2004 ). 
How regulatory agencies will ensure appropriate 
prescribing of medicines based on pharmacoge-
netic principles remains an outstanding question 
to be considered. It is unlikely that pharmacoge-
netics testing will become part of regulatory 
requirements for all drugs. The need for pharma-
cogenomic testing for a particular drug will 
depend upon many factors, in particular on the 
genetic factors determining its disposition, phar-
macodynamic characteristics, and its therapeutic 
index. Therefore, a drug that has a high degree 
of effi cacy in a large percent of the population 
shows little interindividual variability in kinetics 
and dynamics and has a wide therapeutic index 
should not necessarily require pharmacogenetic 
testing. 

 In contrast, a drug that has narrow therapeutic 
index and is effi cacious in 30 % of the popula-
tion, for example, some antipsychotics, should 
be subject to pharmacogenetic testing prior to 
prescription. Preclinical studies should be planned 
in order to identify the routes of metabolism and 
disposition of a particular drug and its mecha-
nism of action. If any of these parameters are 
subject to genetic polymorphism that could 
theoretically or in practice effect the response to 
the drug, then pharmacogenetic/genomic testing 
should be encouraged. 

 Another major issue is some patients having 
an “orphan genotype,” i.e., a genotype that 
cannot be treated with currently available drugs 
because those patients have been classed as non-
responders or as susceptible to particular adverse 
reactions. This will represent a small proportion 
of the population. Pharmaceutical companies may 
be reluctant to develop new medicines for this 
group because of their potential unprofi tability. 
In such cases, further regulatory measures are 
needed so that these orphan genotypes are treated 
in the same way as orphan diseases are treated at 
present (Motl et al  2003 ). This may provide 
fi nancial incentives for the pharmaceutical industry 
to develop medicines for small patient populations 
with these orphan genotypes. Alternatively, as 
already mentioned, smaller genomics/drug 
development companies may enter such markets, 
in a similar way to the orphan drug market. 
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Since many more medicines could fall into 
the category of “orphan” products because of a 
reduced market, pharmaceutical companies 
might seek extension of orphan drug legislation 
in order to obtain development subsidies.  

13      Statistical Methods 

 Pharmacogenomics is a rapidly developing fi eld of 
research with highest potential for immediate ben-
efi t of patient and society at large. To reap the full 
benefi ts of the data generated from pharmacoge-
nomics trials and studies, a careful consideration 
should be given to the study population under inves-
tigation, the phenotype being examined and the sta-
tistical methodology used in data analysis (Turner 
et al.  2010 ). The US FDA has been a strong propo-
nent of the use of pharmacogenomics in clinical tri-
als, but still there is a scope to implement its mission 
in a better way and to stimulate the use of pharma-
cogenomics information (Kirk et al.  2008 ; Kalow 
et al.  1998 ). The type of statistical analysis required 
to recognize retrospective analysis of pharmacoge-
nomic data may replace or supplement prospective 
pharmacogenomic studies and is worthy of consid-
eration. The classic frequentist statistical approaches 
have long been favored in clinical trials. A frequen-
tist statistical approach uses a sequential monitoring 
of data and provides the probability that a drug is 
effective (Kirk et al.  2008 ). 

 The US FDA is not willing to allow drug 
sponsors the opportunity of “cherry picking” 
clinical endpoints after the data is known (Kirk 
et al.  2008 ). With very high drug candidate failure 
rate (95 %) and lot of biomarker data of signifi cant 
power, in phase III studies, any method that may 
improve the insight into valid biomarker relation-
ship related to effi cacy or safety should be utilized. 
Recently instead of classical frequentist statistical 
approach Bayesian statistics have gained more 
attention in clinical trials. Bayesian trials allow 
for continuous monitoring of data and provide 
the probability of effectiveness of drug. Bayesian 
methods compare the probability to prior proba-
bilities and updated posterior probabilities. 
The drawback in implementing Bayesian statistics 
is logistical and computational complexity. 

However, logistical capability and the availability 
of computing power have advanced quite consid-
erably in recent years. 

 Pfi zer has published results of their Acute 
Stroke Therapy by Inhibition of Neutrophils 
(ASTIN) trial in 2003. This Bayesian trial offered 
adaptive allocation of patients to different dose 
groups. In case of strong effi cacy, a seamless 
transition to phase III was possible (Lowe  2006 ). 
In addition to these logistical challenges and 
conducting the study in 100 centers worldwide 
and other problems of more study subjects 
recruitment, the trial accomplished its goal and 
the drug was promptly terminated by Pfi zer. 
Although modern computing has made calcula-
tions more feasible, a signifi cant amount of work 
remains to be done for implementing Bayesian 
statistics in clinical trials (Kirk et al.  2008 ). 

 Strict adherence to prospective study designs 
will also hinder widespread use of pharmacoge-
nomics, e.g., the approval process for Amgen’s 
Vectibix has clearly illustrated this hurdle. 
Amgen’s retrospective study examination showed 
that in phase III study patients with wild-type 
KRAS genotype were more likely to respond to 
Vectibix in comparison with mutated KRAS 
genotype. The metastatic colorectal cancer drug 
was approved by the EMEA on retrospective 
data. Later on the FDA determined that a pro-
spectively designed study must be submitted 
before the KRAS biomarker inhibitor (Amgen’s 
Vectibix) could be added to the USA   . 

 In March 2008, the FDA’s Pharmaceutical 
Science and Clinical Pharmacology Advisory 
Committee debated a preference for collecting 
DNA samples from all patients in clinical trials 
(Usdin  2008 ). Such steps may ultimately lead to 
improving conditions for pharmacogenomics 
discovery that may otherwise be too diffi cult to 
implement in earlier phase trials.  

14      Patent Prosecution 
in Pharmacogenomics 

 Patent law represents a delicate threshold for 
promoting innovative and lifesaving discoveries 
(Kirk et al.  2008 ). Patent system is getting weak-
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ened due to hurdles imposed by courts, Congress, 
and the US Patent and trademark Offi ce (USPTO). 
This weakened patent system has major negative 
effect on pharmaceutical and genomic innovator 
companies (Mancinelli et al.  2000 ). Changes in 
subject matter patentability analysis have already 
increased the considerable burden for innova-
tions directed to human genetic material and 
biotechnology. Once an invention crosses the 
initial threshold of utility, it is subject to the rigors 
of novelty, non-obviousness, written description, 
and enablement (Kirk et al.  2008 ). Any further 
degradation of patent rights available to innova-
tor companies in the area of gene therapy and 
molecular diagnostics could prove fatal to 
groundbreaking research in diseases such as 
cancer, diabetes, depression, and schizophrenia. 
Research, development, and funding of new 
genetic tests based on isolated genomic informa-
tion may move therapeutics toward “personalized 
medicine” from “one size fi ts all” approach. 
This is possible only if these genetic tests are 
eligible for the necessary patent protection to 
promote investment (Council for International 
Organizations of Medical Sciences  2005 ). Trade 
secret protection is largely impractical for 
biotechnology and genetic material due to the 
stringent regulatory environment demanding 
transparency, and these products can be easily 
reverse engineered. Patent reforms are need of hour 
for promoting pharmacogenomics. The challenges 
to pharmacogenomics patents are still evolving. 
Because of their direct application to biological 
life on earth, pharmacogenomics and genomics 
patents are subject to intense scrutiny by the vari-
ous patent offi ces. Knowledge of the challenges 
in the fi eld pharmacogenomics patent process 
would lead to the development of more skillful 
prosecution system and more rapid innovation 
overall (  www.iploft.com/NU-Pharmaco    ).  

15      Conclusion 

 Pharmacogenomic is being used globally for 
assessing the safety profi le of drugs. The pharma-
cogenomics in pharmaceutical industry is a 
powerful tool, but its maximum benefi t is yet to be 

achieved. Analysis of multiple genes, haplotype 
analysis, genome wide scans, and drug designing 
can be utilized by pharmaceutical industry for 
drug development process in various phases of 
clinical trials. As a consequence an individual’s 
genomic profi le can be used to predict the safety 
and effi cacy of a pharmacological agent. The 
present “one size fi ts all” paradigm in clinical 
 trials will shift toward evidence-based effi cacy 
models with improved effi cacy and reduced 
 economic burden to the ultimate customer or the 
patient. 

 The integration of other omics-based tech-
nologies such as proteomics, transcriptomics, 
metabolomics, and epigenomics in different 
phases of clinical trials would improve the 
drug discovery and development. The omics 
approaches have strong potential to screen the 
drug molecule at different levels and to develop 
novel drug targets, exploring the mechanism of 
action of drugs, identifying ADRs and enabling 
its translation from benchside to bedside.     
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 Abstract 

   The science of pharmacogenomics holds the promise to change the way in 
which clinical drug trials are conducted as well as the prescription of drugs 
on a routine basis. However, there are a number of ethical and regulatory 
challenges such as subject recruitment, privacy, sample collection and 
storage, and confi dentiality, which are of major concern for conducting 
genomics-based clinical studies. Stratifi cation of clinical study subjects 
into subgroups on the basis of genotype is another problem in designing 
clinical studies which might lead to the subject selection biases. This could 
also lead to spurious interpretations of statistical analysis. Subtype strati-
fi cation can also result in scientifi c challenges and data analysis because of 
penetrance. The variable degree of clinically relevant phenotypic expres-
sion of genetic variation can lead to false positives. Moreover, the dis-
crimination by job providers and insurance fi rms are other issues of legal 
considerations and need to be answered. The pharmacogenomics can also 
lead to the development of orphan phenotype. If a new drug molecule is 
being developed only for a subpopulation of patients, then issues such as 
distributive justice and fairness to accept the new drug also need to be 
considered. No doubt pharmacogenomics is emerging as a boon for medi-
cal fraternity; however, the translation of pharmacogenomics into clinical 
practice requires to frame and address the legal and ethical issues along 
with incentives to overcome these roadblocks. 

      Ethical Considerations 
in Pharmacogenomics 

                         Anjana     Munshi      and     Yog     Raj     Ahuja   
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     Abbreviations 

   ADRs    Adverse Drug Reactions   
  DNA    Deoxyribonucleic acid   
  FDA    Food and Drug Administration   
  A-HeFT    African-American Heart Failure 

Trial   
  BiDil    Isosorbide dinitrate and 

hydralazine   
  CYP2D6    Cytochrome P450, family 2, 

subfamily D, polypeptide 6   
  G6PD    Glucose 6-phosphate 

dehydroge-nase   
  NADPH    Nicotine-adenine dinucleotide 

phosphate   
  NAT-2     N -acetyl transferase-2   
  HLA    Human leukocyte antigen   
  ALOX-5    Arachidonate-5 lipoxygenase 

enzyme   
  UNESCO    United Nations Educational 

Scientifi c and Cultural 
Organization   

  HUGO    Human Genome Organization   
  PharmaGKB    Pharmacogenomics knowledge 

base   
  UK    United Kingdom   
  US    United States   
  VGDS    Voluntary Genomic Data 

Submission   
  EMEA    European Medicines Agency   
  COMT    Catechol- O  methyltransferase   
  CYP2C9    Cytochrome P450, family 2, 

subfamily C, polypeptide 9   
  HER-2    Human Epidermal Growth 

Factor Receptor 2, also known 
as Neu   

  TPMT    Thiopurine methyltransferase   
  PON-1    Paraoxonase gene-1   

1            Introduction 

 Pharmacogenomics is a nascent fi eld that encom-
passes the study of genetic variation undergoing 
individual differences in drug responses. The 
existing system of health care involves “trial and 

error” method for prescription of drugs, which 
contributes approximately three million ineffec-
tive prescriptions per year (personalized medi-
cine: the emerging pharmacogenomics revolution 
 2005 ). The drug-associated adverse effects 
(ADRs) have been reported to affect around 2.2 
million people and 106,000 deaths in the USA. 
Moreover, the economic burden and drug with-
drawal cases are increasing due to ADRs (Ernst 
and Grizzle  2001 ). Pharmacogenomics may 
reduce the health-care costs by précising and 
optimizing the drug treatment. It paves the way to 
develop the novel and better targeted therapeutic 
agents from the very fi rst stage of designing a 
clinical trial to its induction into the market. 

 The pharmacogenomics also holds the promise 
of streamlining the clinical trials with the use of 
genotyping so as to enable researchers to “rescue” 
drugs that could not be approved under conventional 
models of clinical trials (Rothstein and Epps  2001 ). 
In other words, drugs which were rejected earlier on 
the basis of conventional trials with higher adverse 
effects will become more acceptable because of few 
or no adverse effects when tested in a subgroup of 
the population with a particular genotype. It will also 
reduce the time and money spend on the develop-
ment of a drug molecule. Pharmacogenomics is at 
the stage of infancy with the availability of very few 
examples, which are established in the clinical prac-
tice. The pharmacogenomics will also provide 
greater effi ciency in the allocation of resources for 
the development of new drug molecules. 

 The translation of pharmacogenomics into 
routine clinical practice although bears a scien-
tifi c promise but also raises some ethical con-
cerns for the conduct of human research. 
Researchers have raised a number of general, 
ethical, social, and legal problems for translation 
of pharmacogenomics into clinical practice. 
A few among those are informed consent form 
for the use of deoxyribonucleic acid (DNA), 
issues of confi dentiality and privacy, storage and 
use of genetic information, and potential for dis-
crimination and stigmatization (Rothstein and 
Epps  2001 ; Clarke et al.  2001 ; Robertson  2002 ; 
Holtzman and Watson  1997 ; Human Genetic 
Commission  2002 ). 
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 In this chapter, we have tried to highlight the 
key concerns associated with the practice of phar-
macogenomics and emphasized that consider-
ation of ethical and regulatory issues will provide 
an effective framework for the implementation of 
pharmacogenomics into clinical practice under 
the following subheadings:  

2      Clinical Study Design 

 The practice of evidence-based clinical medicine 
is purely dependent on the careful designing and 
conduct of the clinical trial. A clinical trial is a 
controlled prospective study involving human 
subjects or participants which is designed to 
determine the effi cacy of a therapeutic interven-
tion, preventive measures, diagnostic procedure, 
and use of the medical or surgical device 
(Friedman et al.  1996 ; Issa  2002 ). The clinical tri-
als are divided into four phases: phase I, phase II, 
phase III, and phase IV. In phase I, a new drug 
molecule is tested for the fi rst time in a small 
group of people (20–80) to evaluate its effi cacy, 
safety, side effects, and dosage range. In phase II, 
the drug to be studied is given to a large group of 
people (100–300) to evaluate its effi cacy. This 
phase determines the broader range of toxicities. 
Phase III confi rms the effectiveness and side 
effects of the drug in 1,000–3,000 study subjects 
and compares it to commonly used treatments. 
After the completion of phase III, new drug appli-
cation is fi led with the drug regulatory authority, 
which will consider all the drug-related data from 
preclinical and clinical studies to approve or reject 
the new drug for marketing. Phase IV consists of 
post marketing surveillance studies. The funda-
mental characteristics of a trial design are suffi -
cient sample size, statistical power, and control of 
sampling bias (Issa  2002 ). The randomized clini-
cal trial and double-blind randomized clinical trial 
(in which both investigator and subject do not 
know about the trial) are considered a gold 
standard for determining treatment effi cacies 
(Friedman et al.  1996 ). The objective of random-
ization is to reduce the bias and variability as much 
as possible (   Issa  2002 ). 

2.1      Incorporation of Genomic 
Information into Clinical Trial 
Design 

 In the twenty-fi rst century, the clinical trials are 
designed incorporating pharmacogenomic profi ling 
into trials either prospectively or retrospectively, in 
clinical trials (Issa  2002 ). Retrospective trials use 
the conventional methods and high-throughput 
sequencing techniques to identify genotypes so as 
to correlate them with disease susceptibility and 
drug response (Issa  2002 ). In case of prospective 
studies, the genomic profi ling is used to reduce the 
incidences of ADRs due to variability in the 
pharmacokinetic profi le of a drug (Issa  2002 ). At 
present, the pharmacogenomic profi ling is mainly 
used in designing of phase I trials. The individuals 
are recruited on the basis of their genotypic profi le 
either to predict metabolism (slow or rapid) and to 
prevent ADRs (Issa  2002 ). 

 In phase II trials, candidate gene approach is 
used to identify the effi cacy of a drug according 
to genotypes of the subjects. Phase III trials, 
involve pharmacogenomic profi ling for identify-
ing the responders and nonresponders. Sample 
size, allele frequency, and gene-effect size are 
some of the parameters which should be taken 
into consideration in designing and conducting of 
pharmacogenomic study (Issa  2002 ). 

 In the USA, Federal regulations that govern 
human subjects research include “Risks to sub-
jects should be minimized by using procedures 
with sound research design…” (Levine  1993 ; Tri 
Council Policy Statement: Ethical Council for 
Research involving Humans  1998 ; World 
Medical Association Declaration of Helsinki 
Ethical Principles for Medical Research involv-
ing Human Subjects  2000 ). Since the goal of 
pharmacogenomic research is to focus on 
 interindividual drug variability, therefore the 
pharmacogenomic trials start with a different 
assumption about the participating subjects – that 
interindividual heterogeneity is inherent (Issa 
 2002 ). 

 The candidate gene studies and genome-wide 
association studies are mainly used to design a 
pharmacogenomic trial. According to an esti-
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mate, genome-wide association trials require at 
least a threefold increase in sample size as com-
pared to candidate gene approach (Cardon et al. 
 2000 ). Major technical issues have been found to 
surround the reliability and validity of clinical tri-
als, designed and streamlined according to the 
genomic criteria (   Martin and Morrison  2006 ). 
These issues are statistical problems, e.g., study 
with a small subgroup of patients, decreased 
chances of detecting rare ADRs (ADRs), sample 
bias, lack of consistency in controlling pharma-
cogenomics variables, and the diffi culty in repli-
cation of genetic association studies (Martin and 
Morrison  2006 ). Therefore, the regulatory 
authorities are taking steps to redesign the trials, 
because this type of practice can increase the 
possibility of unsafe medicines reaching the 
market (Martin and Morrison  2006 ) The Food 
and Drug Administration (FDA) has already 
indicated that if a trial contains any element of 
selection which is on the basis of genotypic infor-
mation, there is greater need for tight clinical 
governance and improved post marketing sur-
veillance (Martin and Morrison  2006 ).   

3      Privacy and Confi dentiality 
of Recruited Subjects 

    The genomic information is inherently personal; 
at the same time it is familial and (Issa  2000 ; 
Nuffi eld Council of Bioethics  2003 ; Buchanan 
et al.  2002 ). There are serious risks of discrimi-
nation and loss of privacy which are needed to be 
addressed in a pharmacogenomic study. Genomic 
information can stigmatize a person as it predicts 
the person’s health (Patowary  2005 ). The phar-
macogenomic information will reveal the status 
of individuals as responders and nonresponders. 
Therefore, the patient’s willingness to undergo 
genetic testing is an important issue to be con-
sidered during the design of a clinical study. A 
number of studies have documented that general 
lack of knowledge and awareness creates prob-
lems in understanding the benefi ts of genetic 
testing especially in people with lower socioeco-
nomic status (Hughes et al.  1997 ; Lipkus et al. 
 1999 ; Kinney et al.  2001 ; Shields  2001 ; Peters 

et al.  2004 ; Singer et al.  2004 ; Bates et al.  2005 ; 
Murphy et al.  2009 ; Suther and Kiros  2009 ) 
However, it was found that even the subjects 
with higher educational background express 
fewer concerns about possible misuse of genomic 
information (Suther and Kiros  2009 ). 

 There could be psychological implications for 
individuals in case the genomic information, 
labels them as “diffi cult to treat” (Issa  2000 ). No 
one will like that this information should be pro-
vided to others especially in the context of mar-
riage and childbearing issues. 

 The personal information of the recruited 
study subjects may also serve as a ground for job 
discrimination by employers and insurance com-
panies (Patowary  2005 ). Individuals will fi nd it 
more diffi cult to fi nd affordable health insurance 
based on their genomic information. Insurance 
companies will ask to pay higher premiums 
because of non-responsiveness to therapeutic 
outcome regardless of whether or not they 
develop the disease for which the treatment 
should be used (Issa  2000 ). At present, morato-
rium exists for the use of genomic information in 
setting insurance premiums only in a few coun-
tries (Ho et al.  2010 ). 

 The genomic information can be misused 
where there is strong social and cultural tradition 
of individual’s reproductive freedom. Women are 
more vulnerable to suffer from this information 
especially in developing countries, where there is 
bias and discrimination against women (Patowary 
 2005 ; Mastroianni et al.  1994 ). 

 Pharmaceutical companies or researchers 
often collect and store samples from study sub-
jects. The risk of storage of these samples is 
either to replicate or dispute fi ndings that other 
researchers might present at a later date (Issa 
 2000 ). These can also be used for further stud-
ies. Therefore, taking informed consent from 
the recruited subjects is very important prior to 
their recruitment for sample collection. The 
informed consent form should be designed in a 
way so as to inform all the risks (including 
ADRs) and benefi ts of the study. The informed 
consent is the main vehicle by which the patient 
is empowered in the system (Verma et al.  2011 ). 
Obtaining an informed consent from the patients 
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is a challenging issue as it can limit the pharma-
cogenomic trials in many ways (Anderson et al. 
 2003 ). 

 The storage of DNA samples in a DNA bank 
is another important issue in a pharmacogenomic 
study protocol. It can ensue a number of ethical 
issues, e.g., who will own the DNA samples for 
the future analysis. Usually, this information is 
entered and stored in computerized databases. 
But, this can impose serious issues related to 
autonomy, privacy of recruited subjects that war-
rant clarifi cation, discussion, and immediate 
action (Issa  2002 ). Genomic information is more 
vulnerable to violations of privacy as it consists 
of an individual’s “diary” of predicting the future 
(Annas  1998 ). 

 Another question is of feedback given to the 
study subjects. Careful consideration is there-
fore required to be given to the level of anonym-
ity that should be applied to genomic information 
which has been stored as a part of research (Issa 
 2000 ). Each country has its own regulations for 
the protection of personal data. In some coun-
tries, rules allow the study subjects/patients to 
access all the medical and genetic information 
or individual feedback. In that case, samples will 
not be anonymized for research purpose. 
Therefore, the research study aimed at identify-
ing genomic profi les in context to disease suscep-
tibility and drug response should only be 
conducted on subjects who are aware of all the 
risks and benefi ts of research and voluntarily 
accept it.  

4      Subject Stratifi cation 

 Drug development strategies which are based on 
pharmacogenomic profi ling assume that certain 
genetic variations will be identifi ed affecting the 
response of the drug. This leads to the stratifi cation 
of clinical trial subjects into subgroups based on 
their genotype (Issa  2002 ). Stratifi cation leads to a 
number of ethical challenges. Firstly, genotyping 
as criteria of inclusion and exclusion of research 
participants might lead to the loss of benefi ts of 
research participation or to unfair representation 
in the trials (Issa  2002 ). This genotype- based strat-

ifi cation could lead to development of the subject 
selection biases. Excluding individuals from the 
trial on the basis of genotypic information could 
lead to the loss of benefi ts that they might achieve 
by participating in the trial (Issa  2002 ). 

 Stratifi cation of study subjects into smaller 
subgroups can confound the statistical analysis 
and interpretation of the results (Becker  2001 ). 
For example, if 100 study subjects are stratifi ed 
into groups of 10 each, it is evident that statisti-
cally signifi cant differences might be perceived. 
It is important to question whether these statistical 
differences are clinically relevant because studies 
can be statistically signifi cant but clinically insig-
nifi cant (Sterne and Davey  2001 ; Becker  2001 ). 

 Pharmacogenomic data which is obtained as a 
result of stratifi cation of research subjects into 
smaller groups will probably increase the spuri-
ous interpretation of statistical analysis (Sterne 
and Davey  2001 ; Issa  2002 ). Subject stratifi ca-
tion can also lead to scientifi c and ethical chal-
lenges in data analysis due to the concept of 
penetrance. The variability in the degree of clini-
cally relevant phenotypic expression because of 
genetic variation can lead to false-positive results 
(Zhao  2000 ; Issa  2002 ). As a consequence of this 
some of the participants might not be offered the 
trial medication in case the given polymorphism 
is highly penetrant. The clinical consequences of 
penetrance also pose a challenge for regulatory 
authorities, e.g., USFDA in labeling of drugs 
(Issa  2002 ). More research work needs to be car-
ried out to predict the effects of penetrance on 
drug response and adverse effects.  

5      Race and Ethnicity 

 Pharmacogenomic information varies according 
to race and ethnicity. Signifi cant disparities exist 
in health status, health-care utilization, and clini-
cal outcomes among different racial and ethnic 
groups (Harty et al.  2006 ). The recent approval 
by the FDA, of a combination of drugs, isosor-
bide dinitrate and hydralazine (BiDil) in heart 
failure, has created much discussion among 
researchers (Branca  2005 ; FDA News  2005 ). The 
combination of two generic drugs BiDil has got 
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the approval for heart failure in self-identifi ed 
Blacks, a step toward personalized medicine 
(FDA News  2005 ). The approval in part was on 
the basis of African-American Heart failure trial 
(A-HeFT), which showed approximately 43 % 
reduction in death as compared to placebo, a sig-
nifi cant improvement over previous trials among 
unselected groups of patients (Taylor et al.  2004 ). 
The effi cacy of BiDil, slowing down the progres-
sion of heart disease, provides a strong evidence 
that a particular genotype prevailing in a racial 
and ethnic subgroup of the population would be 
helpful in guiding the prescription of drugs. 

 A considerable debate is going on the issue of 
race and ethnicity in pharmacogenomics trials. 
The argument is based on either to continue the 
use of race and ethnicity or to abandon it alto-
gether (Fullilove  1998 ; Rivara and Finberg  2001 ; 
Schwartz  2001 ; Burchard et al.  2003 ; Risch et al. 
 2002 ). This can be better explained with the help 
of an example, enzyme cytochrome P450 sub-
family 2D6 (CYP2D6) is one of the oxidizing 
enzymes responsible for the metabolism of a 
number of drugs. Single nucleotide polymor-
phisms in the gene encoding for this enzyme can 
vary between different racial groups (Lipton 
 2003 ). The impaired activity of this enzyme is 
responsible for the altered pharmacokinetic pro-
fi le of a number of drugs metabolized by the 
enzyme. It has been reported that among 
Caucasian, about 7 % population has a genetic 
variant which contributes to the reduced activity 
of CYP2D6 enzyme (Lipton  2003 ). As a result, 
this group of population is poor metabolizer for 
many of the medicines which are the substrates 
of CYP2D6 enzyme. Ethiopians and Saudi 
Arabians have high frequency of another genetic 
variant of CYP2D6 which makes them good 
responders because of increased activity of 
encoded enzyme (Weber  1997 ). Different vari-
ants of glucose 6-phosphate dehydrogenase 
(G6PD), an enzyme responsible for generation 
of nicotine-adenine dinucleotide phosphate 
(NADPH) in mature red blood cells, are found in 
very high frequency in African, Mediterranean, 
and Asiatic populations. Some of the genetic 
variants of G6PD have been found to disrupt the 
normal functions of the enzyme (loss of func-

tion). The pharmacological agents which are the 
substrates of G6PD, e.g., antimalarial drug, pri-
maquine, have been found to induce hemolytic 
anemia in patients with impaired function of 
G6PD enzyme (Beutler  2007 ). 

 Another example is of antituberculosis drug, 
isoniazid, which is inactivated by acetylation. 
The impaired metabolism of the drug via slow 
acetylation due to genetic variation in one of key 
enzyme  N -acetyl transferase-2 (NAT-2) results in 
accumulation of toxic levels of isoniazid (Weber 
 1997 ). Therefore, the variation in NAT-2 gene 
directly infl uences the metabolism (either rapid 
or slow) of isoniazid as well as other drugs and 
carcinogenic compounds (Grant et al.  1997 ). 
Studies have identifi ed that approximately 50 % 
of Caucasian populations are genotypically slow 
metabolizers (acetylators) of isoniazid. More 
than 80 % of individuals in certain Middle 
Eastern populations and about 20 % Japanese are 
also slow metabolizers (Weber  1997 ). 

 Some of the genetic markers predicting the 
ADRs of certain drugs, e.g., human leukocyte 
antigen (HLA), has been found to be present in 
high frequency among Han Chinese population 
(8 %) as compared to rest of the world (Geer et al. 
 1998 ). In India, a 0–6 % prevalence has been 
reported (Shankarkumar  2004 ; Rajalingam et al. 
 2004 ; Rani et al.  2007 ). Studies have documented 
a signifi cant high association of    HLA*B 1502 
variant with the development of serious adverse 
effects such as Stevenson-Johnson syndrome and 
toxic epidermal necrolysis in epileptic patients on 
carbamazepine (an antiepileptic drug) (Mehta 
et al.  2009 ; Chung et al.  2004 ; Chang et al.  2011 ). 

 These examples identify the signifi cant role of 
genomic variation and ethnicity in pharmacoge-
nomics research. However, population descrip-
tors, i.e., race and ethnicity, are crude measures 
having useful predictive values at the level of 
individual patients. The use of both the terms 
race and ethnicity without accurate evaluation of 
other contributing factors has been observed to 
raise the risk of reinforcing and creating inequi-
ties in the fi eld of health care (Harty et al.  2006 ; 
Jones  2001 ; Kahn  2005 ). However, this cannot be 
overlooked because each ethnic group might 
have specifi c genotypes responsible for ADRs 
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and interindividual variation in a high frequency, 
and, therefore, this information needs to be taken 
into consideration for prescribing a particular 
drug in a particular ethnic group.  

6      Orphan Drug Development 

 In certain cases, drug-associated severe adverse 
effects are the major problems encountered by phy-
sicians and patients. Therefore, the major ethical 
issue is that whether the new drug developed is 
meant only for the most common genotype or for 
the group identifi ed as good responders. And this 
new drug will not be useful for nonresponders 
because this group is too small to attract investment 
from the pharmaceutical companies. According to 
Orphan Drug Act, 1983 (passed in the USA), drugs 
are considered orphan drugs under two circum-
stances: fi rst, if the condition treated by drug affects 
fewer than 20,000 patients and, second, if there is 
no reasonable expectation that the cost of develop-
ing the drug will be recovered from its sales (FDA 
 2001 ; Rai  2002 ). According to this law, an “orphan 
disease” is a condition that affects fewer than 
200,000 people. This act provides fi nancial incen-
tives which include tax credits, for pharmaceutical 
fi rms to direct their efforts for the developing prod-
ucts or drugs to treat orphan conditions/diseases. 
Companies could generate a demand for a pre-
scribed drug by offering tests to identify responders 
and nonresponders. As a result of this, the entire 
population might be given minimum attention in 
this type of market driven drug development pro-
cess resulting in “Orphan Population” (Issa  2002 ). 

 The problem has a high magnitude in case of 
developing countries with poor population. To over-
come this issue, serious planning and signifi cant 
public sector investment in research, increased pric-
ing, new policies similar to orphan drug legislation 
in the USA and Europe might be required to pro-
vide the resources and fi nancial incentives to 
encourage the private sectors in the pharmacoge-
nomic studies (Robertson  2002 ; Danzon and 
Towse  2002 ). Researchers have already identifi ed 
the situation where genetic variations do appear to 
predict the drug response in a manner that can cre-
ate orphan drug population. For example, in patients 

with asthma, the presence of a particular type of 
single-nucleotide polymorphism in the promoter 
region of arachidonic acid converting enzyme, i.e., 
ALOX5, is responsible for lack of response of anti-
asthmatic drug treatment (Rai  2002 ).  

7      Unequal Distribution 
of Benefi ts 

 Provision of resource allocation is a big issue when 
the money is spent for research and design. 
Problems regarding equity and distributive justice 
are a central part in pharmacogenomic research 
(Beauchamp and Childress  2001 ). It is believed by 
some that research involving tools of genomics, 
e.g., Human Genomic Project, is the poor alloca-
tion of resources when there are majority of people 
suffering from lack of food, safe drinking, water, 
housing, and other basic amenities of life in devel-
oping countries (Patowary  2005 ). In that case it 
seems to be a luxury to invest on pharmacogenom-
ics which is going to benefi t only the rich and 
urbanized people. Contrary to this it has been 
observed that every year hundreds of people die 
due to hypersensitivity reactions or ADRs induced 
by drugs which can be avoided by testing the geno-
type before prescribing the available drugs. Further 
this will also reduce the frequency of visits to clini-
cians and recovery time, thereby decreasing the 
cost of hospitalization (Patowary  2005 ). The phar-
macogenomics may also be costly and will be 
accessible to only rich. The excellent example in 
this concern is of patients of Gaucher’s disease. 
The sufferers of this disease helped the pharmaceu-
tical companies to develop effective treatment and 
unfortunately were denied access to the treatment 
by insurance companies due to higher cost. 

 An economic analysis of industry pharma-
cogenomics indicates that whether this new tech-
nology of personalized medicine is useful or 
good investment for capitalists (Todd  1999 ). 
Market pressures and excessive enthusiasm for 
conducting trials including pharmacogenomic 
protocols can result into study subjects being 
exposed to risks in trials which might be aban-
doned due to volatile market trends and uncertain 
longevity of specifi c patent holders (Issa  2002 ).  
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8      Confl ict of Interest in 
Business and Research 

 Confl ict of interest is developed among research-
ers who have invested their time and knowledge 
in conducting pharmacogenomic research for the 
drug companies interested in commercialization 
of their product (Agnew  2000 ). The chances of 
ignorance of their research interests are more 
after the companies have achieved their goal 
(Patowary  2005 ). Because the companies have to 
invest huge amount of money in developing a 
product and bringing it to the market, the ques-
tion is whether these companies will be ready to 
develop a drug for a small subset of population 
with rare genotype. 

 Clinical research involving pharmacogenomic 
studies creates a close relationship between 
industry and academics with large amount of 
money involved in it (Patowary  2005 ; Corrigan 
and Williams-Jones  2006 ). These confl icts can 
be controlled by a process of systemic disclosure 
to both the ethics committees and research sub-
jects involved in the trials/studies. In some cases 
it may also include the modifi cations in the pro-
tocol or to the research team (Howard et al. 
 2011 ). The concept of benefi t sharing introduced 
by the United Nations Educational Scientifi c and 
Cultural Organization (UNESCO) and HUGO 
provides avenues for exploring to establish a 
more equitable relation between study partici-
pants, researchers, and sponsors in the fi eld of 
pharmacogenomic studies (UNESCO  2003 ; 
HUGO  2000 ). 

 The recommendations in this concern include 
that there should be a declaration of confl ict of 
interest regularly updated and reported by the 
principal investigators (PIs) and co-PIs of all the 
pharmacogenomic trials (Howard et al.  2011 ). 
The recruited study subjects should be informed 
that they will not be entitled to receive any com-
mercial or fi nancial benefi ts or future intellectual 
property rights. The researchers involved in 
pharmacogenomic studies expecting to commer-
cialize their fi ndings should consider a benefi t 
sharing plan within the research protocols 
(Howard et al.  2011 ).  

9      Data Sensitivity 

 Pharmacogenomic studies require a large-scale 
use of genetic information and individual’s drug 
response profi le to compare and evaluate the 
effi cacy and drug-associated adverse effects, 
thus raising the issues about storage, security, 
and access to genetic information (Lipton  2003 ). 
Therefore, there should be an effi cient database 
storage system. The development of such a data-
base should be sensitive enough to overcome 
the issues of the signifi cant issues of privacy and 
confi dentiality (Robertson  2002 ). One such 
example of a database is Pharmacogenomics 
Knowledge Base (PharmaGKB) which is based 
on a project entitled the “Pharmacogenomics 
Research Network.” This data can be shared 
between different people or researchers. Data 
sharing can be done without obtaining the 
informed consent from the research participants 
(Howard et al.  2011 ). Disregard of the consent 
form of research in data sharing is unethical 
because it violates the rights of confi dentiality 
and integrity of the research participants (Joly 
et al.  2005 ). 

 Registration of clinical trials is a must for 
the researchers and companies running clinical 
trials in every nation. The USFDA has adopted 
some of the measures in this concern so as to 
regulate and secure the pharmacogenomics 
data of human subjects involved in studies 
(FDA News  2005 ). These include guidance for 
publication which is a crucial fi rst step to over-
come the problem of uncertainty and other con-
cerns including confi dentiality and intellectual 
property (UK Pharmacogenetics Study Group 
 2006 ). Secondly, there should be a framework 
for co-development of drug- diagnostic proto-
cols/techniques (  www.fda.gov/coder/genomics/
pharmacoconceptfn.pdf    ). Thirdly, the Voluntary 
Genomic Data Submission (VGDS) initiative 
has been introduced to encourage pharmaceuti-
cal companies involved in pharmacogenomic 
trials and to submit exploratory pharmacoge-
nomic information (   www.fda.gov/coder/
genomics/VGDS.htm    )    . In Europe   , the phar-
macogenetic terminology has been defined 
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properly by European Medicines Agency 
(EMEA). EMEA has also introduced a system 
of brief meetings in order to allow sponsors 
and regulators to discuss pharmacogenetic data 
informally at an early stage of study (CHMP  2005 , 
Draft Guideline on Pharmacogenetics Briefi ng 
Meetings, EMEA/CHMP/20227/2004).  

10      Social and Economic Concerns 

 Social and economic considerations have a 
greater impact in directing the pharmacogenomic 
research and its translation into the clinical fi eld. 
A number of issues such as access to insurance, 
employment, and health-care resources can also 
lead to discrimination among individuals. In case 
the disease susceptibility is known for an indi-
vidual, other family members related to the 
affected individual may feel at an increased risk 
of becoming ill and having fewer therapeutic 
alternatives, even when the risk has not been 
scientifically quantified (Martin et al.  2000 ). 
A social issue that can arise from pharma-
cogenomic- based therapeutics is a paradigm shift 
in therapeutic choices, caused by the perception 
of “uniqueness” based on the genomic profi le of 
an individual (Issa  2002 ). For example, genetic 
variants affecting responsiveness to a particular 
asthma medication or antihypertensive can result 
in subtle subconscious “shifting of blame” by the 
principal investigator or the concerned physician 
involved in a clinical setting (Issa  2002 ). 

 Focusing on another issue of race and ethnic-
ity, the pharmacogenomics information can also 
lead to a neglect of socioenvironmental factors 
which might lead to population-based differences 
in health status (Lee  2005 ). For example, many 
drug-metabolizing enzymes have qualitative and 
quantitative differences between different racial 
groups. Catechol -O  methyltransferase (COMT) 
is an enzyme involved in the metabolism of drugs 
levodopa and methyldopa used in the treatment 
of Parkinson’s diseases and hypertension, respec-
tively. This enzyme also infl uences the produc-
tion of estrogen metabolites associated with 
breast cancer disease. It has been suggested that 
the low-activity allele for enzyme COMT is less 

frequent among African and East Asian popula-
tions showing a clear evidence of risk in thera-
peutic benefi t among these racial groups (McLeod 
et al.  1998 ; Syvanen et al.  1998 ). 

 Overlapping as well as distinguished concerns 
might arise in front of health-care providers, 
patients, and pharmaceutical companies (Goldstein 
et al.  2003 ). The genomic information could offer 
signifi cant diagnostic value about the patient’s 
response toward a pharmacological agent to the 
health-care providers. Therefore, economically 
both the health-care providers as well as the health-
care receivers or patients will be benefi ted in terms 
of developing an exclusive system of giving the 
precise medication to the patients and avoiding the 
unnecessary wastage of money due to the bypass 
of drug-associated adverse effects (Goldstein et al. 
 2003 ). According to an estimate by You et al. 
( 2004 ), the cost of major adverse effects (bleeding 
due to warfarin sensitivity) of the anticoagulant 
drug warfarin prescribing was found to be approx-
imately US$6,000, which could be averted by 
prospective CYP2C9 genotyping (You et al.  2004 ; 
Caraco et al.  2008 ). 

 Studies have found that the economic calcula-
tions for the pharmaceutical industry are more 
complicated because of market segmentation 
(Shah  2003 ). Few drugs which work well are 
rejected or withdrawn from the market because of 
rare but ADRs in a subgroup of the population. 
This results in a huge loss of money from the 
viewpoint of a pharmaceutical fi rm, because the 
development of a drug molecule crosses a number 
of phases before coming into the market involv-
ing lots of expenditure and time. The antiepi-
leptic drug felbamate, antipsychotic clozapine, 
and most of drugs have been withdrawn owing 
to QT-interval-associated arrhythmias (e.g., 
Terfenadine). If pharmacogenomic or pharmaco-
genetic predictors of adverse drug events could 
prevent the exposure of susceptible patients on the 
basis of genetic information, the costs of develop-
ing a single drug molecule on a  large- scale effort 
could be fully recovered (Goldstein et al.  2003 ). 

 The development of genotype-based treat-
ment will potentially result in a shift of costs of 
drug development from the pharmaceutical sec-
tor to the market or clinical sector (Pirmohamed 
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and Lewis  2004 ). For example, the cost of the 
development of a drug from the process of manu-
facturing in a company and reaching up to licens-
ing authority will be reduced via a more effi cient 
streamlined process. But the use of drug after 
getting licensed will incur the combined cost of 
drug and pharmacogenetic test. As a consequence 
of this, there is a risk of new drugs developed 
with the aim of being prescribed to certain or 
only to rare genotype. Further, this will reduce 
the market size for that drug and will be too 
expensive for the patients (Pirmohamed and 
Lewis  2004 ). 

 There is no doubt that pharmacogenomic 
information has created a revolution in the fi eld of 
clinical medicine, with few examples such as 
Herceptin for the patients with breast cancer who 
overexpress HER2 and Gleevec for patients with 
chronic myeloid leukemia that results from 
Philadelphia chromosome (Roses  2000 ; Goldstein 
et al.  2003 ). However, the tailor-made medicines 
or the personalized medicine will be created only 
for a few people or a subgroup of people therefore 
will be more expensive as compared to “bulk 
drugs” (Bolt et al.  2008 ). The main concern is that 
should these pharmacogenomic applications be 
reimbursed by health insurance companies or the 
cost will be paid by the patient itself (Bolt et al. 
 2008 ). This situation can lead to inequity among 
people those who can pay for these and the one 
who cannot. 

 The implications for providers of health care 
arise particularly if a patient would like to go 
for a genomic test (Lipton  2003 ). The con-
cerned clinician might or might not be willing 
to prescribe a medicine on the basis of genomic 
information. Moreover, what will happen in 
case of nonresponders with no other option of 
treatment available. Ultimately, who will be 
deciding that whether or not a patient should 
take a tailored medicine against the doctor’s 
advice (Lipton  2003 ). These are a few concerns 
which need to be resolved by formulating drug 
formularies with particular genomic informa-
tion and generating the awareness among 
patients and doctors about genetic knowledge. 
The reason is that our academic profi le of medi-
cines does not provide suffi cient knowledge 

and training except few introductory chapters 
in the curriculum. There is a need to develop 
the policies and to create funding incentives in 
order to promote equitable access to the bene-
fi ts of pharmacogenomics and to protect the 
patients, their families, and disadvantaged 
social groups (Pirmohamed and Lewis  2004 ).  

11      Regulatory Issues 

 The enormous potential of pharmacogenomics 
providing therapeutic benefi ts in terms of both 
patient and health provider heavily outweighs the 
risks. Providing such a powerful information in the 
hands of health-care providers and the ones who 
are involved in the discovery of novel approaches 
to disease treatment or prevention offers promise to 
the betterment of the society (McLeod and Evans 
 2001 ). At the same time, a number of other issues 
can be regulated by generating a better framework 
under the rules and regulations so as to minimize 
the chances of abuse or misuse of genomic infor-
mation. According to “Title VII of the Civil Rights 
Act of 1964,” discrimination on the basis of genetic 
information is the clear violation of the law because 
this will fall along social, racial, and ethnic lines 
(Nebert and Bingham  2001 ). A classic example of 
this type of discrimination appeared in the 1970s, 
when the sickle cell anemia was used as a criteria 
for denying from employment in a number of jobs 
(Nebert and Bingham  2001 ). 

 Antidiscrimination legislations are required so 
as to prevent the misuse of personal genomic data 
and to avoid stigmatization of a particular sub-
group (Pirmohamed and Lewis  2004 ). To prevent 
the development of orphan drug and orphan gen-
otype, public sector investment is required in the 
private sector. Cost-effective and cost-benefi t 
analyses are required to be carried out so as to 
ensure fair pricing of pharmacogenomic products 
and diagnostics developed from pharmacoge-
nomics trials. 

 The European Agency for the Evaluation of 
Medicinal Products, UK’s Medicines and 
Healthcare Products Regulatory Agency, Japan’s 
Pharmaceutical Affairs Bureau, and the FDA are 
the examples of regulatory agencies controlling 
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the research studies and clinical trials. An evi-
dence of the regulatory agency USFDA has been 
observed during the translation of genomic 
 medicine into medical care in August 2007, 
when USFDA announced that it was bringing to 
doctors’ attention, the potential usefulness of 
getting a patient’s genetic profi le before pre-
scribing the drug “warfarin.” Warfarin (used as 
anticoagulant agent) is a drug of choice in vari-
ous cardiovascular treatments (Pirmohamed and 
Lewis  2004 ). The drug-metabolizing enzyme 
cytochrome P450 2C9 (CYP2C9) has been 
found to have a number of genetic variants 
affecting the pharmacokinetic of warfarin to a 
marked level. Therefore, the persons with a partic-
ular genetic variant affecting drug response 
should be screened prior to prescribing, as indi-
cated on the label of the drug. The FDA has the 
responsibility of regulating genetic tests to 
ensure scientifi c validity and utility. In addition 
to the genetic variants, the interaction of these 
variants with the environment or food also needs 
to be considered. 

 There are some countries in which legal sys-
tems are based on common law (court decisions 
by judges); physicians and pharmacists are having 
liability under the theories of negligence which 
involves the violation of a duty based on a wrong 
interpretation of genetic tests. 

 It is the duty of physicians to prescribe the right 
drug in the right dose, to the right patient at the 
right time. Pharmacists are also liable because of 
dispensing the drugs. The responsibility of the 
pharmacist is to warn the patient about the ADRs 
as well as to provide other necessary information 
such as dosage of drug, drug and food interaction, 
and drug-drug interaction. The pharmacist dis-
penses the drugs according to the instructions of 
doctor, but there are some jurisdictions which have 
imposed liability on pharmacists for the harm that 
result from a prescribed drug that was properly not 
dispensed in accordance to the prescription 
(Rothstein and Epps  2001 ). PharmGened is a pro-
gram (2008–2011) designed to provide physicians, 
pharmacists, students, and other health-care pro-
fessionals to access evidence-based pharmacoge-
nomic information and to improve their knowledge 
(Lee  2005 ). 

 The generics of drugs already exist in the mar-
ket; prescribing drugs on the basis of genomic 
information could impact the sale of that drug 
and can also put a question mark for it to be tested 
again or reevaluation for its effi cacy and side 
effects. Pharmacogenomics can also impose 
liability on pharmaceutical fi rms for not conveying 
proper information of risks and associated 
adverse effects on the label. It is not possible in a 
clinical trial to predict all the adverse effects 
owing to the number of genes involved in affect-
ing the response of a drug along with consider-
ation of environmental factors (Wood and 
Woosley  1998 ). The example of SmithKline 
Beecham will give a meaning to the above state-
ment. In year 2000, four persons had fi led a class 
action lawsuit against SmithKline Beecham, 
alleging that the manufacturer of a vaccine for 
Lyme disease knew that some individuals would 
be susceptible to arthritis on exposure to the vac-
cine because of their genotype, but did not pro-
vide this important information on the label of 
the drug (Cassidy vs. SmithKline Beecham 
 1999 ). The pharmaceutical company has stopped 
selling the vaccine in February 2002 and agreed 
in 2003 to an out of court settlement of more than 
one million dollars to the patients (Vaccination 
News  2003 ). 

 Regulatory policies which can successfully 
achieve the dual objectives of ensuring public safety 
and promoting innovation in health technology 
should be imperative in order to enjoy the fruits of 
this emerging new fi eld (Issa  2002 ). In year 2003, 
the FDA had issued a draft guidance regarding the 
submission of pharmacogenomic data, in order to 
encourage drug companies to conduct pharmacoge-
nomic tests during drug development and to main-
tain an appropriate level of safety and accuracy for 
consumers (FDA drug safety newsletter).  

12      Pharmacogenomics into Clinic 

 The sequencing of the human genome in 2003 
has raised the expectations of researchers in the 
use of genomic information in response to 
individual variability toward prescribed medi-
cines. The era of personalized medicine is 
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going to provide the best and precise therapeutic 
interventions. Current methods of prescribing 
medicines based on weight, age, conditions of 
liver and kidney, presence of any other disease, 
and concomitant medicines are no more success-
ful because of drug-associated adverse effects in 
some of the patients. Therefore, the tailored 
medicines based on the individual’s genomic 
profi le will guide the concerned clinician to 
prescribe the right medicine in the right dose for 
the right person. There are a few examples of 
translation of pharmacogenomic information 
into medical practice. The common gene variant 
(c 94C > A) of thiopurine methyltransferase 
(TPMT) – an enzyme affecting the metabolism 
of cancer drugs, azathiopurine and mercapto-
prine (which are used in acute lymphoblastic 
childhood leukemia), is being used for the 

prediction of right dose of these two medicines 
(Meyer  2000 ; McCarthy and Hilfi ker  2000 ). 
Herceptin has created another breakthrough in 
the treatment of breast cancer, and patients are 
getting benefi ts from it, e.g., Table  8.1 .

   Different variants of cytochrome 2D6 
(CYP2D6) gene have been found to be associ-
ated with debrisoquine-sparteine drug oxida-
tion and are correlated with gastrointestinal, 
liver, and lung cancer (Clapper  2000 ). The 
genetic variants of paraoxonase gene-1 (PON-
1) gene have been found to be correlated with 
the risk of developing not only cardiovascular 
disease but also predicts the toxicity of organo-
phosphates such as pesticides, parathion chlor-
pyrifos and diazinon, and nerve agents sarin 
and soman (Nebert and Bingham  2001 ; Brophy 
et al.  2001 ).  

   Table 8.1    FDA-approved few drug labels including pharmacogenomic data   

 Name of the drugs  Disease in which the drug is prescribed  Genotypic information/tests available 

 6-mercaptopurine  Leukemia  Patients with inherited little or no thiopurine- 
S -methyltransferase (TPMT) activity due to 
polymorphism are at increased risk for severe 
mercaptopurine toxicity from conventional 
doses of mercaptopurine and generally require 
substantial dose reduction 
 Laboratory tests are available to determine the 
TPMT status 

 Azathioprine  Organ transplant, immunosuppressive, 
prodrug 

 Laboratory tests are available to determine the 
TPMT status so as to avoid adverse drug reactions 

 Atomoxetine  ADHD  Laboratory tests are available to identify 
 CYP2D6 poor metabolizers 

 Irinotecan  Colon cancer  Heterozygous patients (carriers of one variant 
allele and one wild-type/normal allele which 
results in intermediate UGT1A1 activity) may 
be at an increased risk for neutropenia 

 Carbamazepine  Epilepsy  Patients from at risk populations should be 
screened for the presence of HLA*B1502 prior 
to initiating treatment with carbamazepine. 
Patients testing positive for the allele should 
not be treated with the drug 

 Warfarin  Cardiovascular diseases  Genotyping for VKORC1 and CYP2C9 genes 
is advised to avoid adverse drug effects 

 Herceptin  Breast cancer  Herceptin treatment can lead to ventricular 
dysfunction and congestive cardiac failure 
among 25–30 % patients. Therefore, patients 
should be tested for over-expression of Her-2/
neu2protein before prescribing 
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13      Conclusions 

    The pharmacogenomics is in its infancy and 
what is already known about pharmacogenom-
ics is just the tip of the iceberg, a greater under-
standing of the way in which patients with a 
particular genotypic profi le response to a drug 
allows manufacturer to identify subtypes of a 
population that will benefi t most from a particu-
lar drug. The pharmacogenomics is in its incep-
tion; therefore, concerned ethical, social, and 
legal issues need to addressed and formulated 
carefully. To obtain maximum benefi t from 
pharmacogenomics, we need to achieve legiti-
mate concerns and safeguard against malprac-
tices in clinical medicine. There should be right 
formulations of policy issues along with the 
combination of constraints and incentives so as 
to protect and promote the patient and society so 
that the pharmacogenomics would be widely 
introduced and accepted into the routine clinical 
practice. The goal of pharmacogenomics is to 
speed up the process of drug development with 
reduced failure, more safety, and therapeutic 
values. The inclusion of pharmacogenomics 
into clinical practice will be determined by their 
scientifi c values and validity with respect to 
human values; there is an urgent need for 
researchers, health-care providers, government, 
and pharmaceutical organization to work hard 
in hand in order to formulate an international 
guideline/regulation for the use of pharmacoge-
nomics produce safer and more effective thera-
peutic strategies.     
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1             Introduction 

 Contemporary drug discovery and design is no 
longer possible without resorting to sophisticated 
computational mathematical modeling techniques. 

In this chapter we will review some new tenets 
and opportunities in the computational modeling 
of the complex biological process behind disease 
characterization at the genomic level and its rela-
tion with modern techniques of drug discovery. 
We will be discussing how these computational 
methods may impact in such disparate areas 
of pharmacology such as prediction of effi cacy 
of drugs (and also synergistic effects in  drug 
cocktails ) by means of computational modeling 
of molecular pathways (Adams et al.  2009 ; 
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 Abstract 

   After the advent of high-throughput research in the biomedical sciences, 
greatly enhanced with the rise of genomics, proteomics, and metabolo-
mics, it is a recognized fact that the science of pharmacology will also 
experiment dramatic changes. The search for therapeutic targets has 
become far too complex to be guided, either by an elevated form of  edu-
cated guesses  or by the expert opinion of principal investigators, no matter 
how rich a wealth of experience and how high the level of knowledge they 
may possess. Organismal response to drugs depends ultimately on a series 
of extremely entrenched molecular  pulls and triggers  encoded on a 
 complex web behind the regulatory mechanisms in gene expression, cell 
signaling, and metabolic control. Pharmaceutical genomics or pharma-
cogenomics is thus related with the discovery and ultimately the clinical 
application of such enormous bodies of information. Massive data analy-
sis, classifi cation techniques, network reconstruction, and dynamical mod-
eling are thus at the core of pharmacogenomics. In this chapter we will 
outline some of the main ideas and techniques in the emerging fi eld of 
computational pharmacogenomics, about their use in research, develop-
ment, and clinical application and also as diagnostic/prognostic tools, and 
in the fi eld of targeted therapeutics and personalized medicine. 
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Arikuma et al.  2008 ; Azuaje et al.  2011 ), using 
computer-aided text mining (Almeida  2010 ; 
Chiang and Butte  2009 ) to search for drug leads 
in the ever-growing online biomedical literature 
(Garten and Altman  2009 ; Harpaz et al.  2012 ), and 
applying genetic overlap between various dis-
ease-associated genes to predict alternative drug 
use (Overby et al.  2010 ). 

 By combining computational genomics calcu-
lations in data from genotyping (Danecek et al. 
 2011 ; Guo et al.  2006 ; Johnson  2007 ), DNA and 
RNA sequencing (Kahvejian et al.  2008 ; Li et al. 
 2010 ; Nekrutenko and Taylor  2012 ), MS proteomics 
(Deutsch et al.  2008 ), gene expression microarrays 
(Chengalvala et al.  2007 ; Baca- López et al.  2009 ), 
and small molecule analysis (Adams et al.  2009 ) 
with integrative modeling and bioinformatics 
approaches (Eissing et al.  2011 ), it may be 
possible to overcome the bottleneck of nearly 
all pharmacological studies (the one that makes 
FDA approval a long and hard race) which is the 
scarce knowledge that we posses of the extremely 
complex molecular mechanisms underlying human 
phenotypes, in particular those for common 
diseases such as cancer, diabetes, as well as meta-
bolic, autoimmune, and infectious diseases. 
The use of high-performance computing methods 
(Hernández-Lemus  2011 ; Gentleman et al.  2005 ; 
Okimoto et al.  2009 ) holds the potential for 
achieving a substantial reduction in the costs of 
drug development by reducing the length and 
scope of empirical tests but also by broadening 
the set of viable pharmacological targets and by 
making possible to identify novel therapeutic 
strategies in silico. 

 Computational pharmacogenomics is an up-
coming science that is nourished in many well- 
established disciplines: 
  Molecular modeling or structural biology  
(Krissinel  2007 ,  2010 ) is perhaps one of the most 
mature areas in computational biology. It is 
aimed at predicting the main structural properties 
of biological targets (Krissinel and Henrick  2004 , 
 2007 ) (in some cases even modeling them in a 
block-by-block  Lego-brick fashion ). Molecular 
models base their discoveries in powerful tech-
niques blending computational quantum chemistry 
with biophysics (Krissinel  2010 ), along with 

experimental crystallography and informatics. It is 
precisely with the aid of chemo-informatics that 
it is possible to model characteristic features of 
promissory drug leads and inferring their physical 
interaction with targets. 
  Sequence analysis  includes a number of mathe-
matical an computational methods (Lipman and 
Pearson  1985 ; Pearson and Lipman  1988 ; Smith 
and Waterman  1981 ) used to compare nucleotide 
and amino acid sequences for a variety of pheno-
types (Krissinel  2007 ), thus allowing the imputation 
of functional roles to gene variants by considering 
evidence from homologous genes, in similar phe-
notypes, cases/controls, intraspecies, and even in 
different biological systems. Sequence analysis 
has a foundational role in target identifi cation, in 
particular in the earlier stages of drug discovery. 
  Computational biology  Former applications of 
computational sciences to biology dealt with data 
storage, retrieval, and analysis, quite often with-
out any form of data management or modifi ca-
tion. This discipline is what we currently name 
bioinformatics. Computational biology, on the 
other hand, deals with the quantitative analysis, 
probabilistic modeling, statistical characterization 
and even computational process of biological 
(mostly molecular) data (Gentleman et al.  2005 ). 
These methods arise since raw information 
although permits some degree of understanding 
is not enough to realize the enormous complexity 
linked with biological processes. 
  Data integration  is a series of computer-based 
methods whose goal is the effective analysis of 
datasets coming from fusing multiple data types 
(Eissing et al.  2011 ; Huson et al.  2011 ). These 
may include hypothesis established from litera-
ture mining, gene expression data from microar-
rays and RNA- seq experiments, protein-protein 
interactions from yeast two-hybrid experiments 
and immunoassays, and even clinical patient 
records. Data integration involves the estimation 
of statistical measures of bias, uncertainty, and 
cross correlation in the data between and within 
sources (Szklarczyk et al.  2011 ). Under proper 
methodological designs, data integration may 
increasingly turn important for drug discovery, 
even more so since availability of high-through-
put data for a variety of experimental platforms in 
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diverse biosystems that are relevant to human 
disease grows at an unprecedented fast pace. 
  Pattern recognition and classifi cation  methods 
are intended to imitate the way that we perceived 
things happening in the real world. Related per-
ception tasks such as face recognition, graphology, 
shape detection algorithms, and discrimination 
between levels of relevance of text in search 
queries and others are extremely diffi cult to imple-
ment by computers even when they are consid-
ered almost trivial human activities.    However, 
a series of algorithms, most of them based in 
the tenets of statistical- and machine- learning the-
ories, artifi cial intelligence and neural networks 
(Hernández-Lemus and Rangel-Escareño  2011 ) 
have been developed. In biomedicine and drug 
design, pattern recognition methods have been 
used to discover multimolecular processes and 
build models based on complex databases often 
containing molecular, environmental, and clini-
cal information. Information theory and signal 
processing are other computer science approaches 
to pattern identifi cation (Hernández-Lemus et al. 
 2009 ; Hernández-Lemus  2011 ). 
  Network biology  started as a visualization tool 
but has turned into an extremely powerful analy-
sis framework for complex bio-processes (Arrell 
and Terzic  2010 ; Faustino and Terzic  2008 , 
Hernández-Lemus and Rangel-Escareño  2011 ). 
If we think about molecules inside the cell – say 
genes, proteins, RNAs, or even exogenous small 
molecules – as the vertices on a graph, the physi-
cal or functional interactions between such 
molecules as directed links, we can view cells as 
molecular networks. Complex networks are 
dynamic objects whose functions (local and 
global) may be shaped and reshaped by inner and 
outer processes. In this sense, drugs may  interact  
with the networks representing molecular pro-
cesses driving the cell’s functions (Schlitt and 
Brazma  2007 ). Thus, by studying the nature of 
biological network, one may have a clearer pic-
ture of synergies, side effects, and feedback loops 
that may determine whether a drug is effective to 
reach its target, but even more, whether its use 
may produce secondary effects by hitting other 
targets or by affecting other pathways in otherwise 
unpredictable ways. 

    In brief, computational approaches for 
pharmacogenomics may include not only database 
design and implementation, data sharing strategies, 
statistical analysis, and computational methods 
development but also methodological approaches 
akin to systems biology, in particular, mathematical/
computational models of molecular interaction 
networks for genotype to phenotype, gene regulatory 
interactions from whole-genome expression data, 
population genomics approaches, and multiscale 
drug characterization. All of these studies rely on 
heavy computational implementations that may 
be fully integrated with traditional pharmacology 
and genetics, in order to ease the transition of 
designed pharmaceuticals from bench to bed.  

2      Bioinformatics 

2.1      Bioinformatics Applications 
in Pharmacogenomics 

 The role of bioinformatics    applications in mod-
ern biomedicine has evolved from being a mere 
companion to a quite central role. If we want to 
study the ways by which normal cell functions 
differ from those of diseased conditions, biologi-
cal datasets may be handled in order to form a 
comprehensive picture of the underlying phenom-
ena. Bioinformatics involves the analysis and 
interpretation of various types of data, such as 
nucleotide and amino acid sequences, protein 
domains, and protein structures (Altschul et al. 
 1997 ). In order to do this, bioinformatics is 
related with the development and implementation 
of tools that make possible a fast, effi cient access 
to biological information. It also encompasses the 
use and management of these information sources 
(Warren et al.  2005 ). Bioinformatics is also in 
charge of the development of new algorithms 
and statistical models used to assess (and some-
times even infer) relationships among members 
of large datasets by focusing on the  development 
and application of computationally intensive 
techniques (Gentleman et al.  2005 ). As stated 
these methods deal with pattern recognition, 
data mining, machine-learning algorithms, and 
 visualization with particular application to 
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 alignment of both nucleic acid and amino acid 
sequences, gene discovery, and whole-genome 
assembly but also in drug design and discovery, 
protein structure alignment, protein structure 
 prediction, as well as gene expression and 
protein- protein interaction profi ling, genome-wide 
association studies for genome variants, etc 
(Ouzounis  2012 ). 

 Bioinformatics techniques may be applied 
both in basic research settings and within the 
clinical/pharmaceutical R & D efforts. In the 
last case, the discipline termed  translational 
bioinformatics  (TB) (Altman  2012 ; Butte and Ito 
 2012 ) aims to narrow the gap between identifying 
pathogenic pathways and diseased phenotypes on 
the one hand and guiding molecular experiments 
to improve target identifi cation, drug selection, 
and clinical trial design (Eng et al.  2011 ). 
Computational approaches of this kind may turn 
into an effective way to solve these problems, 
without  drowning in data  (Hoppe et al.  2011 ). TB 
should allow decision makers to take a stand in 
relevant manners by means of complementary 
information sources, way beyond than it could 
be achieved by resorting to the capabilities 
human memory, intuition, and pattern thinking 
alone (Fernald et al.  2011 ; Harpaz et al.  2012 ). 
Bioinformatics analyses have been implemented, 
for instance, to predict drug interactions and look 
up for adverse effects and synergy in drug cocktails 
(Arikuma et al.  2008 ; Sarkar et al.  2011 ). 

 With the same mind-frame as TB (i.e., clinical 
and pharmacological application of basic biomed-
ical research), a fi eld is now emerging under the 
name computational pharmacogenomics (CPG). 
CPG is an innovative and evolving science that 
assembles and mines disparate datasets curated 
(and contextualized in terms of extensive databases 
and hypothesis) from the domains of human 
biology, biochemical pathways, and drug- targeting 
mechanisms of action (Thorn et al.  2010 ). It borrows 
principles from computational biology, informatics, 
and information technology as well as from 
genomic platforms and classic pharmacology. 
In silico software platforms consist of multiple 
linked databases that can include structure-
activity relationships, animal disease models, 
drug chemistry, toxicology, gene expression and 
genomic microarrays, sequence and functional 

annotations, and phenotypes of disease and 
drug response. CPG implementation and use in 
drug development has been limited in most 
disease areas. Oncology is the exception where 
the combination of modern tumor phenotyping 
and bioinformatics has successfully delineated 
mechanistic details in tumors such as gene signa-
tures and protein networks. In brief, CPG involves 
the development of algorithms to analyze basic 
molecular and cellular data with the goal of opti-
mizing drug design and clinical care (Holford 
and Karlsson  2007 ). 

 Technologies to measure DNA sequences are 
under constant development and evolution. 
   Now, we are able to measure not only the genetic 
variations with extreme accuracy at lower costs 
but the sequencing of whole genomes and exomes, 
which has become quite cheap (about $4,000 
USD or less per sample) and with unprecedented 
quality. The pace of increase in our ability to 
sequence DNA has in fact surpassed the growth 
in computer power for the past several years 
(the so-called Moore’s law), and therefore, DNA 
sequencing has begun to further great demands 
on the computer data infrastructure, in terms of 
both storage and analysis. Hence, the challenges 
in CPG are moving fast toward gargantuan 
computation facilities, powerful algorithms, and 
intelligent experimental designs and strategies 
that will no doubt pave the way to completely 
new forms of drug discovery.  

2.2      Database Archiving 

 Electronic repositories for biological data and 
information (in particular for molecular biology 
and    “omics”) are becoming an important tool to 
help us analyze an enormous number of biological 
phenomena, in such disparate fi elds as structural 
biology, protein science, the architecture of meta-
bolic pathways, gene regulation, epigenomics, and 
pharmacogenomics (Adams et al.  2009 ; Arikuma 
et al.  2008 ; Flicek et al.  2011 ; Fujita et al.  2011 ; 
He et al.  2010 ; Kent et al.  2002 ; Overby et al. 
 2010 ). This immense wealth of knowledge may 
be applied to improve our ability to treat diseases 
and design better medications. The tasks of 
designing, developing, and managing biological 
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databases are central to bioinformatics and 
computational biology. Data contents are quite 
diverse: gene sequences, textual descriptions, cat-
egorized attributes of molecules, pathways and 
processes – also called ontology classifi cations – 
literature citations, and quantitative data (such as 
the results of full genome sequencing, RNA 
expression, and protein contents for many 
phenotypic conditions). Biological knowledge is 
so diverse that it may be archived in both general 
(e.g., NCBI, EMBL) and specialized databases 
(UniProt, GeneCards, COSMIC, etc.). By this 
very reason, there is a need for means to manage 
and integrate the data of several sources in a 
consistent manner. 

 Biological databases are large, organized 
bodies of data, managed by interfaces designed 
to update, query, and retrieve components of the 
data stored. Common standards for managing 
information are still been developed. Hence, each 
database often works under their proprietary 
standard of data formatting, storage, and manage-
ment. Since often large amounts of data are not 
easily managed in standard personal computers, 
databases with thousands (or millions) of entries 
may become too large to handle for non- trained 
users (Hernández-Lemus  2011 ). 

 Another approach to deal with large databases 
is to store all the information in a  relational 
database . Relational databases have connections 
or pointers to additional data in other databases 
or tables (think of these as hyperlinks in web-
pages). This is the approach followed by major 
genera listic database engines such as NCBI, 
EMBL, and UCSC Genome Browser. Most 
people’s fi rst encounters with bioinformatics 
datasets are with these extremely useful resources 
that, however, by their generalistic web-based 
nature are limited when treating with large 
amounts of quite specifi c data. 

    In addition to storing structural data such as 
sequences, protein structures, and so on, biological 
databases are also useful to retrieve the information 
about functional features of condition-specifi c 
experiments. The explosion of molecular measure-
ments generated in experiments using high-
throughput technologies has also brought a change 
in the philosophy for sharing the associated data, 
a change also forwarded by economic reasons 

associated with today’s size of experimental projects. 
For this reason, now it is common that many 
 journals, especially those with  high impact , 
require these data to be archived in public-access 
databases before a manuscript is even reviewed. 
Several international public data repositories, 
such as NCBI’s  Gene Expression Omnibus  (GEO) 
and the European Bioinformatics Institute’s 
 ArrayExpress , have been created as means to 
store and distribute these data. 

 Gene Expression Omnibus contains millions 
samples coming from thousands of experiments. 
In order to ease interpretation and analysis, such 
enormous databases are complemented by so- 
called knowledge bases of functional anno-
tation. This  annotation fi les  describe the 
biological processes (sometimes even the specifi c 
signaling pathways) in which these molecules 
are known to be involved. Integration of this 
knowledge with the data presents unprecedented 
opportunities to accelerate and improve our 
understanding of biology as well as a potential 
opportunity for data-driven drug design and 
development.  

2.3      Data-Mining Techniques 

 Data mining (sometimes called text mining) is 
the generic name of a series of methods and algo-
rithms aimed to extract phrases and statements 
from texts and databases by analyzing electroni-
cally stored versions of them (Almeida  2010 ). 
The goal is that by having this information 
assembled and analyzed, it is possible to generate 
new knowledge. Strange as this may sound: this is 
exactly what scholars do. When we (humans) read 
and analyze series of data sources (say books), 
we are able to fi nd patterns that are not necessarily 
contained in either of these sources, at least not 
in an evident way. Data-mining techniques use 
methods derived from computational linguistics, 
natural language processing, data mining, and 
artifi cial intelligence (Chiang and Butte  2009 ). 
In the context of biomedical research,  literature 
mining  (i.e., data mining in bibliographic collec-
tions) has been used to look up in thousands of 
articles by searching biological terms such as 
molecule names and molecular interactions to 
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further improve hypothesis generation (Garten 
and Altman  2009 ). 

 Recent progress in computational analysis 
of texts has produced algorithms that can rec-
ognize even complex biological entities. Gene 
names are notoriously diffi cult to identify 
because they often involve several otherwise 
common words strung together (e.g.,  sonic 
hedgehog  is a gene involved in cell signaling) 
(Garten et al.  2010 ). Literature-mining tools 
may be used also in the primary research behind 
drug design: they may help us to infer links 
between molecular entities and clinical entities, 
thus enabling to highlight unnoticed connections 
across the information in diverse subdisci-
plines. We can envision the day when connecting 
phenotypical descriptions – even at the individ-
ual patient level – with controlled measure-
ments of lab values, but also with imaging 
studies, and coded diagnoses may guide deci-
sions about clinical responses to diseases and 
the dream of  individualized therapies  (Harpaz 
et al.  2012 ; Rinaldi et al.  2012 ). 

 The way in which data mining works is as fol-
lows: by analyzing large and complex arrays of 
data, statistical and mathematical techniques are 
used to discover  hidden patterns  which we may 
loosely unanticipated regularities. For instance, 
the fact that published genetic studies in both 
malaria and sickle cell anemia (two quite different 
diseases in origin, prevalence, and phenomenology) 
point out to similar genome-associated regions or 
even to the same set of molecules. This may lead to 
a scientifi c discovery (Yao et al.  2009 ), even before 
actually performing any experiment. Strange as 
this may seem, this is a widely used strategy to 
 score  for new drugs in combinatorial medicinal 
chemistry. Some drug cocktails were even designed 
under these tenets. Data-mining techniques 
have also enabled the identifi cation of patterns 
in clinical patient records that have pointed out 
to new therapeutics. The combination of litera-
ture and database mining with individualized 
genomic and clinical data should further our 
understanding of the molecular mechanisms 
behind drug success and failure. Table  9.1  
displays a variety of bioinformatics, database, 
and data-mining tools.

3          Computational Sequence 
Analysis 

3.1      Sequencing Applications 
in Pharmacogenomics 

 Applications of nucleic acid and amino acid 
sequencing have been thoroughly used to unveil 
and understand genotype/phenotype relationships 
in relation with drug responses (Lahti et al.  2012 ; 
Guo et al.  2006 ).    Drug delivery and metabolism 
designs have particularly improved with such 
computational interventions (Adams et al.  2009 ; 
   Boran and Iyengar  2010a ,  b ), but also adverse 
effects (Chiang and Butte  2009 ; Hammann et al. 
 2010 ) and drug sensitivity (Cohen et al.  2011 ) 
methodologies now rely on knowledge of the 
sequence/function computational relationship 
discovery. The next subsection will discuss 
further details on these methods.  

3.2      Sequence Alignment 

 The human genome has been often referred to as 
the  Book of Life . Such description goes well 
beyond the obvious parallels. Nucleic acid and 
protein sequences are well suited to be analyzed 
as texts, even by resorting to the tools of analyti-
cal and computational linguistics (Altschul et al. 
 1997 ). Here we will be talking about algorithms 
for the alignment of sequences of symbols, as 
well as quantitative measures (scores) used to 
determine the best alignment. We will discuss 
common measures of sequence similarity (that we 
may then assimilate with biological closeness). 
   By referring to these so-called sequence alignment 
algorithms that are able to include calculation 
methods to determine the statistical signifi cance 
of such sequence similarity scores resulting from 
a database search (Lipman and Pearson  1985 ; 
Pearson and Lipman  1988 ; Smith and Waterman 
 1981 ), molecular biologists usually think of 
biological similarity in terms of chemical simi-
larity. Thus, one may expect mutations that 
cause large changes in chemical properties to 
be uncommon since they may end up destroying 
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the protein’s three-dimensional structure, hence 
its biological function. In the other hand, 
changes between  chemically close  amino acids 
should happen more often. These comparison 
strategies may lead us to the multiple sequence 
analysis scenario. 

3.2.1     Multiple Sequence Alignment 
 Performing multiple (possibly related) sequence 
alignments is a step that we may think as the 
starting point of many bioinformatics analyses. 
Constructing a multiple alignment of a number 
of homologous nucleotide or protein sequences, 
despite their frequent use, remains one of the 
algorithmically most challenging areas in bioin-
formatics and computational biology research 
(Chenna et al.  2003 ). 

 The problem of multiple sequence alignment 
(MSA) consists in fi nding out hypothesis about 
the dynamics of substitutions, insertions, and 
deletions and how they shape the actual (mostly 
primary) structure in genes and protein sequences 
(Huson et al.  2011 ). The usual input in MSA 
algorithms is a set of related (homologous) 
sequences that may be phylogenetically related 
and are suspected to have biomolecular functions 
in common. These methods produce a matrix or 
table where each row corresponds to an input 
sequence and each column corresponds to a 
position in the alignment. Columns represent 
sequence regions that have all diverged due to 
genome dynamics. Gaps correspond to insertions/
deletions and thus do not have common counter-
parts in all sequences. 

 A MSA serves as a starting point in the search 
to find out phylogenetic distances within 
sequences that may be investigated by tree- 
building methods based on the alignment. This 
way one may be aware of sequence similarities, 
useful, for instance, to build animal models for 
pharmaceutical research and preclinical trials. 
Maybe the best possible example in pharmacoge-
nomics research is in the study of the family of 
 CYP2D6 -related molecules that are known to play 
an important role in drug metabolism.    Conserved 
domains, which may indicate functionally important 
sites, such as binding sites, active sites, or sites 
related to other key functions, can be identifi ed 

by homology relations in an MSA. The optimal 
solution to a pairwise alignment problem often 
can be computationally found within reasonable 
time. However, in practice MSA is by large more 
complex. In order to deal with this enormous 
computational burden in practical times, heuristic 
algorithms are used for construction and analysis 
of MSA. The pharmaceutical R & D community is 
especially enthusiastic in the development of such 
heuristics due to the intrinsic complexity associated 
with drug- target fi nding within large sequences.   

3.3      Next-Generation Sequencing 

 Biological studies at the genomic level can now 
be analyzed at unprecedented levels of accuracy. 
No doubt, new sequencing techniques have thus 
not only reshaped the scope of genome sequencing 
but also helped to impact a whole generation of 
basic, clinical, and translational research scientists 
moving into a new (and largely unfamiliar to 
them) world (Kahvejian et al.  2008 ). New kinds 
of questions relating structure-function of genes 
may be answered with precision and a breadth of 
scope that seemed unattainable just a few years 
ago. One single run on ABI’s next- generation 
SOLiD platform, for example, is able to yield about 
6 gigabases of sequence.    The competition is hard 
with the 10 terabytes for a single Genome Analyzer 
run making the “mere” 12 gigabytes that Roche 
454 sequencer may produce seem like  peanuts  
(Li et al.  2008 ,  2010 ). Data management of such 
amounts of data is just the beginning. These 
requirements pale since signifi cant computational 
infrastructure is also required to reassemble 
the short reads from many of these instruments 
into genomic scaffolds or exons. Instrument 
manufacturers are only providing the software to 
analyze what comes off the sequencer under a 
restricted set of applications: say de novo genome 
sequencing, gene expression analysis, or perhaps 
targeted resequencing. But further computational 
biology and bioinformatics analysis are out of the 
scene (Nekrutenko and Taylor  2012 ). 

 In the immediate future, next-generation 
sequencing platforms may remain out of the sight 
of researchers and companies without a strong 
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bioinformatics platform. Computational methods 
for the analysis of NGS data have been developed 
(   Shendure and Ji  2008 ). These algorithms are 
aimed at alignment of sequence reads to a refer-
ence; base-calling and/or polymorphism detection; 
 de novo assembly , from paired or unpaired reads; 
and genome browsing and annotation. NGS 
alignment and assembly represent particularly 
confl icting problems due to the small size of the 
reads. This is so because alignment algorithms 
(e.g., BLAST) are largely adequate for long reads – 
generated by  past-generation  sequencing – but 
are unlikely to be the best algorithms for handling 
short-read sequence data. New ad hoc alignment 
tools have been developed with view to a fast 
alignment of large sets of short reads of NGS. 
These methods are also able to check for mis-
matches and/or gaps. Some of these tools are 
based in classic alignment algorithms, but new 
algorithms specifi cally designed to deal with 
large amounts of short reads are under develop-
ment (Simpson et al.  2009 ). In Table  9.2  we can 
see a review of tools for sequence alignment and 
NGS analysis.

4          Genotyping and Genome-
Wide Association Studies 

 Genome-wide association studies (also termed 
GWAS) are the common denomination of a series 
of statistical genetic procedures aimed to link 
(associate) common genetic variation (often in 
the form of single-nucleotide polymorphisms or 
SNPs as measured by genotyping platforms) in 
the human genome with differences in the allelic 
frequency between cases and controls (Li et al. 
 2011 ). The main assumption made in GWAS is 
that large frequency differences point out statisti-
cal association of given genomic regions infl u-
encing (in an undisclosed manner) the healthy or 
diseased phenotype. High-depth GWAS are often 
based in the implementation of linkage disequi-
librium (LD) mapping, since it is likely that 
mutations shared by large proportion of affected 
(or unaffected) individuals will be located in the 
vicinity of other shared alleles (due to specifi c 
patterns of genomic recombination), thus forming 

a haplotype in the region in which the mutation 
was originated. In other words, since point muta-
tions do not occur really at random, their proba-
bility distribution will be differentially affected 
by functional features, possibly related with the 
affected phenotype or disease (Marchini et al.  2007 ). 

 GWAS emerge as a data-driven alternative to 
the traditional approach of  candidate gene  search 
to look up for functional regions in the genome 
associated with complex phenotypes (in particular 
disease phenotypes) suited to perform better in 
replication and clinical trial studies. For instance, 
before the advent of GWAS, less than 1 % of 
candidate gene studies were replicated. Even if 
GWAS have showed a number of limitations, 
they also have advantages, such as being hypoth-
esis-free, and presenting a higher statistical 
power and best cost/benefi t than linkage studies. 
However, as opposed to candidate gene and link-
age studies, GWAS involve a big deal of compu-
tational and statistical analysis (Patterson et al. 
 2006 ). These analyses include genotyping data 
quality controls, Hardy-Weinberg equilibrium 
assessment for each marker (recall that today’s 
standards range in few millions of markers 
along the genome), missing genotype calculations, 
identity by descend and identity by state analysis 
of the individuals, linkage and population stratifi -
cation corrections, multidimensional scaling 
and principal component visualization to detect 
substructure, signifi cance tests, and case/control 
statistical association calculations. Additional 
calculations may be customized to include copy 
number variant assessment, SNP imputation, 
and multi-allelic marker associations (Marchini 
et al.  2007 ; Purcell et al.  2007 ). 

4.1      Genotyping Applications 
in Pharmacogenomics 

 One important aspect that has been studied 
deeply within the pharmacogenomics arena is 
that of individual response to drugs, since this is 
the basis of personalized medicine (Fernald et al. 
 2011 ). Genomic variation at the individual level 
has been analyzed under the GWAS paradigm 
(Li et al.  2011 ) in recent years (Guo et al.  2006 ). 

9 Computational Pharmacogenomics
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Particular attention has been given to drug 
metabolism and how this may affect the transi-
tion of chemical therapeutics from the lab to 
the patient (Lesko  2012 ). Dose adjustment and 
computational prescription have been improved 
by considering individual genomic variations 
(Linares and Linares  2011 ; Guo et al.  2006 ). 
Some tools for the analysis of high-throughput 
genotyping data and genome-wide association 
studies are presented in Table  9.3 .

5          Whole-Genome Gene 
Expression Analysis 

5.1      Gene Expression Analysis 
Applications 
in Pharmacogenomics 

 Genome-wide transcriptional profi ling (or gene 
expression analysis (GEA)) is a technology 
that has provided biomedical researchers with 
global information about functional genomics at 
the mRNA expression level and its regulation 
(Chengalvala et al.  2007 ). GEA has deepened our 
understanding about the dynamics of the differ-
ent processes involved in the extremely complex 
phenomena behind gene regulation unveiling 
previously unappreciated biomolecular relations, 
for instance, the coupling between nuclear and 
cytoplasmic transcription and metabolic processes. 
Gene expression analysis made evident the intri-
cate communication existent within regulatory 
units, for example, in the organization of tran-
scription factors into regulatory motifs. It is these 
kinds of regulatory interactions what one is 
looking for in studies of molecular specifi city in 
drug targets (Herwig and Lehrach  2006 ; Linares 
and Linares  2011 ).    Since complex biochemical 
mechanisms of therapeutic intervention may be 
better dissected by considering a comprehensive 
genomic scenario, transcription factor patterns 
must be accounted for (Wei et al.  2005 ).  

5.2      Statistical Data Preprocessing 

 A strong challenge in GEA is related to how to 
effectively dissociate actual gene expression values 

from experimental noise. The hybridization noise 
has been found to have very strong dependence 
on the expression level, with different character-
istics for the low and high expression values. It is 
essential to develop statistical methods that 
can discern fl uctuations caused solely by the 
measurement processes. A related source of 
undesired variation is that, on increasing mRNA 
concentration levels, the distance of the average 
gene intensity to the background noise increases. 
The levels of background intensity could thus 
mask the effects of some mean-valued expression 
levels, i.e., the average shining effect could hide a 
relatively important signal (Baca-López et al.  2009 ). 

 Also, in the vast majority of the applications of 
GeneChips, one wishes to learn how mRNA 
concentration profi les differ in response to 
genetic, cellular, and environmental differences. 
One important instance is when large (or small) 
expression of a given gene or set of genes may 
cause an illness (such as cancer), thus resulting 
in variation between diseased and normal 
tissues (a so-called case–control comparison). 
However, observed intensity levels also depend on 
sample preparation, manufacture of the arrays, and 
lab processing of such arrays (dye labeling, hybrid-
ization, and scanning). These are called sources of 
obscuring variation. Due to these facts, unless 
arrays are correctly normalized, comparing data 
from different arrays can lead to misleading results. 

 Several methods have been proposed to 
normalize the arrays, and it has been found that 
quantile normalization (QN) performs best. 
The goal of QN is to make the distribution of 
probe intensities the same for arrays within a 
given category (quantile); in such case a quantile-
quantile plot (QQ plot) will be given as an 
identity line. A generalization for the usual QQ 
plot for n data vectors could be given in terms 
of a projection operator formalism. In brief, we 
quantile- normalize the arrays to the same distri-
bution by taking the mean quantile and substituting 
it instead of the data item in the original dataset. 

 A general scheme has been proposed, called 
the Robust Multi-array Average (RMA) algo-
rithm which (1) background-corrects the arrays 
using an expectation-of-the-signal transformation 
(a so-called B-transform), (2) normalizes the 
arrays by a QN, and (3) fi ts a linear model to 
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summarize the probe intensities for each probe 
set (Gentleman et al.  2005 ). 

 RMA is less noisy than all other measures at 
lower mRNA concentrations, has a smaller 
spread (and thus is better tailored to detect dif-
ferentially expressed probe sets), and has greater 
sensitivity. For all the reasons above, we decided 
to perform RMA correction and preprocessing of 
the raw gene expression data before performing 
any additional analyses (Baca-López et al.  2009 ).  

5.3      Differential Expression 
and Statistical Signifi cance 

 GEA when applied in a whole-genome basis can 
provide us with genome-wide patterns of gene 
expression across many phenotypes. In principle, 
detailed analyses may reveal links between 
patterns of mRNA expression and their corre-
sponding phenotypes in what has been called a 
 genomic signature .    The basic level of analysis of 
these patterns consists in categorizing whether 
observed differences in expression possess statis-
tical signifi cance, that is, if we are really able to 
discern between different patterns with a degree of 
certainty. However, under common experimental 

designs in contemporary genomics, traditional 
statistical methods fail to overcome the challenges 
imposed by features such as low signal- to-noise 
ratios in the experimental measurements (due to 
technological reasons), high biological variability 
of the samples, and an extremely small number of 
these as compared with the number of variables 
(i.e., probes in a gene expression microarray). 

 Due to this fact, Baldi and Long, for instance, 
developed a Bayesian probabilistic framework 
for MA data analysis. Baldi-Long analysis 
(also called a CyberT-test) consists in modeling 
log- expression values by independent normal 
distributions, parameterized by corresponding 
means and variances with hierarchic    prior dis-
tributions. These point estimates, combined with 
a statistical  t -test (a regularized  t -test), provide 
a systematic inference algorithm that compares 
favorably with the more widely used simple 
 t -test or fold methods and partly compensate for 
the lack of replication within the actual GEA 
framework (Baca-López et al.  2009 ). Statistical 
results of log-fold change and statistical signifi -
cance in differential gene expression are often 
displayed in the form of a so-called volcano 
plot. An example of a volcano plot can be seen in 
Fig.  9.1 .

  Fig. 9.1    A volcano plot displays information about 
changes in gene expression for whole genome experiments 
based in calculations for the size of differential expression 
(the log-fold change) and its statistical signifi cance 

(the log-odds).  Red dots  are statistically signifi cant 
over-expressed genes while  green dots  are statistically 
signifi cant under-regulated genes       
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5.4         Clustering and Classifi cation 
of Expression Profi les 

 Clustering methods are computational procedures 
aimed to identify genes that behave in a similar 
way over a range of circumstances, biological 
conditions, or samples (e.g., a pathological or 
diseased condition, pharmacological treatment, 
and so on). The goal is to fi nd out groups of genes 
based in the assumption that genes showing similar 
expression patterns share other characteristics 
such as common regulatory elements, related bio-
logical functions, or cell lineage. This (apparently 
naïve) assumption has been verifi ed with the 
successful application of clustering algorithms 
for the analysis of cellular functions, both in  minor  
species (such as yeast) and in mammals and 
humans. A variety of data- clustering methods have 
been used to analyze microarray data, included 
in this list are hierarchic clustering, k-means 
clustering, deterministic annealing, self-organizing 
maps, combinatorial and graph-theoretical 
approaches, etc. A common good practice is to 
apply more than one clustering algorithm to a 
given dataset and then analyze reproducibility in 
group assignations or clustering between different 
methods. 

5.4.1     Neighborhood Analysis 
 These methods are based in the implementation 
of iterative procedures looking for clusters in 
terms of their  central points  or mean values. Once 
we have defi ned the center of a set of clusters, each 
gene is then assigned to the cluster with the closest 
center to this gene. The clustering algorithm then 
adjusts the new centers of the clusters in order to 
minimize the sum of the distances of every gene in 
a cluster to its center. With this, a new set of group 
centers is obtained, genes can then be reassigned, 
and the process is repeated iteratively until 
convergence criteria are satisfi ed.  

5.4.2     Hierarchic Clustering 
 Hierarchic clustering is an agglomerative proce-
dure in which one-member  groups  of data points 
(say for gene expression profi les) are fused 
together to form bigger-and-bigger groups. There 
are many different techniques; however, most of 
the times the process starts by calculating a 

 distance matrix  among the pairs of data points 
for every gene. Genes with the smallest distance 
of separation are clustered together. Once a new 
group has been formed by fusing two groups, the 
distance matrix is updated to calculate the dis-
tance between this and other clusters (Hammann 
et al.  2010 ). This procedure leads to a hierarchic 
graph or  dendrogram  in which multiple groups 
are clustered – together according with their 
similarity, giving rise to a hierarchic tree in which 
close branches represent sets of genes with coor-
dinated patterns of gene expression. Hierarchic 
clustering is aimed at forming sets of data points 
(or classes) that possess common features in such 
a way that the information obtained by analyzing 
the classes may reveal internal pattern structures 
useful for a clear-cut biological interpretation 
that may lead to clinical and pharmacological 
applications. 

 Most clustering techniques can be expressed 
in terms of the so-called Lance-Williams algorithm 
as follows:
    1.    Calculate the proximity graph.   
   2.    Combine the closest (more similar groups).   
   3.    Update the proximity (distance) matrix to 

refl ect the new distance between groups.   
   4.    Repeat steps 2 and 3 until just one group remains.     

 One visual tool to analyze the results of hierar-
chic clustering is the  heatmap  plot which displays 
genes in samples as clustered by similarity in their 
expression patterns; an example of a heatmap 
plot showing changes in global gene expression 
due to the action of a chemotherapeutic is shown 
in Fig.  9.2 .

5.4.3        Neural Networks 
 In these methods, an artifi cial neural network 
(ANN) is used to model gene expression. ANNs 
are computational algorithms based in a simpli-
fi ed model of human brain neurons. ANNs can be 
 trained  to recognize and categorize complex 
patterns. Pattern recognition is attained by means 
of setting ANN parameters by means of an error 
minimization procedure that is tuned by means 
of  learning by experience  (just like the human 
brain). The correlation between the expression 
patterns for different genes is used to defi ne the 
 weight matrix  in the propagation function (akin 
to synaptic propagation in biological neurons) of 
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an ANN, whereas the activation module (playing 
the role of dendrite activation) updates the  mem-
bership  of genes to their respective clusters. 
Common ANN methods used in gene expression 
analysis are the  perceptron ,  multilayered percep-
tron ,  Cauchy machines , and  Kohonen networks  
(also related with self-organizing maps). 

  Statistical Learning  
 In the theory of statistical learning, there are 

two basic types of problems:
•     Supervised learning:  in which there is a result 

or outcome that we want to predict in terms of 
characteristic features or quantities  

•    Unsupervised learning:     in which we want to 
fi nd patterns in the data, as to how are these 
organized, classifi ed, clustered in groups, and so 
on, relying on little or no a priori information    
 In order to do this, we create statistical models 

that are then fed with training datasets to obtain 
response variables. 

 ANNs may give us two types of response 
variables:
•     Quantitative response:  In this we obtain a 

numerical value of the response.  
•    Qualitative response:  In this we obtain a set of 

tags or classes.    
 The learning problem is called a  regression 

model  when the response variables are quantitative 
and a  classifi cation  when the response variables 
are qualitative. 

  Learning task:  Given an entrance value  X   , a 
learning task produces a prediction  Ŷ    by using a 
prediction rule on a set of observed data  L    called 
a  training dataset.   

5.4.4     Self-Organizing Maps 
 Self-organizing maps (SOMs) are the number 
given to the family of classifi cation methods 
based on iterative processes in which the datasets 
(say gene expression vectors) in each group are 

  Fig. 9.2    A heatmap plot shows a hierachic clustering in the 
gene expression patterns of three distinctive groups (each 
one having three samples): a control group and treatment 

with two different drugs. Genes/samples are clustered together 
according with their expression profi les –here color-coded: 
from  red  (overexpression) to  green  (subexpression)       
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trained to fi nd the greatest difference in the given 
clusters, i.e., the system is given an imposed 
partial structure in the start-up stage that is later 
modifi ed as  driven by the data . SOMs perform 
better than other classification methods to 
analyze complex datasets with many outliers and 
dummy parameters.  

5.4.5     Support Vector Machines 
 The computational theory of support vector 
machines (SVMs) is a relatively new technique 
based on the idea of structural fl ow minimization. 
In many applications, SVMs have shown a 
greater performance than other learning machines 
(such as ANNs) and have been introduced as 
powerful tools to solve classifi cation problems 
[?]. An SVM maps the entry points to a higher- 
dimensional space (e.g.,  Â ® Â2 3

   and so on) 
and fi nds a hyperplane that divides the data while 
maximizing the margin  m    of separation between 
classes in this space. Maximizing  m    is a quadratic 
programming problem that may be solved by 
Lagrange multipliers. SVMs then fi nd the optimal 
hyperplane by using metric functions called the 
 kernel  of the SVM. Such hyperplane may be 
represented by the combination of a few data 
entry points called the  support vectors .    

6      Proteomics 

6.1      Proteomics Applications 
in Pharmacogenomics 

 Ultimately, the cell’s biological function depends 
on the action of proteins and multiprotein 
assemblies. Hence, pharmacological interventions 
often rely on knowledge of protein abundance, 
composition of the proteome, and protein interac-
tions. Due to their chemical nature (less stable 
than nucleic acids), however, the large-scale 
systematic studies of the protein composition and 
conformation in diverse phenotypes have been 
somewhat delayed in comparison with their 
nucleic acid counterpart. Nevertheless due to 
advance in biotechnological and analytical tools, 
now it is possible (and will be more so in the near 
future) to take a look at the full arsenal of proteins 

in an organism, thus paving the way to directed 
pharmacological interventions.  

6.2      Peptide and Protein 
Identifi cation 

 The application of sequential (or tandem) mass 
spectrometry (TMS) techniques has made possible 
the identifi cation of large numbers of proteins in 
complex mixtures under high-throughput settings 
typical of today’s research in “omic” biology. 
TMS (also called  shotgun proteomics  for their 
similar approach to shotgun genomic sequencing) 
as previous “omic” techniques mentioned in this 
chapter depends heavily in data processing and 
analysis. A protein mixture extracted from the 
tissue sample is digested with an enzyme (often 
trypsin); the resulting peptides are separated in 
one or a series of HPLC columns. A common 
analytical technique is protein fractionation by 
means ion exchange to reduce sample complexity. 
The isolated peptides are then injected into the 
MS device, either in a fl uid phase by means of 
 electro-spray  ionization from a reverse-phase 
HPLC column or as particles taken by laser 
pulses from a solid matrix – the so-called MALDI 
plate – onto which the molecules have been 
spotted. Then the mass  spectrometer selects 
signifi cant peaks to be isolated and subject to 
further collision-induced fragmentation, hence 
the name TMS or MS/MS. A mass spectrum of 
the fragment ions (more properly a mass-charge 
spectrum), known as a  tandem mass spectrum , is 
obtained for each selected precursor peptide 
(Deutsch et al.  2008 ). 

 The ultimate analysis for these mass spectra 
uses a clever combination of computational 
biology sorting algorithms (for distributions of m/z 
time-of-fl ight measurements) and informatics 
techniques such as data mining (to look up for the 
most likely peptides compliant with the m/z spec-
trum just calculated). The output of such analysis 
is the desired list of signifi cant proteins in the 
sample.    This list is inferred from a combinatorial 
search and reconstruction of proteins in the MS 
spectra; starting from the more likely peptide 
list – which is also reconstructed but this one from 
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the MS/MS spectra. This list of proteins may also 
present either quantitative or semiquantitative 
measures of abundance as well as indicators of 
statistical signifi cance for the data-mining infer-
ence, peptide reconstruction, and protein recon-
struction (Eng et al.  2011 ; Frickenschmidt et al. 
 2008 ; Günther et al.  2006 ).  

6.3      Protein-Protein Interactions 

 In order to reach a systems-level understanding 
of cellular functions, it is mandatory to decipher 
all functional interactions among proteins in the 
cell. A remarkable progress along these lines has 
been made recently in terms of experimental 
measurements but quite especially with regard to 
computational prediction and assessment methods. 
Protein interaction information databases have 
still not reach the level of comprehensiveness of 
their genomic counterparts, since protein- protein 
interaction information is more prone to errors, 
thus requiring a considerably bigger effort to be 
effectively annotated (Krissinel and Henrick  2007 ). 

 Due to their chemical properties, proteins may 
play many functional roles when interacting with 
each other: they may form stable complexes, par-
take in biochemical reactions to create metabolic 
pathways, and arrange themselves by myriads of 
direct and indirect regulatory interactions. These 
connections can be also be properly conceptualized 
as networks. Considering the size and extremely 
complex organization of these, we can view the 
genome (and its associated proteome) as some-
thing more rich than just a catalogue of genetic 
functions: a complex dynamic entity that we 
may call the  interactome  (He et al.  2010 ; Sun et al. 
 2012 ). Protein network calculations help to 
increase the statistical power in genetic studies, 
particularly fi tted for drug discovery (Vicini  2010 ). 
For instance, the knowledge of the interactome 
gives us a better, more comprehensive under-
standing of enzyme metabolism, hence enabling 
us to predict subtle relations between phenotypes 
and gene functions. 

 The functional annotation and database cura-
tion of protein interactions (either protein-protein 

or protein-nucleic acid) is far more challenging 
than other types of “omic” data due to the fact 
that functional interactions between proteins 
span through a large spectrum of mechanisms, 
sometimes quite subtle and thus often presenting 
large experimental error rates. Another issue is 
that often these interactions are context specifi c, 
depending in the cellular environment, tissue type, 
and other dynamically changing phenotypical 
conditions. For these reasons, a great deal of 
information is needed to properly describe the 
various aspects of a given protein interaction. 
However, the role that interactomics will play – in 
combination with other sources of “omic” data – in 
the development of modern pharmacology is, no 
doubt, quite outstanding. This is so    due to the 
contextuality of protein interactions, since is in 
this specifi city that phenotypic individuality 
(e.g., in patient-specifi c drug metabolism, phar-
macokinetics, and pharmacodynamics, as well 
as in possible drug-drug interactions) that lies 
the power of pharmacogenomic approaches. 
Table  9.4  displays a collection of tools related to 
proteomics, protein-protein interaction databases, 
and computational annotation tools.

7          Gene Regulatory Networks 

7.1      Biological Networks 
Applications 
in Pharmacogenomics 

 Once a genetic regulatory network (GRN) is 
known for a certain phenotype, too much in silico 
pharmacological analysis can be done (Arrell and 
Terzic  2010 ). For instance, if we know that a cer-
tain protein, say a transcription factor, is a drug 
target, knowledge of all their target genes may 
help us to prevent undesired secondary effects 
even before preclinical studies, thus helping us to 
save too much money and time invested in the 
research, design, and testing of drugs that may 
not even reach the clinic – or even worst that may 
enter the market only to be discontinued or 
discredited, even harming patients (Faustino and 
Terzic  2008 ).  
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7.2      Inference Methods of Gene 
Regulatory Networks 

 The probabilistic inference of GRNs based in 
“omic” data has become a fundamental problem 
in contemporary computational biology. A com-
prehensive GRN leads us to understand the 
interplay between thousands of genes and other 
molecules such as transcription factors and 
promoters. The associated challenges are three-
fold: technological, biological, and computational: 
measurement processes (GeneChips, RNA- 
sequencing techniques, shotgun proteomics, etc.) 
often generate results with a low signal-to-noise 
ratio; also there are too many variables involved 
(number of genes and interactions among them) 
commonly thousand – or at least hundreds – of 
times as many as experimental samples. In addi-
tion, the highly nonlinear biochemical dynamics 
underlying genomic control make most statistical 
techniques useless (Hernández-Lemus and 
Rangel-Escareño  2011 ). 

 However, since GRNs are extremely well- 
suited theoretical models to describe the  com-
plete  state of a cell under certain biological 
conditions at a given time, much effort has been 
put into treating the problem of their inference 
with new, more powerful computational tech-
niques developed ad hoc. The inference of these 

interaction connectivity networks is mathematically 
related with the solution of a so-called inverse 
problem, i.e., you know the effect – a molecular 
phenotype – but you don’t know the causes, 
the set of molecular interactions in the network. 
A large number of computational algorithms to 
solve this inference problem, commonly termed 
 reverse engineering  methods, exist (Hernández-
Lemus et al.  2009 ). As we have seen, there are 
two major shortcomings related to the computa-
tional inference of GRNs: (1) nonlinearity and 
(2) large number of variables. Computational 
methods have been developed to deal with issues 
(1) and (2). It can be seen that most of these 
methods rely on some information- theoretical 
measure of dependency. Such measures have 
been used to defi ne (and quantify) relevance, 
redundancy, and interaction in such large noisy 
datasets by capturing nonlinear dependencies. 
These methods have been designed to provide 
a the cellular network topology from the tran-
scriptional interactions as revealed by, say, gene 
expression measurements that are then treated 
as samples from a joint probability distribution. 
Validation of network against available real-life 
data is also an important stage in the discovery of 
reliable GRNs (Schlitt and Brazma  2007 ). An 
example of a gene regulatory network is shown 
in Fig.  9.3 .

    Table 9.4    Proteomics, Protein-protein interaction databases, and computational annotation tools   

 Tool  Main use  URL  References 

 PeptideProphet  Validation of peptide 
assignments to MS/MS 
spectra made by database 
search programs 

   http://peptideprophet.sourceforge.net/      Deutsch et al. ( 2008 ) 

 ProteinProphet  Computational 
protein assignment 

   http://proteinprophet.sourceforge.net/      Deutsch et al. ( 2008 ) 

 EMBOSS  Integrative omics 
analysis suite 

   http://emboss.sourceforge.net/      Rice et al. ( 2000 ) 

 GenMAPP 2  Pathway analysis and 
interaction networks 

   http://www.genmapp.org/      Salomonis et al. ( 2007 ) 

 STRING  Database of known and 
predicted protein 
interactions 

   http://string-db.org/      Szklarczyk et al. ( 2011 ) 

 DTome  Computational framework 
for construction of 
drug-target interactome 

   http://bioinfo.mc.vanderbilt.edu/DTome/      Sun et al. ( 2012 ) 
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  Fig. 9.3    Gene regulatory network displaying direct 
transcriptional interactions of genes acting as master reg-
ulators that may be potential drug-targets. Genes are color 

and size- coded according with their connectivity ( bigger 
red circles  correspond with highly connected genes, 
whereas  smaller green  ones are lowly connected genes)       
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7.3         Methods for Networks 
Analysis 

 Functional genomics deals with the large wealth 
of information/data produced by high-throughput 
“omic” research to describe gene functions and 
interactions. A principal subject of functional 
genomics is to unveil the relationship between an 
organism’s genome and its phenotype; as such, it 
has many possible approaches, all of them aimed 
at understanding the properties and functions of 
the whole organism in terms of the detailed 
analysis of genes and gene products. Due to the 
fact that functional genomics involves the man-
agement and careful dissection of vast datasets, it 
is commonly based in the application of tools of 
information theory, statistics, and computer 
science. Data mining, computational intelligence, 
and bioinformatics are the usual tools of compu-
tational functional genomics, also deemed 
computational systems biology (Khatri et al. 
 2011 ; Pleil and Sheldon  2011 ).   

8      Data Integration 
and System’s Biology 

8.1      System’s Biology Applications 
in Pharmacogenomics 

 Contemporary genomic research is now driven 
toward a new theoretical framework, that of data 
integration. The goal of such new paradigm is 
being able to make sense of huge datasets with 
different (often disparate) kinds of experimental 
and analytical data produced by the upcoming of 
new techniques in high-throughput molecular 
biology (Atkinson and Lyster  2010 ). Biological 
data integration when taken into the extreme 
gives rise to the discipline called systems biology 
that focuses on understanding the behavior of 
entire biological systems, not just individual 
components (Navlakha and Bar-Joseph  2011 ; 
Mitra et al.  2009 ). Methods in systems biology 
broadly cover: qualitative network diagrams 
linking molecular and phenotypic entities, proba-
bilistic graphical models such as Bayesian net-
works, prediction methods based on differential 

equations, and state space models based in 
optimization and control theory, among others 
(Berg et al.  2010 ; Berger and Iyengar  2011 ; 
Harrill and Rusyn  2008 ; Tegnér et al.  2008 ). 

 These complementary methodologies enable 
the study of emergent biological phenomena, i.e., 
features that become apparent only when they are 
analyzed by means of a comprehensive model of 
the interactions within a cell and between cells 
in tissues (Rodriguez et al.  2010 ; Silver and Way 
 2007 ). Systems pharmacology is founded within 
the same philosophy aimed at understanding 
drug responses as a whole, moving away from a 
one-drug-one-target model to a systemic view 
which is much more fi t with the actual clinical 
settings in modern multidimensional therapeutics 
(Kohl et al.  2010 ; Mac Gabhann et al.  2010 ; Wist 
et al.  2009 ; Yang et al.  2010 ).   

9      Conclusions 

 The study of computational biology and its appli-
cations to pharmacology is a wide emerging fi eld. 
It is also a deep, highly multidisciplinary, and fast 
evolving one. Due to these facts, it is extremely 
diffi cult to present a comprehensive review on 
the matters, useful for different kind of research-
ers in both basic and applied sciences. This chap-
ter may be better considered as a glimpse on 
some interesting approaches and tools of compu-
tational pharmacogenomics quite biased to the 
author’s personal interests and experience. It is 
like a brief tour that shows the highlights, but 
sometimes, out of necessity, neglects the details. 
After reading this, one should have just a broad 
and fuzzy scope of the discipline. However, there 
are some sections that may result even more use-
ful to the interested reader: mainly Tables  9.1 , 
 9.2 ,  9.3 , and  9.4 , describing some useful tools for 
the practicing researcher but quite especially the 
references. It is here that one may fi nd further 
inside in more specialized instances. 

 The cooperation between quantitative sciences 
like mathematics, physics, and computer science, 
the biochemical sciences, medicine, and pharma-
cology has resulted in a complex but quite intri-
guing avenue of research, one that has generated 
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new avenues to transit both in basic investigations 
and especially in translational efforts to take 
the extremely large wealth of biological knowl-
edge and make it useful for the design and 
implementation of therapeutic interventions and 
drug design.     
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1             Introduction 

 Pharmacogenomics (PGx) is the study of the 
genetic basis of interindividual variability in drug 
response (Lee et al.  2009 ; Kitzmiller et al.  2011 ). 
Pharmacogenomics has recently emerged into 
one major area of human genetics, thanks to the 
availability of technology which enables genome- 
scale analysis of variations for association testing 
and better molecular understanding of disease 
processes. The recent years have seen a spurt of 
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 Abstract 

   The post-HapMap era has seen a spurt in the resources available for 
genome analysis and their interpretation along with databases and con-
sortiums working on personal genomes. The advent of next-generation 
sequencing has provided an impetus to personal genomics while at the 
same time giving an indirect boost to concepts such as pharmacogenom-
ics. Modern-day pharmacogenomics (or PGx) has evolved from the 
mundane – highlighting variations in common genes for drugs used 
the most, to the correlative study of the infl uence of a single gene on 
multiple drugs or combinatorial drugs on other drugs used concomitantly 
and so on. The vast outburst in data has led to a simultaneous growth in 
the databases and consortiums working on PGx as well as curating the 
data generated. This review covers those online resources and tools which 
are instrumental to the interpretation of personal genomes and contain 
pharmacogenetically relevant data. Further, it has been divided into fi ve 
main categories depending upon the content and utility of the resource 
into (1) pharmacogenomics databases, (2) variation databases, (3) tools/
resources for analysing PGx data, (4) community efforts and consortia 
and (5) standards for data representation. 
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interest in understanding genetic variations and 
their effect on drug action and/or adverse events. 
At present, there are over thousands of reported 
variants in the human genome with known phar-
macogenetic effects. Of the different types of 
genetic variations that could potentially contrib-
ute to variability in drug response, single- 
nucleotide variations are by large, the type which 
has been extensively explored. Single-nucleotide 
variations in genes coding for enzymes, carriers, 
transporters and targets, which are inherently 
linked with the pharmacodynamics and pharma-
cokinetics of a drug, may result in altered 
responses to drugs and in some cases severe 
adverse effects (Marsh and McLeod  2006 ; 
Pirmohamed  2011 ). Apart from genetic varia-
tions involved in drug transport, metabolism and 
action, the genetic variations in immune genes 
have also been explored with respect to their rela-
tion with a subtype of adverse drug reactions 
which are idiosyncratic in nature. 

 One of the major reasons for the increasing 
relevance of pharmacogenetics is the incidence 
of adverse drug reactions or ADRs. Several stud-
ies have indicated that the incidences of ADRs 
are about 1.6–41.4 % in patients undergoing ther-
apy with approximately $17–29 billion spent 
annually on avoidable adverse events. In the 
USA, ADRs are responsible for ~100,000 deaths 
annually, while in the United Kingdom alone, 
they have been associated with a 25 % increase in 
the length of hospitalisation (Cano and Rozenfeld 
 2009 ). A separate study also reported that 56.3 % 
of ADRs cause no or minor disability, 7.0 % 
ADRs may be associated with permanent disabil-
ity and 7.4 % ADRs may result in death (de Vries 
et al.  2008 ). Pharmacogenomics offers immense 
promise in this area, as a number of adverse 
events could be potentially prevented by adequate 
and appropriate genetic testing and prescriptions 
based on the genetic testing. The relevance of 
pharmacogenetic testing may further be empha-
sised by the increasing number of drugs for which 
genetic testing has been recommended by the 
FDA. At present, the FDA recommends genetic 
tests in the drug labels of 103 drugs for 113 bio-
markers (US-FDA). Hopefully, the widespread 
adoption of pharmacogenomics testing in clinical 

practice would signifi cantly improve patient 
health-care options to ensure clinical effi cacy and 
cost-effectiveness (Yang et al.  2011 ; McLeod and 
Isaacs  2011 ; Deverka et al.  2010 ). 

 Despite the rapid advancements in methodol-
ogy for clinical testing and a number of markers 
with pharmacogenetic associations made available, 
only a very small number of pharmacogenetic tests 
have made it into actual clinical practice (Flynn 
 2011 ). This limitation is primarily due to the lack 
of replication of genetic markers which show mod-
erate effects and lack of biological understanding 
of the pathways and mechanisms of many drugs 
and their action. The rise of pharmacogenomics 
has been partially fuelled by the Human Genome 
Project and other associated projects including the 
HapMap project and now the 1000 Genomes 
Project which aims at deciphering the landscape of 
genetic variations in world populations. 

 The Human Genome Project and tremendous 
advancements in technology and throughput of 
genome sequencing have enabled the sequencing 
of a number of personal genomes, including 
genomes from different populations of the world. 
Further improvements in the technology and 
throughput promise personal genomics to be 
commonplace in clinical settings. Apart from the 
technological advancements in the throughput 
and scale of genomic sequencing, the realisation 
of personal genomics in clinical settings would 
only be possible with the availability of better, 
faster and effi cient bio-computational pipelines 
and workfl ows to effectively mine relevant infor-
mation from genomes. In addition, effi cient high- 
quality curated datasets of genetic variants also 
need to be available to make mining meaningful 
and clinically relevant. In addition, these 
resources should be user-friendly to offer the 
most appropriate information to the clinician in 
the time of need. The current review focuses on 
the major online resources created over the years 
(Fig.  10.1 ) for pharmacogenomics along with 
their distinct features and applications. While an 
attempt has been made to cover as many resources 
as possible, a review on all of them is beyond the 
scope of this article. Presently, the datasets and 
resources available on pharmacogenomics are 
scattered in a variety of databases, tools and 
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resources and lack a common or unifi ed protocol. 
In this review, we discuss a non-exhaustive list of 
databases, resources and computational tools 
which would enable the easy access of relevant 
pharmacogenomics information. Figure  10.2  
covers the interlink of these resources to each 
other which highlights the process of data 
exchange and generation as well as their interde-
pendent relationships. The online resources listed 
within this article have been divided into four 
main classes depending upon their broad role.

2          Pharmacogenomics 
Databases 

2.1      General Databases 

2.1.1      Pharmacogenomics Knowledge 
Base (PharmGKB) 

 PharmGKB ( Hernandez-Boussard et al.  2008 ; 
Giacomini et al.  2007 ; Kawamoto et al.  2009 ; 
Klein and Altman  2004 ; Owen et al.  2008 ; Thorn 
et al.  2005 ) is a web-based, public portal of 
genotype- phenotype information relevant to 

pharmacogenetics. PharmGKB editors collect, 
curate and disseminate data on human genetic 
variations which impact drug response. The 
resource presents information relevant to phar-
macogenomics in the form of Variant Annotations, 
Clinical Annotations and Very Important 
Pharmacogene (VIP) Summaries. It also makes 
available clinically relevant information in the 
form of Pharmacogenomics-Based Drug-Dosing 
Guidelines, Drug Labels with Pharmacogenomic 
Information. The resource also hosts information 
on drug-centred pathways. 

 PharmGKB has four levels of data collection, 
management and implementation which are col-
lectively known as the PharmGKB Knowledge 
Pyramid:
    1.    Knowledge extraction, which involves the 

manual curation of PGx data from publica-
tions in PubMed along with the development 
of Natural Language Processing techniques to 
effi ciently mine this data.   

   2.    Knowledge annotation, aggregation and inte-
gration that establishes associations between 
genetic variants and drugs reported in literature 
(Variant Annotations) creates pathways for a 
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drug which has pharmacogenetic association 
(both pharmacodynamic and pharmacokinetic 
pathways) and provides summaries on genes 
which have important roles in drug response 
(Very Important Pharmacogene (VIP)).   

   3.    Clinical interpretation, which includes sum-
maries on the association between a drug and 
each genotype of genetic variants in the form 
of Clinical Annotations, created by aggregat-
ing the Variant Annotations for a particular 
genetic variant – drug association pair. Each 
Clinical Annotation is supplemented by 

 literature evidence and may move up or down 
the scale depending on further publications 
supporting or contradicting the associations.   

   4.    Clinical implementation is the last level 
within the PharmGKB Knowledge Pyramid 
and includes clinically relevant data such as 
FDA Drug Label with PGx information, 
genetic tests for specifi c variants which infl u-
ence treatment response and Drug-Dosing 
Guidelines.     
 Based on these levels of data organisation, 

PharmGKB collects and organises data into fi ve 
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  Fig. 10.2    Interlinks between different resources.  One-sided arrows  signify outward links from one resource to another, 
and  two-sided arrows  signify resources that are linked to each other       
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pertinent categories: (1) clinical outcomes (CO), 
(2) pharmacodynamics and drug response (PD), 
(3) pharmacokinetics (PK), (4) molecular and 
cellular functional assays (FA) and (5) genotype 
(GN). Four out of the fi ve categories analyse the 
infl uence of genetic variations on clinical/medi-
cal outcomes (CO), biological and physiological 
responses to drugs which are not strong enough 
to alter treatment regimes (PD), levels or concen-
tration of drugs or their metabolites at their site of 
action (PK) and results of molecular and cellular 
functional assays (FA). The fi fth data category, 
i.e. GN, deals with the genetic variations inde-
pendent of individual drugs that are measured as 
sequence variations in individual genes and may 
form the basis for variations in response to drugs. 
Data on PharmGKB may also be searched 
according to genes, drugs, diseases and pathways 
which include entire datasets in an A–Z index 
that may be searched alphabetically. PharmaGKB 
also closely works with several consortiums, 
projects and implementation partnerships such as 
the Clinical Pharmacogenetics Implementation 
Consortium (CPIC), International Clopidogrel 
Pharmacogenomics Consortium (ICPC), Inter
national SSRI Pharmacogenomics Consortium 
(ISPC), International Tamoxifen Phar
macogenomics Consortium (ITPC), International 
Warfarin Pharmacogenetics Consortium (IWPC), 
International Warfarin Pharmacogenetics Con
sortium-Genome Wide Association Studies 
(IWPC-GWAS), Translational Pharmacogenetics 
Project (TPP), University of Florida & Shands 
Personalized Medicine Program and 1200 
Patients Project to facilitate the implementation 
and development of the concepts of PGx.  

2.1.2     DrugBank 
 DrugBank (Wishart et al.  2006 ,  2008 ; Knox et al. 
 2011 ) is an online resource which has been devel-
oped to link detailed drug data, i.e. chemical, 
pharmaceutical and pharmacological data, with 
comprehensive drug target information including 
the sequence, pathway and structure of these tar-
gets. It was designed as a comprehensive in silico 
resource which could be used for a wide range of 
applications in drug discovery including chemin-
formatics. DrugBank contains 6,711 drug entries 

comprising of 1,447 FDA-approved small molecule 
drugs, 131 FDA-approved biotech (protein/
peptide) drugs, 85 nutraceuticals and 5,080 
experimental drugs which are linked to 4,227 
nonredundant proteins, i.e. drug targets, enzymes, 
carriers and transporters. The drugs and proteins 
listed within these entries are obtained from 
several databases and include the unique IDs 
assigned to them by other databases (such as the 
UniProt ID and KEGG ID) providing users 
access/links to expanded information contained 
within other databases. The information on each 
drug in DrugBank is organised as a DrugCard. 
Each DrugCard entry consists of more than 150 
data fi elds with almost half the components 
dedicated to drug/chemical data and the other 
half to drug protein data. Users may visualise 
data by clicking on the “Browse” button which 
would present a tabulated format of the DrugBank 
information or they may browse by drug name 
(DrugBrowse), its pharmaceutical application 
(PharmaBrowse), genes/SNPs associated with 
drugs (GenoBrowse), drug pathways (Pathway
Browse), drug class depending upon whether 
they are organic or inorganic (ClassBrowse) and 
the associated targets/carriers/enzymes/trans-
porters (AssociationBrowse). DrugBank can also 
be mined for data depending upon the “Search” 
query used. There are fi ve search queries users 
can employ: (1) ChemQuery through which users 
can draw or write a chemical structure and search 
DrugBank for drugs/compounds which are simi-
lar to or identical to the structure being studied; 
(2) Text Query which allows users to search 
through the database using a sophisticated text 
search option based on the Lucene query lan-
guage that supports Boolean Search (AND, OR, 
NOT) and can search terms that would match to 
specifi c terms within the database; (3) Interaction 
Search, which provides users three search options 
depending upon the type of interaction, i.e. drug 
interaction lookup (used to search drug-drug 
interactions for one or more drugs at one time), 
Multi Search (can be used to determine drug-
drug interactions between two lists of drugs 
entered) and Food Interaction Lookup (that lists the 
drug-food interactions for the list of drugs sub-
mitted); (4) SequenceSearch that can be used 
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for BLASTP (protein) sequence search from 
amongst the 18,000 sequences listed in DrugBank 
and presents sequences in the FASTA format; 
and (5) Data Extractor, which allows users to 
extract data from DrugBank by selecting 
DrugCard fi elds listed within the database and 
providing complex or constrained queries, the 
results of which are presented in HTML, CSV or 
printable list format. DrugBank also includes 
external links to almost all major bioinformatics 
and biomedical databases, such as GenBank, 
SwissProt/UniProt, PDB, ChEBI, KEGG, Pub
Chem and PubMed; numerous drug and pharma-
ceutical databases such as RxList, PharmGKB 
and FDA labels; and reciprocal links to SwissProt/
UniProt, Wikipedia, BioMOBY and PubChem. 
DrugBank is a comprehensive database which 
includes drugs, targets, enzymes, transporters 
and carriers and can be of consequential rele-
vance in determining PGx associations.  

2.1.3     Database of Genotypes 
and Phenotypes (dbGaP) 

 dbGaP (Mailman et al.  2007 ) is a publicly avail-
able database maintained by NCBI that archives 
the results of genotype-phenotype association 
studies and at present archives data on 285 stud-
ies, 131,482 variables, 3,052 documents, 3,519 
analysis studies and 2,267 datasets. Users can 
access data through two options: (1) open, which 
includes the nonsensitive data that can be viewed 
by anyone, and (2) controlled, which is the 
individual- level data or in other words informa-
tion on the personal, phenotypic and genotypic 
features of the individuals participating in the 
study and requires authorisation for access. Open 
access data can further be divided into four cate-
gories: (1) study data which includes all relevant 
information such as the study description, proto-
col documents, data collection instruments and 
other experimental facets; (2) phenotypic data for 
the variables studied in the form of summaries 
and individual-level data; (3) genotypic data con-
sisting of the individual genotypes, pedigree 
information, fi ne-mapping results, re-sequencing 
traces, etc.; and (4) statistical data which includes 
data and results from association studies and 
linkage analysis if available. Users may also 

browse through the top studies within the 
 database by searching through fi ve data catego-
ries, i.e. Studies (which includes all aspects of a 
study along with the different studies included 
within the database), Variables (which consists of 
a list of variables studied that can be individually 
searched through), Analyses (includes all analyses 
archived within the database and their results), 
Documents and Datasets associated with studies. 
dbGaP also includes the Phenotype-Genotype 
Integrator (PhenGenI) tool which integrates the 
NHGRI genome-wide association study (GWAS) 
catalogue data with other databases within NCBI 
such as Gene, dbGaP, OMIM, GTEx and dbSNP. 
PhenGenI tool allows users to select and search 
either a phenotype or a genotype and present the 
results on the corresponding genotypic and phe-
notypic associations, respectively. dbGaP serves 
as an important database in determining PGx 
associations through the use of tools or studying 
the data included within the resource.  

2.1.4     Comparative Toxicogenomics 
Database (CTD) 

 CTD (Davis et al.  2009 ,  2011a ,  b ; Mattingly 
et al.  2004 ) is an online resource that curates and 
extracts data from several sources to aid in the 
discovery of novel relationships between toxi-
cants and in human health, i.e. in other words to 
elucidate the infl uence of environmental agents 
on human health. The data within the database is 
manually curated into three types of interactions, 
i.e. chemical-gene, chemical-disease and gene- 
disease relationships, which together form the 
core data and are integrated to generate the novel 
chemical-gene-disease networks which illumi-
nate the underlying mechanisms for variable 
susceptibility and environmentally infl uenced 
diseases. CTD has 11 data categories: chemicals, 
genes, chemical-gene/protein interactions, dis-
eases, gene-disease associations, chemical- 
disease associations, references, organisms, 
gene ontology, pathways and exposures. Out 
of all these datasets, the chemicals, genes, 
chemical- gene/protein interactions, pathways, 
gene- disease associations and chemical-disease 
association datasets include information relevant 
to PGx, while the remaining datasets contain 
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information substantiating the data within the 
database and may be pertinent to pharmacoge-
nomics. CTD also includes analysis tools which 
may be used to analyse and interpret data includ-
ing the (1) Batch Query which allows users to 
download entire datasets associated with a list of 
diseases, genes, chemicals, gene ontology terms 
and pathways; (2) Gene Set Enricher that can be 
used to fi nd GO functional annotations or path-
ways for a set of genes; (3) MyGeneVenn which 
can be used to compare the user’s gene list with 
those genes that have up to two associated chem-
icals or diseases; (4) MyVenn, used for viewing 
relationships between lists of CTD chemicals, 
diseases, genes, GO terms or pathways or any 
other data; and (5) VennViewer that can be used 
to compare datasets for up to three chemicals, 
diseases and genes. Thus, CTD is a vast database 
for toxicogenomic associations which has a 
consequential role in its applicability to PGx 
research.   

2.2      Specifi c Databases 

 These databases include data that is specifi c 
either to a particular disease (e.g. CancerResource) 
or to a drug (e.g. ConLiGen). While the entire 
data or focus of these databases may not lie com-
pletely in pharmacogenomics, they do contain 
information relevant to PGx associated with that 
particular disease or drug extracted from litera-
ture, other PGx databases and in some cases 
experimental analysis. The following section 
provides a preview on these databases. 

2.2.1      HIV-Pharmacogenomics.org 
 HIV-Pharmacogenomics.org (  http://www.hiv- 
pharmacogenomics.org/    ) is a comprehensive 
resource which has been created to assist research-
ers and health-care professionals studying the 
genetic factors infl uencing the clinical outcomes 
following drug therapy in HIV patients. Antiviral 
drugs used in the treatment of HIV not only cause 
severe adverse reactions and long- term drug toxic-
ity, but also given the duration and combinatorial 
nature of therapeutics in HIV, a carefully selected 
and planned therapeutic regime is required. 

The database is a highly relevant resource for 
pharmacogenetics of HIV therapeutics. Users may 
search the database by drug name, gene or toxicity 
induced. Further, the genes may also be searched 
according to their pharmacogenetic associations, 
i.e. genes that alter drug metabolism, genes altering 
drug transport, genes inducing drug-associated tox-
icity, genes altering drug therapy and those that are 
natural history modifi ers. Natural history modifi ers 
include those genes and their variants, the presence 
or absence of which alter HIV progression, suscep-
tibility and therapeutics. Pharmacogenetic associa-
tions may be easily visualised by following a step 
by step approach at the end of which the associa-
tion if present will be available to the user.  

2.2.2      ConLiGen 
 The International Consortium on Lithium 
Genetics (ConLiGen) (Schulze et al.  2010 ,   http://
www.conligen.org/imprint.html    ) was established 
to study the pharmacogenetics of lithium. 
Lithium though toxic has a central role in the 
psychotherapeutics of bipolar disorder. The phar-
macogenomic data on lithium toxicity is sparse. 
This has been primarily because of the lack of 
large sample numbers and high level of interindi-
vidual variability which precludes genome-wide 
association studies on smaller number of indi-
viduals. ConLiGen consortium was formed with 
the aim of performing a genome-wide associa-
tion study (GWAS) of stringently defi ned 
response to lithium and identifying the pheno-
type of lithium response with the eventual aim of 
determining all aspects of lithium therapy includ-
ing the genetic factors predisposing to adverse 
effects of lithium. The consortium assembled a 
cohort of over 1,200 patients with bipolar disor-
der, who were further categorised into responders 
and nonresponders and studied to determine the 
pharmacogenetic associations to lithium therapy 
in bipolar disorder.   

2.3      Others 

2.3.1      PACdb 
 PACdb (Gamazon et al.  2010 ,   http://www.pacdb.
org/index.html    ) or the Pharmacogenomics and 

10 Pharmacogenomics in the Era of Personal Genomics: A Quick Guide to Online Resources and Tools

http://www.hiv-pharmacogenomics.org/
http://www.hiv-pharmacogenomics.org/
http://www.conligen.org/imprint.html
http://www.conligen.org/imprint.html
http://www.pacdb.org/index.html
http://www.pacdb.org/index.html


194

Cell Database is an online PGx resource which 
curates and provides information on the relation-
ships between SNPs, gene expression and cellu-
lar sensitivity to drugs analysed in cell-based 
models. The results of these cell model experi-
ments are used to identify genetic variants which 
affect drug responses. PACdb utilises the lym-
phoblastoid cell line derived from different target 
populations as the experimental cell model due to 
the availability of extensive genotypic data and 
the potential of these cell lines in deducing hae-
matological toxicities and other types of toxici-
ties. An additional area of focus for PACdb is the 
development of computational workfl ows and 
pipelines which would help in the management 
of the vast amounts of data generated and its 
interpretation. The database has three distinct 
logical layers, i.e. the front end, middle tier and 
data storage, which enables the development of 
the three layers independently. The resource also 
allows users to input their own data as well as 
post their own queries. The middle tier of the 
database comprises of data relevant to solving the 
queries posted by the user such as the drug, SNP, 
gene, expression, phenotype and population. The 
last layer, i.e. the data storage component, simply 
stores all data in a relational database based on 
MySQL. PACdb provides whole genome analy-
sis of the relationship between genotype and 
drug-induced toxicity, transcript clustering, the 
relationship between the gene expression and 
drug phenotype and other functional and physical 
annotations. The webpage of the database pro-
vides an external link to a SNP database SCAN 
which has two categories of SNP annotations: 
(1) physical annotations which classify SNPs 
according to their position relative to the gene 
and its Linkage Disequilibrium (LD) and (2) 
functional annotations wherein SNPs are catego-
rised on the basis of their infl uence on gene 
expression. All the SNP genotype information 
within the database is extracted from HapMap for 
two population types, i.e. CEU and YRI. At pres-
ent, the PACdb contains information only on the 
following drugs: carboplatin, cisplatin, etoposide, 
daunorubicin, busulfan, ara-C, doxyfl uridine 
(capecitabine), hydroxyurea and pemetrexed, but 
foresees further incorporation of pharmacogenetic 

data, particularly that which has been established 
in the LCL models and a linkup with PharmGKB 
to facilitate the utilisation of the data in clinical 
and experimental settings.    

3      Variation Databases 

3.1      World Population Databases 

3.1.1      HapMap 
 HapMap (Deloukas and Bentley  2004 ; 
O’Shaughnessy  2006 ; Zhang et al.  2008 ;   http://
hapmap.ncbi.nlm.nih.gov/index.html.en    ) or the 
 International HapMap Project  is a multinational 
endeavour established with the aim of identifying 
and cataloguing the genetic variations between 
individuals, whether they be similarities or dis-
similarities, in order to evaluate the effects of 
genes and genetic variations on response to 
drugs, diseases and human health. While it does 
not establish defi nite links between genetic vari-
ants and their effects, it does provide information 
which may be used for this purpose by other 
researchers. The HapMap collaboration includes 
scientists and funding agencies from Japan, the 
United Kingdom, Canada, China, Nigeria and the 
United States. DNA samples from populations of 
European, African and Asian descent were anal-
ysed to identify haplotypes within them and 
determine the links for these to diseases found 
within the population or in general. A total of 270 
individuals were genotyped, and these individu-
als were either completely unrelated or consisted 
of “trios” of both parents and one adult child. The 
database is built on samples collected from the 
Yoruba people from Nigeria (30 sets of trios); 
individuals from Tokyo, Japan (45, unrelated); 
Beijing, China (45, unrelated); and the USA (30 
sets of trios from individuals with Northern or 
Western European ancestry). HapMap data can 
be searched graphically by feeding the chromo-
some number directly to the search engine or by 
using the Genome Browser. Users may also 
browse using the different datasets available, i.e. 
Genotype (individual genotypes submitted to 
HapMap), Frequencies (allele and genotype fre-
quencies obtained from genotype data), LD Data 
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(Linkage Disequilibrium (LD) properties), 
Phasing data (data obtained by utilising the 
PHASE software), Allocated SNPs (dbSNP ref-
erence SNP clusters), CNV Genotypes (CNV 
data), Recombination rates and Hotspots, SNP 
Assays (compiled data on SNP assays), Perlegen 
amplicons (mapping of Perlegen amplicons to 
HapMap assayLSID), Raw data on signal intensi-
ties obtained from genotypes, Inferred genotypes 
and Mitochondrial and chrY Haplogroups. Using 
TagSNPs, the haplotypes are identifi ed along 
with their frequencies, and at present, more than 
3.5 million SNPs have been identifi ed by HapMap 
with the eventual aim of identifying the 10 mil-
lion or more SNPs in the human genome. The 
project has been divided into three phases at pres-
ent: Phase 1 aimed at the genotyping of one com-
mon SNP per 5,000 bases and identifi cation of 
more than 1 million SNPs, phase 2 targeted the 
identifi cation of 2 million additional SNPs, and 
phase 3 has increased the number of DNA sam-
ples genotyped from 270 in the initial two phases 
to 1,301 samples in HapMap3. The data obtained 
may be used to analyse population, gender and 
other individual responses to drug therapy, pro-
pensity for diseases, etc., highlighting the impor-
tance of HapMap in realising PGx studies and 
targets.  

3.1.2      1000 Genomes Project 
 The 1000 Genomes Project (Via et al.  2010 ; Wise 
 2008 ; 1000 Genomes Consortium  2010 ) is an 
international consortium including research 
foundations and institutes from the United 
Kingdom, the USA, China and Germany, created 
with the target of identifying genetic variations 
having population frequencies of at least 1 %. 
The main aim of the project is to collect 2,500 
DNA samples from ethnically diverse popula-
tions and sequence their genomes at a 4X cover-
age. The fi rst portion of the project included 
genotypic data from 1,167 samples across 13 
populations (2010–2011), and the second portion 
aimed at the genotyping of 633 samples from 7 
populations (early 2011) and the third set (late 
2011) at the genome sequencing of 700 samples. 
To aid the overall sequencing process and to 
ensure the suffi ciency of the protocol to be 

 followed, several pilot studies were initially 
conducted including the sequencing of the 
genome of 180 individuals at 2–4X coverage, 2 
trios at 20–60X coverage and 1,000 gene regions 
in 900 samples at 50X coverage. The data available 
at 1000 genomes may be directly downloaded 
from the mirror “ftp” sites of the database. The 
genome information so amassed foresees wide 
applications in patient health care and therapeu-
tics as it may provide details on the genes/genetic 
variants associated with diseases, drug response 
phenotypes and other traits as well as improve 
the applicability of genetic tests.  

3.1.3      POPulation REference Sample 
(POPRES) 

 POPRES (Nelson et al.  2008 ) is a DNA resource 
created from a large number of individuals 
(~6,000) participating in multiple studies from 
around the world. PCA analysis was used to con-
fi rm the overall integrity and elucidate the impor-
tant features in the genetic structure of these 
diverse populations. POPRES was established to 
enable the extensive genotyping of DNA samples 
in order to facilitate PGx research. DNA samples 
were collected from ten ethnically diverse popu-
lations of African-American, East Asian, South 
Asian, Mexican and European origin, and geno-
type data obtained from a genome-wide panel of 
SNPs (500,000) attempted on all participants was 
carefully evaluated to identify potential markers 
and subjects which might have utility in a wide 
range of applications. The data so obtained is 
freely available through dbGaP for application in 
research and is useful in terms of generating con-
trast groups for PGx studies such as ADR studies 
where the treatment regimes remain the same, but 
patient variability in drug sensitivity owing to 
causative genetic variants may be identifi ed.   

3.2      Population-Specifi c Datasets 

3.2.1      Pan-Asian SNP Database/
Pan-Asian SNP Consortium 
(PASNP) 

 The Pan-Asian SNP database (Ngamphiw et al. 
 2011 ;   http://www4a.biotec.or.th/PASNP    ) is a 
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comprehensive dataset of more than 50,000 SNPs 
identifi ed in 1,808 DNA samples covering 73 
Asian populations. Users may visualise the data 
either in the “Summary” format which provides 
an overview of the entire SNP and CNV data or 
through the “CNV” option which allows users to 
search CNVs on entire chromosomes, using sam-
pleIDs or through CNV type. The data obtained 
has also been analysed to elucidate the migratory 
patterns of the East and Southeast Asian popula-
tions with the database having external links to 
other SNP databases for the comparison of SNPs 
and CNVs in these repositories to those identifi ed 
in the 73 populations.  

3.2.2      Indian Genome Variation 
Database (IGVdb) 

 The Indian Genome Variation Database (Indian 
Genome Variation Consortium  2005 ;   http://www.
igvdb.res.in/index.php    ) has been developed with 
the aim of studying the underlying genetics in 
four major linguistic groups of India, i.e. the 
Dravidian, Indo-European, Austro-Asiatic and 
Tibeto-Burman populations. The database serves 
as resource of SNPs and CNVs and repeats within 
the Indian subpopulation genomes in more than 
1,000 genes at present which could have conse-
quential PGx impact. It also provides a visual 
representation of the genic location of the SNPs 
and allows users to upload their own data on 
novel SNP’s. IGVdb aims at the utilisation of this 
data for the construction of haplotype maps, their 
application in disease association studies and 
PGx and analysing the functional relevance of 
biomarkers identifi ed in the Indian health-care 
system.  

3.2.3      EUDRAGENE 
    EUDRAGENE (Molokhia and McKeigue  2006 ; 
  https://www.eudragene.org/index.php    ) is a European 
Union (EU) initiative to collect DNA samples to 
study and identify genes which may be associ-
ated with major/severe drug side effects. During 
the fi rst phase, researchers at various centres 
associated with the consortium aim to study an 
initial set of important ADRs that cause severe 
effects in patients on use of the associated drugs 
(which normally would be the best treatment 
alternative) or present symptoms that are usually 

not consistent with the disease diagnosed. The 
second phase aims at expanding the number of 
ADRs studied. The data generated through 
these studies along with the samples analysed 
(EUDRAGENE would collect 100 samples of 
each ADR type along with an equal number of 
healthy controls) would be freely available to 
researchers through a database maintained by the 
coordinating members of the consortium. Apart 
from this, physicians may upload their case stud-
ies on patients who have shown ADRs following 
drug therapy. Similarly, data may also be entered 
by the patient, with the information divided into 
sections outlining drug reaction, medical history, 
alcohol consumption, family background, ADR 
drug reaction data, additional questionnaire and 
eligibility criteria. The database can only be 
accessed by registering with the consortium and 
downloading completely as a CSV fi le. Alter-
natively, data may be fi ltered according to drug 
reaction, sex and age group before downloading. 
EUDRAGENE has already established collabo-
rations with several research groups belonging to 
Austria, Denmark, Canada, Belgium, France, 
Italy, the Netherlands, Spain, Sweden and the UK 
which would work together to facilitate pharma-
cogenomic studies.  

3.2.4      Other Population-Specifi c 
Genomes 

 There are several databases which include the 
whole genome and genome-wide association stud-
ies based on specifi c populations. While the world 
population databases include genotypic informa-
tion for multiple populations, the population- 
specifi c databases focus entirely on elucidating 
the genotype-phenotype associations. Other than 
IGVdb and EUDRAGENE, other population- 
specifi c databases include:
    A.     Koreangenome.org or the Korean Genome 

Project  (  http://koreangenome.org/index.php/
Main_Page    ) which includes the personal 
genomes of individuals of Korean nationality. 
It is an open access endeavour to collect, 
analyse and distribute Korean genomes. The 
second phase of this project known as the 
Korean Personal Genome Project will provide 
an open, interactive interface for  common 
people and researchers interested in the fi eld 
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of personal genomics. Data may be obtained 
by downloading from the mirror “ftp” site of 
the Koreangenome.org.   

   B.     Genome Database of Latvian Population  
( LGDB ) (  http://www.p3gobservatory.org    ) is 
a repository of all genetic research done in 
Latvia. The main aim of this project is to 
facilitate the application of genetic data in 
pharmacogenetics and genetic epidemiology. 
At present, it is generating GWA data from 95 
individuals of Latvian origin.   

   C.     Sri Lankan Genome Variation Database  
(Samarakoon et al.  2011 ;   http://hgucolombo.
org/SLGVD.aspx    ) is a repository of the SNPs 
identifi ed in three major ethnic communities 
of Sri Lanka, i.e. the Sinhalese, Sri Lankan 
Tamils and Moors. The database may be 
searched by gene name, gene or SNP ID and 
allows users to submit data as well.   

   D.     1Malaysia Human Genome Variation 
Consortium  ( 1Mhgvc ) (  http://1mhgvc.kk.usm.
my/    ) is a project which has been established to 
map the genome variations in the ethnically 
diverse populations of Malaysia. It aims to 
determine the migratory history of the coun-
try’s populations, the genetic similarities 
between them and the implications of these 
variations on the various facets of research 
including pharmacogenomics.   

   E.     Singapore Genome Variation Project  (  http://
www.statgen.nus.edu.sg/~SGVP/    ; Teo et al. 
 2009 ) aims at the identifi cation of the com-
mon variants across 1 million SNPs in the 
three ethnic populations of Singapore, i.e. 
Chinese (99 samples), Indians (95 samples) 
and Malays (98 samples). The data may be 
downloaded as bulk data under eight catego-
ries or browsed through using the “GBrowser” 
option. At present, the database includes ~1.6 
million SNPs assayed across 268 individuals 
from these three populations.       

3.3      Personal Genome Datasets 

3.3.1      Personal Genome Project 
 The Personal Genome Project (Church  2005 ; 
  http://www.personalgenomes.org/    ) is a Harvard 
Medical School initiative which has been 

established with the aim of implementing the 
data obtained from personal genome sequencing. 
PGP is a follow-up on the Human Genome 
Project focused at improving the understanding 
of genetic and environmental factors contributing 
to human traits by collecting biological samples 
for DNA/genome sequencing, cell line creation, 
etc. from volunteers and making the data obtained 
freely accessible to researchers worldwide. PGP 
targets at the dissipation of information on the 
utility of personal genomes in health care and 
disease, along with the development of tools to 
facilitate the analysis and interpretation of geno-
typic information as well as the ethical, social 
and legal issues (ELSI) associated with personal 
genome sequencing. The project has been devel-
oped targeting its application in science and tech-
nology, ELSI, health care, personal knowledge 
and development of products based on genetic 
information. Apart from the genetic data of an 
individual, PGP also collects personal and medi-
cal data so as to provide a comprehensive over-
view which may be used in PGx studies.    

4      Tools/Resources for 
Analysing PGx Data 

 Several tools and resources have been developed 
which may be used to curate, analyse and inter-
pret the data obtained from pharmacogenomic 
studies. These tools may be divided into two cat-
egories: one which may be used for visualisation 
of the drug pathways/interactions and those 
which are used for the interpretation of the data. 

4.1      Resources Which Aid 
in the Visualisation of Drug 
Pathways and Interactions 

4.1.1      STITCH 
 STITCH or Search Tool for Interacting Chemicals 
(Kuhn et al.  2010 ,  2012 ;   http://stitch.embl.de/    ) is 
an online resource which has been developed to 
identify known and predicted associations between 
two chemicals and chemical-proteins based on data 
obtained from experiments, databases and litera-
ture. The current available version of STITCH is 
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3.1 and includes data on interactions between 
300,000 small molecules and 2.6 million proteins 
from 1,133 organisms. Compared to STITCH 2, 
the latest version of STITCH has an almost four-
fold increase in the number of chemicals with 
interactions (74,000 in STITCH 2 to 312,000 in 
STITCH 3.1). Four data sources have been used to 
construct these interactions: (1) databases contain-
ing experimental information, i.e. ChEMBL, PDSP 
Ki Database, BindingDB and PDB; (2) sources for 
drug targets, i.e. DrugBank, GLIDA, Matador, 
TTD and CTD; (3) repositories containing path-
ways, i.e. KEGG, NCI/Nature Pathway Interaction 
Database (  http://pid.nci.nih.gov    ), Reactome and 
BioCyc; and (4) by mining literature using both 
manual curation and Natural Language Processing 
(NPL). Users can browse through the interaction 
networks using any one of the fi ve search modes, 
i.e. by name, chemical structure, protein sequence, 
multiple names or multiple sequences. 

 STITCH provides four types of views by 
which users can visualise the interaction net-
works. These include the confi dence view (repre-
sents the degree of confi dence between interacting 
moieties), evidence view (represents the types of 
evidence whether from databases, experiments, 
etc. which support the associations within the 
network), actions view (that provides a view of 
the nature of interaction between moieties, i.e. 
inhibition, activation, expression and posttran-
scriptional modifi cation) and the interactive view 
(which represents all types of interactions 
between the moieties). Apart from these, stereo-
isomers of a drug may be viewed or combined 
and chemical links to other chemical structures 
may also be visualised. The interface of the data-
base also includes search options that may be 
used to view the experiments, databases and lit-
erature reviewed to construct the network. The 
database allows users to view the associations of 
a particular drug not only to other proteins but 
also with other chemical structures, presenting a 
complex interaction network of all associations 
possible for a chemical structure.  

4.1.2      Reactome 
 Reactome (Vastrik et al.  2007 ; Matthews et al. 
 2009 ;   http://www.reactome.org/ReactomeGWT/

entrypoint.html    ) is an open access pathway 
database which has been manually curated and 
annotated from literature by several experts as 
well as cross-referenced to several other data-
bases such as HapMap, Ensembl and UniProt. 
The database includes visual representations of 
the data curated as simple as classic metabolic 
pathways and comprehensive as the signalling 
pathways. The core of the pathway model is the 
“reaction” along with the “entities” such as drug 
molecules and nucleic acids, which participate in 
them. Users may use the database to (1) browse 
pathways directly, (2) map IDs of compounds or 
entities existing within Reactome by integrating 
data or by inputting data and identifying their 
function in existing or novel pathways, (3) com-
pare entities present in humans to those in other 
organisms through orthologies and (4) analyse 
gene expression data to study their effect on path-
ways and reactions in organisms. The data within 
the database may be downloaded in BioPax, 
SBML, MySQL and PSI-MITAB formats as well 
as through web-based APIs. Reactome also 
includes tools for data analysis and interpretation 
such as BioMart, PathFinder and Cytoscape 
Plugins. The pathways within the database espe-
cially those pertaining to those in humans may be 
used for research and analysis, pathways model-
ling, systems biology as well as PGx applications 
to analyse effects of drug pathway alterations on 
drug response and phenotypes.  

4.1.3      Kyoto Encyclopedia of Genes 
and Genomes (KEGG) 

 KEGG (Ogata et al.  1999 ; Kanehisa and Goto 
 2000 ; Kanehisa et al.  2012 ;   http://www.kegg.jp/
kegg/    ) is a knowledge base which has been devel-
oped to help facilitate the systemic analysis of 
gene function in terms of the networks of genes 
and molecules with the aim of understanding the 
utilities and functions of biological systems. It is 
a collection of graphical diagrams representing 
the biochemical pathways created by integrating 
data on genes, proteins and chemicals with 
molecular wiring diagrams of interaction, reac-
tion and relational networks. KEGG is essentially 
an integrated resource of 17 databases which are 
broadly categorised into three major classes, that 
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is, systems information, genomic information 
and chemical information. The systems informa-
tion databases contain data on the mechanisms 
by which molecules or genes are networked, 
complementary to the information for individual 
molecules and genes in existing molecular biol-
ogy databases. The systems information data-
bases are KEGG Pathways, KEGG Brite, KEGG 
Module, KEGG Disease, KEGG Drug and 
KEGG Environ. The genomic information data-
bases include gene catalogues for organisms 
whose entire or partial genomes have been 
sequenced as well as links for individual genes to 
components within the KEGG biochemical path-
ways. These include KEGG Orthology, KEGG 
Genes, KEGG Genome, KEGG DGenes and 
KEGG SSDB. The chemical information data-
bases contain entire lists of chemical elements, 
compounds as well as other substances in living 
organisms under the broad category of KEGG 
LIGAND and links individuals chemical entities 
to components within the KEGG biochemical 
pathways. KEGG LIGAND includes KEGG 
Compounds, KEGG Glycans, KEGG Reaction, 
KEGG RPair, KEGG RClass and KEGG 
Enzyme. The database uses a unique colour cod-
ing to distinguish between the different datasets 
and individual components (known as KEGG 
objects) along with a KEGG object identifi er 
consisting of a database-dependent prefi x and a 
fi ve-digit number. Considering the milieu of 
genetic, molecular and chemical information 
present within the database, it could serve as an 
important PGx resource.   

4.2      Tools for the Interpretation 
of Personal Genome Data 

4.2.1     Interpretome 
 Interpretome (Karczewski et al.  2012 ;   www.inter-
pretome.com    ) is an interpretation engine which 
has been developed to help users interpret their 
own personal genomes. The web-based resource 
allows users to upload their personal genomes, 
which are provided by the direct-to- consumer 
(DTC) companies in a tab-limited fi le, and inter-
prets their genome in a comprehensive and 

client-friendly manner. Interpretome guarantees 
client confi dentiality and does not allow individu-
als other than the customer to access their 
genomes. The interface of the engine has four 
utilities: Lookup, Explore, Clinical and Ancestry. 
The Lookup utility looks up the SNPs within the 
user’s personal genome, and if it does not fi nd any 
SNPs that match, it imputes data from HapMap. 
In case of imputing SNPs from HapMap, the util-
ity relies on the “phases” provided by HapMap 
for a SNP to identify the presence of a particular 
variation. The Explore utility allows users to 
explore their genomes to determine similarities 
between them and existing exercises present on 
the engine. For example, users can explore their 
genomes to determine the presence of certain 
SNPs which are indicative of disease probability, 
exceptional longevity, height, etc. The Ancestry 
utility can be used to determine the user’s ances-
try on the basis of their ancestral and individual 
similarity and chromosome painting. The Clinical 
utility is the most relevant with respect to the fi eld 
of PGx. This utility analyses the user’s genomes 
to fi nd SNPs which have been determined as 
being associated with diseases such as diabetes, to 
calculate the appropriate warfarin dose as well as 
fi nd biomarkers within the personal genome 
which have been found to have a role in PGx 
determinations. The engine links with PharmGKB 
to analyse a user’s genome for these biomarkers.  

4.2.2     SNPedia and Promethease 
 SNPedia (Cariaso and Lennon  2012 ;   http://www.
snpedia.com    ) is a freely accessible, Wiki resource 
which lists all the medical, genealogical, 
 phenotypic and forensic associations of genetic 
variations, i.e. SNPs. The inclusion of variants is 
dependent upon the level of scientifi c signifi -
cance associated with it in terms of the number of 
individuals used in the study, medical history, 
method of analysis, etc. The SNPs are denoted by 
their respective “rsIDs,” and users may search 
through by genes (by clicking on a specifi c gene 
name within the list which produces all the SNPs 
reportedly associated with that gene and a brief 
description), genosets (phenotypes caused by a 
set of variants listed together), genomes (whole 
genomes with their SNP listings), medicines 
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(list of drugs with the SNPs responsible for 
altered phenotypes/response) and medical condi-
tion (listing the SNPs that may be linked to a dis-
order). Clicking on the rsID opens a “variant 
page” which includes the entire information 
available on that particular SNP along with 
external links to other databases such as 
dbSNP, HapMap, Ensembl, PharmGKB, 
NextBio and 23andMe. SNPedia also includes a 
tool “Promethease” which builds a personal 
genome report using data from SNPedia and a 
fi le of genotypes and may be employed by users 
to analyse their genomes. Users may also submit 
data to the database including novel SNPs and 
whole genomes sequenced by external sources.  

4.2.3     Trait-O-Matic 
 Trait-O-Matic (  http://snp.med.harvard.edu/    ) is an 
online resource for fi nding and classifying 
genetic variants in whole genomes. While it does 
not provide any whole genome sequencing facili-
ties, users either may submit queries under confi -
dentiality to determine genetic variants and their 
associated roles or may download the Trait-O- 
Matic tool to analyse “at home” the genetic vari-
ants in their genomes. It also includes the whole 
genomes of individuals with the entire genotypic 
data such as variants and their phenotype (dis-
eases, adverse events, etc.), chromosome num-
ber, position and frequencies. Cell lines have also 
been developed from the samples provided by 
certain individuals. It is a useful resource for PGx 
analysis of personal genomes.  

4.2.4     ANNOVAR 
 ANNOVAR (Wang et al.  2010 ;   http://www.open-
bioinformatics.org/annovar/    ) is a functional 
annotation, command line-driven, open source 
software tool which may be used for annotating 
genetic variants detected from diverse organisms 
such as mouse, worm, fl y, yeast and human 
genomes hg18 and hg19 using certain PERL 
scripts. It has been developed to identify novel 
SNPs in the vast amounts of data generated by 
next-generation sequencing technologies, shift-
ing focus from few common SNPs to previously 
unknown SNPs, overcoming the limitations asso-
ciated with the use of SIFT and PolyPhen2 in 

SNP identifi cation and extension of annotation to 
organisms other than humans. In order to anno-
tate variants, ANNOVAR needs to be provided 
with the chromosome number, start position, end 
position, reference nucleotide and observed 
nucleotides of the variants and based on these 
performs gene-based, region-based, fi lter-based 
and other types of annotations. Gene-based anno-
tations identify those variations which may result 
in an altered state of protein coding as well as the 
amino acid affected; region-based annotations 
may be used to identify those SNPs which are 
present in specifi c regions of the genome and the 
fi lter-based annotations which identify variants 
by fi ltering them on the basis of their listing in 
dbSNP, subsets of SNPs in the 1000 Genomes 
Project (MAF > 1 %), non-synonymous SNPs 
with a SIFT score of >0.05 and other annotations 
on mutations. Apart from this ANNOVAR may 
also be used for other utilities such as the identi-
fi cation of SNPs within 1000 genomes that are in 
strong LD with a GWAS hit and other datasets. 
The computational pipeline of ANNOVAR has 
the capability to perform gene-based functional 
annotations in ~4 min and “variants reduction” 
procedure linking SNPs to diseases and traits in 
~15 min, making it easier and practical to handle 
vast amount of data per day.    

5      Community Efforts 
and Consortia 

 Consortiums are an essential part of all fi elds of 
scientifi c research as they not only dissipate 
information to increase awareness but also form 
collaborations between researchers from differ-
ent parts of the world, aiding research and its 
advancement. Most consortiums also include 
databases on relevant results obtained by 
researchers associated with them or a compre-
hensive database on all data mined from litera-
ture. Access to these consortiums or their 
databases usually requires registration but no 
monetary remuneration; however, memberships 
to them do require certain fees to be paid. The 
following section is a review on some of the 
major PGx consortiums and initiatives. 
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5.1      Pharmacogenomics Research 
Network (PGRN) 

 PGRN (Giacomini et al.  2007 ;   www.pgrn.org    ) is 
a NIH initiative which comprises of a consortium 
of researchers working on diverse fi elds but hav-
ing the ultimate goal of establishing correlations 
between drug response and genetic variations. 
The scientifi c data obtained by these research 
groups is stored and annotated within PharmGKB. 
PGRN has been established with the objective of 
implementing PGx studies in clinical practice, 
research, etc.; developing new tools and experi-
mental methodologies for implementation in 
PGx research; enabling sharing of data as well as 
biological samples; creating cross-disciplinary 
groups to facilitate the discovery and dissemina-
tion of new data; building alliances and partner-
ships; and collaborating with related disciplines 
to advance PGx knowledge and its applications. 
The research groups within the network may 
focus either on drugs which can be used to treat 
disorders or on groups of proteins which interact 
with drugs.  

5.2      PGENI 

 PGENI or the Pharmacogenetics for Every 
Nation Initiative (  http://www.pgeni.org/    ) works 
to facilitate the implementation of pharmacoge-
nomics in the health-care systems of both devel-
oped and developing nations. The consortium 
aims at the collection of blood samples from 
major ethnic groups of every country and geno-
typing to identify genetic variants and their pat-
terns in the population. Apart from this, it has 
compiled a list of drugs that are used the most in 
developing nations from the “14th Essential 
Medicines” list published by WHO and would 
incorporate the entire list of drugs in the future 
with the aim of identifying PGx associations. 
PGENI would also identify those populations 
that are at a high risk for toxicity or poor drug 
response and suggest alternative therapies for 
these populations. Both PubMed and PharmGKB 
were used for determining genes/SNPs infl uenc-
ing drug response and currently include 154 

markers for 206 drugs. At present, PGENI is a 
consortium of 104 countries with fi ve major 
coordinating centres, Brazil, China, Greece, 
Mexico and South Africa, and aims to bring 
about the integration of PGx in public health-care 
decisions to improve the overall quality of health- 
care services provided as well increasing the 
understanding and outreach of PGx in developing 
nations.  

5.3      PharmGenEd 

 PharmGenEd (  http://pharmacogenomics.ucsd.
edu/about-us/pharmgened-objectives.aspx    ) is a 
pharmacogenomics education programme devel-
oped by the University of San Diego, California, 
to facilitate the implementation of pharmacoge-
nomics in clinical settings and to provide elemen-
tary evidence-based knowledge on PGx to 
pharmacists and physicians, pharmacy and medi-
cal students as well as other health-care profes-
sionals. The programme collaborates with several 
research experts in the fi eld of PGx, clinicians, 
health professionals and professional representa-
tives to enable the dissemination of  pharmacogenetic 
information and design educational materials. 
PharmGenEd states four major objectives or pro-
gramme components: (1) to continue education 
programmes for health-care practitioners, specifi -
cally pharmacists and clinicians using live presen-
tations, online modules and written articles; (2) to 
provide resources and training for faculty mem-
bers in the form of modules on PGx for imple-
mentation in course curriculum, which may be 
disseminated to students and other faculty trainers 
alike; (3) to provide resources and training for 
health-care practitioners on PGx through online 
modules and live presentations by other health-
care professionals well versed with the concepts 
and fi eld of PGx; and (4) to establish online PGx 
resources in collaboration with other individuals 
in the fi eld in the form of virtual communities and 
pubcasts. PharmGenEd has also collaborated with 
several other organisations and PGx communities 
such as PharmGKB to enable a process of contin-
ued implementation and development of the con-
cepts of pharmacogenomics.  
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5.4      OpenPGx 

 The Open Personal Genomics Consortium 
(OpenPGx) (  http://www.openpgx.org/    ) is a 
global, open access collaborative initiative cre-
ated to facilitate the development and application 
of PGx in patient health care. The main targets of 
OpenPGx are (1) to create an open access data-
base of all biomarkers which may be used in 
clinical setting; (2) to develop novel algorithms 
and tools to facilitate data mining and interpreta-
tion of personal genomes; (3) to provide an inter-
active platform for students, researchers, 
health-care professionals and experts from the 
fi eld of PGx; and (4) to establish evidence-based 
guidelines for the application of pharmacoge-
nomic data to patient health care. OpenPGx data-
base will include data manually curated from 
literature on pharmacogenomic associations 
between drugs and genetic polymorphs. It would 
present a comprehensive overview of all informa-
tion pertaining to the drug-gene interaction which 
would include the drug indication, gene name, 
rsID of the risk allele, statistical variables used to 
validate the associations (hazards ratio, odds 
ratio,  P  value, etc.), study details such as the pop-
ulation studied, allele frequencies and the 
PubMed IDs of the studies supporting an interac-
tion. The database would also include a map rep-
resenting all reported associations/interactions 
between drugs, targets, carriers, enzymes and 
transporters obtained from several major data-
bases such as DrugBank, PharmGKB and 
UniProt and from literature. The pathway map 
has been developed using CellDesigner and is 
available in the SBML format to enable export to 
other visualisation softwares. OpenPgx has also 
established collaborations with several laborato-
ries (at present within South Asia) to facilitate 
data exchange and exhaustive study on genetic 
variants and their infl uence on drug response.  

5.5      The Biomarkers Consortium 

 The Biomarkers Consortium (  http://www.bio-
markersconsortium.org/    ) is an open collaboration 
between several researchers, created with the aim 

of identifying and qualifying novel or promising 
biomarkers to facilitate their application in drug 
therapeutics and hence improving the overall 
quality of human therapeutics. The main research 
focus of the consortium lies in four fi elds, cancer, 
immunity and infl ammation, metabolic disorders 
and neuroscience, with several pioneering proj-
ects active in each of these. Apart from the above 
mentioned, the Biomarker Consortium also 
develops and works on projects based on other 
diseases, therapeutic areas and overlapping fi elds. 
Researchers can join the consortium either as sci-
entifi c members (those who are associated with 
scientifi c organisations and whose area of 
research is related to the use of biomarkers) or 
supporting members (those who support the con-
sortiums’ activities but do not wish to provide 
any scientifi c inputs) on payment of annual or 
triennial dues. Researchers can also submit proj-
ects to the consortium which may be in any one 
of the main research areas of the consortium or 
any other associated fi eld, and the acceptability 
of these depends on the fulfi lment of the target 
requirements of the consortium. Thus, the broad 
goals of the consortium are (1) to develop and 
qualify biomarkers through the use of existing 
and newly developed techniques; (2) to enunciate 
the role of biomarkers in diagnosing diseases, 
improving clinical practice and therapeutic 
responses; (3) to make available the results 
obtained from all projects within the consortium 
to the entire scientifi c community; and (4) to 
assist in the regulatory decision making pertain-
ing to these biomarkers.  

5.6      International Serious Adverse 
Events Consortium (iSAEC) 

 The International Serious Adverse Events 
Consortium (  http://www.saeconsortium.org/    ) is a 
collaboration between the pharmaceutical industry 
and the FDA, established to identify and qualify 
genetic variants which may be useful in predicting 
drug-induced severe adverse reactions. Apart from 
this, researchers from both academics and indus-
tries involved in the development of novel genetic 
and computational techniques for application in 
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whole genome sequencing/mapping to identify 
and qualify the genetic variants associated with 
adverse events may also join the consortium. The 
data collected from the pharmaceutical industry 
and academic institutions/networks is made avail-
able through the data portal which may be accessed 
only after agreeing to the restrictions posed by the 
iSAEC and signing the data use agreement. The 
research initiatives within the consortium have 
been divided into two phases:
    1.    Phase 1 Research Plan: During the fi rst phase, 

the consortium’s main research focus lay in two 
fi elds, both involving the identifi cation of com-
mon DNA variants associated with drug- induced 
liver diseases and serious skin rashes, i.e. 
Stevens-Johnson syndrome (“SJS”) and toxic 
epidermal necrolysis (“TEN”). This phase 
essentially involved the collection of genotypic 
and clinical data relevant to these areas. Apart 
from this, the build-up of the core operational 
processes and other computational techniques 
was also completed within this phase.   

   2.    Phase 2 Research Plan: While phase 1 focused 
on the identifi cation of the common variants 
which may have a role in drug-induced liver 
diseases and serious skin rashes, phase 2 aims 
at identifying the rare variants which may be 
involved with these conditions with the help 
of next-generation sequencing technology.    
  Keeping the present and future research 

focuses of the consortium in mind, the main aims 
established by iSAEC are (1) to identify the DNA 
variants which may be associated with drug- 
induced severe adverse reactions and other simi-
lar research, (2) to make available publicly the 
results of the research conducted and (3) to edu-
cate both the scientifi c and non-scientifi c com-
munities about affairs related to severe ADRs.  

5.7      Consortium on Breast Cancer 
Pharmacogenomics (COBRA) 

 COBRA (  http://medicine.iupui.edu/clinpharm/
cobra/    ) has been established to study the infl u-
ence of multiple genetic factors on the clinical 
pharmacology of tamoxifen and aromatase 
 inhibitors, with the eventual extension of the 

results obtained for tamoxifen to other drugs 
within the same class. The aims of the consor-
tium are (1) to identify the common genetic vari-
ants of the human oestrogen receptor, its nuclear 
coactivators and repressors through the use of 
bio- computational and sequencing techniques; 
(2) to analyse through in vitro assays whether the 
genetic variants of the two ER receptor subtypes 
(ERα and ERβ) alter gene expression and func-
tion; (3) to determine if the genetic variants of 
ERα and ERβ identifi ed through the fi rst two 
objectives along with the genotype/haplotype 
information alter the response to tamoxifen; 
(4) to ascertain the role of human, genetically 
polymorphic, drug-metabolising enzymes in the 
metabolism of aromatase inhibitors; and (5) to 
analyse if the variants in candidate genes identi-
fi ed through all the studies conducted are associ-
ated with curated phenotypic outcomes such as 
the oestrogen metabolite concentrations, pharma-
cokinetics, bone metabolism and serum lipid 
subfractions in breast cancer patients receiving 
exemestane and letrozole. The consortium web-
page also provides external links to PGRN, 
PharmGKB and a table listing all the drug inter-
actions with cytochrome P450 isoforms. The 
complete table may be visualised directly on the 
COBRA webpage or extracted in the PDF for-
mat. Furthermore, an additional table on the clin-
ically relevant cytochrome P450s with their 
interacting drugs is also available.   

6      Standards for Data 
Representation 

 These are languages which have been developed 
to aid the exchange of data between visualisation 
softwares and researchers without changing the 
fi le format for each specifi c software. 

6.1      Genomic Sequence Variation 
Markup Language (GSVML) 

 GSVML (Nakaya et al.  2010 ) has been devel-
oped to enable the exchange of genomic informa-
tion especially that pertaining to SNPs in an 
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 internationally standardised and defi ned format. 
It was created using eight steps following case 
analysis and domain evaluations and allows users 
to interact with each other irrespective of the 
Markup Language or data format used. GSVML 
is human health oriented with its entire focus on 
the exchange of clinical and omics data. It con-
sists of three data categories, variation data, 
direct annotations and indirect annotations, out of 
which the variation data is a compulsory and the 
remaining two are optional fi elds. The variation 
data describes the allele, its type, position, region 
and length; the direct annotation data deals with 
the associated gene, experimental assay and other 
genetic information, and the indirect annotation 
provides pertinent omics, clinical and environ-
mental data. While there are several Markup 
Languages available which can be used for data 
exchange, GSVML is unique as it has been cre-
ated specifi cally for the exchange of data on 
human genome sequence variations. Considering 
the monumental increase in genomic data, espe-
cially the ever-expanding interest and data gen-
eration on the human genetic variations, GSVML 
aims at providing a communicative platform for 
this data to be suitably mined, analysed and 
interpreted. GSVML has been developed in col-
laboration with Health Level Seven Clinical 
Genomics Special Interest Group (HL7 CG SIG) 
and in accordance with the requirements of the 
International Organisation of Standardisation 
(ISO), which is essential for its clinical and omic 
application. Further, all three data categories are 
essential and need to be used in tandem for its apt 
use in clinical and omic settings.  

6.2      SBML 

 The Systems Biology Markup Language (SBML) 
(Hucka et al.  2003 ;   http://www.sbml.org    ) is an 
XML-based representation format used for the 
export and storage of computational models of 
biological processes. It has a standard structure 
which includes specifi c components such as 
compartment, species, reaction, parameters, unit 
defi nitions, rules, initial assignment and event, 
which enable the transport of models from one 

visualisation software to the other. The main 
purpose of SBML is to enable the use of several 
softwares without the need for writing and creat-
ing separate models for every tools fi le format, to 
enable export and utilisation of fi les by other 
researchers irrespective of the tool used and to 
extend the lifetime of models beyond that of the 
tool used in its creation/writing. Due to the 
restrictions posed by certain tools in the charac-
ters allowed in symbolic names, SBML restricts 
the characters’ types such that names may only 
start with an underscore (“_”) followed by letters, 
digits, etc. or with a letter, should be at least two 
characters long, may be upper case or lower case 
and must only be limited to the plain ASCII char-
acters in order to ensure compatibility with existing 
softwares. Apart from this, each entity has anno-
tations attached with it that link entities within a 
model or to those in other databases as well. The 
current available versions of SBML are Level 3 
Version 1 Core, Level 2 Version 4 Release 1 and 
Level 1 Version 2.   

7      Conclusion 

 Pharmacogenomics holds the keys to the next 
generation in therapeutics and patient health care. 
The prospect of individualising therapy attracts 
not only researchers but clinicians and patients as 
well. This is evident in the increasing number 
of individuals who have made available their 
whole genome through open sources and consor-
tiums. The fast growth has further been abetted 
by the outcrop of databases and online resources 
created to facilitate pharmacogenomics research 
(Synopsis of online resources in Table  10.1 ). 
Some of these work as consortiums which anno-
tate and curate PGx data and make them available 
through open databases as in the case of 
PharmGKB, OpenPGx, dbGaP, etc. Others such 
as PGENI, PGRN and iSEAC bring together 
researchers in the fi eld to facilitate PGx research 
and its implementation, creating awareness of its 
implications in health care. These consortiums/
projects have become quintessential in the explo-
ration and implementation of PGx. Collaborations 
established through them help in the build-up of 
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research, overcoming the limitations associated 
with small sample sizes, analysing allele frequen-
cies in different populations and identifying 
genetic markers relevant for one population or in 
common. Further, databases such as DrugBank, 
ConLiGen and CTD act as ancillary resources 
and help disseminate data that aids in PGx 
research as well as serve as a source for future, 
novel studies. At present, there are more than 30 
databases and consortiums working on and con-
taining pharmacogenomics data, and many more 
will continue to come up in the future. It is essen-
tial to mine these resources to the full extent and 
make available freely all data for scientifi c analy-
sis and implementation in patient health care so 
as to make real the concept of “personalised 
medicine.”

   Apart from databases and consortiums, a large 
number of tools and languages have been gener-
ated which help facilitate the analysis, interpreta-
tion and visualisation of data generated. Some 
such as KEGG, Reactome and STITCH mainly 
deal with the visual representation of PGx data as 
pathways, while others such as Interpretome, 
Trait-O-Matic and ANNOVAR may be used for 
personal genome analysis to identify novel varia-
tions (SNPs or CNVs) or common, known vari-
ants which may be pharmacogenetically relevant. 
Finally, languages such as SBML and GSVML 
were also developed to allow for the interchange 
and exchange of data between researchers. 

 The upsurge of databases, consortiums and 
tools has immensely expanded the horizons of PGx 
research and paved the way for its widespread clin-
ical application. As more and more health-care per-
sonnel and patients become acquainted with the 
application and prospects of PGx, the focus has 
shifted from single genes to whole genomes. 
While, in some cases, the whole genome sequenc-
ing has been undertaken by large-scale endeavours 
such as the 1000 Genomes Project, in other situa-
tions, consensual genome sequencing of volunteer-
ing individuals has been done and applied in PGx 
evaluations. Another crucial development has 
been the passing of the Genetic Information 
Nondiscrimination Act (GINA) by the US Congress 
in 2008, which mandates that there should be no 
discrimination between individuals on the basis of 

their genetic make-up and propensity for diseases. 
Pharmacogenomics has taken vast leaps from the 
researchers table to the clinical environ, but still 
leaves a lot to be accomplished. Research in phar-
macogenomics may be considered unidirectional 
with the minutiae of most common variants studied 
but leaving the larger part of the genome unex-
plored. An additional glaring fact at present is that 
of all the publications made in the fi eld, approxi-
mately half are reviews (Pirmohamed  2011 ), mak-
ing it evident that there is a swift and essential need 
to shift focus from reviews to pioneering and con-
sequential research. 

 With several new drugs being approved by the 
FDA, especially those which have been approved 
in view of their benefi cial role in spite of critical 
adverse effects even in clinical trials, PGx needs 
to evolve at a much faster rate so as to ensure that 
patients reap the best benefi ts of drug therapeu-
tics and eliminate the chances and severity of 
ADRs. While consortiums are working to facili-
tate PGx research, there is the need to increase 
the role of health-care practitioners in these as 
well, so as to ensure that the benefi ts of research 
conducted actually reach the patient at the grass-
root level.     

   References 

    1000 Genomes Project Consortium (2010) A map of 
human genome variation from population-scale 
sequencing. Nature 467(7319):1061–1073  

       1Malaysia Human Genome Variation Consortium. 
  http://1mhgvc.kk.usm.my/      

  ANNOVAR.   http://www.openbioinformatics.org/annovar/    .  
    Cano FG, Rozenfeld S (2009) Adverse drug events in 

hospitals: a systematic review. Cad Saude Publica 
25:S360–S372  

    Cariaso M, Lennon G (2012) SNPedia: a wiki supporting 
personal genome annotation, interpretation and analysis. 
Nucleic Acids Res 40(Database issue):D1308–D1312  

    Church GM (2005) The personal genome project. Mol 
Syst Biol 1:2005.0030  

  Consortium on Breast Cancer Pharmacogenomics 
(COBRA).   http://medicine.iupui.edu/clinpharm/cobra/      

    Davis AP, Murphy CG, Saraceni-Richards CA, Rosenstein 
MC, Wiegers TC, Mattingly CJ (2009) Comparative 
toxicogenomics database: a knowledgebase and dis-
covery tool for chemical-gene-disease networks. 
Nucleic Acids Res 37(Database issue):D786–D792  

    Davis AP, King BL, Mockus S, Murphy CG, Saraceni- 
Richards C, Rosenstein M, Wiegers T, Mattingly CJ 

10 Pharmacogenomics in the Era of Personal Genomics: A Quick Guide to Online Resources and Tools

http://1mhgvc.kk.usm.my/
http://www.openbioinformatics.org/annovar/
http://medicine.iupui.edu/clinpharm/cobra/


210

(2011a) The comparative toxicogenomics database: 
update 2011. Nucleic Acids Res 39(Database 
issue):D1067–D1072  

     Davis AP, Wiegers TC, Murphy CG, Mattingly CJ (2011b) 
The curation paradigm and application tool used for 
manual curation of the scientifi c literature at the 
Comparative Toxicogenomics Database. Database 
(Oxford). 2011:bar034.  

    de Vries EN, Ramrattan MA, Smorenburg SM, Gouma 
DJ, Boermeester MA (2008) The incidence and nature 
of in-hospital adverse events: a systematic review. 
Qual Saf Health Care 17(3):216–223  

    Deloukas P, Bentley D (2004) The HapMap project and its 
application to genetic studies of drug response. 
Pharmacogenomics J 4(2):88–90  

    Deverka PA, Vernon J, McLeod HL (2010) Economic 
opportunities and challenges for pharmacogenomics. 
Annu Rev Pharmacol Toxicol 50(1):423–437  

  EUDRAGENE.   https://www.eudragene.org/index.php    .  
    Flynn AA (2011) Pharmacogenetics: practices and oppor-

tunities for study design and data analysis. Drug 
Discov Today 16(19–20):862–866  

    Gamazon ER, Duan S, Zhang W, Huang RS, Kistner EO, 
Dolan ME, Cox NJ (2010) PACdb: a database for cell- 
based pharmacogenomics. Pharmacogenet Genomics 
20(4):269–273  

  Genome Database of Latvian Population [LGDB].   http://
www.p3gobservatory.org      

     Giacomini KM, Brett CM, Altman RB, Benowitz NL, 
Dolan ME, Flockhart DA, Johnson JA et al (2007) The 
pharmacogenetics research network: from SNP dis-
covery to clinical drug response. Clin Pharmacol Ther 
81(3):328–345  

    Hernandez-Boussard T, Whirl-Carrillo M, Hebert JM, 
Gong L, Owen R, Gong M, Gor W, Liu F, Truong C, 
Whaley R, Woon M, Zhou T, Altman RB, Klein TE 
(2008) The pharmacogenetics and pharmacogenomics 
knowledge base: accentuating the knowledge. Nucleic 
Acids Res 36(Database issue):D913–D918  

  HIV-Pharmacogenomics.org.   http://www.hiv-pharma-
cogenomics.org/      

    Hucka M, Finney A, Sauro HM, Bolouri H, Doyle JC, 
Kitano H, Arkin AP et al (2003) The systems biology 
markup language (SBML): a medium for representa-
tion and exchange of biochemical network models. 
Bioinformatics 19(4):524–531  

    Indian Genome Variation Consortium (2005) The Indian 
Genome Variation database (IGVdb): a project over-
view. Hum Genet 118(1):1–11  

  Indian Genome Variation Database (IGVdb).   http://www.
igvdb.res.in/index.php      

  International Consortium on Lithium Genetics (ConLiGen). 
  http://www.conligen.org/imprint.html      

   International HapMap Project.   http://hapmap.ncbi.nlm.
nih.gov/index.html.en      

  International Serious Adverse Effects Consortium 
(iSAEC).   http://www.saeconsortium.org/      

  Interpretome.   www.interpretome.com      
    Kanehisa M, Goto S (2000) KEGG: Kyoto encyclopedia of 

genes and genomes. Nucleic Acids Res 28(1):27–30  

    Kanehisa M, Goto S, Sato Y, Furumichi M, Tanabe M 
(2012) KEGG for integration and interpretation of 
large-scale molecular data sets. Nucleic Acids Res 
40(Database issue):D109–D114  

    Karczewski KJ, Tirrell RP, Cordero P, Tatonetti NP, 
Dudley JT, Salari K, Snyder M, Altman RB, Kim SK 
(2012) Interpretome: a freely available, modular, and 
secure personal genome interpretation engine. Pac 
Symp Biocomput 2012:339–350  

    Kawamoto K, Orlando LA, Voora D, Lobach DF, Joy S, 
Cho A, Ginsburg GS (2009) Evaluation of the 
PharmGKB knowledge base as a resource for effi -
ciently assessing the clinical validity and utility of 
pharmacogenetic assays. AMIA Annu Symp Proc 
2009:307–311  

    Kitzmiller JP, Groen DK, Phelps MA, Sadee W (2011) 
Pharmacogenomic testing: relevance in medical prac-
tice: why drugs work in some patients but not in oth-
ers. Cleve Clin J Med 78(4):243–257  

    Klein TE, Altman RB (2004) PharmGKB: the pharmaco-
genetics and pharmacogenomics knowledge base. 
Pharmacogenomics J 4(1):1  

    Knox C, Law V, Jewison T, Liu P, Ly S, Frolkis A, Pon A, 
Banco K, Mak C, Neveu V, Djoumbou Y, Eisner R, 
Guo AC, Wishart DS (2011) DrugBank 3.0: a compre-
hensive resource for ‘omics’ research on drugs. 
Nucleic Acids Res 39(Database issue):D1035–D1041  

  Korean Genome Project (KPGP).   http://koreangenome.
org/index.php/Main_Page      

    Kuhn M, Szklarczyk D, Franceschini A, Campillos M, 
von Mering C, Jensen LJ, Beyer A, Bork P (2010) 
STITCH 2: an interaction network database for small 
molecules and proteins. Nucleic Acids Res 
38(Database issue):D552–D556  

    Kuhn M, Szklarczyk D, Franceschini A, von Mering C, 
Jensen LJ, Bork P (2012) STITCH 3: zooming in on 
protein-chemical interactions. Nucleic Acids Res 
40(Database issue):D876–D880  

  Kyoto Encyclopedia of Genes and Genomes (KEGG). 
  http://www.kegg.jp/kegg/      

   Lee KC, Ma JD, Kuo GM (2009) Pharmacogenomics: 
bridging the gap between science and practice. J Am 
Pharm Assoc (2003). 50(1):e1–e14; quiz e15-7  

    Mailman MD, Feolo M, Jin Y, Kimura M, Tryka K, 
Bagoutdinov R, Hao L, Kiang A, Paschall J, Phan L, 
Popova N, Pretel S, Ziyabari L, Lee M, Shao Y, Wang 
ZY, Sirotkin K, Ward M, Kholodov M, Zbicz K, Beck 
J, Kimelman M, Shevelev S, Preuss D, Yaschenko E, 
Graeff A, Ostell J, Sherry ST (2007) The NCBI dbGaP 
database of genotypes and phenotypes. Nat Genet 
39(10):1181–1186  

   Marsh S, McLeod HL (2006) Pharmacogenomics: from 
bedside to clinical practice. Hum Mol Genet. 15 Spec 
No. 1:R89–R93  

   Matthews L, Gopinath G, Gillespie M, Caudy M, Croft D, de 
Bono B, Garapati P, Hemish J, Hermjakob H, Jassal B, 
Kanapin A, Lewis S, Mahajan S, May B, Schmidt E, 
Vastrik I, Wu G, Birney E, Stein L, D’Eustachio P (2009) 
Reactome knowledgebase of human biological pathways 
and processes. Nucleic Acids Res D619(Database issue)  

A. Pasha and V. Scaria

https://www.eudragene.org/index.php
http://www.p3gobservatory.org/
http://www.p3gobservatory.org/
http://www.hiv-pharmacogenomics.org/
http://www.hiv-pharmacogenomics.org/
http://www.igvdb.res.in/index.php
http://www.igvdb.res.in/index.php
http://www.conligen.org/imprint.html
http://hapmap.ncbi.nlm.nih.gov/index.html.en
http://hapmap.ncbi.nlm.nih.gov/index.html.en
http://www.saeconsortium.org/
http://www.interpretome.com/
http://koreangenome.org/index.php/Main_Page
http://koreangenome.org/index.php/Main_Page
http://www.kegg.jp/kegg/


211

    Mattingly CJ, Colby GT, Rosenstein MC, Forrest JN, 
Boyer JL (2004) Promoting comparative molecular 
studies in environmental health research: an overview 
of the comparative toxicogenomics database (CTD). 
Pharmacogenomics J 4(1):5–8  

    McLeod HL, Isaacs KL (2011) Preemptive pharmacoge-
netic testing: insuffi cient data equal unsatisfactory 
guidance. Ann Intern Med 154(12):842–844  

    Molokhia M, McKeigue P (2006) EUDRAGENE: 
European collaboration to establish a case-control DNA 
collection for studying the genetic basis of adverse drug 
reactions. Pharmacogenomics 7(4):633–638  

    Nakaya J, Kimura M, Hiroi K, Ido K, Yang W, Tanaka H 
(2010) Genomic sequence variation markup language 
(GSVML). Int J Med Inform 79(2):130–142  

    Nelson MR, Bryc K, King KS, Indap A, Boyko AR, 
Novembre J, Briley LP et al (2008) The population 
reference sample, POPRES: a resource for population, 
disease, and pharmacological genetics research. Am J 
Hum Genet 83(3):347–358  

    Ngamphiw C, Assawamakin A, Xu S, Shaw PJ, Yang JO, 
Ghang H, Bhak J, Liu E, Tongsima S, Pan-Asian 
HUGO, Consortium SNP (2011) PanSNPdb: the Pan- 
Asian SNP genotyping database. PLoS One 6(6):e21451  

    O’Shaughnessy KM (2006) HapMap, pharmacogenom-
ics, and the goal of personalized prescribing. Br J Clin 
Pharmacol 61(6):783–786  

    Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, Kanehisa 
M (1999) KEGG: Kyoto encyclopedia of genes and 
genomes. Nucleic Acids Res 27(1):29–34  

  Open Personal Genomics Consortium (OpenPGx).   http://
www.openpgx.org/      

    Owen RP, Altman RB, Klein TE (2008) PharmGKB 
and the International Warfarin Pharmacogenetics 
Consortium: the changing role for pharmacoge-
nomic databases and single-drug pharmacogenetics. 
Hum Mutat 29(4):456–460  

  Pan-Asian SNP Database.   http://www4a.biotec.or.th/
PASNP      

  Personal Genome Project.   http://www.personalgenomes.org/      
  Pharmacogenomics and Cell Database.   http://www.pacdb.

org/index.html      
  Pharmacogenomics Education Program (PharmGenEd). 

  http:/ /pharmacogenomics.ucsd.edu/about-us/
pharmgened- objectives.aspx      

  Pharmacogenomics for Every Nation Initiative (PGENi). 
  http://www.pgeni.org/      

  Pharmacogenomics Research Network (PGRN).   www.
pgrn.org      

     Pirmohamed M (2011) Pharmacogenetics: past, present 
and future. Drug Discov Today 16(19–20):852–861  

  Reactome.   http://www.reactome.org/ReactomeGWT/entry-
point.html      

    Samarakoon PS, Jayasekara RW, Dissanayake VHW 
(2011) The Sri Lankan genome variation database. Sri 
Lanka J Biomed Inform 2(1):9–20  

    Schulze TG, Alda M, Adli M, Akula N, Ardau R, Bui E, 
Chillotti C et al (2010) The International Consortium 
on Lithium Genetics (ConLiGen): an initiative by the 
NIMH and IGSLI to study the genetic basis of 
response to lithium treatment. Neuropsychobiology 
62(1):72–78  

  Search Tool for Interacting Chemicals (STITCH).   http://
stitch.embl.de/      

  SNPedia and Promethease.   http://www.snpedia.com      
  Sri Lankan Genome Variation Database (SLGVD).   http://

hgucolombo.org/SLGVD.aspx      
  Systems Biology Markup Language (SBML).   http://

www.sbml.org      
    Teo YY, Sim X, Ong RT, Tan AK, Chen J, Tantoso E, 

Small KS, Ku CS, Lee EJ, Seielstad M, Chia KS 
(2009) Singapore genome variation project: a haplo-
type map of three Southeast Asian populations. 
Genome Res 19(11):2154–2162  

  The Biomarkers Consortium.   http://www.biomarkerscon-
sortium.org/      

    Thorn CF, Klein TE, Altman RB (2005) PharmGKB: the 
pharmacogenetics and pharmacogenomics knowledge 
base. Methods Mol Biol 311:179–191  

  Trait-O-Matic.   http://snp.med.harvard.edu/      
    Vastrik I, D’Eustachio P, Schmidt E, Joshi-Tope G, 

Gopinath G, Croft D, de Bono B, Gillespie M, 
Jassal B, Lewis S, Matthews L, Wu G, Birney E, 
Stein L (2007) Reactome: a knowledge base of 
biologic pathways and processes. Genome Biol 
8(3):R39  

    Via M, Gignoux C, Burchard EG (2010) The 1000 
Genomes Project: new opportunities for research and 
social challenges. Genome Med 2(1):3  

    Wang K, Li M, Hakonarson H (2010) ANNOVAR: func-
tional annotation of genetic variants from high- 
throughput sequencing data. Nucleic Acids Res 
38(16):e164  

    Wise J (2008) Consortium hopes to sequence genome of 
1000 volunteers. BMJ 336(7638):237  

    Wishart DS, Knox C, Guo AC, Shrivastava S, Hassanali 
M, Stothard P, Chang Z, Woolsey J (2006) 
DrugBank: a comprehensive resource for in silico 
drug discovery and exploration. Nucleic Acids Res 
34(Database issue):D668–D672  

    Wishart DS, Knox C, Guo AC, Cheng D, Shrivastava S, 
Tzur D, Gautam B, Hassanali M (2008) DrugBank: 
a knowledgebase for drugs, drug actions and 
drug targets. Nucleic Acids Res 36(Database 
issue):D901–D906  

    Yang YT, Wiley E, Leppard J (2011) Individualized medi-
cine and pharmacogenomics: ethical, legal and policy 
challenges. J Med Pers 9:48–57  

    Zhang W, Ratain MJ, Dolan ME (2008) The HapMap 
resource is providing new insights into ourselves and 
its application to pharmacogenomics. Bioinform Biol 
Insight 2:15–23    

10 Pharmacogenomics in the Era of Personal Genomics: A Quick Guide to Online Resources and Tools

http://www.openpgx.org/
http://www.openpgx.org/
http://www4a.biotec.or.th/PASNP
http://www4a.biotec.or.th/PASNP
http://www.personalgenomes.org/
http://www.pacdb.org/index.html
http://www.pacdb.org/index.html
http://pharmacogenomics.ucsd.edu/about-us/pharmgened-objectives.aspx
http://pharmacogenomics.ucsd.edu/about-us/pharmgened-objectives.aspx
http://www.pgeni.org/
http://www.pgrn.org/
http://www.pgrn.org/
http://www.reactome.org/ReactomeGWT/entrypoint.html
http://www.reactome.org/ReactomeGWT/entrypoint.html
http://stitch.embl.de/
http://stitch.embl.de/
http://www.snpedia.com/
http://hgucolombo.org/SLGVD.aspx
http://hgucolombo.org/SLGVD.aspx
http://www.sbml.org/
http://www.sbml.org/
http://www.biomarkersconsortium.org/
http://www.biomarkersconsortium.org/
http://snp.med.harvard.edu/


   Section II 

   Personalized Medicine: Cancer and 
Autoimmune Disorders        



215D. Barh et al. (eds.), Omics for Personalized Medicine, 
DOI 10.1007/978-81-322-1184-6_11, © Springer India 2013

1             Introduction 

 The therapeutic window for anticancer agents is 
often narrow, necessitating that the drug concentra-
tion required to produce a therapeutic effect be near 

the concentration that leads to signifi cant toxicities. 
Given the toxic effects of these drugs, the potential 
therapeutic regimen is hence limited to a certain 
cumulative dose, and the patients are treated at 
maximum dose levels that can be tolerated by 
them. Inherited genetic variations in drug-metabo-
lism genes lead to differential treatment outcomes 
and severe toxicities in different patient subtypes; 
hence, pharmacogenomics enables in selecting the 
right dose for the right patient and also facilitates in 
titrating the dose for each patient. Pharmacogenetics 
studies of anticancer agents are potentially diffi cult 
by somatic polymorphisms in the cancer mass, 
even though this is not likely to impact toxicity. 

 Researchers around the world have studied the 
effect of several genetic variations including single 
nucleotide polymorphisms (SNPs), copy number 
variations (CNVs), deletions and insertions on 
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the metabolism of drugs prescribed to cancer 
patients of different ethnicity. It has been observed 
that frequency and effect of polymorphisms vary 
with the group of population studied. Hence it is 
benefi cial to study each population and under-
stand the effect of the polymorphisms in that par-
ticular population before concluding any 
association study. Here we review some of the 
majorly studied polymorphic drug- metabolizing 
enzymes, drug targets, and drug transporters that 
affect the metabolism of cancer therapeutics 
widely prescribed to different cancer patients. The 
manuscript also gives an overview of companion 
diagnostics approved by the Food and Drug 
Administration (FDA), USA.  

2      Genetic Variations Affecting 
Drug Response and Toxicity 
with Cancer Chemotherapy 

2.1      Polymorphisms in Drug- 
Metabolizing Enzymes 

 There are a number of Phase I and Phase II drug- 
metabolizing enzymes that play an important role 
in detoxifi cation of the cancer therapeutics 
(Dhawan and Padh  2013 ). This section gives an 
overview of the current status of the extensively 
studied polymorphic drug-metabolizing enzymes 
like thiopurine S-methyltransferase, UDP- 
glucuronosyltransferase 1A1, dihydropyrimidine 
dehydrogenase, and cytochrome P450 2D6. 

2.1.1     Thiopurine S-Methyltransferase 
(TPMT) and 6-Mercaptopurine 

 Thiopurine S-methyltransferase (TPMT) cata-
lyzes the S-methylation of 6-mercaptopurine 
(6-MP), its oral prodrug azathioprine, and 
6- thioguanine (6-TG) into inactive metabolites 
(Lennard  1992 ). These drugs are prescribed for 
chronic infl ammatory disorders, transplanta-
tion, and hematological diseases like child-
hood and adult ALL, childhood acute myeloid 
leukemia, and childhood non-Hodgkin lym-
phoma (Sahasranaman et al.  2008 ). Thiopurine 
being an inactive drug gets converted to its 
active metabolite 6-thioguanine nucleotide 
(6-TGN). This activated metabolite gets incor-

porated into DNA and causes cell-cycle arrest and 
apoptosis (Lennard  1992 ; Swann et al.  1996 ). 
Myelosuppression is one of the major serious 
clinical repercussions of thiopurines. It has been 
reported that in general, about 90 % of the popula-
tion are extensive TPMT metabolizers, 10 % are 
intermediate metabolizers, and 0.3 % are poor 
metabolizers (Krynetski et al.  1996 ; McLeod et al. 
 1994 ,  2000 ). Patients with a low TPMT activity 
are prone to cellular accumulation of 6-TGN and 
develop severe toxicity even at standard doses of 
thiopurine drugs (Krynetski et al.  1996 ; McLeod 
et al.  1994 ,  2000 ; Krynetski and Evans  1999 ). 

 The lower TPMT activity can be majorly 
attributed to the polymorphisms reported in 
 TPMT  gene. According to literature,  TPMT*2  
(238G>C; Ala80Pro),  TPMT*3A  (460G>A; 
Ala154Thr and 719G>A; Tyr240Cys), and 
 TPMT*3C  (719G>A; Tyr240Cys) account for 
about 80–95 % of lower TPMT activity (Otterness 
et al.  1997 ; Yates et al.  1997 ; Spire-Vayron de la 
Moureyre et al.  1998 ; Tai et al.  1996 ,  1997 ; 
Gardiner et al.  2000 ). It has been observed that 
patients heterozygous or homozygous for 
 TPMT*2 ,  TPMT*3A , or  TPMT*3C  result in 
intermediate or poor TPMT activity. There is 
convincing evidence for severe toxicity from 
thiopurine drugs observed in heterozygous and 
homozygous patients polymorphic for  TPMT*2 , 
 TPMT*3A , or  TPMT*3C  as compared to wild- 
type patients. Based on evidence from literature, 
doses need to be titrated for intermediate and 
poor metabolizers where doses might be reduced 
to 60 and 10 % of the conventional dose, respec-
tively, to avoid severe toxicity in these patients 
(Kirchheiner et al.  2005 ).  TPMT  genotyping 
assays have been designed to be used on a routine 
basis in the clinic to avoid toxicity, save time, and 
be cost-effective for the patient (Nasedkina et al. 
 2006 ; Schaeffeler et al.  2008 ; Litos et al.  2007 ; 
Davison et al.  2006 ).  TPMT  is the most well- 
studied example of the effect of genotype on drug 
metabolism in patients and has helped in dose 
reduction in patients polymorphic for this gene.  

2.1.2     UDP-Glucuronosyltransferase 
1A1 (UGT1A1) and Irinotecan 

 More than 60 different polymorphisms in 
 UGT1A1  have been identifi ed,  UGT1A1*28  
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being the most clinically relevant polymorphism 
according to different studies (Nagar and Remmel 
 2006 ). This variant allele is a microsatellite 
 polymorphism which consists of an additional 
TA (thymine-adenine) tandem repeat in the regu-
latory TATA box located in the promoter region 
of  UGT1A1  (Bosma et al.  1995 ). The addition 
makes it seven TA repeats (A(TA) 7 TAA), instead 
of six (A(TA) 6 TAA), in the wild-type sequence 
(Bosma et al.  1995 ; Monaghan et al.  1996 ). Some 
less frequent variants also occur with fi ve and 
eight TA repeats. It has been reported that the 
glucuronidation activity of UGT1A1 is associ-
ated inversely with the number of TA repeats 
(Bosma et al.  1995 ; Beutler et al.  1998 ; Iyer et al. 
 1999 ; Raijmakers et al.  2000 ). 

 UGT1A1 is mainly involved in the metabo-
lism of irinotecan which is a derivative of 
camptothecin. Irinotecan is activated to SN-38 
through hydrolysis mediated by carboxyester-
ases. SN-38 is the activated form which is con-
verted by UGT1A1 to SN-38-glucuronide 
(SN-38G), which is the inactivated form (Ciotti 
et al.  1999 ; Garcia-Carbonero and Supko  2002 ). 
In patients prescribed with irinotecan with 
 UGT1A1*28  polymorphism, the glucuronida-
tion activity is reduced; hence, the ratio of 
SN-38/SN-38G is greater, leading to severe 
toxicity in these patients. Many studies around 
the world have confi rmed this effect of 
 UGT1A1*28  causing higher toxicity in patients 
prescribed with irinotecan (Marcuello et al. 
 2004a ,  b ; Toffoli et al.  2006 ; Innocenti et al. 
 2004 ; Kweekel et al.  2008 ; Côté et al.  2007 ; 
Pillot et al.  2006 ; Hoskins et al.  2007 ). 

 It has been observed that patients homozygous 
for  UGT1A1*28  show severe hematological tox-
icities like neutropenia and nonhematological 
toxicities like diarrhea after irinotecan therapy 
(McLeod et al.  2010 ; Iyer et al.  2002 ; Marcuello 
et al.  2004a ,  b ; Toffoli et al.  2006 ; Ando et al. 
 2000 ; de Jong et al.  2006 ; Innocenti et al.  2004 ; 
Kweekel et al.  2008 ; Ferraldeschi et al.  2009 ; 
Rouits et al.  2004 ; Glimelius et al.  2011 ). Some 
studies however show contradictory results with 
no association of  UGT1A1*28  with toxicity 
observed (Stewart et al.  2007 ; Côté et al.  2007 ; 
Han et al.  2006 ; Pillot et al.  2006 ) which might be 
due to the small sample size or low frequency of 

the polymorphism. Hence it would be imperative 
to study this polymorphism in each population 
with a good sample size to elucidate the actual 
scenario. 

 The dose administered to the patients is also 
an important factor in determining the toxicity 
as observed in a meta-analysis including 821 
patients on irinotecan treatment regime. It was 
concluded in this study that homozygosity for 
 UGT1A1*28  was a risk factor for hematologic 
grade 3–4 toxicity, with a high dose (>300 mg/
m 2 ) as well as a medium dose (~180 mg/m 2 ); 
however, with a low dose (~100 mg/m 2 ), the 
risk for severe toxicity was similar to that of 
wild- type patients (Hoskins et al.  2007 ). 
Nevertheless, more studies of this kind are war-
ranted for a better understanding of the effect of 
genotype and dose on toxicity in each popula-
tion. Hence, if the genotype of the patient is 
known in advance, it would be of assistance in 
titrating the dose for that patient, to avoid toxic-
ity and have a benefi cial effect of the therapy. 

 FDA has approved the identifi cation of the 
 UGT1A1*28  genotype by a rapid testing kit 
(Invader® UGT1A1). It is well reported that the 
other  UGT1A1  alleles can also result in a reduced 
enzyme activity, however; these variants have not 
been included on the irinotecan package insert or 
the FDA-approved assay. 

 Some other less studied polymorphisms in 
 UGT1A1  include -3156G>A ( UGT1A1*93 ) 
which is also present in the promoter region 
(Innocenti et al.  2004 ) and 211G>A [Gly71Arg] 
( UGT1A1*6 ) which is located in exon 1 and leads 
to lower enzymatic activity (Sai et al.  2004 ).  

2.1.3     Dihydropyrimidine 
Dehydrogenase (DPD) and 5-FU 

 DPD is the main enzyme in 5-FU metabolism and 
is responsible for inactivation and elimination of 
5-FU in the liver (>80 %). Orotate phosphoribos-
yltransferase (OPRT) catalyzes the conversion of 
5-FU to fl uorouridine monophosphate (FUMP), 
which is subsequently phosphorylated to activate 
fl uorouridine triphosphate (FUTP). FUTP incor-
porates into RNA and thereby compromises RNA 
processing and function. The  DPYD  gene is 
located in human chromosome 1p22, comprising 
of 23 exons and is approximately 950 kilobase 
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pairs (Wei et al.  1998 ). More than 30 SNPs and 
deletion mutations have been identifi ed within 
 DPYD ; however, only few of the variants have 
functional effect on enzymatic activity. The most 
important variant IVS14 + 1G>A ( DPYD*2A , 
rs3918290) is a splice site variant, and has been 
observed in about 40–50 % of patients who devel-
oped grade 4 neutropenia, and shows association 
with DPD defi ciency (Van Kuilenburg et al.  2002 ). 
Different ethnic groups have shown variation in 
DPD enzymatic activity, with higher mean DPD 
activity observed in Koreans while lower activity 
reported in African Americans compared to Whites 
(Yen and McLeod  2007 ). Morel and colleagues 
have reported that the sensitivity, specifi city, and 
positive and negative predictive values of the 
detection of the three major SNPs (IVS14 + 1G>A, 
2846A>T and 1679T>G) in  DPYD  as factors pre-
dicting 5-FU toxicity were 0.31, 0.98, and 0.62 
and 0.94, respectively (Morel et al.  2006 ). They 
also observed that only 50–60 % of patients with 
genetic variations in  DPYD  develop severe 5-FU 
toxicity (Morel et al.  2006 ). Many researchers 
around the globe have developed several clinical 
assays for assessing DPD activity, mRNA expres-
sion, and metabolite formation, as well as SNPs 
within  DPYD  (Yen and McLeod  2007 ).  

2.1.4     Cytochrome P450 2D6 (CYP2D6) 
and Tamoxifen 

 Several  CYP2D6  allelic variants have been 
reported and are classifi ed by enzymatic activity 
into poor, intermediate, extensive, and ultrarapid 
metabolizers. There is a lot of ethnic variation in 
the frequency of the variants for  CYP2D6  
(Ingelman-Sundberg et al.  2007 ). The most 
important  CYP2D6  alleles are wild-type 
 CYP2D6*1  (fully functional enzyme); 
 CYP2D6*3 – *8 ,  *11 – *16 ,  *18 – *20 ,  *38 ,  *40 , 
 *42 , and  *44  (null alleles with essentially no 
enzymatic activity);  CYP2D6*9 ,  *10 ,  *17 ,  *29 , 
 *36 ,  *37 , and  *41  (reduced-activity alleles); and 
 *1XN ,  *2XN ,  *35XN , and  *41XN  (amplifi ed 
alleles with numerous copies of the gene). 

 Numerous studies have shown the effect of 
 CYP2D6  genotype in tamoxifen metabolism. 
Women on tamoxifen therapy, with two or 
additional completely functional copies of 
 CYP2D6 , have elevated plasma endoxifen levels as 

 compared to patients with one or additional non-
functional alleles ( CYP2D6*3  to  *6 ) or those tak-
ing CYP2D6 inhibitors (Jin et al.  2005 ), which 
means that lowered CYP2D6 activity results in 
decreased metabolism of tamoxifen. The most 
common null allele  CYP2D6*4  was associated 
with poor metabolism in a retrospective study of 
223 postmenopausal women (Goetz et al.  2005 ). 
Patients homozygous for  CYP2D6*4  had poorer 
outcomes in terms of lesser time to recurrence 
and poor disease-free survival than women with 
 CYP2D6*4/*1  or  CYP2D6*1/*1  genotypes. It 
was observed that patients with reduced-activity 
 CYP2D6  alleles ( *4 ,  *5 ,  *10 ,  *41 ) had signifi -
cantly poorer outcome in terms of higher relapse 
rates, lesser times to recurrence of disease, and 
worst survival than carriers of functional alleles. 

 One of the most frequent adverse effects of 
tamoxifen treatment is hot fl ashes which are 
treated by antidepressants like selective serotonin 
reuptake inhibitors (Fisher et al.  1998 ). It is well 
known that some antidepressants are inhibitors of 
CYP2D6 activity; for example, coadministration 
of paroxetine or fl uoxetine during tamoxifen 
therapy causes a signifi cant decrease in the levels 
of endoxifen in extensive metabolizers as com-
pared to patients not taking CYP2D6 inhibitors 
(Jin et al.  2005 ; Borges et al.  2006 ). FDA has rec-
ommended that the tamoxifen package should 
have enclosures stating that patients who are 
CYP2D6 poor metabolizers are at high risk for 
relapse of the breast cancers if treated with 
tamoxifen and further that coadministration of 
certain serotonin reuptake inhibitors which can 
inhibit CYP2D6 can infl uence the metabolism of 
tamoxifen (Young  2006 ). It has been reported 
that based on the patient’s genotype, an alterna-
tive therapy like aromatase inhibitors can be pre-
scribed. However, more studies are needed for 
premenopausal women as most of the data avail-
able is on postmenopausal women.   

2.2      Polymorphisms Affecting 
Targeted Therapies 

 There are a number of targeted therapies that are 
being used in the clinic nowadays, which are 
directed towards some specifi c molecule to be 
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inhibited in a pathway. Polymorphisms in the 
target or its downstream effector pathway can 
lead to a change in the outcome in patients; 
hence the targeted therapies can also be titrated 
according to the effect of polymorphisms in 
these patients. Here we discuss an example of 
tyrosine kinase inhibitors which are routinely 
used in the clinic. 

2.2.1     Epidermal Growth Factor 
Receptor (EGFR) and Tyrosine 
Kinase Inhibitors 

 Gefi tinib and erlotinib are classifi ed as small 
molecular tyrosine kinase inhibitors (TKIs) of 
EGFR. Mutations in the  EGFR  gene have been 
identifi ed and have been reported to be associated 
with response (Lynch et al.  2004 ; Paez et al. 
 2005 ). In-frame deletions and missense muta-
tions in the  EGFR  tyrosine kinase domain were 
observed in eight out of nine patients responsive 
to gefi tinib. In order to confi rm if these mutations 
were present only in the tumor tissue of respond-
ing patients, matched normal tissue of the same 
patients and tumor tissue of nonresponding 
patients were also checked for the presence of 
these mutations. As expected these mutations 
were not observed in the later samples which 
confi rmed that these mutations are responsible 
for a favorable response to gefi tinib (Lynch et al. 
 2004 ). These results were also confi rmed in 
another study involving nine tumor patients of 
whom fi ve were responding and had mutations 
and four were nonresponding and had no muta-
tions (Paez et al.  2005 ). The most well-studied 
mutations are in-frame deletion in exon 19 and a 
missense mutation at codon 858 which leads to 
an arginine to leucine substitution (L858R) 
(Sequist et al.  2007 ). In the presence of epidermal 
growth factor (EGF), the mutated  EGFR  had sig-
nifi cantly increased and prolonged activation 
compared to wild type as observed in the in vitro 
studies (Lynch et al.  2004 ). 

 A number of studies have attempted to defi ne 
the response rates and clinical outcomes of EGFR 
TKIs in patients with and without  EGFR  muta-
tions. Response rates of 75–90 % with a median 
progression-free survival (PFS) of 7.7–11.5 
months were observed in Japanese patients on 
gefi tinib treatment (Asahina et al.  2006 ; Yoshida 

et al.  2007 ; Inoue et al.  2006 ; Tamura et al.  2008 ), 
whereas North American patients showed 
response rates of 55 % with median PFS of 9.2 
months (Sequist et al.  2008 ). Although mutations 
in  EGFR  lead to a higher response in patients, 
there are also issues with acquired resistance. 
There are a number of probable mechanisms 
leading to resistance including a secondary 
 EGFR  mutation T790M which causes a threo-
nine to methionine change (Kobayashi et al. 
 2005 ) and another being MET amplifi cation 
(Engelman et al.  2007 ; Bean et al.  2007 ). 

 Other functional polymorphisms in  EGF  and 
 EGFR  have been identifi ed that affect gene 
expression, promoter activity, and protein pro-
duction (Araujo et al.  2007 ; Gebhart et al.  1999 ; 
Buerger et al.  2000 ; Liu et al.  2005 ; Moriai et al. 
 1994 ; Bhowmick et al.  2004 ; Zhang et al.  2007 ). 
The fi rst one includes CA simple sequence repeat 
1 ( cA-SSR1 ) which is highly polymorphic and is 
located in intron 1 of  EGFR . It contains 14–21 
 CA  dinucleotide repeats (Araujo et al.  2007 ; 
Desai et al.  2003 ). It has been reported that the 
length of the CA repeat is inversely associated 
with  EGFR  gene transcription (Gebhart et al. 
 1999 ). The second one is a - 16G/T  polymorphism 
(rs712829) which is located in the promoter 
region of  EGFR  gene (Liu et al.  2005 ). The third 
one is  -91C/A  polymorphism (rs712830) and is 
also located in the  EGFR  promoter region, and 
the variant may lead to a differential protein pro-
duction (Nomura et al.  2007 ; Liu et al.  2003 ). 
The last one is  R497K  polymorphism (rs1154348) 
which causes an A>G alteration, and the Lys 
allele leads to decreased activity of EGFR 
(Moriai et al.  1994 ). 

 There have been a number of studies to evalu-
ate the clinical outcomes in lung cancer patients 
and the effect of polymorphisms affecting the 
activity of EGFR. One of the studies involves the 
retrospective analysis of 137 Japanese patients on 
gefi tinib (Ichihara et al.  2007 ). It was observed 
that the common mutations in  EGFR  caused 
 sensitivity to gefi tinib; however, none of the 
studied polymorphisms were associated with 
response or survival (Ichihara et al.  2007 ). 
Another study with 86 Korean patients treated 
with gefi tinib studied  EGFR  mutation and CA 
repeat polymorphism and observed that the 
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 common mutations were signifi cantly correlated 
with response and survival (Han et al.  2007a ,  b ). 
This study showed that the shorter the CA repeats, 
the better the response which was confi rmed by 
another study by Nie and colleagues where an 
analysis on 70 Chinese patients treated with gefi -
tinib showed similar results (Nie et al.  2007 ). 
However, more studies need to be undertaken 
with a larger patient population for a better under-
standing of the effect of these polymorphisms on 
treatment outcome in different cancers.   

2.3      Polymorphisms in Drug 
Transporters 

 The ATP-binding cassette (ABC) family of trans-
membrane proteins is one of the largest protein 
families that actively transport a variety of sub-
strates across cell membranes and are commonly 
called ABC transporters (Dassa and Bouige 
 2001 ). Numerous ABC proteins are multidrug 
effl ux pumps and play an important role in the 
uptake and distribution of drugs as well as protect 
the body from exogenous toxins (Schinkel and 
Jonker  2003 ). Varying levels of ABC transporters 
have been responsible for different responses to 
drug therapy in different populations, making it 
inevitable to study polymorphisms in these popu-
lations (Choudhuri and Klaassen  2006 ). Many 
single nucleotide polymorphisms (SNPs) result 
in varying protein expression level and transport 
function, thereby affecting drug absorption, 
plasma concentration, distribution, and fi nally 
elimination from the body. 

2.3.1    P-Glycoprotein 
 P-glycoprotein (P-gp) has a substrate affi nity 
towards many anticancer drugs like doxorubicin, 
vinblastine, paclitaxel, docetaxel, etoposide, and 
irinotecan (Schwab et al.  2003 ).  ABCB1 , the gene-
encoding P-gp, is reported to have numerous func-
tional polymorphisms that vary in allele frequencies 
among different ethnic groups (Schwab et al.  2003 ; 
Hoffmeyer et al.  2000 ; Cascorbi et al.  2001 ; Kim 
et al.  2001 ; Sai et al.  2003 ). In the case of  ABCB1 , 
3435C>T (Ile1145Ile;  ABCB1*6 ) is the most well 
studied and is observed to be in strong linkage 

disequilibrium with a further SNP 1236C>T 
(Gly412Gly;  ABCB1*8 ) and the triallelic variant 
2677G>T/A (Ala893Ser/Thr) (Kim et al.  2001 ; 
Kroetz et al.  2003 ). The above mentioned three 
SNPs are together designated as  P-gp*2  (Kim et al. 
 2001 ). There are contradictory reports regarding 
the functional effect of 3435C>T on mRNA 
stability or lower mRNA expression (Hoffmeyer 
et al.  2000 ; Siegsmund et al.  2002 ; Hitzl et al.  2001 ; 
Wang et al.  2005 ) or increased expression levels 
(Kim et al.  2001 ; Nakamura et al.  2002 ; Illmer 
et al.  2002 ). 

 The homozygous  P-gp*2  variant has been 
reported to be correlated with poorer renal clear-
ance of irinotecan and its active metabolite SN-38 
(Sai et al.  2003 ). Also, 3435TT showed a signifi -
cant association with grade 3 diarrhea in 107 
patients on irinotecan and cisplatin therapy, suf-
fering with non-small cell lung cancer (NSCLC) 
(Han et al.  2007a ,  b ). In the case of NSCLC 
patients on docetaxel and cisplatin, 33 % of 
3435TT allele carriers experienced grade ≥ 2 
diarrhea as compared to 4 % heterozygous and 
11 % wild-type patients (Isla et al.  2004 ). The 
polymorphisms in  ABCB1  have shown contradic-
tory results in response to treatment outcome in 
different populations. This might be due to ethnic 
differences and type of treatment prescribed in 
the studied population. Additional studies for the 
polymorphisms in  ABCB1  are required for the 
better understanding of the role of these poly-
morphisms in treatment outcome and further in 
facilitating personalized anticancer therapy.  

2.3.2    BCRP (ABCG2) 
 Anticancer therapeutics like methotrexate, topo-
tecan, imatinib, and gefi tinib are substrates for 
ABCG2 (Cusatis and Sparreboom  2008 ). Many 
studies have reported the effect of polymor-
phisms in  ABCG2  on its activity (Bäckström 
et al.  2003 ; Bosch et al.  2005 ; Zamber et al. 
 2003 ). 421C>A (Gln141Lys) and 376C>T 
(Gln126stop) are some of the well-studied SNPs. 
The 421C>A SNP, which is higher in Japanese 
(30 %) than in Whites (10 %), affects the effi -
ciency of translation of  ABCG2  and results in 
lower expression in the placenta (Imai et al.  2002 ; 
Kobayashi et al.  2005 ). Other additional studies 
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with White (de Jong et al.  2004 ) and Asian (Jada 
et al.  2007 ) patients on irinotecan therapy, 
421C>A did not signifi cantly infl uence irinote-
can pharmacokinetics (de Jong et al.  2004 ). 
There are contradictory reports of the effect of 
421C>A on imatinib and gefi tinib. Eighty-two 
patients on imatinib, heterozygous for 421C>A, 
showed no signifi cant pharmacokinetic outcome 
in one of the studies (Gardner et al.  2006 ), while 
in the other study 67 heterozygous patients 
showed a 22 % poorer clearance of imatinib 
(Petain et al.  2008 ). Further, in the case of 
patients treated with gefi tinib, the same SNP was 
associated with an increased accumulation of 
gefi tinib (Li et al.  2007 ) and diarrhea (grade 1 or 
2) (Cusatis et al.  2006 ). This data suggests that 
the expression of ABCG2 might vary among dif-
ferent populations; hence, further studies are 
warranted to get a better idea about the effect of 
SNPs and also the effect of haplotypes in these 
populations.   

2.4      Polymorphisms in Drug Targets 

 There are a large number of studies focusing on 
polymorphic drug-metabolizing enzymes and 
their association with drug response; however, 
the number of studies on the effect of polymor-
phic drug targets on drug response in the clinic is 
very few. The most well-studied example 
reviewed here is about thymidylate synthase 
which is a drug target for 5-fl uorouracil. 

2.4.1     Thymidylate Synthase (TYMS) 
and 5-FU 

 Thymidylate synthase is important in DNA syn-
thesis and repair and cell proliferation. It is the 
main enzyme in the de novo synthesis of thymi-
dylate (dTMP) which is needed for synthesis of 
DNA. Anticancer drugs targeting TYMS include 
fl uoropyrimidines, methotrexate, and many oth-
ers. 5-Fluorodeoxyuridine monophosphate, 
which is the key active metabolite of fl uoropy-
rimidines, forms a ternary complex with TYMS 
and methylenetetrahydrofolate (5,10-CH 2 FH 4 ). 
This leads to inhibition of TYMS and ultimately 
arrest of DNA synthesis followed by cell death 

(Grem  2000 ; Rustum et al.  1997 ; Welsh et al. 
 2000 ). The antitumor activity of 5-fl uorouracil 
(5-FU) is inversely proportional to the expression 
level of TYMS; cells that have low expression 
level are more sensitive to 5-FU and vice versa 
(Leichman et al.  1997 ; Nishimura et al.  1999 ). 
Preclinical studies in cancer cell lines have 
revealed that overexpression of  TYMS  is linked 
with resistance to 5-FU (Copur et al.  1995 ). The 
most well-studied polymorphism in  TYMS  is a 
tandem repeat in the 5′ promoter enhancer region 
of the  TYMS  ( TSER ) which affects the expression 
of the gene. The tandem repeat is of a 28-bp 
sequence repeated different number of times: 2 
( TSER*2 ), 3 ( TSER*3 ), 4 ( TSER*4 ), 5 ( TSER*5 ), 
and 9 ( TSER*9 ), although  TSER*2  and  TSER*3  
are the most frequent (Horie et al.  1995 ; Kaneda 
et al.  1987 ; Luo et al.  2002 ; Marsh et al.  2000 ). 
As the number of repeats increases, the expres-
sion level of TYMS increases (Kaneda et al. 
 1987 ). A G>C SNP occurs within the second 
28-bp repeat of TSER*3 which is denoted as 
 TSER*3G/TSER*3C  wherein  TSER*3C  has a 
lower expression than  TSER*3G  and is compa-
rable to that of  TSER*2  (Kawakami and Watanabe 
 2003 ; Mandola et al.  2003 ; Marcuello et al. 
 2004a ,  b ; Kawakami et al.  1999 ; Morganti et al. 
 2005 ). The activity of TYMS can be divided into 
three based on these alleles: low ( *2/*2  or  *2/*3C  
or  *3C/*3C ), intermediate ( *2/*3G  or  *3C/*3G ), 
and high ( *3G/*3G ). Numerous studies have 
analyzed the effect of genetic polymorphism in 
 TYMS  on clinical outcome with fl uoropyrimi-
dines wherein gastrointestinal or breast cancer 
patients on fl uoropyrimidines with high TYMS 
expression showed lower clinical activity than in 
patients with low TYMS expression (Marcuello 
et al.  2004a ,  b ; Pullarkat et al.  2001 ; Lecomte 
et al.  2004 ; Park et al.  2002 ; Villafranca et al. 
 2001 ; Ruzzo et al.  2006 ; Goekkurt et al.  2006 ; 
Largillier et al.  2006 ). It is however thought that 
a meta-analysis would give a better insight into 
the predictive value and clinical signifi cance of 
this polymorphism. A study analyzing tumor tis-
sue DNA of colorectal cancer patients on 5-FU 
showed that  *3/*3  patients had no long-term ben-
efi t of survival with chemotherapy, while those 
with  *2/*2  or  *2/*3  genotype had signifi cantly 
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longer survival with chemotherapy (Iacopetta 
et al.  2001 ). Another interesting observation in 
one of the studies was that a loss of heterozygos-
ity at the  TYMS  locus in  *2/*3  patients may either 
become  *2/loss  or  *3/loss . The patients with 
tumor  *2/loss  had a superior response to S-1 (an 
oral fl uoropyrimidine) of 80 % versus 14 % for 
the ones with  *3/loss  (Uchida et al.  2004 ). 

 Another common polymorphism in  TYMS  is 
the deletion of six base pairs in its 3′ UTR region 
(Ulrich et al.  2000 ), which leads to lower mRNA 
stability and protein expression of  TYMS  
(Mandola et al.  2004 ). Clinically there is less 
association of this polymorphism with toxicity 
than the 28-bp tandem repeat in the case of 
colorectal (Lecomte et al.  2004 ; Stoehlmacher 
et al.  2004 ; Sharma et al.  2008 ), gastric (Goekkurt 
et al.  2009 ), or breast (Largillier et al.  2006 ) 
cancer treated with 5-FU-based chemotherapeutics. 
However, one study reported a longer progres-
sion- free survival observed only in patients on 
5-FU therapy and not on capecitabine therapy 
(Martinez-Balibrea et al.  2008 ).    

3      Companion Diagnostics 
in Cancer Therapy 

 One of the recently developed areas is of compan-
ion diagnostics where a diagnostic is developed 
along with a drug to screen for patients for predict-
able clinical outcome. The combination of diag-
nostic test and the drug can be codeveloped and 
co-marketed. A number of pharmaceutical compa-
nies like Abbott, Pfi zer, Bristol-Myers Squibb 
(BMS), Boehringer Ingelheim, GlaxoSmithKline, 
and AstraZeneca have developed companion diag-
nostics (Dhawan and Padh  2011 ). The concept of 
companion diagnostics holds immense potential to 
assist in making correct treatment decisions. 
Codevelopment of a companion diagnostic can 
reduce the time taken for a novel therapeutic to be 
approved as well as avoid adverse drug reactions 
for patients with dreadful diseases like cancer 
where time is very critical for the patients. The US 
FDA has realized the urge for companion diagnos-
tics in a recent draft guidance which summarizes 
their inclination for concurrently approving a drug 

along with its companion diagnostic test (FDA 
 2011 ). Another approach being taken up is to 
codevelop companion diagnostics within the com-
pany, together with the development of the corre-
sponding therapeutic. This is being followed by 
big pharma companies, like Abbott, Johnson & 
Johnson, and Roche. They have all developed in- 
house capabilities to develop companion diagnos-
tics (Naylor and Cole  2010 ). The advantage of this 
kind of a strategy is to streamline the development 
of both pharmaceutical products, as the knowledge 
gained during the drug discovery process can be 
applied to the development of the companion diag-
nostics. A timeline of development of biomarkers 
in oncology is depicted in Figure  11.1  which illus-
trates the progress in the fi eld of pharmacogenom-
ics in oncology.

3.1        FDA-Approved Companion 
Diagnostics on the Market 

 There is a lot of activity in companion diagnostics 
in the area of oncology. A number of companion 
diagnostics markers have been developed for 
targeted therapeutics like Herceptin (Genentech), 
Tarceva (OSI Pharmaceuticals/Genentech), Iressa 
(AstraZeneca), Erbitux (ImClone/Bristol-Myers 
Squibb), and Vectibix (Amgen). There is a consid-
erable progress in the use of companion diagnostic 
markers to predict toxicity, effi cacy and drug 
dosage to meet the critical endpoints. The list of 
FDA-approved companion diagnostics is summa-
rized in Table  11.1 .

   The TheraGuide® 5-FU test has been mar-
keted by Myriad Genetics Inc. to predict toxicity 
to 5-FU (and capecitabine). This test comprises of 
sequencing the  DPYD  gene; the identifi cation of 
known mutations including IVS14 + 1G>A, 
D949V, and I560S; and PCR amplifi cation of 
 TYMS  5′-UTR tandem repeats. The test is based 
on reports from several clinical studies (Morel 
et al.  2006 ; Lecomte et al.  2004 ; Ichikawa et al. 
 2006 ; Pullarkat et al.  2001 ). The test has reported 
a high technical specifi city and sensitivity, avail-
able at   http://www.myriadtests.com/provider/doc/
TheraGuide-5-FU-Technical-Specifi cations.pdf     
(accessed on September 3, 2012). The commonly 
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used predictors of breast cancer prognosis include 
progesterone receptor, estrogen receptor, and 
HER-2/neu. Oncotype DX®, a diagnostic assay, 
quantifi es the likelihood of breast cancer relapse 
and assesses the benefi t from chemotherapy in 

women with newly diagnosed, early-stage breast 
cancer (for both tamoxifen and CMF (cyclophos-
phamide, methotrexate, 5-FU) or methotrexate/5-
FU/leucovorin chemotherapy). This test has been 
recommended in the National Comprehensive 

  Fig. 11.1    Timeline representative of biomarker development in cancer       

   Table 11.1    FDA-approved companion diagnostic tests for cancer   

 Cancer type 
 Diagnostic 
manufacturer  Target  Method 

 Pharmaceutical 
company  Therapeutic 

 Breast cancer  Dako  HER2/neu  IHC  Genentech  Herceptin 
(trastuzumab) 

 Colorectal cancer  Qiagen  EGFR  RT-PCR  Bristol-Myers 
Squibb 

 Erbitux (cetuximab) 

 Leukemia  Quest Diagnostics  ABL kinase 
domain 
mutation 
in CML 

 Nested PCR, 
RT-PCR, 
sequencing 

 Novartis  Tasigna (nilotinib) 

 Leukemia  Genzyme  ABL kinase 
domain 
mutation 
in CML 

 PCR, sequencing  Bristol-Myers 
Squibb 

 Sprycel (dasatinib) 

 Lung cancer  Abbott Molecular  ALK  FISH  Pfi zer  Xalkori (crizotinib) 
 Melanoma  Cobas  BRAF V600E  RT-PCR  Genentech  Zelboraf 

(vemurafenib) 

  Adapted from Naylor and Cole ( 2010 ), Hoggatt ( 2011 ) 

  IHC  immunohistochemistry,  RT-PCR  real time-polymerase chain reaction,  FISH  fl uorescence in situ hybridization  
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Cancer Network (NCCN) Clinical Practice in 
Oncology Guidelines – Breast Cancer (available 
at   http://www.nccn.org/professionals/physician_
gls/PDF/breast.pdf    ). 

 Another assay, MammaPrint®, uses microar-
ray technology to analyze 70-gene expression 
profi les from frozen breast tumor tissue for 
selecting patients with early-stage, breast cancer 
more likely to develop metastasis. MammaPrint® 
is approved by the FDA to assist in assignment of 
women younger than 61 years with ER-positive 
or ER-negative breast cancer into a high versus 
low risk for recurrence, but not for predicting 
benefi t from adjuvant systemic therapy (National 
Comprehensive Cancer Network (NCCN) 
Clinical Practice in Oncology Guidelines – 
Breast Cancer, available at   http://www.nccn.org/
professionals/physician_gls/PDF/breast.pdf    ). 

 A companion diagnostic for Zelboraf (vemu-
rafenib) for treating late-stage melanoma and a 
further for Xalkori (crizotinib) for treating late- 
stage lung cancer join the list of approvals for 
companion diagnostics by US FDA in 2011. 
Zelboraf, the fi rst important “personalized” medi-
cine approval of FY 2011, is specially indicated 
for the treatment of patients with melanoma whose 
tumors express a gene mutation called BRAF 
V600E. Zelboraf has been approved with a unique 
genetic test called the “cobas 4800 BRAF V600 
Mutation Test”, a companion diagnostic that will 
enable in determining whether a patient’s mela-
noma cells have the BRAF V600E mutation 
(  http://www.fda.gov/AboutFDA/CentersOffi ces/
OfficeofMedicalProductsandTobacco/CDER/
ucm268301.htm    ). Xalkori, the second important 
“personalized” medicine approval of FY 2011, 
was approved with a companion diagnostic test 
that will allow the drug to be benefi cial to a par-
ticular group of patients. The genetic test, a fi rst-
of- a-kind genetic test called Vysis ALK Break 
Apart FISH Probe Kit, helps determine if a patient 
has the abnormal ALK gene. The approval of 
Xalkori with the diagnostic test enables the selec-
tion of patients who are more likely to respond to 
this drug. This may help in targeted therapy reduc-
ing adverse drug reactions in these patients (  http://
www.fda.gov/AboutFDA/CentersOffices/
OfficeofMedicalProductsandTobacco/CDER/
ucm270058.htm    ). 

 The latest on the list of approvals by FDA in 
2012 is cetuximab in combination with FOLFIRI 
(irinotecan, 5-fl uorouracil, leucovorin) for fi rst- 
line treatment of patients with K-ras mutation- 
negative (wild-type),  EGFR -expressing metastatic 
colorectal cancer (mCRC). Along with this FDA 
also approved the  Therascreen ® KRAS RGQ 
PCR Kit (Qiagen Manchester, Ltd) concurrent 
with this cetuximab approval (  http://www.fda.gov/
Drugs/InformationOnDrugs/ApprovedDrugs/
ucm310933.htm    ). 

 Pertuzumab injection (PERJETA) has also 
been approved by US FDA in 2012 for use in com-
bination with trastuzumab and docetaxel for treat-
ment of patients with HER-2 positive metastatic 
disease. This is a recombinant humanized mono-
clonal antibody that targets the extracellular 
dimerization domain (Subdomain II) of HER2 and 
thereby blocks ligand-dependent heterodimeriza-
tion of HER2 with other HER family members 
(  http://www.fda.gov/Drugs/InformationOnDrugs/
ApprovedDrugs/ucm307592.htm    ). Although the 
list of companion diagnostics is growing by the 
day, there are some advantages and certain limita-
tions of these which are summarized in Table  11.2 .

4          Pharmacogenomic 
Biomarkers in Drug Labels 

 It is very evident from the examples mentioned 
above that pharmacogenomics can enable in strat-
ifying the population of patients into responders 
and nonresponders, in turn avoiding adverse drug 
response and titrating drug dose. Drug labels can 
impart information on the effect of biomarkers to 
adverse reactions, genotype- specifi c dose titra-
tion, mechanisms of action, as well as the poly-
morphic drug target and polymorphic metabolizing 
enzymes. 

 The US Food and Drug Administration (FDA) 
has recommended a label change for tamoxifen 
in 2006 including a mention of  CYP2D6  geno-
type testing as an option for women before they 
are prescribed tamoxifen. Also, the AmpliChip 
technology has enabled the identifi cation of the 
CYP2D6 genotype and reports the individuals as 
poor, intermediate, extensive, or ultrarapid 
metabolizers. This test was approved by US FDA 
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on December 24, 2004, and was adapted by many 
commercial companies involved with genotyping 
(e.g., DNAdirect) ( DNAdirect ). In 2003, the 
addition of pharmacogenetic information con-
cerning  TPMT  polymorphisms and treatment 
toxicity to the drug label for 6-mercaptopurine 
was recommended by the US FDA. Hence in 
2004, the label for 6-mercaptopurine was changed 
with inclusion of  TPMT  testing and dosage rec-
ommendations provided for TPMT-defi cient 
patients. Further the US FDA has also approved 
the addition of a warning to the irinotecan label 
as well as marketing of the Invader®  UGT1A1  
Molecular Assay (Third Wave Technologies) for 
the detection of  UGT1A1*28  (Ratain  2006 ; 
Maitland et al.  2006 ; Hasegawa et al.  2004 ). Over 
30 oncology drugs provide information on phar-
macogenomic biomarkers on their labels and 
have been summarized in Table  11.3 .

5         Conclusion 

 With the advancement in identifi cation of new 
molecular markers that can help in predicting the 
response to drugs, there is a hope that the patients 
will benefi t from the tailored medicine which is 
prescribed to them. Further, the US FDA recom-
mends that the approval of new drugs becomes 

faster if accompanied by genetic tests that can 
predict the drug response. It would also save the 
drug from being taken off the market if adverse 
drug reactions are observed after it has been 
marketed. Hence, these molecular marker-based 
tests not only are benefi cial to the patients but 
also save the pharmaceutical company’s time 
and money that it has invested in developing a 
new drug. In the case of cancer, where the thera-
peutic index of the drugs is narrow and the time 
of treatment is critical, chances of drug toxicity 
are high; the area of cancer pharmacogenomics 
will enable the patients to be benefi ted with the 
available therapeutics by titrating the medication 
to the individual patients. The most common 
 pharmacogenomic biomarkers for prevention of 
toxicities in cancer patients are summarized in 
Table  11.4 .

6         Future Prospects 

 The fi eld of cancer pharmacogenomics is evolv-
ing every day with newer insights about associa-
tion of genetic variations with response to 
therapeutics. Numerous studies have been carried 
out to establish an association of the commonly 
observed genetic variations with effi cacy and/or 
toxicity to the prescribed medicines in cancer 

   Table 11.2    Advantages and disadvantages of pairing therapeutics with diagnostics   

 Advantages  Disadvantages 

  Application: development  
 Increased chances of meeting effi cacy endpoints and lower adverse drug 
reactions with a group of patients 

 Diffi culty in codevelopment due to regulatory 
processes and timing 

 Potential for reduced numbers of failures at a later stage  Requirement for strong early data of 
biomarker association to support patient 
stratifi cation during late-stage clinical trials 

 Possibility of reduction in length of clinical trials  Association of biomarker with response is 
not complete  Minimized risk of subsequent discovery of biomarker which allows more 

accurate assessment of potential market size 
  Application: commercialization  
 Provides increased accuracy in assessment of target patient population  Diagnostic inconsistencies may impact the 

brand 
 Possibility of shorter clinical trials, hence earlier launch  Stratifi cation of potential market 
 Higher effi cacy in a particular group of population, hence increase in 
market value and early reimbursement of investment 
 Marketing message of improvements over standards of care in a stratifi ed 
population can result in pulling market from patients and physicians 

  Adapted from Khosrow-Shahi et al. ( 2009 )  
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   Table 11.3    Pharmacogenomic biomarkers in oncology drug labels   

 Drug  Cancer  Biomarker  Label sections 

 Arsenic trioxide  Some types of leukemia  PML/RARα  Boxed warning, clinical 
pharmacology, indications 
and usage, warnings 

 Brentuximab vedotin  Hodgkin lymphoma, 
anaplastic large cell 
lymphoma (ALCL) 

 CD30  Indications and usage, 
description, clinical 
pharmacology 

 Busulfan  Chronic myelogenous 
leukemia, some 
lymphomas 

 Ph chromosome  Clinical studies 

 Capecitabine  Breast, colorectal  DPD  Contraindications, precautions, 
patient information 

 Cetuximab (1)  Head and neck, colorectal  EGFR  Indications and usage, warnings 
and precautions, description, 
clinical pharmacology, 
clinical studies 

 Cetuximab (2)  Head and neck, colorectal  KRAS  Indications and usage, dosage 
and administration, warnings 
and precautions, adverse 
reactions, clinical pharmacology, 
clinical studies 

 Cisplatin  Testicular, bladder, 
ovarian, lung 

 TPMT  Clinical pharmacology, 
warnings, precautions 

 Crizotinib  Advanced non-small cell 
lung cancer (having 
mutation in ALK gene) 

 ALK  Indications and usage, warnings 
and precautions, adverse 
reactions, clinical pharmacology, 
clinical studies 

 Erlotinib  Pancreatic cancer, non-small 
cell lung cancer 

 EGFR  Clinical pharmacology 

 Everolimus  Kidney cancer, advanced 
breast cancer 

 Her2/neu  Indications and usage, boxed 
warnings, adverse reactions, use 
in specifi c populations, clinical 
pharmacology, clinical studies 

 Exemestane  Breast cancer 
(in postmenopausal 
women) 

 ER and PgR receptor  Indications and usage, dosage 
and administration, clinical 
studies, clinical pharmacology 

 Fulvestrant  Advanced breast cancer 
(in postmenopausal 
women) 

 ER receptor  Indications and usage, patient 
counseling information 

 Gefi tinib  Some types of non-small 
cell lung cancer 

 EGFR  Clinical pharmacology 

 Imatinib (1)  Chronic myelogenous 
leukemia (CML) 
and acute lymphocytic 
leukemia (ALL) 

 C-Kit  Indications and usage, dosage 
and administration, clinical 
pharmacology, clinical studies 

 Imatinib (2)  Chronic myelogenous 
leukemia (CML) 
and acute lymphocytic 
leukemia (ALL) 

 Ph chromosome  Indications and usage, dosage 
and administration, clinical 
pharmacology, clinical studies 

 Imatinib (3)  Chronic myelogenous 
leukemia (CML) 
and acute lymphocytic 
leukemia (ALL) 

 PDGFR  Indications and usage, dosage 
administration, clinical studies 

(continued)
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 Drug  Cancer  Biomarker  Label sections 

 Imatinib (4)  Chronic myelogenous 
leukemia (CML) 
and acute lymphocytic 
leukemia (ALL) 

 FIP1L1-PDGFRα  Indications and usage, dosage 
administration, clinical studies 

 Irinotecan  Colorectal  UGT1A1  Dosage and administration, 
warnings, clinical pharmacology 

 Lapatinib  Some types of breast cancer  Her2/neu  Indications and usage, clinical 
pharmacology, patient 
counseling information 

 Letrozole  Breast cancer 
(in postmenopausal women) 

 ER and PgR receptor  Indications and usage, adverse 
reactions, clinical studies, 
clinical pharmacology 

 Mercaptopurine  Leukemia  TPMT  Dosage and administration, 
contraindications, precautions, 
adverse reactions, clinical 
pharmacology 

 Nilotinib (1)  Chronic myelogenous 
leukemia (CML) 

 Ph chromosome  Indications and usage, patient 
counseling information 

 Nilotinib (2)  Chronic myelogenous 
leukemia (CML) 

 UGT1A1  Warnings and precautions, 
clinical pharmacology 

 Panitumumab (1)  Colorectal  EGFR  Indications and usage, 
warnings and precautions, 
clinical pharmacology, 
clinical studies 

 Panitumumab (2)  Colorectal  KRAS  Indications and usage, 
clinical pharmacology, 
clinical studies 

 Pertuzumab  Certain types of breast 
cancer 

 Her2/neu  Indications and usage, warnings 
and precautions, adverse 
reactions, clinical studies, 
clinical pharmacology 

 Rasburicase  A number of cancers  G6PD  Boxed warning, 
contraindications 

 Tamoxifen  Breast  ER receptor  Indications and usage, 
precautions, medication guide 

 Thioguanine  Some kinds of acute 
leukemia 

 TPMT  Dosage and administration, 
precautions, warnings 

 Tositumomab  Certain types of non- 
Hodgkin lymphoma 

 CD20 antigen  Indications and usage, 
clinical pharmacology 

 Trastuzumab  Certain types of breast 
cancer and stomach 
cancer 

 Her2/neu  Indications and usage, 
precautions, clinical 
pharmacology 

 Vemurafenib  Advanced melanomas 
(with certain mutation 
in BRAF gene) 

 BRAF  Indications and usage, warning 
and precautions, clinical 
pharmacology, clinical studies, 
patient counseling information 

  Adapted from   http://www.fda.gov/drugs/scienceresearch/researchareas/pharmacogenetics/ucm083378.htm      

Table 11.3 (continued)
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patients. However, some of the association 
studies need to be validated on a large number 
of patient population before the results can be 
translated to bedside. There is enormous amount 
of data on ethnic differences observed in terms 
of frequency of the genetic variations present in 
the studied population, which might affect the 
metabolism of drugs to an extent and in turn 
affect response in the clinic. This would help in 
tailoring drugs for each study population and 
as an individual. 

 The fi eld of companion diagnostics has 
already grown tremendously and will continue to 
grow with an increase in partnerships between 
pharmaceutical companies and companies devel-
oping genetic tests to evaluate drug response. 
This will enable a better future for the cancer 
patients as it will save time that is spent in empir-
ically deciding the drugs currently prescribed to 
them; it will also save them from adverse drug 
reactions and also help in tailoring the dose for 
each patient. A lot of research needs to be done to 
enable the complete technology transfer of the 
fi eld of pharmacogenomics from bench side to 
the clinic for routine use. So far SNP is the widely 
studied variant. We have recently learned that 
other types of variants like CNV, INDELs, etc. 
could also affect physiology and pathophysiology 
(Dhawan and Padh  2009 ; Almal and Padh  2012 ). 
We need to wait until we learn about their fre-
quency and implication of new variants in health 
and disease. It may turn out that various combi-
nations of all variants may be the strongest bio-
marker for disease processes, and then we shall 
realize the true potential of pharmacogenetics.     
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1             Introduction 

 Acute myeloid leukemia (AML), also known as 
acute myelogenous leukemia or acute nonlym-
phocytic leukemia, is a clonal hematopoietic 
disorder that may be derived from either a 
hematopoietic stem cell or a lineage-specifi c pro-
genitor cell (Lane et al.  2009 ; Jordan et al.  2006 ). 
AML is one of the four types of leukemia 
(Table  12.1 ). According to the American Cancer 
Society in 2010, approximately 13,000 new cases 
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 Abstract 

   Acute myeloid leukemia (AML) is a cancer of the myeloid line of blood 
cells. In AML, the bone marrow makes many immature cells called blasts, 
which do not mature and cannot fi ght infections. AML is a heterogeneous 
neoplasm with several pathological, genetic, and molecular subtypes. 
Combinations of various doses and schedules of drugs have been the 
majority of treatment for all types of AMLs in adult patients. However, not 
all patients have the same response to these treatments, some of which are 
adverse responses that are potentially life threatening. Because interindividual 
responses to AML medications can vary considerably, the potential for genetic 
contributions to variable drug responses is signifi cant. The pharmacogenomics 
approach tries to fi nd prognostic and predictive biomarkers permitting to 
identify patients who could benefi t from a particular treatment or those 
exhibiting higher risks of toxicity. Pharmacogenomics is a rapidly improving 
science with the potential to revolutionize drug discovery/development and 
offers one possibility for rationalizing therapy/dose selection. It combines 
many different fi elds such as genetics, genomics, molecular biology, 
pharmacology, pharmaceutics, and population biology. This chapter 
focuses on treatment of AML, genetic and clinical prognostic markers, 
and recent advances in the fi eld of pharmacogenomics in AML. 
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of AML are diagnosed in the United States, and it 
is commonly a disease of elderly people with a 
median age of diagnosis of approximately 72 
years old (Juliusson et al.  2009 ). In most cases 
the etiology for AML is unknown. However, 
several known risk factors have been identifi ed. 
Environmental risk factors, including exposure to 
ionizing radiation, petroleum, benzene, and 
benzene- containing compounds, can result in 
bone marrow damage leading to AML (Levine 
and Bloomfi eld  1992 ; Austin et al.  1988 ). Patients 
who develop AML may have an antecedent 
predisposing disease, such as aplastic anemia 
and myeloma. A number of inherited conditions, 
for example, Down syndrome, Bloom syndrome, 
and others, carry an increased risk of AML 
(Wiernik  1997 ; Miller  1971 ; Zipursky et al.  1992 ; 
Bartsocas and Loukopoulos  1992 ; Horwitz  1997 ). 
AML is classifi ed morphologically according to 
the French-American-British (FAB) classifi cation 
subtypes of M0 to M7 (Bennett et al.  1976 ). 
Recently there is a massive progression in new 
prognostic factors in AML, which is driving our 
understanding of disease biology and also the 
development of new therapeutic targets. Many new 
important prognostic factors have been identifi ed 
including gene mutations in nucleophosmin1 
(NPM1), internal tandem duplications in the 
fms-related tyrosine kinase-3 (FLT3-ITD), and 
CCAAT/enhancer-binding protein-α (CEBPA). 
Such gene mutations have attracted considerable 
attention in AML with normal karyotype.

2         Molecular Alterations 
in Acute Myeloid Leukemia 

 Studies showed that approximately 45 % of adult 
AML patients had no detectable chromosomal 
aberrations until recently but the availability of new 

genetic and molecular prognostic markers in AML 
has grown considerably. Patients with AML are 
generally categorized into three risk groups: 
favorable, intermediate, and adverse (Byrd et al. 
 2002 ; Estey and Dohner  2006 ) (Table  12.2 ). In 
recent years, a number of prognostically important 
gene mutations or deregulated gene expressions 
have been identifi ed in all subtypes of AML. 
For example, internal tandem duplication (ITD) 
in the fms-like tyrosine kinase-3 gene (FLT3), a 
hematopoietic growth factor receptor, has been 
associated with poor treatment outcome. Another 
molecular abnormality that is frequently detected 
in AML is the presence of a partial tandem 
duplication of the mixed lineage leukemia gene 
(MLL-PTD); patients with an MLL-PTD muta-
tion have in general a relative worse prognosis 
(Zorko et al.  2012 ; Kindler et al.  2010 ). Most 
frequent prognostically important molecular 
abnormalities and their biological/clinical features 
in AML are depicted in Table  12.3 .

    Multistep pathogenesis of AML model 
hypothesizes that AML is the consequence of a 
collaboration between two broadly defi ned com-
plementation groups (Kelly and Gilliland  2002 ). 
Group one (class I) mutations consist of activated 
signal transduction pathways, such as BCR/ABL, 
TEL/PDGFßR, N-RAS, K-RAS, or activated FLT3, 
resulting in enhanced proliferation and/or survival 
of leukemic progenitor cells. These mutant genes 
affect a CML-like disease when expressed alone. 
Another group (class II) comprises mutations, 
which result in loss of function of transcription 
factors or components of the transcriptional 
co-activation complex. t(8;21), inv(16)/t(16;16), 
and t(15;17) or mutations in CEBPA, MLL, and 
NPM1 would be considered class II mutations. 
These mutations have both emerged as important 
prognostic and predictive markers and targets for 
novel therapies. 

   Table 12.1    Classifi cation of leukemias   

 Acute  Chronic 

 Lymphoid 
origin 

 Acute lymphoblastic leukemia (ALL) – mostly 
in young children 

 Chronic lymphocytic leukemia (CLL) – mostly 
over the age of 55 

 Myeloid 
origin 

 Acute myeloid leukemia (AML) – occurs 
in both adults and children 

 Chronic myeloid leukemia (CML) – mainly 
in adults 

O.F. Hatipoglu et al.



239

   Table 12.2    Prognostic subgroups    of AML based on presenting cytogenetics and genetic lesions   

 Cytogenetic subgroup  % of patient 
 10 year 
survival (%)  Cytogenetic fi ndings  Molecular abnormalities 

 Favorable  23  69  t(15;17) PML  NPM1, CEBPA 
 t(8; 21) AML1  Non FLT3-ITD 

(normal cytogenetics)  inv (16) CBFβ 
 Intermediate  17  33  Normal cytogenetics   c-KIT mutation with: 

 +8, t(3;5)4, t(9;11)(p22q23)  t(8;21)(q22;q22), or 
 inv(16)(p13.q22), 
t(16;16) (p13.q22) 

 Unfavorable  17  12  Complex (≥3 abnormalities)  FLT3-ITD 
 inv(3)(q21q26)/t(3;3)(q21;q26)  Non NPM1 mutation 
 t(11q23) [non t(9;11)
(p21 ∼ 22;q23), t(11;19)(q23;p13)] 

 (Normal cytogenetics) 

 (−5, 5q-), (MK+), (−7, 7q-)  High EVI1 expression 
 abn(3q) [non t(3;5)
(q21 ∼ 25;q31 ∼ 35)], −7, 
add(7q)/del(7q), t(10;11)
(p11 ∼ 13;q23), t(9;22)(q34;q11), 
add(5q), del(5q), −5, t(6;11)
(q27;q23), −17/abn(17p) 

 (Normal karyotype)  43  38 

  Adapted from Byrd et al. ( 2002 ), Estey and Dohner ( 2006 ), Foran ( 2010 ), Grimwade et al. ( 1998 ,  2010 ), Vardiman et al. 
( 2009 ), Dohner et al. ( 2010 )  

2.1      Mutations in NPM1 

 Mutations in nucleophosmin (NPM1), also 
known as nucleolar phosphoprotein B23 or 
numatrin, are the most frequently acquired 
molecular abnormalities in AML (Thiede et al. 
 2006 ). Falini and colleagues described a set of 
common mutations within the fi nal exon of the 
NPM1 gene in primary NK-AML patients, which 
alter the N-terminal domain nuclear localization 
signal leading to abnormal cytoplasmic accumu-
lation of the NPM1 phosphoprotein (Falini et al. 
 2005 ). NPM1 encodes a phosphoprotein and 

monitoring can be performed by quantitative 
PCR (Schnittger et al.  2009 ; Grisendi et al.  2006 ). 
NPM1 mutations were found in 25–35 % of adult 
AML and in 45–64 % of NC-AML (Mrozek et al. 
 2007 ; Dohner et al.  2005 ). Nucleophosmin has 
multiple functions, some of which are as follows: 
(a) encodes a phosphoprotein with pleiotropic 
functions, (b) genomic stability and DNA repair, 
(c) endoribonuclease activity, (d) centrosome 
duplication during cell cycle, (e) regulation of 
ARF-p53 tumor suppressor pathway, (f) histone 
chaperones, and (g) prevents apoptosis (Falini 
et al.  2005 ; Lindstrom  2011 ).  

   Table 12.3    Mutated genes in AML   

 Gene  Biological/clinical features  References 

 NPM1  Encodes a phosphoprotein with pleiotropic functions  Schnittger et al. ( 2009 ) 
 NPM1 mutations found in 25–35 % of adult AML, in 45–64 % 
of NC-AML 

 Mrozek et al. ( 2007 ), Dohner et al. ( 2005 ) 

 FLT3  Mutations are found in 30 % of NC-AML  Chang et al. ( 2010 ) 
 Member of the class III receptor tyrosine kinase family  Stirewalt and Radich ( 2003 ) 

 CEBPA  Encodes a master regulatory transcription factor in hematopoiesis  Preudhomme et al. ( 2002 ) 
 Mutations are found in 15–20 % of NC-AML 
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2.2      Mutations in FLT3 

 FLT3 (fms-like tyrosine kinase-3) is a receptor 
tyrosine kinase, located on chromosome 13q12, with 
important roles in hematopoietic stem/progenitor 
cell survival and proliferation. It regulates cell 
proliferation and differentiation, and FLT3 muta-
tion results in constitutively active FLT3 protein 
that promotes Stat5 phosphorylation, leading to 
uncontrolled hematopoietic cell proliferation. 
Same large-scale studies have shown that FLT3/
ITD mutations, found in about 30 % of patients 
with AML, are strongly associated with a poor 
prognosis and a high leukemia cell count in 
patients with AML, suggesting that FLT3 muta-
tions are involved in disease progression (Chang 
et al.  2010 ; Stirewalt and Radich  2003 ).  

2.3      Mutations in CEBPA 

 The CEBPA (CCAAT/enhancer-binding protein- 
alpha) is an essential transcription factor for 
granulocytic differentiation, and mutation leads 
to failure of granulocytic differentiation and its 
null mice lack neutrophils and eosinophils but 
retain monocytes (Leroy et al.  2005 ; Zhang et al. 
 1997 ). Mutations of CEBPA are found in 
15–20 % of NC-AML and it encodes a master 
regulatory transcription factor in hematopoiesis 
(Preudhomme et al.  2002 ). Two major types of 
heterozygous CEBPA mutations have been 
identifi ed in AML. The most frequent mutation is 
combination of N-terminal mutations and bZIP 
mutations. When both mutations exist, they are 
usually located in different mutated alleles, 
and CEBPA wild-type protein is not expressed 
(Wouters et al.  2009 ).   

3      Gene Expression Profi ling 
and SNPs for Diagnosis 
and Prognosis 

 In AML, gene expression profi ling has been used 
to provide prognostic information and to discrim-
inate between different histological subtypes. 
Recently, large clinical trials have demonstrated 

that distinct molecular aberrations in AML such 
as mutations of the CEBPA and NPM1 genes can 
be reliably diagnosed based on resulting charac-
teristic gene expression signatures. Such gene 
expression can also provide additional molecular 
insights as exemplifi ed by the identifi cation of 
the role of deregulated FLT3 expression in 
MLL- rearranged leukemia (Haferlach et al.  2005 ; 
Armstrong et al.  2002 ). Many studies have 
reported the association of gene expression pro-
fi les with prognosis in cancer patients. Haferlach 
et al. have performed the clinical utility of gene 
expression profi ling in AML in 11 laboratories 
across three continents and included more than 
3,000 patients. This study has shown the technology 
robust for the diagnosis of hematologic malig-
nancies with high accuracy. Briefl y, gene expres-
sion profi ling can be used as a powerful tool in 
investigating a variety of transcriptional phenomena 
in AML (Van’t Veer et al.  2002 ; Schramm et al. 
 2005 ; Haferlach et al.  2010 ). 

3.1      Array Technology 

 DNA microarray technology has made it possible 
to simultaneously analyze the expression of 
thousands of genes in a small sample of tumor 
tissue, and this technology might permit the iden-
tifi cation of novel markers for early detection of 
disease and provide insights into the mechanisms 
of cancer growth and chemotherapy resistance 
(Liotta and Petricoin  2000 ). 

 miRNAs are small, noncoding RNAs that 
downregulate gene expression by binding to the 
3′UTR of the target gene with partial comple-
mentarity, which leads to an inhibition of translation 
and facilitated degradation of the target mRNA, 
at the posttranscriptional level (Filipowicz et al. 
 2005 ; Bartel  2004 ). Recent studies have shown 
that many miRNAs are implicated in common 
human cancers through a  variety of mechanisms 
and miRNAs have the potential to be used in 
disease prognosis and diagnosis. Polymorphisms 
in the miRNA pathway (miR-polymorphisms) 
are also emerging as powerful tools to understand 
the biology of a disease (Mishra and Bertino  2009 ; 
Rukov et al.  2011 ). The fi rst report linking miRNA 
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and lymphocytic leukemia involved the deletion 
or the downregulation of miR-15 and miR-16 
(Calin et al.  2002 ; Cimmino et al.  2005 ). 
Cytogenetically, more than 200 chromosomal 
abnormalities identifi ed with AML. Some recent 
studies have shown using microRNA expression 
profi ling that several of cytogenetic subtypes of 
AML are associated with microRNA signatures 
(Mrozek et al.  2004 ).  

3.2      Single-Nucleotide 
Polymorphism 

 Single-nucleotide polymorphism (SNP) is the 
most common polymorphism, which is due to 
single base pair difference, and SNP arrays allow 
in determining disease susceptibility and for 
measuring the effi cacy of drug therapies designed 
specifi cally for individuals (Sachidanandam et al. 
 2001 ). Two studies of AML indicate the value of 
paired samples in SNP array analysis. The fi rst 
study analyzed 86 adult AML cases using ultra-
high resolution Affymetrix 6.0 SNP arrays with 
paired normal DNA in all cases, and the second 
one studied 111 pediatric AML cases with high- 
resolution SNP arrays using paired samples for 
65 patients (Walter et al.  2009 ; Radtke et al.  2009 ). 
SNP array to identify somatic genetic changes 
linked to transformation deletion, and amplifi cation, 
will prove superior to standard cytogenetic analysis 
for classifi cation of AML cases.   

4      Pharmacogenomics in AML 

4.1      Gene Expression Related 
to Drug Resistance in AML 

 Drug resistance constitutes one of the problems 
in therapy of AML. In the AML patients, the 
occurrence of resistance to structurally and 
functionally unrelated chemotherapeutic agents 
is called multidrug resistance (MDR). MDR is 
caused by multidrug resistance protein1 (MDR1) 
gene product, a 170–180 kDa glycoprotein 
known as P-glycoprotein (Pgp) (Hirose et al. 
 2003 ). Pgp has been shown to be associated with 

poor treatment outcome in AML patients and 
overexpression of Pgp in cell lines and offers 
cellular resistance to a wide variety of anticancer 
drugs, including many agents used in the treat-
ment of AML (van der Kolk et al.  2002 ). MRP1 
homologues MRP2, MRP3, MRP5, and MRP6 
have been shown to be expressed at variable 
levels in AML patient cells. In addition Badrul 
et al. have found different polymorphisms of the 
MDR1 gene in many populations, and it was 
signifi cantly infl uenced by ethnicities (Badrul 
Hisam et al.  2006 ). The list of some polymor-
phisms in drug transporter genes in AML is 
outlined in Table  12.4  (van den Heuvel-Eibrink 
et al.  2001 ; Kim et al.  2006a ,  b ; Illmer et al.  2002 ; 
Gradhand and Kim  2008 ; Schuetz et al.  1999 ; 
Abla et al.  2008 ; Huang and Sadee  2006 ).

   Eisele et al. performed gene expression pat-
terns in 14 patients with de novo AML, for the 
purpose of identifi cation of the genes, which 
might be related to drug resistance. The result has 
shown that between the complete remission and 
blast persistence groups with regard to nucleotide 
metabolism, apoptosis, and reactive oxygen 
species metabolism, the drug resistance in AML 
is a heterogenous phenomenon and that might be 
better focusing on the alteration of the expression 
of different genes (Eisele et al.  2007 ). 

 Novel approaches for drug resistance are the 
combined use of FLT3 inhibitors with inhibitors 
of viability signaling or components of PI3K/
Akt, MAPK, and JAK/STAT pathway signaling. 
However, several FLT3 inhibitors are presently 
being used in clinical trials with suffi cient 
 effi cacy. In addition signaling pathways in AML 
may in the future help rationally selected targeted 
therapies in individual patients.  

4.2      Drug Transporters and Drug 
Delivery in AML 

 Strategies of drug delivery have largely depended 
on therapeutic effi cacy of drugs in AML. 
Molecular targeted therapy, with the potential for 
increased selectivity and fewer adverse effects, 
holds promise in the treatment of AML. One of 
the candidate targets is the FLT3 and has led to 
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the approval of a molecularly based therapy in 
AML. Several drugs such as MLN 518, PKC 
412, and CEP-701 have been developed to target 
FLT3 activity in AML. Phase 1 and 2 studies in 
patients with poor-risk AML have been com-
pleted; PKC 412 and CEP 701 can show biologi-
cal activity and inhibit autophosphorylation in 
the target (Smith et al.  2004 ; Stone et al.  2004 ). 
The other target is vascular endothelial growth 
factor (VEGF) pathway, which is a key regulator 
of angiogenesis. It has led to the development of 
several VEGF-targeted approaches (Rodriguez- 
Ariza et al.  2011 ). 

 Expression of the ATP-binding cassette (ABC) 
transporter P-glycoprotein (Pgp) and expression 
of the ABC transporter multidrug resistance 
protein (MRP) and the vault- transporter lung 
resistance protein (LRP) have generally been 
reported to correlate with prognosis in AML 
(List et al.  1996 ; Leith et al.  1999 ). Transport 
proteins play an important role in targeted ther-
apy of AML, such as ABCC1 (Burcu et al.  2008 ), 
ABCC2 (van der Kolk et al.  1998 ), ABCC3 
(De Jonge et al.  2010 ), and ABCB1 (Green 

et al.  2012 ) (Table  12.5 ). ABCG2 encodes a 
transporter protein that is associated with 
multidrug- resistant phenotypes in AML. High 
levels of expression of ABCG2 are generally 
associated with a poor prognosis. Clinical inter-
est has focused on its role in multidrug resistance 
in human cancers (Robey et al.  2007 ,  2009 ).

4.3         Genetic Polymorphisms 
of Drug-Metabolizing Enzymes 
and Transporters in AML 

 There are over 30 families of drug-metabolizing 
enzymes in humans. Most of them have genetic 
variants which cause functional changes in the 
proteins encoded and thereby change the metabo-
lism of drugs (Evans and Relling  1999 ). 

 The superfamily of cytochrome P450 enzymes 
has a crucial role in the metabolism of drugs; so 
far 17 families of CYPs with about 50 isoforms 
have been characterized in the human genomes, 
and these enzymes show extensive structural 
polymorphism. The most abundant cytochrome 

   Table 12.4    Polymorphisms in drug transporter genes in AML   

 Gene name  Transporter name  SNP  Treatment  Reference 

 MDR1  MDR1  G2677T  Etoposide, mitoxantrone, 
idarubicin 

 van den Heuvel- 
Eibrink et al. ( 2001 ) 

 MDR1  MDR1  G2677A  Cyclosporine  Kim et al. ( 2006a ) 
 MDR1  MDR1  G2677T/A + C3435T  Idarubicin, cytarabine  Kim et al. ( 2006b ) 
 MDR1  MDR1  C3435T  Etoposide, mitoxantrone, 

daunorubicin 
 Illmer et al. ( 2002 ) 

 ABCC4, ABCC5  MRP4, MRP5  Gly187Trp, 
Gly487Glu 

 Azidothymidine, 
mercaptopurine, 
thioguanine, abacavir 

 Gradhand 
and Kim ( 2008 ), 
Schuetz et al. ( 1999 ), 
Abla et al. ( 2008 ) 

 SLC28A1, 
SLC28A2, SLC28A3 

 CNT1, CNT2, 
CNT3 

 Unclear relevance  Didanosine, idoxuridine, 
zidovudine 

 Huang and Sadee 
( 2006 ) 

   Table 12.5    Drug transporters and inhibitor relevant to AML   

 Name  Inhibitors  Reference 

 ABCC1(MRP-1)  Daunorubicin, mitoxantrone, etoposide  Abla et al. ( 2008 ) 
 ABCC2(MRP-2)  Vincristine, mitoxantrone, etoposide  Huang and Sadee ( 2006 ) 
 ABCC3(MRP-3)  Etoposide, teniposide, methotrexate  Eisele et al. ( 2007 ) 
 ABCB1  Etoposide, daunorubicin  Smith et al. ( 2004 ) 
 ABCG2  Mitoxantrone, methotrexate, cladribine, 

topotecan, imatinib 
 Rodriguez- Ariza et al. ( 2011 ) 
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P450 family is CYP3A, and the two key members 
of this family CYP3A4 and CYP3A5 catalyze 
the metabolism of a substantial percentage of 
medications (Relling and Dervieux  2001 ). 
Molecular epidemiological studies have recently 
shown associations between these enzyme vari-
ants and altered risk of variety of cancers such as 
ovarian, bladder, and breast (Spurdle et al.  2001 ; 
Brockmoller et al.  1996 ; Loktionov et al.  2001 ). 
CYP2E1, CYP2D6, and GSTM1 genes have 
shown signifi cant correlation in the etiology of 
acute leukemias. Rollinson et al. reported an 
association between GSTT1 and GSTM1 null 
genotypes and the risk of AML (Rollinson et al. 
 2000 ), Davies et al. reported GSTM1 null geno-
type has an increased risk for AML in children 
(Davies et al.  2000 ), and Sayitoglu et al. showed 
statistically signifi cant association of adult AML 
but failed to link CYP2D6*4 with AML incidence 
(Aydin-Sayitoglu et al.  2006 ). 

 The genetic polymorphism of thiopurine methyl-
transferase (TPMT) is one of the most well-known 
examples of clinical pharmacogenomics. TPMT 
catalyzes the S-methylation of the thiopurine drugs 
such as 6-mercaptopurine, azathioprine, and 
thioguanine (Peng et al.  2008 ). Genetic polymor-
phism of TPMT can negatively infl uence tolerance 
to thiopurine-based drugs, causing dosage-related 
hematopoietic toxicity (Dubinsky et al.  2002 ). 
Niedzielska et al. have shown that SNPs of TPMT 
are associated with lower risk of recurrence of 
acute leukemia in the pediatric population 
(Niedzielska and Chybicka  2011 ).  

4.4      Genetic Alterations 
Infl uencing Anti-AML Drug 
Response and Adverse Effects 

4.4.1      Cytarabine (Ara-C) 
 Cytarabine, ara-C, is a chemotherapy agent used 
mainly in the treatment of AML and non- Hodgkin 
lymphoma. Ara-C kills cancer cells by interfering 
with DNA synthesis (Wang et al.  1997 ). Key 
enzymes within the ara-C metabolic pathway are 
the deoxycytidine kinase (dCK) which plays an 
important role in ara-C resistance in vitro. 
Inactivated dCK transcripts due to alternative 

splicing were indicated in AML patients resistant 
to chemotherapy(Veuger et al.  2000 ). Jing et al. 
identifi ed two single-nucleotide polymorphisms 
in the regulatory region at dCK (−201C>T and 
−360C>G) (Shi et al.  2004 ). 

 Galmarini et al. reported that expression of 
5′-nucleotidase (5NT) or defi ciency of human 
equilibrative nucleoside transporter 1 (hENT1) 
involved in resistance to ara-C in patients with 
AML (Galmarini et al.  2002 ). It is reported that 
the AA and GG genotypes of Janus kinase-2 
(JAK2), member of a family of tyrosine kinases, 
A830G are important markers for therapy out-
comes in AML patients in a Chinese population 
(Zhong et al.  2010 ). Yue et al. collected cDNAs 
from 52 leukemia/lymphoma samples and ana-
lyzed by direct sequencer. They reported that a 
population characterized with 208A genotype for 
human cytidine deaminase (HDCA), which leads 
one more sensitive to ara-C treatment than proto-
type (Yue et al.  2003 ). Ara-C metabolism and key 
enzymes are outlined in Fig.  12.1 .

4.4.2         Doxorubicin and Daunorubicin 
 Daunorubicin and doxorubicin, anti-AML drugs, 
belonging to the anthracycline group, are widely 
used in human cancer chemotherapy (Weiss 
 1992 ). The anthracyclines are substrates for 
GSTs, and those enzymes play an important role 
in the detoxifi cation of chemotherapeutic agents 
(Michael and Doherty  2005 ). Studies reported 
that deletions in GSTM1 and GSTT1, GST 
 subfamily genes, infl uence the outcome of treat-
ment with induction therapy in AML patients 
(Voso et al.  2002 ). Lack of enzymatic activity of 
GSTs by polymorphisms will lead to reduced 
detoxifi cation. Studies reported that a remarkable 
relation exists between risk for death due to tox-
icity and GSTT1 null genotype in AML patients. 
Davies et al. showed that GSTT1 null genotype 
was associated with a worse prognosis in children 
with AML and reduced survival after standard 
induction therapy compared to children with at 
least one GSTT1 allele (Davies et al.  2001 ). 

 Doxorubicin is a known MDR1 substrate and 
inducer, and its cytostatic effi cacy is thus limited by 
MDR1 overexpression. Daunorubicin is used 
in the treatment of hematopoietic malignancies. 

12 Pharmacogenomics in Acute Myeloid Leukemia



244

Carbonyl reductase1 (CBR1) is the important 
enzyme involved in metabolism of daunorubicin 
in AML (Bogason et al.  2010 ). Varatharajan et al. 
reported the wide interindividual variation in the 
RNA expression of CBR1 and CBR3. They have 
found the polymorphisms of CBR1 SNP rs25678 
in CBR1 and CBR3 on plasma pharmacokinetics 
of daunorubicin in primary cells from AML 
patients (Varatharajan et al.  2012 ).    

5      Conclusion and Future Aspects 

 The fi eld of pharmacogenetics has promised a 
new way to approach the treatment of groups of 
patients who share important genetic elements. 
Through the discovery of new genetic targets, 
pharmacogenomics has the potential to improve 
quality of life and reduce health-care costs by 
decreasing the number of treatment failures 
and adverse drug reactions. In common with 
many new technologies, the generalizability and 
clinical application of pharmacogenomics 

have proved more challenging than expected. 
Pharmacogenomics-based personalized medicine 
holds the promise of reducing the number of 
adverse drug events and drug failures, thereby 
vastly improving quality of life while reducing 
health-care costs. 

 Combined with proteomic profi ling, these 
technologies have helped identify new targets 
and signaling pathways and may soon help to 
identify individual patients likely to benefi t from 
specifi c therapies. Genetic predictive testing for 
AML dose adjustment of avoidance of adverse 
events requires large-scale studies taking into 
account the complexities of the AML phenotype. 

 NPM1, FLT3, and CEBPA mutations in AML 
are attractive targets for molecularly targeted 
therapy. Those mutational screening should 
become part of the initial work-up of a newly 
diagnosed AML. In addition better understanding 
of mechanisms of those mutations will aid in the 
discovery and design of more effective treatment 
strategies. Narrowing the phenotype by focusing 
on pathways will make this genetically tractable 

  Fig. 12.1    Overview of ara-C metabolism.  CMPK1  
cytidine monophosphate (UMP-CMP) kinase 1,  hENT1  
equilibrative nucleoside transporter 1,  CDA  cytidine 

deaminase,  DCK  deoxycytidine kinase,  DCTD  deoxycyti-
dylate deaminase,  5′-NT  5′-nucleotidase,  NDPK  nucleoside 
diphosphate kinase       
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and lead to successful clinical translation. The 
discovery of new drug targets is no less important, 
and the large-scale efforts in whole genome 
mapping of AML traits will be key in this aspect. 
It is essential that prospective studies are under-
taken, prior to any treatment modifi cation, to 
assess the true effects of those polymorphisms 
and mutations and determine whether the effect 
is drug specifi c or disease related. In summary, 
the discovery of new prognostic and predictive 
markers has increased signifi cantly, improving 
our understanding of AML biology.     
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 Abstract 

   Autoimmune diseases such as rheumatoid arthritis (RA), systemic lupus 
erythematosus (SLE), and psoriasis cause a considerable degree of 
morbidity worldwide. Although the treatment of these conditions has 
shown progress over the last decade with the steady trickle of new drug 
molecules, drug therapy is far from satisfactory due to the reduced effi cacy 
and maximal toxicity in certain patients. Several factors are known to 
infl uence the effi cacy and toxicity of these drugs such as age, gender, liver 
and kidney function, and concomitant drug therapy. Another crucial factor 
infl uencing drug response of the patient is the genetic constitution of the 
patient. For example, polymorphisms in the gene MTHFR such as  677T > C  
can increase methotrexate serum levels and lead to toxicity in a patient 
with RA. Similarly polymorphisms in the drug transporter ABCB1 are 
associated with decreased effi cacy to methotrexate. Polymorphisms 
within the  TNF  promoter region have been shown to modify the clinical 
effi cacy and toxicity of anti-TNF therapy in RA patients. SLE patients 
with polymorphic  TPMT  gene may require a reduced dose of azathioprine 
to circumvent the catastrophe of fatal bone marrow suppression. 
Polymorphisms in the  TYMS  gene could lead to reduced effi cacy with 
methotrexate in psoriatic arthritis patients. Although our understanding of 
autoimmune diseases has improved considerably over the last decade and 
several studies in pharmacogenomics of autoimmune diseases have been 
carried out, the only clinical application is  TPMT  testing for azathioprine. 
Yet with improved methodology adopted in pharmacogenomics studies 
coupled with novel technologies, the fi eld of pharmacogenomics does 
appear to offer signifi cant promise in the coming years towards the dream 
of personalized medicine in autoimmune diseases. 
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1             Introduction 

 Autoimmune diseases are one of the major causes 
of morbidity in developed and developing 
 countries among young and middle-aged women 
(Cooper and Stroehla  2003 ). In women, autoim-
mune diseases constitute one of the top ten causes 
of death. Most autoimmune diseases have an 
unequal preponderance in females, being almost 
65 %. Rheumatoid arthritis, psoriasis, systemic 
lupus erythematosus, Hashimoto’s thyroiditis, 
Sjogren’s syndrome, scleroderma, Wegener’s 
granulomatosis, and systemic vasculitis are some 
of the major autoimmune diseases. The annual 
direct healthcare costs related to these diseases are 
more than hundred billion US dollars. As our 
understanding of these diseases has increased over 
the last few decades, it has also led to a number of 
new mole cules entering the market. Although 
several new drugs have entered the market which 
target specifi c pathways of these diseases, the 
treatment of these disease conditions is far from 
satisfactory owing to the frequency of adverse 
drug reactions and variable and limited effi cacy 
in different population. Several factors contribute 
to the variation of the drug response seen among 
these patients such as age, gender, presence of 
earlier drug therapy or concomitant drug therapy, 
stage of disease, and the genetic status of the indi-
vidual. Pharmacogenetics is the branch of medi-
cine which deals with the study of how genetic 
factors contribute to the variation in drug response 
of the individual. Apart from improving our ability 
to predict the variability of drug response and tox-
icity, pharmacogenomics also helps us to develop 
new biomarkers and new targets for drug develop-
ment (Fig.  13.1 ). This chapter attempts to high-
light the recent advances in the pharmacogenetics 
of some of the common autoimmune diseases.

2         Pharmacogenomics 
of Rheumatoid Arthritis 

 Rheumatoid arthritis is one of the most common 
autoimmune diseases worldwide with its preva-
lence hovering between 0 and 1 % in different 

regions. The disease causes untold suffering to 
millions of people every year. The symptoms 
of the disease, such as joint swelling and ten-
derness involving more than fi ve joints, which are 
accentuated in the early hours of the day cause 
tremendous morbidity in these patients. 
Rheumatoid arthritis is also known to cause 
increased mortality due to the increased associa-
tion with cardiovascular disease, malignancy, and 
infections in these patients (Owlia et al.  2012 ). 
The diminished quality of life and the added eco-
nomic burden in terms of hospitalizations make 
this an important health problem to contend 
with. Some of the common drugs for rheumatoid 
arthritis include corticosteroids, methotrexate, 
sulfasalazine, and TNF-alpha inhibitors such as 
infl iximab, etanercept, and adalimumab. Some 
of the new additions to this array of molecules 
which have been recently approved by US FDA 
include golimumab, certolizumab pegol, and 
tocilizumab (Reichert  2012 ). Although these new 
molecules appear promising in phase 2 and 3 clin-
ical trials, as demonstrated by favorable safety 
and effi cacy data, they are yet to become common 
place in drug therapy of rheumatoid arthritis 
owing to their prohibitive cost and limited avail-
ability in most nations (Hoebert et al.  2012 ). 
Hence, it is not surprising that the older drugs 

  Fig. 13.1    Differing facet of pharmacogenomics in auto-
immune diseases which includes development of newer 
targeted therapies with pharmacogenomic markers       
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such as methotrexate still occupy a pivotal role in 
the management of rheumatoid arthritis. The 
major adverse effects of methotrexate include 
neurologic toxicity, gastrointestinal complications 
including  nausea, vomiting and diarrhea, liver 
dysfunction, hematologic abnormalities, rash, 
stomatitis, and alopecia (Mittal et al.  2012 ). 

2.1      Effect of Methotrexate on 
Folate and Other Pathways 

 The entry of methotrexate into the cell is 
directed by a solute carrier family protein such as 
SLC19A1, while the effl ux of the drug is medi-
ated by ATP-binding cassette family transporters, 
also termed as MDR transporters. The enzyme 
folylpolyglutamate synthase helps in converting 
the methotrexate into its different polyglutamate 
forms (MTXPG), which helps in the retention 
of intracellular methotrexate (Fig.  13.2 ). This 
reaction can also be reversed by the enzyme 
gamma- glutamyl hydrolase. The MTXPG that 
are formed will in turn inhibit dihydrofolate 
reductase that converts dihydrofolate to tetra-
hydrofolate. Tetrahydrofolate further undergoes 
methylation to result in the formation of 
5- methyltetrahydrofolate which acts as a carbon 

donor for several reactions such as conversion 
of homocysteine into methionine (Davila and 
Ranganathan  2011 ).

   Methotrexate also has additional effects by 
acting on the pyrimidine and purine synthesis. 
It inhibits the thymidylate synthetase thereby 
preventing conversion of deoxyuridylate to 
deoxythymidylate. It also inhibits the enzyme 
AICAR transformylase that leads to intracellular 
accumulation of aminoimidazole carboxamide 
adenosine ribonucleotide (AICAR). AICAR and 
its metabolites inhibit the enzymes involved in 
the metabolism of adenosine such as adenosine 
deaminase and AMP deaminase, resulting in a rise 
in adenosine that has a powerful anti- infl ammatory 
effect (Davila and Ranganathan  2011 ).  

2.2      Genetic Polymorphisms 
and Methotrexate in RA 

 Methotrexate is well known to exhibit variable 
effi cacy and toxicity in the treatment of rheuma-
toid arthritis. Several studies have been done to 
illustrate the role of genetic polymorphisms in 
infl uencing the response of methotrexate in 
terms of both effi cacy and toxicity (Table  13.1 ). 
For example, polymorphisms of the gene 

  Fig. 13.2    Metabolism of methotrexate within the cell       
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encoding  MTHFR ,  677C > T  and  1298A > C , are in 
linkage disequilibrium and lead to reduced levels, 
and thus activity, of MTHFR. A study done in 
125 RA patients of European descent showed 
that RA patients with  DHFR-317AA  genotype 
had less favorable response to MTX as measured 
by DAS (Disease Activity Scoring) (Milic et al. 
 2012 ). A study in US population revealed that an 
SNP in the  ATIC  gene, rs4673993 was asso ciated 
with low disease activity in patients on MTX 
(Lee et al.  2009 ). Methotrexate-induced liver 
dysfunction was found to be signifi cantly corre-
lated with non- TT  genotype polymorphism at 
 GGH T16C  gene in a study done in Japanese 
children with juvenile idiopathic arthritis 
(Yanagimachi et al.  2011 ). A meta-analysis was 
done to determine the infl uence of pharmacoge-
netics on the effi cacy and toxicity of methotrexate. 
Although as many as 12 genetic polymorphisms 
in the methotrexate pathway were studied, suffi -
cient data was available only with respect to two 
polymorphisms, namely,  C677T  and  A1298C  in 
 MTHFR  gene. The  C677T  polymorphism was 
found to be signifi cantly associated with metho-
trexate toxicity, while  A1298C  was not associated 
with toxicity. No polymorphisms could be posi-
tively correlated with effi cacy in this meta-analysis 
(Fisher and Cronstein  2009 ). Besides these poly-
morphisms in recent years, there have also been 
studies which have attempted to build a model 
that combines clinical parameters with genetic 
polymorphisms. For example, clinical parameters 
such as rheumatoid factor status, smoking status, 
gender, and disease activity were compared with 
polymorphisms in adenosine pathway genes 

and folate pathway genes to predict effi cacy of 
methotrexate. The  MTHFR 677C > T  variant has 
been found to be the most widely reported 
polymorphisms that is positively correlated with 
methotrexate toxicity (Schmeling et al.  2005 ; 
Aggarwal et al.  2006 ; Wessels et al.  2006 ; 
Ranganathan et al.  2008 ; Hughes et al.  2006 ). Yet 
quite number of studies have not shown an 
association between these polymorphisms and 
methotrexate effi cacy and toxicity (Taraborelli 
et al.  2009a ,  b ). A meta- analysis failed to prove 
a positive association between  C677T  and 
 A1298C  polymorphisms of MTHFR and the 
toxicity and effi cacy of methotrexate in RA (Lee 
and Song  2010 ).

2.3         Genetic Polymorphisms 
and Sulfasalazine in RA 

 This drug has been used in RA treatment for 
more than 30 years. The drug is activated into 
5-aminosalicylic acid and sulfapyridine after 
ingestion. Sulfapyridine is metabolized by 
N-acetyltransferase 2. Based on polymor-
phisms in  NAT2  gene, individuals can be clas-
sifi ed as rapid and slow acetylators. Studies 
have demonstrated that toxicity with sulfasala-
zine such as headache, nausea, abdominal 
 discomfort, and rash is more frequent in 
patients who are slow acetylators (Davila and 
Ranganathan  2011 ). Those patients without the 
wild-type haplotype at  NAT2  were more likely 
to experience adverse events by sulfasalazine 
(Taniguchi et al.  2007 ).  

   Table 13.1    Effect of genetic polymorphisms on methotrexate effi cacy and toxicity in rheumatoid arthritis   

 Gene  Polymorphism  Functional signifi cance  Clinical outcome 

  MTHFR    677C > T   Decreased MTHFR enzyme levels  Increased toxicity 
  1298A > C   Decreased MTHFR enzyme activity  Increased effi cacy and toxicity 

  SLC19A1    80G > A   Higher levels of MTXPG  Increased effi cacy 
  ABCB1    3425C > T   Increased intracellular uptake of MTX  Decreased effi cacy 
  TYMS    5-UTR repeat element   Increased TYMS activity  Decreased effi cacy 
  ATIC    347C > G   Increased AICAR levels  Increased toxicity 
  IL-1R    IL-1RN*3   Alters IL-1 synthesis  Decreased effi cacy 

   Abbreviations :  AICAR  aminoimidazole carboxamide ribonucleotide,  ATIC  aminoimidazole carboxamide ribonucleotide 
transformylase,  IL-1R  interleukin 1 receptor,  MTHFR  methylenetetrahydrofolate reductase,  MTXPG  methotrexate 
polyglutamate,  SLC  solute carrier,  TYMS  thymidylate synthase  
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2.4      Genetic Polymorphisms 
and Lefl unomide in RA 

 Lefl unomide is metabolized into an active 
metabolite A771726 that causes reversible inhi-
bition of the rate-limiting enzyme in pyrimidine 
synthesis, namely, dihydroorotate dehydrogenase 
(DHODH). Thus, a missense polymorphism in the 
human  DHODH  gene will reduce the DHODH 
enzyme activity (Davis et al.  1996 ). In a study 
carried out in 147 RA patients, remission was 
found to be more common in patients with  C  
allele rather than  A  allele. However, this polymor-
phism has also found to be linked with a sevenfold 
increased risk of adverse events from lefl uno-
mide such as hepatotoxicity and gastrointestinal 
and mucosal toxicity (Pawlik et al.  2009 ). Based 
on in vitro studies, estrogen was found to inter-
fere in the suppression of cytokine production by 
lefl unomide. This led to exploration of the asso-
ciation between estrogen receptor polymorphisms 
and lefl unomide response. Polymorphisms in 
the estrogen receptor could potentially alter the 
estrogen receptor expression. In a prospective 
study done in 115 patients with RA, the  ESR1  
rs9340799  AA  and rs2234693  TT  genotype were 
associated with better response to lefl unomide 
therapy. Lefl unomide is converted into its active 
metabolite by CYP1A2.  CYP1A2 * 1F  poly-
morphism was found to be correlated with lefl u-
nomide toxicity as it accentuates the conversion 
of lefl unomide to its active metabolite (Grabar 
et al.  2009 ; Dziedziejko et al.  2011 ).  

2.5      Genetic Polymorphisms 
and Tumor Necrosis Factor 
Antagonists in RA 

 Polymorphisms in the  TNF  gene locus such 
as − 308G > A  and − 238A > G  infl uence TNF produc-
tion. A study reported increased effi cacy of TNF- 
alpha antagonists in patients having − 308G > A  
polymorphism (Cuchacovich et al.  2004 ). A 
meta-analysis of 13 studies revealed an association 
between treatment response to infl iximab and the 
TNF-alpha − 238 A / G  polymorphism, but no 
associations between treatment response and the 

TNF-alpha − 308 A / G  polymorphism (Lee et al. 
 2010 ). Polymorphism in  TNFRSF1B 196T > G  is 
associated with decreased effi cacy as it infl u-
ences receptor shedding and ligand binding. 
DNA microsatellites which are nothing but repeat 
sequences of A and T in the intronic portions of 
DNA can suffi ciently infl uence gene transcrip-
tion. There are fi ve microsatellites in the TNF 
locus, namely, TNFa to TNFe, and they infl uence 
the production of TNF production. There have 
been studies that have shown TNFd and TNFa2 
increase TNF production while low level of TNF 
is associated with TNFa6. However, a study done 
in 457 patients with RA showed that response to 
etanercept was not dependent on any TNF micro-
satellite markers (Criswell et al.  2004 ). 

 TNF antagonists are antibodies, and the Fcδ 
portion binds to the Fcδ receptors. Polymorphisms 
in the FcδR mediate antibody-dependent cellular 
cytotoxicity (ADCC). For instance, an SNP in 
FCGR3A which encodes a Val158Phe variant 
will infl uence the binding affi nity of IgG1 and 
promote increased ADCC and apoptosis resulting 
in drug toxicity. The TNF promoter − 308  allele 
was found to be a selective marker which infl u-
ences the response to TNF antagonists such as 
etanercept, infl iximab, and adalimumab in RA 
patients. In a meta-analysis of TNF-alpha pro-
moter − 308 A / G  polymorphism and responsive-
ness to anti-TNF therapy, individuals with RA 
who carry the  A  allele did not respond as well to 
TNF antagonists as those with the  G  allele (Lee 
et al.  2006 ). A meta-analysis of polymorphisms 
in  TNFAIP3  revealed that these patients were at 
a greater predilection to develop rheumatoid 
arthritis (Lee et al.  2012 ). 

 Besides TNF, there are other genes that have 
also been explored to look for the infl uence of 
their polymorphic variants that affect response to 
biologic agents. The PTPRC is a CD45 tyrosine 
protein phosphatase C that regulates BCR and 
TCR signaling which influence the secretion 
of several cytokines. In a prospective study of 
1,283 patients with rheumatoid arthritis, the 
 rs10919563  variant was found to be associated 
with favorable response to biologic therapy 
(Cui et al.  2010 ). The MAPK14 is an important 
signaling molecule involved in the production of 
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several proinfl ammatory cytokines and matrix 
metalloproteinases. Patients with RA having 
SNPs in  MAPK14  gene were found to have 
improved effi cacy with infl iximab and adalim-
umab. However, there was no improved response 
with etanercept in these patients with variant 
polymorphisms in the MAPK14 pathway 
(Coulthard et al.  2011 ). 

 An important confounding factor in the inter-
pretation and application of pharmacogenetic 
studies is that the same genetic variants which are 
markers of severe disease are also found to be 
associated with better response to anti-TNF 
therapy. This can complicate the predictive value 
of pharmacogenetics markers in autoimmune dis-
eases. An ideal tissue to use in pharmacogenetics 
of rheumatic diseases is to obtain the synovial 
tissue. However, this is seldom accessible and so 
one has to contend with the less reliable DNA 
from peripheral blood. Another limiting factor in 
most pharmacogenetic studies is the lack of 
power due to smaller sample size and racially 
homogenous nature of the population making 
it diffi cult to generalize the results in the other 
populations. So there is a defi nite onus on pharma-
cogenetic researchers to carry out larger pro-
spective, multicentric, and multiethnic studies 
to overcome these problems. Although there has 
been an increasing trend in the rise of genome-
wide association studies, this approach is equally 
daunting with its own potential limitations. 

 One of the reasons that has been argued for the 
variable results in correlation between effi cacy 
and different polymorphisms is that rheumatoid 
arthritis is a waxing and waning disease, and since 
most of the studies that are carried out are snapshot 
studies, they may not refl ect the true picture as to 
whether a patient is a responder or a nonresponder 
to drug therapy. A better way of investigating this 
correlation would be to perform long-term longi-
tudinal studies to correlate effi cacy variables with 
polymorphisms (de Rotte et al.  2010 ).   

3     Pharmacogenomics of SLE 

 SLE is an autoimmune, multisystemic disease 
which is defi ned by the presence of autoanti-
bodies to self-antigens and to antigens present 

inside the nucleus which leads to progressive 
destruction of several organs. The disease is more 
commonly seen in Asians, African Americans, and 
Hispanics. The various features of the disease 
include skin rashes, arthralgia, and hematologic, 
renal, and immunologic abnormalities. In SLE 
both the innate and acquired immune responses 
are deranged resulting in impaired T cell res-
ponse, production of autoantibodies, and apop-
tosis. The disease is characteristically asso ciated 
with exacerbations and remissions. The disease 
is con ventionally treated with NSAIDs, anti-
mala rials, corticosteroids, high-dose immu no-
g lo bulins, and immunosuppressants such as 
azathioprine, cyclophosphamide, methotrexate, 
and mycophenolic acid. 

3.1      Genetic Polymorphisms 
and Hydroxychloroquine in SLE 

 Polymorphisms in TNF and IL-10 can infl uence 
the response to hydroxychloroquine in SLE 
patients. The basal production of IL-10 can be 
infl uenced by three polymorphisms ( IL-10- 
1082A  > G ,  -IL-10-819C > T , − 592C > A ). Those 
patients having the genotype which causes high 
TNF production and low IL-10 production were 
found to have better response to hydroxychlo-
roquine (Davila and Ranganathan  2011 ). A study 
done in patients with discoid lupus erythema-
tosus showed that the response of patients to 
hydroxychloroquine was not infl uenced by 
 CYP2C8  or  CYP2D6  polymorphisms (Wahie 
et al.  2011 ). Yet the data for the application of 
pharmacogenetics in guiding the use of hydroxy-
chloroquine for SLE remain sparse (Table  13.2 ).

3.2         Genetic Polymorphisms 
and Cyclophosphamide in SLE 

 Cyclophosphamide is a DNA alkylating agent used 
in the treatment of SLE and glomerulonephritis 
secondary to SLE. It is broken down by the 
enzyme CYP2C19 in the liver. One of the adverse 
effects known to occur in patients with cyclophos-
phamide is ovarian failure. In a study done in Thai 
patients with SLE, polymorphism in  CYP2C19  
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such as  CYP2C19 *2 reduced the likelihood of 
ovarian toxicity as compared to those with 
wild-type  CYP2C19*1*1  (Ngamjanyaporn et al. 
 2011 ). Patients with SLE who were heterozygous 
for this polymorphism also were observed to 
have greater risk of developing cyclophosphamide- 
induced end-stage renal disease complicating the 
lupus nephritis. Polymorphisms of  GSTP  gene 
were also said to play a major role in the metabo-
lism of cyclophosphamide in the liver. In a study 
performed in 102 patients, individuals with GSTP 
polymorphisms were noticed to have a greater 
risk of developing adverse effects to cyclo-
phosphamide. The  GSTP1  variant gene poly-
morphisms in  105  codon due to a substitution of 
isoleucine to valine results in a reduction in the 
catalytic activity of GST protein as well as its 
inherent stability. Myelotoxicity and gastrointes-
tinal toxicity were more common in patients with 
 GSTP1 - *105 I/V or  GSTP1 -105 V / V  genotype 
than in patients with the  GSTP1  wild- type geno-
type (Zhong et al.  2006 ).  

3.3      Genetic Polymorphisms 
and Rituximab in SLE 

 Rituximab is a monoclonal antibody that targets 
CD20 B cells and mediates antibody-dependent 
cellular cytotoxicity. The  FcγR IIIA Val158Phe  

polymorphism was helpful in predicting the 
response to drug therapy in one study. But the 
sample size for this study was small, and these 
fi ndings were not replicated by any other investi-
gators. Although the number of studies which 
dealing with SLE pharmacogenomics are scant, 
the data on the role of genetic factors in deter-
mining the prevalence of the disease is abundant 
(Davila and Ranganathan  2011 ).   

4      Pharmacogenomics 
of Psoriasis 

 Psoriasis is a complex genetic disorder which 
has diverse manifestations from skin to joints that 
affects 2–3 % of Caucasian population. The skin 
lesions of psoriasis are distinct and very well cir-
cumscribed, circular, red papules or plaques with 
a grey or silvery-white, dry scale, which are typi-
cally distributed symmetrically on the scalp, 
elbows, knees, lumbosacral area, and in the body 
folds (Langley et al.  2005 ). Patients with psoriatic 
arthritis start with oligoarticular disease and 
progress on to severe polyarticular disease. Distal 
joints are frequently affected in psoriatic arthritis. 
A ray pattern of distribution is observed in which 
all the joints of a single digit are more likely to get 
affected than the same joints on both sides, which 
is typical of RA. Other classical features of psori-
atic arthritis include erythema over affected 
joints, the presence of spinal involvement, the 
presence of enthesitis (infl ammation at the 
point where tendon gets attached to bone), and 
lower level of tenderness (Gladman et al.  2005 ). 
The nails are additionally affected in several 
patients. The quality of life in patients with 
psoriasis is diminished when compared to the 
general population (Jankovic et al.  2011 ). 

 Genome-wide association studies have identi-
fi ed the loci involved in disease susceptibility. At 
present, 16 loci have been identifi ed, as being 
associated with susceptibility to psoriasis (Hebert 
et al.  2012 ). A study showed that the combined 
genetic risk involving 10 loci could account for 
11.6 % of the genetic variance in psoriasis (Chen 
et al.  2011 ). The  HLA-C ,  IL-12B ,  TRAF3IP2 , 
and  FBXL19  genes have been associated with 
psoriatic arthritis susceptibility in genome-wide 

   Table 13.2    Genetic polymorphisms affecting drug 
therapy in SLE   

 Gene  Polymorphism  Clinical outcome 

  CYP2C19    CYP2C19*2   Reduced toxicity 
with cyclophosphamide 

  CYP2B6    CYP2B6*5   Reduced toxicity 
with cyclophosphamide 

  GSTP    Ile 105Val   Increased toxicity 
with cyclophosphamide 

  IL-10    1082A > G   Increased effi cacy 
with hydroxychloroquine   819C>T  

  592C > A  
  NAT2    NAT2*4   Increased toxicity in slow 

acetylators to sulfasalazine 
  TNF    308A > G   Increased effi cacy 

with hydroxychloroquine 

   Abbreviations :  CYP  cytochrome P450 enzyme system, 
 GSTP  glutathione  S -transferase,  Il-10  interleukin 10,  NAT 
N -acetyl transferase,  TNF  tumor necrosis factor  
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association studies (Bluett and Barton  2012 ). 
Apart from genetic susceptibility, not much 
is explained about genetic heritability, which 
remains to be explored. There is emerging evi-
dence that the different psoriasis subtypes have 
different genetic makeup such as increased asso-
ciation of  PSORS1  in psoriasis vulgaris and guttate 
psoriasis, which may be of pharmacogenetic 
importance (Vasku et al.  2007 ). Genome-wide 
approach may also be promising in identifying 
the genetic predictors of treatment response. 
Treatments available for psoriasis act mainly as 
immunosuppressants and inhibitors of infl amma-
tion. As pathogenesis and genetic predisposition 
varies from person to person, concept of person-
alized medicine is more relevant in management 
of psoriasis. Further currently available drugs 
mainly control the disease activity, and there is 
no evidence of change in long-term course of the 
disease with these drugs. 

 Variation in drug response is another prime 
concern in the management of psoriasis. Both 
lack of response and adverse drug reactions occur 
in signifi cant proportion of patients. Therapies 
for psoriasis are broadly divided as topical, pho-
totherapy, systemic agents, and biologics. The 
choice of drugs depends on severity, site, adverse 
drug reactions, and drug response in the patient. 
Thus, if genetic makeup of individual would help 
to tailor these drugs to the person to whom it is 
appropriately matched, then the overall cost and 
even adverse drug reactions could be prevented. 
It is reported that 15–30 % of interindividual 
variation in drug response can be attributed to the 
genes coding the proteins involved in pharmaco-
kinetics and pharmacodynamics (Table  13.3 ) 
(Hebert et al.  2012 ).

4.1        Genetic Polymorphisms 
and Vitamin D Analogues 
in Psoriasis 

 Topical vitamin D is well used in mild psoriasis. 
They exert antiproliferative, prodifferentiation of 
keratinocytes with localized immunosuppressive 
effects in dermis. This action is mainly by binding 
to vitamin D receptors. For unknown reasons, 

certain patients do not respond well to vitamin D. 
Since vitamin D acts through nuclear receptors, 
studies have explored the relationship between 
vitamin D receptor polymorphism and response 
to vitamin D. There was a signifi cant difference 
in the genotypes  Ff ,  ff , and  TT  between vitamin 
D3 therapy responders and nonresponders. 
Haplotype analysis of the results showed that cer-
tain haplotypes were less responsive to therapy 
(Acikbas et al.  2012 ). Three polymorphism of 
VDR gene  Fok1  F allele,  Taq1  T allele, and 
 A-1012G  A allele are identifi ed to be associated 
with an enhanced response to calcipotriol (Halsall 
et al.  2005 ).  

   Table 13.3    Genetic polymorphisms affecting drug therapy 
in psoriasis   

 Gene  Polymorphism  Clinical outcome 

  ABCC1    1219 – 176T > C   Improved methotrexate 
effi cacy   rs35592  

  3391 – 1960G > A  
  rs2238476  
  4009A > G  

  rs28364006  
  ABCG2    204 – 592C > T   Improved methotrexate 

effi cacy   rs17731538  
  1194  +  928A > T  
  rs13120400  

  ADORA2A    4205975G > A   Increased methotrexate 
toxicity 

  IL-6   − 174G / C   Reduced effi cacy 
to TNF-α blockers 

  MTHFR    1289A > C   Reduced toxicity 
to methotrexate 

  SLC19A1    80G > A   Increased methotrexate 
toxicity 

  TPMT    TPMT *2 , 
 TPMT*3B , 
 TPMT*3C  

 Increased azathioprine 
toxicity 

  TYMS    28bp repeat 
rs34743033  

 Reduced effi cacy 
to methotrexate 

  VDR    Fok1 F ,  Taq1 T , 
 A-1012G A  

 Enhanced response 
to calcipotriol 

  VEGF   + 405 , − 460   Reduced effi cacy 
to TNF-α blockers 

   Abbreviations :  ABC  ATP-binding cassette protein,  ADOR  
adenosine receptor,  IL-6  interleukin 6,  MTHFR  methy-
lenetetrahydrofolate reductase,  SLC  solute carrier,  TPMT  
thiopurine methyl transferase,  TYMS  thymidylate synthase, 
 VDR  vitamin D receptor,  VEGF  vascular endothelial 
growth factor  
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4.2      Genetic Polymorphisms 
and Methotrexate in Psoriasis 

 Methotrexate is an effective drug for moderate to 
severe psoriasis. Some patients are refractory to 
treatment and other sustains adverse drug reac-
tions. Several studies have addressed the pharma-
cogenomics involved in methotrexate therapy 
of psoriasis. Common genetic polymorphisms 
of genes coding adenosine deaminase (ADA), 
5-aminoimidazole-4-carboxamide ribonucleotide 
transformylase (ATIC), 5,10-methylenetetra-
hydro folate reductase (MTHFR), solute carrier 
family 19, member 1 (SCL19A1), and thymi-
dylate synthase (TS) were studied in retrospec-
tive cohort of 203 patients with psoriasis on 
methotrexate therapy. A specifi c polymorphism in 
 SLC19A1(80A allele)  which is involved in infl ux 
of methotrexate into cells and TS (3′ untrans-
lated region six base pair deletion) involved 
in pyrimidine synthesis were associated with 
toxicity.  Methylenetetrahydrofolate reductase  
polymorphism has been shown to predict metho-
trexate toxicity for psoriasis patients treated with 
methotrexate (Hebert et al.  2012 ). However, 
these fi ndings were not replicated in another 
study that looked at single-nucleotide polymor-
phisms (SNPs) across four genes that are relevant 
to methotrexate metabolism [ folylpolyglutamate 
synthase  ( FPGS ),  gamma-glutamyl hydrolase  
( GGH ),  methylenetetrahydrofolate reductase  
( MTHFR ), and  5-aminoimidazole-4- carboxamide 
ribonucleotide transformylase  ( ATIC )]. No sig-
nifi cant association was found between clinical 
outcomes with methotrexate and the SNPs studied 
(Warren et al.  2009 ).  

4.3      Genetic Polymorphisms 
and Cyclosporine in Psoriasis 

 Cyclosporine is metabolized by CYP3A4 and 
CYP3A5, and effl ux transporter protein ABCB1 
is involved in transporting out of cell. Pharma-
cogenetics of cyclosporine has been studied in 
renal transplant patients, which has shown no 
effect on drug response (Press et al.  2010 ). 
Pharmacogenetics of cyclosporine in psoriasis is 

yet to be studied. Recently, the study has identifi ed 
220 early response genes (day 14 post treatment) 
that were downregulated by cyclosporine in 
psoriasis. This also demonstrated modulation of 
genes from activated T cells and the “type 1” 
pathway, Th17 pathway. Cyclosporine also 
reduced TNF and inducible NO synthase in 
dendritic cells. It is also hypothesized that 
myeloid- derived genes contribute to pathogenic 
infl ammation in psoriasis as cyclosporine modu-
lated more myeloid-derived genes than activated 
T cell genes in responders (Haider et al.  2008 ).  

4.4      Genetic Polymorphisms 
and Azathioprine in Psoriasis 

 The use of azathioprine in psoriasis has been 
superseded by other drugs. The active metabolite 
of azathioprine is 6 mercaptopurine which is 
deactivated by the intracellular enzyme thiopu-
rine methyltransferase. Polymorphisms in  TPMT  
such as  TPMT *2 ,  TPMT*3B ,  and TPMT*3C  
signifi cantly vary the enzyme activity, such that 
it correlates inversely with myelotoxic adverse 
effects. Azathioprine in individuals with reduced/
absent TPMT is associated with early myelosup-
pression. Thus, pretreatment assessment of 
 TPMT  in peripheral blood specimen guides the 
titration of azathioprine, such that azathioprine 
can be totally avoided in absent/very low TPMT 
activity.  

4.5      Genetic Polymorphisms and 
Synthetic Retinoids in Psoriasis 

 Acitretin is a synthetic retinoid that is used in 
moderate to severe psoriasis. It is hypothesized 
that acitretin interacts with cytosolic proteins and 
nuclear receptors such as retinoic acid receptors 
and retinoid X receptors to alter gene tran-
scription. Thus, it results in normalization of 
epidermal cell proliferation, differentiation, and 
cornifi cation (Montrone et al.  2009 ; Young et al. 
 2006 ). The pharmacological relevance of the 
polymorphisms of these receptors with treatment 
response has not been investigated. 
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 Psoriatic plaques have shown to have elevated 
levels of vascular endothelial growth factor 
(VEGF) which is involved in promoting angio-
genesis. Retinoids inhibit VEGF production. Two 
 VEGF  gene polymorphisms, namely, + 405  and 
− 460  have been implicated in retinoid blockade 
of VEGF production. A study demonstrated 
increased prevalence of the − 460 TT  genotype 
among nonresponders (Young et al.  2006 ).  

4.6      Genetic Polymorphisms 
and TNF Antagonists 
in Psoriasis 

 TNF antagonists are effective treatment for severe 
forms of psoriasis causing disease remission in 
80 % of cases. Nearly 44 polymorphisms in the 
TNF gene have been identifi ed. Two SNPs in the 
promoter region  G to A  transitions at the − 238  
and − 308  sites appear to be functionally related 
to TNF expression in rheumatoid arthritis. 
Studies have shown many genetic loci as markers 
of TNF antagonist response, such as genes 
encoding transcription factors (AFF3), cell sur-
face membrane proteins (CD226), and compo-
nents of the Toll-like receptor and NF-kB 
pathways (Tan et al.  2010 ; Potter et al.  2010 ). 
Further, SNPs at the − 238  and − 308  TNF gene 
loci have been associated with disease suscepti-
bility; however, there is need to explore the 
pharmacogenetic/genomic signifi cance of these 
polymorphisms (Louis et al.  1998 ). In 15 psoriasis 
patients on etanercept therapy, patients were 
categorized as “responders” or “nonresponders” 
(Zaba et al.  2009 ). 

 Gene clusters expressed in the lesional biopsy 
were identifi ed by gene arrays. The downregula-
tion of genes involved in Th17 lymphocyte 
activity and IL-17 signaling was associated with 
treatment response. Thus, it is inferred that for 
etanercept response, downstream Th17 suppres-
sion is necessary, also increasing the under-
standing of the pathogenesis of psoriasis. Allelic 
variance at the genes  IL-12B  (encoding the p40 
subunit common to IL-12 and IL-23),  IL-23A  
(encoding IL-23 p19 subunit), and  IL-23R  
(encoding IL-23 receptor subunit) is shown to be 

associated with susceptibility to psoriasis by 
genome-wide association scans (Cargill et al. 
 2007 ; Liu et al.  2008 ; Nair et al.  2009 ). 

 Increasing molecular and cellular evidence 
suggests that the IL-23/Th17 axis is key to the 
pathogenesis of psoriasis. This leads to the 
hypothesis of targeting common p40 subunit of 
the cytokines IL-12 and IL-23 to block their 
actions by monoclonal antibodies (Mak et al. 
 2009 ). Ustekinumab is the IL-12/IL-23 antago-
nist developed, and it has been shown to have 
very good anti-psoriatic effi cacy (Leonardi et al. 
 2008 ). However, the interaction between poly-
morphisms identifi ed at the  IL-12B ,  IL-23A , 
and  IL-23R  genes and the effi cacy/toxicity of 
IL-12/IL-23 antagonists remains to be explored. 
Pharmacogenomics in psoriasis is presently devoid 
of clinical application in spite of signifi cant 
research in this area over the last decade. However, 
it is hoped that with improved understanding of the 
disease, larger prospective studies, and improved 
cost-effective technology, pharmacogenomics 
would fi nd defi nite clinical application in psoria-
sis as in other diseases.   

5      Pharmacogenomics 
of Infl ammatory Bowel 
Disease 

 Infl ammatory bowel disease with its two sub-
types, namely, Crohn’s disease and ulcerative 
colitis, has been observed to have greater preva-
lence in Europe and North America. But recent 
reports indicate that the disease is also increasing 
in prevalence in the developing regions such as 
Asia and the Middle East (Molodecky et al.  2012 ; 
Loftus  2004 ; Niriella et al.  2010 ). The patho-
genesis and exact etiology of IBD is yet to be 
elucidated, but an interaction between genetic 
susceptibility, environmental factors, and the host 
immune response is said to play a major role in 
the pathophysiology of the disease (Niriella et al. 
 2010 ). Abdominal pain and diarrhea are the most 
common symptoms of IBD. Systemic complaints 
that may be associated with IBD include fever, 
weight loss, malaise, and arthralgia. The symp-
tomatology of the disease being nonspecifi c 
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may mimic irritable bowel syndrome and other 
intestinal disorders. Since the disease is associated 
with exacerbations and remissions, the two goals 
of therapy include achievement of remissions and 
prevention of disease fl ares. The common drugs 
used in the treatment of infl ammatory bowel 
disease include corticosteroids, aminosalicylates, 
and biologic agents such as infl iximab, adalim-
umab, and certolizumab pegol. 

 More than 30 susceptible novel IBD susceptible 
loci have been found in the last decade across 
several centers. Some of the genes include  NOD2 , 
 MUC3A ,  MST1 ,  OCTN1 ,  OCTN2 ,  ABCB1 ,  IRF5 , 
 IL-23R ,  and NKX2-3.  The fi rst susceptibility 
gene described was the nucleotide-binding oligo-
merization domain 2 ( NOD2 ) on chromosome 16 
which encodes a protein involved in recognizing 
the muramyl dipeptide component of the pepti-
doglycan cell wall of bacteria. This leads to 
subsequent activation of NF-kB, an important 
mediator of the immune response. The discovery 
of NOD2 has led to the realization that the innate 
immunity is specifi cally disturbed in Crohn’s 
disease. Polymorphisms in NOD2 such as 
 Arg702Trp ,  Gly908Arg , and  Leu1007fsinsCNOD2  
were found to impair NF-kB activation confer 
susceptibility to CD (Ishihara et al.  2009 ; 
Weizman and Silverberg  2012 ). In spite of this, 
only 22 % of patients with Crohn’s disease carry 
a NOD polymorphism. Polymorphisms in IL-23R 
are associated with Crohn’s disease and ulcer-
ative colitis (Duerr et al.  2006 ). Although there is 
suffi cient evidence for NOD2, it does not have 
suffi cient sensitivity and specifi city to enter routine 
clinical practice (Weizman and Silverberg  2012 ). 

 The most widely used application of pharma-
cogenomics in IBD is azathioprine use and  TPMT  
polymorphisms in IBD similar to those described 
in earlier disorders (Table  13.4 ) (Chouchana 
et al.  2012 ). IBD patients with polymorphisms 
such as  Leu155His  in the NALP1 complex were 
found to develop steroid resistance more com-
monly than those without these polymorphisms 
(De et al.  2011 ). Individuals with variants in 
 IL-23R  were also associated with improved 
response to infl iximab therapy (Jurgens et al. 
 2010 ). In a retrospective cohort of 700 patients, 
a genetic risk marker score based on 46 SNPs 

was developed that predicted patients’ need for 
surgery due to refractoriness to medical therapy. 
On the basis of this score, four groups were iden-
tifi ed, and the risk of colectomy in these patient 
groups was 0, 17, 74, and 100 % (Haritunians 
et al.  2010 ).

6         Limitations of 
Pharmacogenetic Studies 

 The major problems associated with pharmaco-
genomics of autoimmune diseases are the limited 
sample size, high degree of discordance between 
studies, and the lack of application in clinical 
practice settings of most the variant polymor-
phisms that have been discovered in relation 
to rheumatic diseases pharmacotherapy. Poor 
methodological rigor followed in designing phar-
macogenetic studies was cited as one of the major 
reasons for failure of replication of positive 
fi ndings of initial investigators (Jorgensen and 
Williamson  2008 ). For example, use of relative 
risk may be an inferior measure of outcome dif-
ferences than taking the absolute risk difference 
to determine if genotype does make a difference 
in drug response. Most pharmacogenetic studies 
are observational in nature, but in order to differ-
entiate if the genotype is a prognostic factor or a 
true effect modifi er of the outcome, one should 
perform randomized controlled trials and collect 
the DNA samples from patients in a prospective 
fashion. If they are collected later, it could lead 
to selection bias and selective loss of genotype 
if they are associated with a poor outcome. 
The presence of drug-gene interaction could 

   Table 13.4    Genetic polymorphisms affecting drug therapy 
in infl ammatory bowel disease   

 Gene  Polymorphism  Clinical outcome 

  IL-23R    rs1004819   Increased/decreased effi cacy 
with infl iximab 

 NALP1   Leu155His   Reduced effi cacy to steroids 
  TPMT    TPMT*2 , 

 TPMT*3B , 
 TPMT*3C  

 Increased azathioprine 
toxicity 

   Abbreviations :  Il-23R  interleukin 23 receptor,  NALP1  
NACHT leucine-rich-repeat protein 1,  TPMT  thiopurine 
methyl transferase  
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complicate the analysis of the data gathered. 
Ideally drug-gene interactions are appreciated best 
when outcomes in the treatment and nontreatment 
group are compared within one genotype (Smits 
et al.  2005 ; Kelly et al.  2005 ; Cobos et al.  2011 ).  

7      Conclusion 

 Rheumatic diseases such as rheumatoid arthritis, 
SLE, psoriasis, and other less common autoim-
mune diseases contribute to the increased 
morbidity and mortality worldwide. Although 
the pharmacological armamentarium to tackle 
these illnesses has steadily increased in the last 
two decades, some of these drugs are fraught 
with issues such as narrow therapeutic index, 
severe adverse reactions, and variable thera-
peutic response. Pharmacogenomic studies have 
appeared to elucidate some of the mechanisms 
that better predict an individual’s response to 
these drugs. However, till date the only suc-
cessful application for pharmacogenetic testing 
in clinical practice for autoimmune diseases is 
the  TPMT  testing for azathioprine in rheumatic 
diseases.     
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 Abstract 

   Pharmacogenetic-pharmacogenomic development from a single gene 
approach to incorporate pathway-based and genome-wide approaches 
has been benefi tted from the emergence of several parallel technologies, 
such as genomics, transcriptomics, metabolomics, and proteomics 
which have contributed to and enhanced signifi cantly propensities for 
generation and testing of pharmacogenomic hypotheses both paralleled 
and followed by associated developments in the clinical practice for 
treating Parkinson’s disease (PD). The notion of “personalized medi-
cine,” incorporating the customization of healthcare, with decisions and 
practices that suited to each individual patient through application of 
genetic, biomarker, gene- environment interactive, or other information, 
involves principles through which drugs, drug combinations, and drug 
administration properties are optimized for each individual’s unique 
genetic makeup. The personalized medication of antiparkinsonian drug 
therapy; the symptomatic and regional disruptions; genetic, epigenetic, 
and biomarkers of the disorder; and the pharmacogenomics of neuro-
leptic drug-induced parkinsonism provide outlets for eventual under-
standing and management. As a case study in personalized medicine in 
the laboratory, physical exercise combined with the electromagnetic 
wavelength treated  Saccharomyces cerevisiae  yeast, Milmed, was dem-
onstrated to abolish the marked hypokinesia induced by the dopamine 
(DA) neurotoxin, MPTP, as well as the severe loss of DA in the striatal 
region of the C57/BL6 mice studied. The Exercise-Milmed coadminis-
tration induced also a profound increase in brain-derived neurotrophin 
levels (BDNF) in the mouse parietal cortex region that included the 
motor cortex. 
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           1 Introduction 

 Pharmacogenomics is defi ned by the branch of 
pharmacology which deals with the infl uence of 
genetic variation on drug response in patients, in 
the present case parkinsonian, by correlating 
gene expression or single-nucleotide polymor-
phisms with a drug’s effi cacy or toxicity (Wang 
 2010 ). Weinshilboum and Wang ( 2006 ) have 
defi ned pharmacogenomics as the study of the 
role of inherited and acquired genetic variation 
in response to drug interventions. A major 
focus of pharmacogenomics is the development 
of suitable methods that facilitate the effi cacy of 
drug therapy, in association with individuals’ 
genotype, so that maximum effi cacy is bal-
anced against minimal adverse effects thereby 
the attainment of viable therapeutic windows 
(Becquemont  2009 ). Current attempts at attain-
ment of bioinformatics, including genomics, 
proteomics, and metabolomics, should expedite 
identification of proteins/enzymes, activated 
proteins, genes, and gene variations facilitating 
drug therapies (Becquemont et al.  2011 ), e.g., 
those that contribute to the etiopathogenesis of 
Parkinson’s disease (PD) and related therapeutic 
measures    (Clayton  2012 ; Kaiser et al.  2003 ; 
Wang et al.  2011 ). Pharmacogenomics facilitates 
the identifi cation of biomarkers, not only to facil-
itate derivation of “disorder staging” but also to 
allow optimal possibilities for therapeutic drug 
selection and targets, dose windows, drug dispo-
sitions, treatment duration, and projections of 
adverse reactions that may be avoidable (Evans 
and McLeod  2003 ; Weinshilboum  2003 ; 
Woodcock  2010 ). The technologies involved 
have led greater effectiveness in drug selection 
and administration accompanied by reductions in 
adverse/side effect profi les through investiga-
tions of neuroscientifi c, regulatory, and neuro-
psychological agents (Wang et al.  2000    ). 

 PD is a relatively common, idiopathic neuro-
degenerative movement disorder characterized 
by impaired motor function, including resting 
tremors, rigidity, akinesia/bradykinesia, and 
postural instability as the cardinal symptoms 
(Gaggelli et al.  2006 ; Jankovic  2008 ; Lees et al. 

 2009 ). It is a progressive neurodegenerative 
disorder and, compared with familial forms, 
is associated most often with advanced age 
(>55 years of age). The pathophysiology of 
PD involves dopaminergic neuron death and 
 accumulation of Lewy bodies associated with 
mutations in α-synuclein, a 14-kDa protein 
predom inantly expressed in the brain and CNS 
(Rasia et al.  2005 ). PD patients show decreased 
levels of presynaptic dopamine (DA) neuron 
terminal markers in the basal ganglia (Felicio 
et al.  2009 ), consistent with loss of dopaminergic 
terminals due to degeneration of neuronal cell 
bodies in the substantia nigra pars compacta 
(Hattori et al.  2006 ). PD patients exhibit decreased 
levels of DA transporters (DATs) and vesicular 
monoamine transporter type 2 (VMAT2), as well 
as reduced activity of dopa decarboxylase, 
assessed by striatal conversion of  l -dopa to DA, 
according to PET and SPECT analyses (Al Hadithy 
et al.  2008 ; Lewitt et al.  2012 ). Wu et al. ( 2012 ) 
using MRI showed that the substantia nigra pars 
compacta expressed a decreased connectivity 
with several regions, including the striatum, 
globus pallidus, subthalamic nucleus, thalamus, 
supplementary motor area, dorsolateral prefrontal 
cortex, insula, default mode network, temporal 
lobe, cerebellum, and pons in patients compared 
to controls. They found that  l -dopa administra-
tion partially normalized the pattern of connec-
tivity to a similarity such as that expressed by the 
healthy volunteers involving causal connectivity 
of basal ganglia networks from the substantia 
nigra pars compacta. Postsynaptic D 2  DA recep-
tors (D 2 Rs) are either unaffected or increased in 
the striatum of untreated PD patients (Antonini 
et al.  1994 ). Oxidative injury appears to be one 
effect of α-synuclein (α-Syn) aggregates and 
could ultimately produce neuronal cell death. 
α-Syn, a 140 residue, intrinsically disordered 
protein is localized in presynaptic terminals of 
DA neurons (Yang et al.  2010 ). Autonomic ner-
vous system involvement occurs at early stages in 
both PD and incidental Lewy body disease and 
affects the sympathetic, parasympathetic, and 
enteric nervous systems. It has been proposed 
that α-Syn pathology in PD has a distal to proxi-
mal progression along autonomic pathways. 

T. Archer and A. Fredriksson



267

According to Braakian notions, the enteric ner-
vous systems are affected before the dorsal motor 
nucleus of the vagus, and distal axons of cardiac 
sympathetic nerves degenerate before there is 
loss of paravertebral sympathetic ganglion neu-
rons. Cersosimo and Benarroch ( 2012a ) have 
shown that consistent with neuropathological 
fi ndings, some autonomic manifestations, such 
as constipation or impaired cardiac uptake of 
norepinephrine precursors, occur at early stages 
of the disease even before the onset of motor 
symptoms (cf. Braak et al.  2007 ; Cersosimo and 
Benarroch  2012b ; Hawkes et al.  2007 ). 

 The evolution of pharmacogenetics- pharmaco-
genomics from a single gene approach to 
incorporate pathway-based and genome-wide 
approaches has been described comprehensively 
(Wang  2009 ; Wang and Weinshilboum  2008 ). 
Prolifi cally, several parallel technologies, such as 
genomics, transcriptomics, metabolomics, and 
proteomics, have contributed to and enhanced 
signifi cantly propensities for generation and 
testing of pharmacogenomic hypotheses fol-
lowed by associated developments in clinical 
practice (Lesko and Woodcock  2004 ; Wang and 
Weinshilboum  2006 ). The incorporation of tran-
scriptomic and metabolomic fi ndings has offered 
an important tactic for assessing and predicting 
variation in drug-response phenotypes and 
“translational” variants (Dettmer and Hammock 
 2004 ; Hughes et al.  2009 ; Lindon et al.  2004 ; 
Mendes  2006 ). Studies that focus upon pharma-
cogenomics involve the rapid scanning of markers 
across the genome of individuals affected by a 
certain disorder, e.g., PD, or drug-response phe-
notype, in comparison with unaffected individuals, 
with tests for association that compare genetic 
variations in case–control settings (Manolio  2010 ). 
Several oxidative phosphorylation (OXPHOS) 
system complex activities and quantities are 
reduced in PD. Toxicogenomics, combining toxi-
cology with genomics, describes the collection, 
interpretation, and storage of information about 
gene and protein activity within particular cell or 
tissue of an organism in response to toxic sub-
stances in order to elucidate molecular mechanisms 
evolved in the expression of toxicity and to derive 
molecular expression patterns (i.e., molecular 

biomarkers) that predict toxicity or the genetic 
susceptibility to PD. OXPHOS functioning is 
affected by the mutations of PD-linked nuclear 
genes (Bar-Yaacov et al.  2012 ), and inactivation 
of other nuclear genes related to mitochondrial 
DNA replication and expression leads to PD 
(Pennington et al.  2010 ; Orth and Schapira  2001 ). 
Lopez-Gallardo et al. ( 2011 ) have described the 
extent to which nuclear and mitochondrial 
genetic and environmental factors, primary 
through gene- environment interplay, induce 
additive/synergistic effects thereby elevating the 
risk for PD. Population polymorphisms pertain-
ing to mitochondrial DNA replication and expres-
sion that infl uence interactions with different 
xenobiotics, substances in an individual but 
which are not normally produced or expected to 
be there, may present susceptibility factors that 
contribute to the etiopathogenesis of the disorder. 

 The notion of “personalized medicine,” a 
model that outlines the customization of health-
care, with decisions and practices that suited to 
each individual patient through application of 
genetic, biomarker, gene-environment interac-
tive, or other information (Shastry  2005 ,  2006 ), 
refers in which drugs and drug combinations are 
optimized for each individual’s unique genetic 
makeup (Squassina et al.  2010 ). A multitude of 
factors infl uence the emergence and progression 
of parkinsonism, motor symptoms, disability, 
outcome prognosis, and drug fl uctuations, in 
addition to the clinically signifi cant non-motor 
features such as depression, anxiety, sleep distur-
bances, smell and taste loss, compulsive behav-
iors, and dementia. Disorder staging diagnostic 
intervention optimizes early identifi cation and 
accurate diagnosis and management of patients. 
Therapy of PD is an achievable goal considering 
the recent advances in neuroimaging, genetic 
testing, and other evolving diagnostic measures. 
Successful intervention is facilitated by pro-
teomics, the comprehensive analysis and 
characterization of proteins and protein isoforms 
encoded by the human genome. Important 
biological functions, such as growth and devel-
opment of the brain and CNS involving migration, 
differentiation and synaptogenesis, neuronal death, 
cellular movement, localization and integrity, and 
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stem cell differentiation, are controlled by signal 
transduction, an epigenetic process modulated by 
protein enzyme activity (Clayton et al.  2006 ). 
Seventeen regions of the genome are present with 
common variations that affect the risk of devel-
oping Parkinson’s disease. Nine genes have been 
identifi ed that, when mutated, may cause the dis-
order (Annesi et al.  2011 ; Cooper-Knock et al. 
 2012 ; Dumitriu et al.  2012 ; Kumar et al.  2012 ; 
Lachenmayer and Yue  2012 ; Maruyama and Naoi 
 2012 ). In PD, the range of personalized medi-
cine, from physical exercise schedules (Archer 
et al.  2011a ,  b ; Schenkman et al.  2012 ) to person-
alized deep brain stimulation (Wagle Shukla and 
Okun  2012 ) to identifi cation of premotor popula-
tions (Streffer et al.  2012 ), continues to fl ourish.  

    2  Personalized Medication 
and Anti-PD Treatment 

 Anti-PD compounds, such as  l -dopa and direct- 
acting DA agonists, show an effi cacy dependent 
upon patient characteristics in reducing symp-
toms of movement disorder (Devos et al.  2009 ; 
van Hilten et al.  2000 ). The pharmacotherapy of 
PD has focussed upon dopaminergic compounds, 
largely the DA precursor,  l -dopa ( l -3,4- 
dihydroxyphenylalanine), which is very much 
the treatment of choice for the disorder (Fahn 
 1999 ). Orally administered  l -dopa is absorbed by 
the intestine, enters the bloodstream, crosses the 
blood–brain barrier, and enters dopaminergic 
neurons in the brain where it is converted to DA 
through the action of the aromatic amino acid 
decarboxylase (AADC) enzyme. In general, it is 
administered in combination with a decarboxyl-
ase inhibitor to prevent conversion to DA periph-
erally. Large to very large fl uctuations in the 
responses of individual patients to anti-PD drug 
medication have been observed (Fabbrini et al. 
 1988 ), not least due to the correlation between 
motor performance and plasma concentration of 
 l -dopa (Jankovic and Stacy  2007 ; Pahwa and 
Lyons  2009 ). Similar extent of fl uctuation has 
been described with regard to the development 
of motor complications, e.g.,  l -dopa-induced 
dyskinesia and side effects such as hallucinations 

and sleepiness, up to 45 % of users within 5 years 
(Graham et al.  1997 ). Additionally, the likelihood 
of ischemic complications presents another 
symptom for consideration (Arbouw et al. 
 2012 ). The notion of personalization medication 
emerges in the context of compounds designed to 
reduce fl uctuations in PD: Lewitt et al. (2000) 
assessed the pharmacokinetic profi le, effi cacy, 
and safety of XP21279 administered with carbi-
dopa (CD) in subjects with Parkinson’s disease 
(PD) experiencing motor fl uctuations and explore 
dose correspondence between CD-levodopa and 
XP21279 administered with carbidopa. They 
observed that XP21279 provided signifi cantly 
less variability in LD concentration compared 
with carbidopa-levodopa in 10 PD patients pre-
senting motor fl uctuations, consistent with a 
lower peak-to-trough fl uctuation for XP21279. 
The expressed patterns of percentage of patients’ 
“OFF-periods” were consistent with the levodopa 
concentration-time profi les for each respective 
treatment. Compared with carbidopa-levodopa 
treatment, 6 of 10 study completers experienced 
reduction of 30 % or greater in average daily 
OFF time during the last 4 days in the XP21279 
treatment period. XP21279 resulted in an 
increase in the time spent during “ON-periods” 
without functionally blocking dyskinesias, and 
the mean time to ON after the fi rst morning 
XP21279 dose was not delayed, as compared 
with carbidopa-levodopa. 

 It is likely that genetic variations in gene cod-
ing for drug metabolism and drug availability 
contribute to a large extent towards the interindi-
vidual variability experienced in response to 
drugs of therapy (Swen et al.  2007 ), not least 
regarding the pharmacogenetics of anti-PD com-
pounds (Arbouw et al.  2007 ). The genetic vari-
ability, together with gender and reproductive 
factors (Nicoletti et al.  2011 ), of each individual 
determines largely the interindividual variability 
in the responses to anti-PD drug therapy (Zappia 
et al.  2005 ). Although the fi ndings emerging 
from several genetic association studies implying 
links between anti-PD drug-induced dyskinesias 
and polymorphisms are confl icting, several genes 
appear to be involved, including the  DRD2  
gene, the  DRD4  gene, the DA transporter ( DAT ) 
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gene, the µ1-opioid receptor ( OPRM1 ) gene, the 
cholecystokinin ( CCK ) gene, the apolipoprotein 
E ( APOE ) gene, the preprohypocretin ( HCRT ) 
gene, and the catechol-o-transferase ( COMT ) 
gene (Arbouw et al.  2009 ; Liu    et al.  2009a ,  b ; 
Paus et al.  2008 ; Williams-Gray et al.  2008 ). Lin 
et al. ( 2007 ) in a study of 251 PD patients 
observed that the frequency of the angiotensin 
I-converting enzyme gene homozygote ACE-II 
genotype with  l -dopa-induced psychosis was 
signifi cantly higher than that in PD patients with-
out the adverse effect. Additionally, the possible 
role of brain-derived neurotrophic factor (BDNF) 
in  l -dopa-induced dyskinesias has been consid-
ered since the factor is involved in synaptogenesis, 
synaptic plasticity and effi cacy (Chase  2004 ; 
Woo et al.  2005 ), modulation of receptor systems 
underlying  l -dopa-induced dyskinesias (Guillin 
et al.  2003 ), and the pathogenesis of dopaminer-
gic neurotransmission in PD (Fumagalli et al. 
 2006 ; Momose et al.  2002 ). Foltynie et al. ( 2009 ) 
studied the infl uence of a common functional 
polymorphism of the BDNF gene on the risk for 
development of  l -dopa-induced dyskinesias in a 
cohort of 315 PD patients, independently and 
variably treated with  l -dopa and/or other DA 
interventions. PD patients with the met allele of 
BDNF, linked with lower activity-dependent 
secretion of BDNF, presented signifi cantly higher 
risk of developing dyskinesia earlier in the course 
of dopaminergic agent therapy. Pharmacogenetic- 
pharmacogenomic studies facilitate the descrip-
tion and defi nition of genetic variations in gene 
coding and the regulation of the proteins involved 
in the pathways underlying dyskinesic expres-
sions evolving from the pathophysiology of PD 
(Arbouw et al.  2010 ). 

 Genetic predispositions modulating factors 
causing anti-PD drug therapy fl uctuations 
bedevil both treatment prognosis and outcome 
appraisals. In order to investigate more closely 
whether or not genetic predispositions may con-
tribute to the pathophysiological development of 
medication- related complications in PD, Paus 
et al. ( 2009 ) reassessed the impact of the  DRD3  
Ser9Gly polymorphism on development of 
motor complications in a large-scale association 
study based on the gene bank of the German 

Competence Network on Parkinson’s disease, 
using stepwise regression analysis. Despite 
incorporating  established clinical risk factors to 
avoid overlooking an effect of genotype, no effect 
of DRD3 Ser9Gly on chorea, dystonia, or motor 
fl uctuation expressions in PD was observed. They 
confi rmed that duration of PD was confi rmed as 
the most important clinical risk factor, followed 
by age of disease onset and female gender. 
Furthermore, it was not possible to identify any 
effect of  DRD3  Ser9Gly on tremor in PD, even 
when regarding various symptom combinations 
to avoid missing a weak effect on the phenotype 
(Paus et al.  2010 ). AADC provides the major 
pathway for decarboxylation of  l -dopa to DA. 
Thus, the relationship between subregional 
AADC activity in the striatum and the PD symp-
toms, using high-resolution PET with an AADC 
tracer, 6-[ 18 F]fl uoro- l -m-tyrosine (FMT), has 
been assessed (Asari et al.  2011 ). They found that 
FMT uptake was decreased in the posterior puta-
men regardless of predominant motor symptoms 
and disease duration in all 101 patients and that 
severity of bradykinesia, rigidity, and axial symp-
toms was correlated with the decrease of FMT 
uptake in the putamen, especially in the anterior 
part.  l -Dopa is metabolized to 3-O-methyldopa 
by catechol-O-methyltransferase (COMT) under 
conditions of AADC inhibition that involve 
 l -dopa complications (Alachkar et al.  2010 ). 
COMT inhibitors, e.g., entacapone, increase the 
duration of motor responding by PD patients 
30–40 %, decreasing the motor fl uctuations, and 
effectively elevating the ON period (Kaakkola 
 2010 ; Rinne et al.  1998 ; Ruottinen and Rinne 
 1996a ,  b ). The extent and defi nition of COMT 
polymorphisms, particularly the  COMT  gene 
(rs4608) resulting in Val157Met, and related DA 
and  l -dopa metabolism and symptom profi les 
have been described (e.g., Kiyohara et al.  2011 ; 
Vallelunga et al.  2012 ; Wu et al.  2012 ). Corvol 
et al. ( 2011 ) determined the consequences of 
COMT polymorphisms upon 58 PD patients’ 
responses to entacapone (200 mg) coadminis-
tered with  l -dopa (50 mg), with regard to high 
(Val/Val,  COMT  HH ), intermediate (Val/Met, 
 COMT  HL ), and low (Met/Met,  COMT  LL ) COMT 
activity (Hernán et al.  2002 ). They observed that 
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the gain in the best ON-period time was higher in 
 COMT  HH  patients than in  COMT  LL  patients. Area 
under the concentration over time curve of  l -dopa 
increased more after entacapone in  COMT  HH  
patients than in  COMT  LL  patients, and COMT 
inhibition by entacapone was higher in  COMT  HH  
patients than in  COMT  LL  patients. They con-
cluded that the  COMT  HH  genotype enhanced the 
effect of entacapone on the pharmacodynamics 
and pharmacokinetics of  l -dopa in PD patients. 

 It has been observed that the benefi ts of 
levodopa therapy become less marked over 
time, possibly due to the degeneration of nigros-
triatal dopaminergic neurons inducing a pro-
gressive loss of AADC, the enzyme that converts 
levodopa into dopamine (Contin et al.  1994 ). 
Gene transfer of dopamine-synthesizing 
enzymes into the striatal neurons and/or neuro-
protective interventions has led to behavioral 
recovery in animal models (Harms et al.  2011 ; 
Huo et al.  2012 ; Laganiere et al.  2010 ; Zhou 
et al.  2011 ). Muramatsu et al. ( 2010 ) have pro-
vided evidence for the safety and effi cacy of 
AADC gene therapy in Phase I study of PD 
treatment. Using PET imaging with [(18)F]fl u-
oro- l -m-tyrosine tracer was used for evaluation 
of AADC expression and the UPDRS; 
Mittermeyer et al. ( 2012 ) observed elevated 
PET signal in the fi rst 12 months that persisted 
over 4 years in both dose (high and low) groups. 
The elevated PET value, compared with the pre-
surgery baseline, was maintained over the 
4-year monitoring period. The UPDRS off med-
ication for 12 h improved in the fi rst 12 months 
for all the patients, but deteriorated slowly in 
subsequent years. These studies implied that a 
therapy strategy involving manipulation of the 
AADC gene may prove a viable alternative. In a 
primate model of PD, intrastriatal infusion of an 
adeno- associated viral type 2 vector containing 
the human AADC gene (AAV-hAADC) results 
in robust response to low-dose levodopa without 
the side effects associated with higher doses. In a 
clinical trial, patients with moderately advanced 
PD received bilateral intraputaminal infusion of 
AAV-hAADC vector (Christine et al.  2009 ). 
Although gene therapy was well tolerated, 
1 symptomatic and 2 asymptomatic intracranial 

hemorrhages followed the operative procedure. 
Total and motor rating scales improved in both 
cohorts. Motor diaries also showed increased 
on- time and reduced off-time without increased 
ON-period time dyskinesia. At 6 months, FMT 
PET showed a 30 % increase of putaminal 
uptake in the low-dose cohort and a 75 % 
increase in the high-dose cohort. It appears that 
bilateral intrastriatal infusion of adeno-associ-
ated viral type 2 vector containing the human 
AADC gene improves mean scores on the 
Unifi ed Parkinson’s Disease Rating Scale by 
approximately 30 % in the on and off states, but 
the surgical procedure may be associated with 
an increased risk of intracranial hemorrhage and 
self-limited headache.  

    3  Pharmacogenomics 
of Neuroleptic-Induced 
Parkinsonism 

 Neuroleptic-induced parkinsonism (NIP), second-
ary parkinsonism, presents a movement disorder 
occurring in 15–40 % of patients treated with 
antipsychotic medication, with accompanying 
adverse effects on drug compliance, self- esteem, 
and quality of life (Gerlach  1999 ; Hirose  2006 ). 
It tends to develop slowly, over days to weeks, 
expressing high levels of variability in individual 
sensitivity/susceptibility to all the extrapyramidal 
side effects as a function of the pharmacological 
and pharmacodynamic profi les of the compounds 
applied (Friedman  2006 ,  2010 ; Thomas and 
Friedman  2010 ). Several risk factors affect the 
predisposition to development of NIP, including 
advanced age, gender (female), type of neurolep-
tic drug, age at diagnosis, and dose levels of 
drugs applied (Caligiuri et al.  1999 ,  2000 ; Jabs 
et al.  2003 ). Nevertheless, the high levels of vari-
ation in incidence have prompted attempts to 
identify genetic predisposition (e.g., Lencer 
et al.  2004 ). Using logistic regression and con-
trolling for population stratifi cation, age, gender, 
Simpson-Angus scale score at baseline, and 
 concomitant use of anticholinergic drugs, Alkelai 
et al. ( 2009 ) identifi ed several single-nucleotide 
polymorphisms associated with NIP severity. 
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They identifi ed a number of candidate genes that 
were likely to contribute to the pathophysiology 
of the syndrome. 

 Pharmacogenetic studies have generalized 
the several expressions of NIP, i.e., tardive dys-
kinesias, akathisia, and dystonia, into a single 
clinical syndrome (Gunes et al.  2007 ; Guzey 
et al.  2007 ; Nakazono et al.  2005 ). The etio-
pathogenesis could involve the antagonistic 
actions of neuroleptic compound upon dopamine 
DA D2 receptor gene, the DRD2 gene (Lidow 
 2000 ; Reynolds  2004 ; Mihara et al.  2000 ). 
However, Chong et al. ( 2003 ) failed to obtain 
evidence that the D2 genotype was involved in 
the pathophysiology of tardive dyskinesias in 
Chinese patients with schizophrenia. Instead, 
they pointed out that the association of tardive 
dyskinesias with the serine/serine genotype of 
the DRD3 may be an epiphenomenon of patients 
with a subtype of schizophrenic patients with 
greater exposure to neuroleptic drugs (see also 
Lee et al.  2008 ,  2010 ; Tan et al.  2003 ). 
Additionally, the modulating effects of the sero-
tonin 2A and 2C receptor genes, HTR2A and 
HTR2C, respectively, have been considered 
(Hamdani et al.  2005 ; Lerer et al.  2005 ). 
Grønbaek et al. ( 2008 ) studied the association 
between polymorphisms for DRD3, HTR2A, 
and HTR2C and NIP, rigidity, bradykinesia, and 
rest tremor in 117 African-Caribbean inpatients 
at the D.R. Capriles clinic (Curacao, Netherlands 
Antilles). Inclusion criteria were (1) absence of 
organic and neurological disorders that could 
cause movement disorders, (2) a history of neu-
roleptic use over at least 3 months, and (3) 
informed consent. Determination of polymor-
phisms was performed according to standard 
protocols, the Unifi ed Parkinson’s Disease 
Rating Scale (UPDRS) for assessment of NIP, 
rigidity, bradykinesia, and rest tremor. In the 
male patients, signifi cant associations between 
DRD2 (the  -141CDel -allele carriership) and 
rigidity, and HTR2C ( 23Ser -allele carriership) 
and bradykinesia, were obtained. Their overall 
conclusions pertained to symptom-specifi c phar-
macogenomic, personalized medicine analyses 
(see also Bakker et al.  2006 ).  

    4  Milmed-Exercise 
Combination as Personalized 
Intervention in PD 

 Physical exercise has been described as any and 
all activity that generates force through muscular 
activity that disrupts a homeostatic state 
(McArdle et al.  1974 ; Scheuer and Tipton  1977 ). 
Although daily physical activity holds benefi ts 
for general measures of function, quality of life, 
and physical strength, as well as increasing 
endurance (Dechamps et al.  2010 ; Marks et al. 
 2009 ,  2010 ), much evidence presents the mani-
fest advantages for cerebral integrity during 
aging (Kramer et al.  1999 ; Lustig et al.  2009 ; 
Marks et al.  2011 ). Any bodily activity that 
enhances or maintains physical fi tness implies 
the involvement of regular and frequent exercise. 
Morris and Schoo ( 2004 ) have defi ned exercise 
as a planned, structured physical activity with the 
purpose of improving one or more aspects of 
physical fi tness and functional capacity. Physical 
exercise offers a nonpharmacologic, noninvasive 
intervention that enhances brain health and plas-
ticity (Cotman and Berchtold  2002 ). It has been 
characterized on the basis of type, intensity, fre-
quency, and duration, with either endurance or 
resistance as the training end point (Mougios 
 2010 ). Long-term exercise benefi ts brain func-
tioning by increasing cerebral blood fl ow and 
oxygenation (Linkis et al.  1995 ), mobilizing 
growth factors and synaptic plasticity (Hunsberger 
et al.  2007 ), and facilitating performance through 
neurotransmitter release (Morishima et al.  2006 ; 
Waters et al.  2008 ). Regular physical exercise 
holds particular benefi ts for older individuals, 
whether under conditions of normal aging or 
affected by neurodegenerative disorders (Archer 
 2011 ; Archer et al.  2011a ,  b ). 

 Repeated administration of 1-methyl-4- 
phenyl-1,2,3,6-tetrahydropyridine (MPTP) to 
C57/BL6 mice induces selective and long-lasting 
lesions of dopamine (DA) in nigrostriatal regions 
of the brain (Jackson-Lewis et al.  1995 ; Jones- 
Humble et al.  1994 ). The susceptibility of mice to 
the neurotoxic actions of MPTP can be quite 
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 variable, depending on gender and strain differ-
ences, expressed in functional, neurochemical, 
and histochemical analyses (Schwarting et al. 
 1999 ; Sedelis et al.  2000a ,  b ,  2001 ,  2003 ). C57/
BL6 and Swiss Webster strains were shown to 
differ in c-Jun N-terminal kinases (JNKs) and 
c-JUN activation in response to MPTP. JNKs, of 
the mitogen-activated protein kinase family, are 
responsive to stress stimuli, such as cytokines, 
ultraviolet irradiation, heat shock, and osmotic 
shock; c-Jun is the name of a gene and protein 
that, in combination with c-Fos, forms the AP-1 
early response transcription factor. MPTP induced 
COX-2, an enzyme responsible for infl ammation 
and pain, responding exclusively in C57/BL6 
mice (Boyd et al.  2007 ). MPTP, administered 
systemically, induces parkinsonism in human 
and nonhuman primates (Langston  1985 ) that 
results in the loss of  substantia nigra  cells in the 
 pars compacta  of adult animals (Chiueh et al. 
 1985 ). It destroys selectively nigrostriatal neu-
rons thereby inducing acute, subacute, long- 
lasting, and even permanent effects that resemble 
certain features of PD, particularly the hypokinesic 
effects (Schultz et al.  1989 ). Systemic adminis-
tration of MPTP (2 × 40 mg/kg, s.c.) caused 
 l -dopa reversible hypoactivity (Fredriksson et al. 
 1990 ; Sundström et al.  1990 ). A less rigorous 
dose regime, e.g., 2 × 20 or 25 or 30 mg/kg, of 
MPTP has been found not to reduce motility in 
the C57 black mice, although DA brain concen-
trations may indicate up to 50–80 % reductions 
(Heikkila et al.  1989 ; Sonsalla and Heikkila 
 1986 ), unless given much more repeatedly (cf. 
Kurz et al.  2007 ). The parameters of MPTP treat-
ment neurotoxicity in mice are extremely long- 
lasting (up to and beyond 52 weeks after 
treatment) with strong correlations between the 
functional defi cits, particularly hypokinesia, the 
main biomarker, severe DA depletions, and a 
dose- and time-dependent recovery of several 
parameters of motor behavior following treat-
ment with the DA precursor,  l -dopa (Archer and 
Fredriksson  2003 ; Fredriksson and Archer  1994 ; 
Fredriksson et al.  1999 ). 

 In the unilateral 6-hydroxydopamine rat 
model of Parkinson’s disease (PD), Tillerson 
et al. ( 2001 ) abolished the lesion-induced motor 

asymmetry by forcing the rats to use affected 
(contralateral) limb, whereas forced nonuse exac-
erbated the injury (Tillerson et al.  2002 ). Both 
dopamine (DA) and 3,4-dihydroxyphenylacetic 
acid (Dopac) were elevated markedly in “casted” 
6-OHDA-treated rats (forced to use the contralat-
eral limb) compared with “non-casted” rats 
(Cohen et al.  2003 ). Archer and Fredriksson 
( 2010 ) found that daily running-wheel activity 
attenuated the hypokinesic effects of MPTP in 
both a concentrated (2 × 40 mg/kg, 24-h interval) 
and progressive (1 × 40 mg/kg, weekly doses over 
4 weeks) schedule with regard to spontaneous 
motor behavior and activity following a sub-
threshold dose of  l -dopa. The loss of DA in each 
case was attenuated by exercise also (Experiment 
I, 61 % of control rather than 17 %; Experiment 
II, 24 % rather than 11 %). Using the progressive 
schedule of MPTP treatment and extending the 
exercise intervention from 7 to 14 weeks, it was 
shown that spontaneous motor activity after 
MPTP was close to restoration, whereas activity 
after subthreshold  l -dopa was completely recov-
ered (Fredriksson et al.  2011 ); DA levels were 
restored from 17 % (non-exercised) to 64 % in 
the 14-week exercise intervention, and levels of 
brain-derived neurotrophic factor were increased 
signifi cantly. It was shown also that both the 
functional and DA defi cits by MPTP were attenu-
ated even by delayed introduction of exercise 
(Archer and Fredriksson  2012 ). 

 Brain-derived neurotrophic factor (BDNF) is 
a neurotrophin with widespread expression in the 
brain and is connected intimately with brain 
metabolism and homeostasis (Chaldakov  2011 ). 
It is associated with neurogenesis, neuronal sur-
vival, and neuroreparation in the brain and CNS 
(Cui  2006 ; Numakawa et al.  2010 ). Treatment 
interventions that enhance BDNF-related signal-
ing have the potential to restore neural connectiv-
ity (Kaplan et al.  2010 ). Physical exercise induces 
improvements in motor ability and enhances 
BDNF expression (Macias et al.  2009 ). It is 
linked to elevated BDNF levels in the hippocam-
pus (Neeper et al.  1996 ; Oliff et al.  1998 ). 
Voluntary running, as physical activity, amplifi es 
the BDNF signal that augments neurogenesis 
through diverse molecular pathways (Stranahan 
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et al.  2009 ). BDNF mediates several essential 
morphological changes at neuronal levels that 
include dendritic arborization (Imamura and 
Greer  2009 ; Zhou et al.  2008 ), axonal and den-
dritic remodeling (Jeanneteau et al.  2010 ; Menna 
et al.  2003 ), synaptogenesis (Liu et al.  2009b ; 
Tchantchou et al.  2009 ), and synaptic effi cacy 
(Boulanger and Poo  1999 ; Sallert et al.  2009 ). 
Faherty et al. ( 2005 ) have shown that a combination 
of exercise, social interactions and learning, or 
exercise alone during adulthood gave total 
protection against MPTP-induced parkinsonism. 
They found also that changes in mRNA expres-
sion suggested that increases in glial-derived 
neurotrophic factors, coupled with a decrease of 
dopamine-related transporters (e.g., dopamine 
transporter, DAT; vesicular monoamine trans-
porter, VMAT2), contributed to the observed 
neuroprotection of dopamine neurons in the 
nigrostriatal system following MPTP exposure. 
Tajiri et al. ( 2010 ) observed that exercise induced 
behavioral recovery in an animal model of PD 
and caused increased BDNF and glial-derived 
neurotrophic factor (GDNF) in the striatum of 
6-OHDA-treated rats. 

 The production of Milmed is a patent- 
protected treatment of yeast cultures, but for any 
synergistic antiparkinson effect, a regime of phys-
ical exercise must be incorporated: the basis of 
“personalized medicine” builds upon this partic-
ular combination, whereas the pharmacogenetic 
aspect involves the selective susceptibility of the 
C57/Bl6 mouse strain for the DA neurotoxin, 
MPTP. The yeast cultures,  Saccharomyces cere-
visiae  or  Saccharomyces carlsbergensis , have 
been utilized as industrially important cell factories 
(Nielsen and Jewett  2008 ), with many regulatory 
pathways conserved between these yeasts and 
humans (Zhang et al.  2010 ). Cell death studies 
using yeast apoptosis increasingly provide a 
model for analyzing the cascade of molecular 
events that contribute to neurodegenerative disor-
ders (Carmona-Gutierrez et al.  2010 ; Petranovic 
et al.  2010 ). Several features of PD have been 
reproduced in yeast with cell death promotion in 
a concentration-dependent manner (Outeiro and 
Lindquist  2003 ) with possibilities for facilitating 
the development of both therapeutic targets and 

compounds (Braun et al.  2009 ; Teneiro and 
Outeiro  2010 ). This experiment illustrates, for 
the purposes of this review, that the treatment of 
yeast cell cultures themselves provides an agent 
that provides an antiparkinson effect. The treat-
ment and preparation of  Saccharomyces cerevi-
siae  or  Saccharomyces carlsbergensis  with 
electromagnetic waves in the extreme high 
frequency (EHF) range of 30–300 GHz produces 
a treated yeast extract, given the name Milmed 
(i.e., Milmed®). This treatment was developed 
through the pioneering work of MB Golant 
(Golant  1994 ; Golant et al.  1994 ; Ragimov et al. 
 1991 ) upon the genesis and reparation of cells. 
The coadministration of Milmed with daily 
physical exercise has been reported to induce 
plasticity in attenuating MPTP-induced motor 
defi cits (Oscarson et al.  2009 ). 

 This following experiment illustrates that, as 
an example of “personalized medicine,” physical 
exercise in a running wheel combined with 
administration of the treated Milmed (yeast 
extract) under conditions where the extract was 
charged or uncharged would ameliorate the func-
tional and DA defi cits induced by MPTP under 
Milmed regimes. Additionally, BDNF levels in 
the parietal cortex (including the motor cortex) 
were assayed in order to assess the effects of 
MPTP, MPTP + Exercise, and MPTP + Exercise 
combined with charged or uncharged Milmed 
(“yeast extract”). Here, the notion of “personal-
ized medicine” derives from the particular com-
bination of physical exercise regime with twice 
weekly doses of Milmed. In the case of the mice 
studied here, daily 30-min bouts of running- 
wheel activity constituted the exercise regime. 

    4.1  Description of Exercise-
Milmed Intervention 

   4.1.1  Animals 
    Male C57 Bl/6 mice were purchased from B&K, 
Sollentuna, Sweden, and were maintained, fi ve to 
a cage, in plastic cages in a room at temperature 
of 22 ± 1 °C and a 12/12 h constant light/dark 
cycle (lights on between 06.00 and 18.00 h). 
They were placed and maintained in groups of 
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four to six animals in a room maintained for male 
mice only following arrival at the laboratory for 
about 2 weeks in order to acclimatize. Free access 
to food and water was maintained throughout, 
except for the day previous to the initiation to 
wheel-running exercise which occurred at the 
end of the second week following arrival. They 
were housed in groups of six animals, wheel- 
running exercised and activity chamber tested 
only during the hours of light (08.00–15.00 h). 
All exercising and testing was performed in a 
normally lighted room. Half of the mice in each 
treatment condition (MPTP-Exer, MPTP-Exer- 
Milmed, and Vehicle) were given wheel-running 
exercise, whereas the other half were placed in a 
clean laboratory cage for the same period in a 
room in which the running wheels were placed. 
Motor activity was tested in a specially arranged 
test room. This test room, in which all 12 ADEA 
activity test chambers, each identical to the 
home cage, were placed, was well secluded and 
used only for this purpose. Each test chamber 
(i.e., motor activity test cage) was placed in a 
soundproofed wooden box with 12-cm-thick 
walls and front panels and a small double-glass 
window to allow observation; each box had a 
dimmed lighting. 

 Three weeks following arrival, four groups 
( n  = 10) of DSP4-treated and two groups of 
vehicle- treated mice were administered with 
either MPTP (2 × 40 mg/kg, s.c., 24 h between 
injections) or vehicle (0.9 % physiological saline 
injected s.c. in a volume of 2 ml/kg body weight). 
Milmed (see below for details of preparation) or 
vehicle was administered twice weekly. 

 Experiments were carried out in accordance 
with the European Communities Council 
Directive of 24 November 1986 (86/609/EEC) 
after approval from the local ethical committee 
(Uppsala University and Agricultural Research 
Council) and by the Swedish Committee for 
Ethical Experiments on Laboratory Animals 
(license S93/92 and S77/94, Stockholm, Sweden).  

   4.1. 2  Drugs 
 MPTP (Research Biomedical Inc., MA, USA, 
2 × 20 mg/kg or 2 × 40 mg/kg, s.c., with a 24-h 
interval between injections in each case) was 

dissolved in saline and administered s.c. in a 
volume of 2 ml/kg body weight. Milmed was 
obtained through treatment and preparation of 
Saccharomyces cerevisiae with electromagnetic 
waves in the extreme high frequency (EHF) range 
of 30–300 GHz to produce the treated yeast 
extract (cf. Golant  1994 ). Saline was used as 
vehicle in each case.  

   4.1.3  Behavioral Measurements 
and Apparatus 

 Activity test chambers. An automated device, 
consisting of macrolon rodent test cages 
(40 × 25 × 15 cm) each placed within two series of 
infrared beams (at two different heights, one low 
and one high, 2 and 8 cm, respectively, above the 
surface of the sawdust, 1 cm deep), was used to 
measure spontaneous motor activity (RAT-O- 
MATIC, ADEA Elektronic AB, Uppsala, 
Sweden). The distances between the infrared 
beams were as follows: the low-level beams 
were 73 mm apart lengthwise and 58 mm apart 
breadthwise in relation to the test chamber; 
the high-level beams, placed only along each 
long side of the test chamber, were 28 mm apart. 
According to the procedures described previ-
ously (Archer et al.  1986 ), the following 
parameters were measured:     locomotion  was 
measured by the low grid of infrared beams. 
Counts were registered only when the mouse in 
the horizontal plane is ambulating around the test 
cage.  Rearing  was registered throughout the 
time when at least one high-level beam was 
interrupted, i.e., the number of counts registered 
was proportional to the amount of time spent 
rearing.  Total activity  was measured by a sensor 
(a pickup similar to a gramophone needle, 
mounted on a lever with a counterweight) with 
which the test cage was constantly in contact. 
The sensor registered all types of vibration 
received from the test cage, such as those pro-
duced both by locomotion and rearing as well as 
shaking, tremors, scratching, and grooming. All 
three behavioral parameters were measured over 
three consecutive 20-min periods. The motor 
activity test room, in which all 12 ADEA activity 
test chambers, each identical to the home cage, 
were placed, was well secluded and used only for 
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this purpose. Each test chamber (i.e., activity 
cage) was placed in a soundproofed wooden box 
with 12-cm-thick walls and front panels and day 
lighting. Motor activity parameters were tested 
on one occasion only, over three consecutive 
20-min periods, at the age of 3–4 months. 
Groups of mice were treated with MPTP and 
then given access to running wheels (30 min/
day, 4 times/week), with or without concomitant 
treatment with Milmed ([Milm(1)-charged] or 
[Milm(0)]-uncharged = yeast itself), as displayed 
in Table  14.1 .

      4.1.4 Neurochemical Analysis 
 Mice were killed by cervical dislocation within 
2 weeks of completion of behavioral testing. 
Determination of DA was performed using a 
high-performance liquid chromatograph with 
electrochemical detection (HPLC-EC), accord-
ing to Björk et al. ( 1991 ), as modifi ed by Ye Liu 
et al. ( 1995 ). Striatal regions were rapidly dis-
sected out and stored at −80(C    until neurochemi-
cal analysis. DA concentration was measured as 
follows: the frozen tissue samples were weighed 
and homogenized in 1 ml of 0.1 M perchloric 

acid, and alpha-methyl-5-hydroxytryptophan 
was added as an internal standard. After centrifu-
gation (12,000 rpm, i.e., 18,600 g, 4 °C, 10 min) 
and fi ltration, 20 µl of the supernatant was 
injected into the HPLC-EC to assay DA. The 
HPLC system consisted of a PM-48 pump 
(Bioanalytical Systems, BAS) with a CMA/240 
autoinjector (injection volume, 20 µl), a precol-
umn (15 × 3.2 mm, RP-18 Newguard, 7 µm), a 
column (100 × 4.6 mm, SPHERI-5, RP-18, 5 µm), 
and an amperometric detector (LC-4B, BAS, 
equipped with a Ag/AgCl reference electrode and 
a MF-2000 cell) operating at a potential of 
+0.85 V. The mobile phase, pH 2.69, consisted of 
K 2 HPO 4  and citric acid buffer (pH 2.5), 10 % 
methanol, sodium octyl sulfate, 40 mg/l, and 
EDTA. The fl ow rate was 1 ml/min, and the tem-
perature of the mobile phase was 35 °C.  

   4.1.5 BDNF Analysis 
 The methods and procedures described by Viberg 
et al. ( 2008 ) were maintained. Frontal cortex, 
parietal cortex, and hippocampus tissues from 
the mice in each group were sonicated in 20 
volumes (w/v) of ice-cold lysis buffer (137 mM 

   Table 14.1    Chronological and experimental design for MPTP treatment, exercise schedule, and Milmed (charged/
uncharged) administration over the 14-week experiment   

 Time and test  Day  Vehicle  MPTP  MPTP + Exer 
 MPTP + Exer +
Milm(1) 

 MPTP + Exer +
Milm(0) 

 Monday  Cage  Cage  Exer  Exer  Exer 
 Tuesday  Cage  Cage  Exer  Exer  Exer 

 Weeks 1–4  Wednesday  Cage  Cage  Exer  Exer  Exer 
 Thursday  Cage  Cage  Exer  Exer  Exer 

 Tests 1–4 a   Friday  Test + sal  Test + MPTP b   Test + MPTP b   Test + MPTP b   Test + MPTP b  
 Monday  Cage  Cage  Exer  Exer  Exer 
 Tuesday  Cage  Cage  Exer  Exer  Exer 

 Weeks 5–8  Wednesday  Cage  Cage  Exer  Exer  Exer 
 Thursday  Cage  Cage  Exer  Exer  Exer 

 Tests 5–8 a   Friday  Test + sal  Test  Test  Test  Test 
 Monday  Cage  Cage  Exer  Exer  Exer 
 Tuesday  Cage  Cage  Exer  Exer  Exer 

 Weeks 9–14  Wednesday  Cage  Cage  Exer  Exer  Exer 
 Thursday  Cage  Cage  Exer  Exer  Exer 

 Tests 9–14 a   Fridayc  Test + sal  Test  Test  Test  Test 

   a Spontaneous activity over 60 min 
  b MPTP (40 mg/kg) injected during the fi rst 4 weeks 
  c  l -dopa (5 mg/kg, s.c.) tests after 60-min habituation to test cages 6, 8, 10, 12, and 14 weeks     
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NaCl; 20 mM Tris–HCl, pH 8.0; 1 mM 
phenylmethyl- sulfonyl fl uoride; 10 lg/ml apro-
tinin; 1 lg/ml leupeptin). The homogenate was 
centrifuged for 20 min at 200,009 g at 4 °C, and 
the supernatant was acidifi ed (pH 3) with HCl 
and neutralized back to pH 7.6 with NaOH. The 
Promega Emax TM ImmunoAssay System was 
used to determine the amount of BDNF in the 
samples according to the technical bulletin sup-
plied by the distributor. Briefl y, BDNF from each 
sample was captured with a monoclonal antibody 
(mAb) against BDNF; captured BDNF was then 
bound to a second specifi c polyclonal antibody 
(pAb) against BDNF. After washing, the amounts 
of specifi cally bound pAb were detected by using 
a specifi c anti-IgY antibody conjugated to horse-
radish peroxidase (HRP) as a tertiary reactant. 
Unbound conjugate was removed through wash-
ing, and after an incubation period with a 
chromogenic substrate, the color change was 
mea sured in a microplate reader at 450 nm. The 
amount of BDNF was proportional to the color 
change generated and compared with a standard 
curve. The cross-reactivity to other neurotrophic 
factors was less than 3 %, and the purity of the 
anti-BDNF antibodies was greater than 95 %.   

   4.2  Effects of Exercise-Milmed 
on MPTP-Induced Defi cits 

   4.2.1 Spontaneous Motor Activity 
 Mice treated with MPTP showed a marked hypo-
kinesic effect over all 14 Test days from Test day 
2 onwards. Access to physical exercise (running 
wheel) retarded the onset of MPTP-induced 
hypokinesia until Test day 5 and then attenuated 
the hypokinesia throughout. Uncharged Milmed 
(Milm(0)) in combination with physical exercise 
also retarded and attenuated the hypokinesia 
induced by MPTP. Charged Milmed (Milm(1)) in 
combination with physical exercise abolished 
any sign of hypokinesia throughout. Split-plot 
ANOVA indicated a Treatment × Days interac-
tion: ( F (52, 629) = 16.08,  p  < 0.0001   ). Pairwise 
testing with Tukey’s HSD indicated the following 
differences over all three motor activity parame-
ters, locomotion, rearing, and total activity: 

 Vehicle, MPTP + Exer + Milm(1) > MPTP + Ex
er + Milm(0), MPTP + Exer > MPTP during Test 
days 2–14 (Fig.  14.1 ).

      4.2.2  L -Dopa-Induced Activity 
 Mice treated with MPTP showed a marked 
hypokinesic effect over all fi ve  l -dopa-induced 
tests (Test days 6, 8, 10, 12, and 14). Both 
physical exercise, by itself, or combined with 
uncharged Milmed attenuated the loss of  l -dopa-
induced activity over Test days 6, 8, 10, and 12, 
but abolished this loss on Test day 14. Physical 
exercise combined with charged Milmed abol-
ished MPTP-induced  l -dopa activity defi cits 
throughout. Split-plot ANOVA indicated a 
Treatment × Days interaction:  F (16, 224) = 9.65, 
 p  < 0.0001. Pairwise testing with Tukey’s HSD 
indicated the following differences over all three 
motor activity parameters, locomotion, rearing, 
and total activity: 

 Vehicle, MPTP + Exer + Milm(1) > MPTP +
Exer + Milm(0), MPTP + Exer > MPTP during 
Test days 2–14 (Fig.  14.2 ).

      4.2.3 Neurochemical Analysis 
 Mice treated with MPTP showed a marked loss 
of DA in the striatum (17 % of control values). 
This effect was attenuated strongly by physical 
exercise by itself (MPTP + Exercise = 64 % of 
control values) or combined with uncharged 
Milmed (MPTP + Exercise + Milmed[yeast]
(0) = 65 % of control values). The combination 
of physical exercise with charged Milmed 
(MPTP + Exercise + Milmed[yeast](1)) abol-
ished completely any loss of DA (101 % of 
control values). One-way ANOVA indicated a 
signifi cant group effect:  F (4, 30) = 47.27, 
 p  < 0.0001. Tukey testing indicated the follow-
ing differences: 

 MPTP + Exercise + Milmed[yeast](1), Vehicle 
>  MPTP + Exerc ise  +  Milmed[yeas t ] (0) , 
MPTP + Exercise > MPTP (Fig.  14.3 ).

      4.2.4 BDNF Analysis 
 Mice treated with MPTP showed a marked eleva-
tion of BDNF in the parietal cortex (including 
motor cortex) of the MPTP group (431 % com-
pared with control values) compared with the 
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vehicle group. This elevation of BDNF was 
increased by both physical activity itself (528 % 
of control values) and in combination with 
uncharged Milmed (MPTP + Exercise + Milmed
[yeast](0) = 534 % of control values). BDNF ele-
vation was greatest in the case of the charged 
Milmed (MPTP + Exercise + Milmed[yeast](1)) 

group (853 % of controls). One-way ANOVA 
indicated a signifi cant group effect:  F (4, 
30) = 18.27,  p  < 0.0001. Tukey testing indicated 
the following differences: 

 MPTP + Exercise + Milmed[yeast](1) > MPTP 
+ Exercise + Milmed[yeast](0), MPTP + Exercise 
> MPTP > Vehicle (Fig.  14.4 ).

0

300

600

900

1200

0

400

800

1200

1600

Vehicle
MPTP
MPTP+Exercise
MPTP+Exercise+Yeast (1)
MPTP+Exercise+Yeast (0)

0
1 2 3 4 5 6 7 8

Test week

T
o

ta
l a

ct
iv

it
y 

m
ea

n
R

ea
ri

n
g

 m
ea

n
L

o
co

m
o

ti
o

n
 m

ea
n

9 10 11 12 13 14

3000

6000

9000

12000

1600

  Fig. 14.1    Mean locomotion, rearing, and total activity during the spontaneous motor activity by Vehicle, MPTP   , 
MPTP + Exercise, MPTP + Exercise + Milmed [yeast](1), and MPTP + Exercise + Milmed [yeast](0) over Test days 1–14       
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       4.3  Milmed-Exercise Synergism 
Abolishes MPTP-Induced 
Defi cits 

 Physical exercise alleviates both the symptoms 
and the biomarkers (e.g., DA loss) of PD in the 
laboratory and in the clinical setting (Archer and 

Fredriksson  2010 ,  2012 ; Archer et al.  2011a ,  b ; 
Fredriksson et al.  2011 ). The combination 
 physical exercise and Milmed abolished MPTP-
induced parkinsonism in the laboratory both 
functionally and neurochemically such that the 
antiparkinsonian effects were in excess of the 
summation of exercise and Milmed effects by 
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during the  l -dopa-induced motor activity by Vehicle, 
MPTP, MPTP + Exercise, MPTP + Exercise + Milmed[yeast]
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themselves; in the absence of exercise, Milmed 
does not affect MPTP-induced hypokinesia or 
DA loss at all (Archer and Fredriksson, unpub-
lished results). The notion that exercise-induced 
elevations in BDNF may be of signifi cance for 
the treatment of aging disorders is not novel, 
since memantine, a medium-affi nity uncompeti-
tive  N -methyl- d -aspartate receptor antagonist 
applied clinically as a neuroprotective agent to 

treat AD and PDs, increased BDNF mRNA lev-
els markedly in the limbic cortex at clinically 
relevant doses (Marvanová et al.  2001 ). The 
present fi ndings that (a) MPTP treatment induced 
a marked increase in parietal BDNF and (b) 
exercise over 14 weeks further increased levels 
of BDNF in the parietal cortex appear to lend 
credence for the involvement of BDNF in the 
exercise- induced recovery of function and DA 
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  Fig. 14.3    Mean striatal dopamine concentrations in the Vehicle, MPTP, MPTP + Exercise, MPTP + Exercise +
 Milmed[yeast](1), and MPTP + Exercise + Milmed[yeast](0) groups       

  Fig. 14.4    Mean parietal cortex (including motor cortex) BDNF concentrations in the Vehicle, MPTP, MPTP + Exercise, 
MPTP    + Exercise + Milmed[yeast](1), and MPTP + Exercise + Milmed[yeast](0) groups       

 

 

14 Pharmacogenomics and Personalized Medicine in Parkinsonism



280

innervation following repeated doses of MPTP. 
The lack of exercise-induced changes in hippo-
campal BDNF suggests that the level of running- 
wheel exercise per day and week under present 
conditions was insuffi cient. It appears that pari-
etal cortex BDNF may exert an important media-
tory role, hitherto unobserved, upon functional 
and biomarker recovery in experimental parkin-
sonism. The manifest benefi ts of physical exer-
cise on neurodegenerative states are dependent 
on a variety of parameters that determine prog-
nosis, intervention, and outcome, not least per-
taining to the particular disorder under considera -
tion (Archer  2011 ; Archer et al.  2011a ,  b ).   

    5 Conclusions 

 Clinicogenetic trials have demonstrated that 
therapeutic drug effi cacy or toxicity or suscepti-
bility for adverse effects presents disorder-inter-
vention features increasingly found to be 
governed by genetic and epigenetic principles 
(Kalinderi et al.  2011 ). In a large multicentered 
study to ascertain the frequency and pathogenic-
ity of reported VPS35 variants worldwide, 
Sharma et al. ( 2012 ) sought to identify a muta-
tion (p.Asp620Asn) in the vacuolar protein sort-
ing 35 (VPS35) gene as possible cause for 
autosomal dominant form of PD. The identifi ed 
pathogenic variant p. Asp620Asn was identifi ed 
in 8 cases and 1 control from Italy, US, Poland, 
and Australia; three sites (Poland, Ireland, and 
US) detected p.Leu774Met variant in 6 cases 
and 4 controls; and one site (Norway) detects 
p.Gly1Ser variant in 3 cases and 1 control 
with two reported variants (p.Arg524Trp and 
p.Ile241Met) monomorphic. The overall analy-
sis described an increased risk for PD for 
p.Asp620Asn and p.Leu774Met variants, respec-
tively, in their cohort, thereby highlighting the 
role of rare variants in the complex PD condi-
tion. Current levels of information pertaining to 
notions of pharmacogenomics, epigenetics, and 
biomarkers that are modulated by interindividual 
variability affect the diagnosis, intervention, 
and prognosis of both PD disorder expression 
and therapeutic strategies. Symptom profi les and 

course of disease, etiopathological heterogeneity, 
and etiopathogenesis may be elucidated through 
recourse to a dimensional approach to patho-
physiology through the distinguished endophe-
notypes and biomarkers of disorder progression 
(Archer et al.  2010 ). Much increasing evidence 
suggests that epigenetic mechanisms, such as 
DNA methylation, histone modifi cations, and 
small RNA-mediated mechanisms, may regulate 
the expression of PD-related genes (Coppedè 
 2012 ). Finally, the coadministration of exercise 
regimes with agents (like Milmed) offering 
potential neuroreparative/neurogenesis agency 
may present useful ingredients for personalized 
medicine.     
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1             Introduction 

 Alzheimer’s disease (AD) and related dementias 
present major health problems throughout the 
world, against a background of ever-older popu-
lations, with disability concerns in older adults. 
Prevalence increases exponentially from about 2 % 
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 Abstract 

   Alzheimer’s disease (AD) and related dementias, neurodegenerative 
disorders accompanied by progressive deterioration of cognitive capacity, 
every-day behavior abilities, and integrity of brain tissue, present an 
ever- growing, worldwide dilemma due to aging populations confronted by 
a related neuropathology. The “amyloid cascade hypothesis,” that patho-
physiology is driven by the ever-increasing burden of β-amyloid in the 
brains of affl icted patients, involves a poorly understood orchestration 
encompassing multitudes of enzymes and signaling pathways arranged in 
vast and diverse arrays of cellular processes, and vascular considerations 
all of which are under the control of predictive genes and susceptibility 
genes that describe genetic and genes x environmental epigenetic interactions. 
Genetic aspects of these disorders and the intricacies of pharmacogenomics 
implicated several neurotransmitter pathways, circuits and regional brain 
developments, and metabolism that reinforce the growing requirements 
for personalized medicine. The search for individual-based medication, in 
addition to genomic assay and biomarker identity, seeks to establish a 
“reregulation” of destructive β-amyloid pathways, an understanding and 
application of Aβ-linked immunotherapy, the initiation and formulation 
of pharmacogenetic/pharmacogenomics principles and methodologies, the 
emergence of the role of apolipoprotein (APOE) in therapeutic endeavor, 
the assessment and treatment of behavioral and psychological symptoms, 
the therapies focused upon frontotemporal dementia, and the interventions 
centered around instrumental activities of daily activities. 
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at 60–65 years of age to greater than 30–35 % 
in individuals aged more than 80 years, after 
65 years of age doubling every 5-year age 
increase (Lobo et al.  2000 ). Over 35 million indi-
viduals were diagnosed with AD with an expec-
tation of at least a doubling by 2030 (Alzheimer’s 
disease International Consortium  1996 , assessed 
2012). Nevertheless, it is important to bear in 
mind that the onset and development of and asso-
ciated disorders differs from individual to indi-
vidual but that there exist a number of common 
symptoms between individuals. Early symptoms 
are often mistakenly thought to be “age-related” 
concerns or manifestations of stress (Waldemar 
 2007 ). AD (50–70 %), vascular dementia (30–40 %), 
and mixed dementia (15–20 %) account for more 
than 90 % of the most prevalent forms of dementia. 
AD presents the common type of dementia 
observed in 50–70 % of all individuals presenting 
the disorder in Western industrialized countries 
(Cacabelos  2008 ), with the neurodegenerative 
effects of the disease state associated with 
phenotypic expression of more than 200 genes 
(Cacabelos et al.  2012 ). In addition to the huge 
burden of responsibility placed upon caregivers 
and society, current estimates of treatment and 
mortality costs as well as the cost- effectiveness 
of disease-modifying drugs attest to the ever-
increasing economic burden (Sköldunger et al. 
 2013 ). Early symptoms may interfere with the 
most complex daily living activities. The notion of 
staging is central to any discourse on the disorder. 
In the early stages, the most common symptom is 
diffi culty in remembering recent events. Subtle 
problems with the executive functions of attentive-
ness, planning, fl exibility, and abstract thinking, 
or impairments in semantic memory (memory of 
meanings and concept relationships) may be 
associated with the early stages of the disorder 
(Nygård  2003 ), as well as apathy which remains 
as the most characteristic symptom that persists 
throughout (Landes et al.  2001 ). 

 AD is a neurodegenerative disease accompa-
nied by the progressive deterioration of cognitive 
capability and associated with the deposition of 
extracellular plaques, aggregated Aβ peptides, by 
intraneuronal neurofi brillary tangles and synapse 
and focal neuronal loss (Duykaerts et al.  2009 ). 

AD pathology is characterized by the accumulation 
of misfolded protein (beta-amyloid, a peptide of 
36–43 amino acids processed from the amyloid 
precursor protein), oxidative damage, and infl am-
matory changes resulting in region- specifi c loss 
of synaptic connections and neuronal cell death 
(Querfurth and LaFerld  2010 ). When AD is sus-
pected, the diagnosis is usually confi rmed with 
tests that evaluate behavior and thinking abilities, 
often followed by brain imaging analyses if these 
techniques are available for application. With 
disease progression, several other symptoms may 
emerge, including states of confusion, irritability 
and aggression, fl uctuations in mood states, 
problems in expressing language, and long-term 
memory loss. Withdrawal from family members, 
friends, and society should be expected as the 
patient declines and loses capacities. Eventually, 
bodily functions deteriorate, the patient requiring 
more and more care and supervision, and the 
continued loss ultimately leads to death. Due to 
the uniqueness of the disease state for each 
individual, any predictions as to how particular 
individuals may be affected are not only diffi cult 
but speculative, thereby emphasizing the extreme 
necessity for “personalized medication.” The 
availability of current treatments for AD is 
severely limited with those drug interventions 
that are applicable only providing modest effi cacy 
and symptom alleviation. AD symptoms and 
biomarkers progress for an unknown and variable 
amount of time before becoming fully apparent 
to family and friends; the individual’s predicament 
may remain undiagnosed for years. The life 
expectancy following diagnosis has been estimated 
to be approximately 7 years, with less than 3 % of 
individuals surviving more than 14 years after 
diagnosis (Mölsä et al.  1986 ). 

 The “amyloid cascade hypothesis” of AD 
posits that the pathophysiology is driven by a 
progressively increasing burden of β-amyloid in 
the brains of affl icted patients, via the aberrant 
proteolysis of β-amyloid precursor protein (βAPP) 
into neurotoxic amyloid beta (Aβ) peptides 
that is central to the etiopathogenesis of AD. 
Nevertheless, the relative failure of the hypothesis, 
based upon the lack of suffi cient therapeutic 
effi cacy of β-amyloid-lowering agents, points 
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towards a level of disorder complexity combined 
with a multiplicity of gene-environment interac-
tions that have yet to be understood, although the 
failure of these agents clinically does necessarily 
discount the hypothesis. The evidence that 
β-amyloid processing is distributed over a multi-
tude of enzymes and signaling pathways, all 
of which involve a vast and diverse array of 
cellular processes, suggests that the orchestration 
of AD pathophysiology is poorly understood. 
Alternatively, there is the possibility that neuro-
toxic β-amyloid levels had already wreaked 
suffi cient destruction that causes irreversible 
damage to downstream cellular pathways that 
expressions of dementia had already been estab-
lished. Teich and Arancio ( 2012 ) have argued 
that AD drug therapy would benefi t from direct 
approaches through elucidation of mechanisms 
through which elevated β-amyloid disrupts synaptic 
and electrochemical physiology. Herrmann et al. 
( 2011 ) indicate that not only amyloid-β aggregation 
but other possible neuronal mechanisms – such 
as hyperphosphorylated tau, neuroinfl ammation, 
and other processes – play important roles in the 
pathophysiology of this multifactorial disorder. 
Development of better disease models and bio-
markers is essential for the advancement of 
knowledge of the disease mechanisms (see also 
   Levy et al.  2011 ). Recent advances in cerebrospinal 
fl uid (CSF) biomarkers and neuroimaging tech-
niques, e.g., PET for Aβ imaging in brain, have 
facilitated the identifi cation of “high-risk” patients 
for AD prior to onset of clinical signs and/or 
prodromal stages (Isaac et al.  2011 ). This category 
of patients may benefi t from preventive therapies 
that retard progression to prodromal AD (cf. Archer 
et al.  2011c ) or to AD dementia (Dubois et al.  2012 ). 
Vascular alterations predate AD neuropathology 
both in animal models of AD and in the develop-
ment of cognitive defi cits by “high-risk” AD patients. 

 Patients with a clinical history of stroke show 
increased risk for AD development (Honig et al. 
 2003 ), with “silent” brain infarcts (SBIs) more 
than doubling the risk for dementia, including 
AD (Vermeer et al.  2003 ,  2007 ); these AD with 
SBI patients present lower global function cogni-
tive scores compared with “pure” AD patients 
(Song et al.  2007 ). A Japanese MRI study indi-

cated that one third of AD-diagnosed patients 
were SBIs (Matsui et al.  2005 ). Dementia occurs 
in the presence of a lower number of AD lesions 
in patients presenting vascular lesions than those 
without (Zekry et al.  2002 ), and high vascular 
scores were linked to dementia and AD irre-
spective of type of vascular lesion (Strozyk et al. 
 2010 ), with strategic localization of lacunar 
infarcts and white matter lesions related to defi cit 
profi les (Duering et al.  2011 ). Pimentel-Coelho 
and Rivest ( 2012 ) have reviewed the interactions 
between cerebrovascular diseases and AD brain 
pathophysiology, chronic cerebral hypoperfusion 
in AD and the mechanisms involved, arteriolo-
sclerosis and cerebral amyloid angiopathy which 
constitute the most common forms of cerebral 
small-vessel disease of early origin (Deramecourt 
et al.  2012 ), impairments in cerebral autoregula-
tion, vascular reactivity and cerebral blood fl ow, 
impaired angiogenesis in AD, and the possible 
links between vascular dysfunction and neuro-
genesis impairments in AD. They present a uni-
fying vascular model hypothesis of interactions 
between cerebrovascular disease and pathogenic 
mechanisms in AD. The model outlines the 
notion that vascular risk factors and other 
AD-related genetic and environmental risk factors 
trigger a variety of events converging on neuro-
vascular unit dysfunction and BBB damage 
(Zipser et al.  2007 ) that cause cerebral blood fl ow 
reductions in multiple brain regions prodromally 
and even prior to that. Disease progression is 
governed by synergistic interaction of these 
destructive forces resulting in synaptic impairments, 
neuronal dysfunction and neurodegeneration 
(Zlokovic  2011 ), cognitive defi cits, and dementia. 
The progressive “derailing” of regenerative mech-
anisms, angiogenesis and neurogenesis, perpetuates 
the cycle of vascular and neuronal damage.  

2      Genetic Aspects of AD 

 AD presents a genetically dichotomous disor-
der defined by (1) early-onset familial cases 
 characterized by Mendelian inheritance 
(EO-FAD) and (2) late onset (>60 years) with 
no  consistent mode of transmission (LOAD, 
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see below; Bertram and Tanzi  2005 ,  2008 ,  2009 , 
 2012 ; Bertram et al.  2007 ,  2008 ,  2010 ;    Tanzi and 
Bertram  2005 ). EOAD (see below) occurs in 
(>60 years) AD cases of familial clustering with 
80 % of cases involving inheritance of genetic 
factors (Gatz et al.  2006 ). Progressive cognitive 
deterioration, behavioral disturbances, and general 
functional decline are expressions of a polygenic 
condition in which hundreds of genes across the 
human genome may be associated with environ-
mental inducers, cerebrovascular dysfunction, 
and epigenetic infl uences. Whereas “sporadic” AD 
(see below, linked with LOAD) is susceptible 
to genetic variants modulated through life envi-
ronmental situation, EO-FAD is associated 
with rare, fully penetrant mutations in three 
different genes: (1)  APP  gene-amyloid-β protein 
precursor-chromosome 21q21-molecular pheno-
type increased Aβ 42 /Aβ 40  ratio, (2)  PSEN1  
gene- presenilin 1-chromosome14q24-molecular 
phenotype increased Aβ 42 /Aβ 40  ratio, and (3) 
 PSEN2  chromosome 1q31-molecular phenotype 
increased Aβ 42 /Aβ 40  ratio (Kounnas et al.  2010 ; 
Tanzi  2012 ). It seems that the only gene variant 
regarded as an established LOAD risk factor is 
the ε4 allele of  APOE  gene (see below, Strittmatter 
et al.  1993 ) on chromosome 19q13. The  APOE  
ε4 allele appears neither necessary nor suffi cient 
to cause AD, whereas the EO-FAD/EOAD muta-
tions are suffi cient but not necessary to cause AD, 
but poses a genetic risk factor reducing age of 
onset in a dose-dependent fashion with its role 
in lipid metabolism and transport secondary to 
Aβ clearance from brain (Roses et al.  2010 ). 
Although genome-wide association studies have 
identifi ed 11 additional candidate genes ( CD33 , 
 CLU ,  CR1 ,  PICALM ,  BIN1 ,  ABCA7 ,  CD2AP , 
 EPHA1 ,  MS4A6A / MS4A4E , and  ATXN1 ), while 
common gene polymorphisms, e.g., ε2 and ε4 
variants of  APOE , account for around 50 % of 
LOAD susceptibility, the four genes,  APP , 
 PSEN1 ,  PSEN2 , and  APOE , cover about 30–50 % 
of AD heritability (Tanzi  2012 ; see below also). 
Elias-Sonnenschein et al. ( 2012 ) carried out a 
systematic, qualitative review covering 17 studies 
(that listed 47 polymorphisms in 26 genes), 
thereby investigating the potential relationship 
between the most compelling AD risk genes and 

markers for Aβ and tau in cerebrospinal fl uid, 
PET imaging, and clinical neuropathological 
examination. Of all genes covered, only APOE 
and PICALM showed consistent effects on Aβ 
but not on tau, while no obvious effects were 
observed for CLU, CR1, ACE, SORL, and 
MAPT. Functional variants within genes at these 
loci need to be observed in order to confi rm their 
role: Allen et al. ( 2012 ) have shown that CLU 
and MS4A4A eSNPs may to extent explain the 
LOAD risk association at these loci while CLU 
and ABCA7 may harbor additional strong eSNPs. 

 Five categories of genes are involved in 
pharmacogenomics for the most part: (1) genes 
involved in etiopathogenesis, (2) genes associated 
with the mechanism of action of a certain com-
pound, (3) genes linked to phase I and phase II 
metabolic reactions, (4) genes associated with 
transporters, and (5) pleiotropic genes and/or 
genes associated with concomitant pathologies 
(Cacabelos et al.  2012 ), with APOE and CYP2D6 
genes most extensively investigated (Albani et al. 
 2012 ; Kotze and van Rensburg  2012 ; Meda et al. 
 2012 ; Troyer et al.  2012 ; Wang et al.  2012 ; Zhong 
et al.  2013 ). It has been suggested that the rela-
tionship between the cognitive symptoms of AD 
and the classical biomarkers of the disorders, 
amyloid plaques and neurofi brillary tangles, may 
be tenuous (Cummings  2004 ), not least due to the 
presence of β-amyloid in normal older adults and 
AD patients (Alzenstein et al.  2008 ). Additionally, 
the lack of effi cacy of therapies based on the 
amyloid hypothesis has initiated a reassessment 
of AD pathophysiology (Mangialasche et al. 
 2010 ). Despite these indications, much evidence 
implies that changes in the generation or the 
degradation of the amyloid-β peptide (Aβ) lead 
to the formation of aggregated structures that are 
the triggering molecular events in the pathogenic 
cascade of AD (Di Carlo et al.  2012 ). AD is 
associated with multiple genetic defects that are 
transmitted via either predictive (mutational) or 
susceptibility (risk) genes. Predictive (presymp-
tomatic) genes allow the detection of gene muta-
tions associated with disorders that appear after 
birth, often later in life, whereas different alleles 
(one or more forms of genetic sequence at a 
certain genome location) of susceptibility genes 
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alter the risk of developing AD and/or AD severity. 
Personalized medicine is a medical model that 
proposes the customization of healthcare, with 
decisions and practices being tailored to the 
individual patient by use of genetic or other 
information. Mutations in genes predictive for 
AD increase likelihood for AD; on the other 
hand, genes endowing susceptibility appear not 
to be implicated in disorder causality but rather 
elevate individuals’ predisposition/susceptibility 
for disorder. 

 Taken together with “disorder staging” (cf. 
Archer et al.  2011c ), AD genetics seem to follow 
a dichotomy of early onset and late onset, with 
predictive genes (limited to about 5 %) account-
ing for the early-onset AD (EOAD) variant 
(Mastroeni et al.  2009 ,  2010 ), whereas late-onset 
AD (LOAD) with 95 % of cases “sporadic” is 
dependent on gene x environment interactions, 
with a variety of susceptibility genes, mainly apo-
lipoprotein E (APOE), presents a substantial sus-
ceptibility risk (Muresan and Muresan  2012 ; 
Pedersen  2010 ). There exists a potentially protec-
tive effects of the apolipoprotein E (APOE) ε2 
allele on cognitive functioning in individuals at 
risk for developing AD; Bonner-Jackson et al. 
( 2012 ) have observed that the APOE ε2 allele pro-
vides a buffer against signifi cant changes in daily 
functioning over time and is associated with bet-
ter neuropsychological performance across a 
number of measures of cognitive performance. 
An outline of predictive and susceptibility genes 
has been accumulated by Alagiakrishnan et al. 
( 2012 ) describing common mechanisms: for 
EOAD and LOAD, immune and infl ammatory 
system-linked genes, cell membrane and synapse- 
linked genes, and cholesterol- and vascular- linked 
genes, for the pathophysiology of AD (see 
Table  15.1 , Alagiakrishnan et al.  2012 ). Whereas 
EOAD is linked to predictive genes (APP, 
amyloid-β precursor protein; PSEN1 and 2, prese-
nilin 1 and 2), LOAD is linked to both replicated 
(e.g., APOE; CLU, clusterin [apolipoprotein J]; 
B1N1, bridging integrator 1; PICALM, 
phosphatidylinositol- binding clathrin assembly 
protein; GAB2, glycine-rich protein-associated 
binding protein 2) and non-replicated susceptibil-
ity genes (e.g., A2M, alpha-2-macroglobulin; 

ACE, angiotensin-converting enzyme; ubiquitin 1; 
SORL1, sortilin-related receptor 1). The susceptibility 
genes are involved in several aspects of the etio-
pathogenesis of AD: clearance of amyloid, infl am-
matory proteins associated with the disorder, 
membrane synaptic transmission and removal of 
apoptotic cells, amyloid protein synthesis, neuro-
immune functioning, lipid metabolism, and receptor-
mediated endocytosis (Carrasquillo et al.  2010 ; 
DeMattos et al.  2004 ; Jun et al.  2010 ; Reiman 
et al.  2007 ; Rogers et al.  2010 ; Tanzi  2012 ) under-
lying the clinical characteristics, i.e., age of onset, 
accelerated cognitive decline, aggressive behavior, 
apathy, and poor response and adverse reactions to 
cholinesterase inhibitors (Barabash et al.  2009 ; 
Belbin et al.  2011 ; Hatanaka et al.  2000 ; Kolsch 
et al.  2009 ). Finally, several epigenetic mecha-
nisms, including infections, stress, and nutritional 
and emotional factors (Chouliaras et al.  2010 ; 
Graff and Mansuy  2008 ; Nee and Lippa  1999 ; 
Urdinquio et al.  2009 ), whereas multiple vascular 
risk factors, mid-life hypertension, hypercholes-
terolemia, diabetes, and smoking, exert epigenetic 
infl uences elevating disorder risk (Chandra and 
Pandav  1998 ; Migliore and Coppede  2009 ).

   AD patients present myelin loss in the cortical 
gray matter (GM) and white matter (WM), myelin 
breakdown (Bartzokis et al.  2003 ), and neuronal 
phenotypes (Roher et al.  2002 ; Vlkolinsky et al. 
 2001 ), together with reduction in size of corpus 
callosum (Hampel et al.  1998 ) and oligoden-
drocyte glial cell death (Lassmann et al.  1995 ). 
Taken together, these progressive damage areas 
reduce signal-to-noise ratios in the electrochemical 
signaling processes involved. On the other hand, 
oligodendrocyte progenitor/precursor cells (OPCs) 
which can be identifi ed by their expression of a 
number of antigens, including the ganglioside 
GD3 (Curtis et al.  1988 ), the NG2 chondroitin 
sulfate proteoglycan (Tan et al.  2005 ), and the 
platelet-derived growth factor- alpha receptor 
subunit PDGF-alphaR (Pringle and Richardson 
 1993 ), that precede oligodendrocytes, are capable 
even of generating neurons and glial cells. OPCs 
expressing proteoglycan, a major component of 
the extracellular matrix, NG2, and transcription 
factor Olig2 are present in healthy human brains 
(Geha et al.  2010 ), representing the only proliferating 

15 Pharmacogenomics and Personalized Medicine in Alzheimer’s Disease



294

cell type in the adult parenchyma in both humans 
and mice (Dimou et al.  2008 ; Dimou and Götz 
 2012 ; Simon et al.  2011 ). In the healthy rodent 
brain, OPCs can generate myelinating oligoden-
drocytes (Kang et al.  2010 ; Zhu et al.  2011 ), 
neurorepair by differentiating into mature cells 
that remyelinate in mouse models of demyelination 
(Fancy et al.  2011 ; Islam et al.  2009 ; Zawadzka 
et al.  2010 ). 

 In mouse models, myelin integrity is associ-
ated with AD-linked mutations in neuron and oli-
godendrocyte lineage (3xTg) with presenilin 
mutations exerting effects upon OPCs/oligoden-
drocytes survival, differentiation, and myelina-
tion (Desai et al.  2009 ,  2010 ,  2011 ; Horiuchi 
et al.  2012 ). Behrendt et al. ( 2012 ) studied cells 
of the oligodendrocyte lineage in a mouse model 
of AD with chronic plaque deposition (APPPS1) 
and samples from human patients. In APPPS1 
mice defects in myelin integrity, prevalent at 
6 months of age, had normalized by 9 months of 
age concurrent with increases in proliferation and 
differentiation of OPCs; this observation impli-
cated OPCs in the neuroreparation of myelin 
aberrations, but in postmortem human tissue, 
OLIGO2+ were decreased in the cortex. They 
concluded that the oligodendrocyte progenitors 
reacted specifi cally to amyloid plaque deposition 
in an AD-related mouse model and in human 
AD pathology but with distinct outcomes, with 
neuroreparation in the former that was limited 

severely in the latter. Microglia, principle immune 
effector cells in the brain, are involved also 
through interaction with fi brillar forms of Aβ via 
Toll-like receptors 2/4/6 and their co-receptors 
that are dependent upon interleukin receptor- 
associated kinases for signaling. Cameron et al. 
( 2012 ) reported that microglial interleukin 
receptor- associated kinase4 was necessary for 
cascading activation of proinfl ammatory signaling 
pathways, p38, JNK (c-jun N-terminal kinase) 
and ERK (extracellular signal-regulated kinase), 
MAP (mitogen-activated protein) kinases 
(MAPKs), and reactive oxygen species (ROS); 
this loss of interleukin receptor- associated 
kinases was linked to diminished microgliosis 
and astrogliosis in aged mice. The MAPKs are 
implicated in directing cellular responses to a 
diverse array of stimuli, such as mitogens, 
osmotic stress, heat shock, and proinfl ammatory 
cytokines, as well as regulating cell proliferation, 
gene expression, differentiation, mitosis, cell sur-
vival, and apoptosis. Microglia analysis revealed 
altered patterns of gene expression associated 
with changes in microglial phenotypes in turn 
linked to IRF transcription factor expression 
govern those phenotypes. The loss of interleukin 
receptor-associated kinases promoted also 
amyloid clearance mechanisms that included 
elevated expression of insulin-degrading enzyme. 
It appears that interleukin receptor-associated 
kinase activation regulates microglial activation 

   Table 15.1    Certain examples of underlying pathophysiology and expressions of AD in individuals 
with possible application of “personalized medicine”   

 Pathophysiology  Expression  Personalized medicine 

 Aβ deposition  ↑Aβ peptide a   Modulation of βAPP processing 
 Loss of cognition  ↓Memory performance  Anti-AchE b , IADLs c , exercise 
 Neuroinfl ammation  ↓↑Cytokines  Aβ immunization (EB101) d  
 Insulin resistance  ↑Blood sugar   APOE  and  CYP2D6  manipulation 
 Gliosis  ↓Myelination  BCHE-K e  manipulation 
 Vascular burden  ↑Hypertension  Exercise-induced angiogenesis 
 Free radical generation  ↑Apoptosis  Chelation f  

   a Neurofi brillary tangles, neuron-synapsis loss, ↓brain volume 
  b Anti-acetylcholinesterase 
  c Instrumental activities of daily living 
  d EB101 vaccine 
  e Butyrylcholinesterase K 
  f Free radical scavengers  
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status and amyloid homeostasis under normal 
conditions but is dysregulated under pathophys-
iological conditions.  

3      Pharmacogenomics of AD 

 Individual-specifi c therapeutic compounds are 
predicted to elevate treatment effi cacy on the 
one hand and reduce adverse drug reaction on 
the other; pharmacogenomic determinations of 
symptom response to drug effects and potential 
toxic reactions are expected to infl uence the 
utility of both conventional and prospective 
pharmacotherapeutic interventions. It is likely 
that pharmacogenomic factors may account for 
60–90 % of drug variability in drug disposition, 
metabolism, and pharmacodynamics. For example, 
15 % of Caucasians are carriers of defective 
CYP2D6 polymorphisms linked to cholinesterase 
inhibitor lack of effi cacy (Cacabelos  2005 ), 
whereas in APOE4 patients cholinesterase inhib-
itors induce high effi cacy (Crentsil  2004 ). It is 
possible that around 50 % of adverse drug events 
in CNS disorders might be attributed to pharma-
cogenomic factors. Cacabelos et al. ( 2012 ) have 
produced a rationale that presents a practical 
approach to notions of pharmacogenomics and 
personalized therapeutics based on individual 
genomic profi les implies the management of dif-
ferent types of genes and their products including 
those (1) genes associated with the mechanism of 
action of psychotropic drugs (neurotransmitters, 
receptors, transporters), (2) genes encoding enzymes 
responsible for drug metabolism (phase I, phase 
II reactions), (3) disease-specifi c genes associated 
with a particular pathogenic cascade, and (4) 
pleiotropic genes (genes infl uencing multiple 
phenotypic traits) with multi-locational effects 
within metabolomic networks. The incorporation 
of genomic medicine procedures and pharma-
cogenomics into clinical practice, together with 
educational programs for the correct use of 
medication, will eventually revitalize current 
therapeutic notions applied to treat CNS disorders 
and in particular AD. It has been shown that 
about 57.76 % of patients with Alzheimer’s disease 
are extensive metabolizers (EMs) for CYP2D6 

enzymes, 31.06 % are intermediate metabolizers 
(IMs), 5.28 % are poor metabolizers (PMs), and 
5.90 % were ultrarapid metabolizers: 73.71 % are 
CYP2C19-EMs, 25.12 % IMs, and 1.16 % PMs; 
60.87 % are CYP2C9-EMs, 34.16 % IMs, and 
4.97 % PMs; and 82.75 % presented CYP3A4/
5-EMs, 15.88 % IMs, and 1.37 % UMs. It was 
observed that a trigenic cluster that integrated 
CYP2D6 + CYP2C19 + CYP2C9 polymorphic 
variants yielded 82 different haplotype- like 
profi les that represented 36 different pharmaco-
genetic phenotypes of which only 26.51 % of 
patients showed a pure 3EM phenotype. These 
data indicated directly that the incorporation of 
pharmacogenomic protocols to dementia research 
and clinical trials can foster therapeutics optimi-
zation by helping to develop cost-effective phar-
maceuticals and improve drug effi cacy and safety 
(Cacabelos  2009 ,  2010 ). 

 Paraoxonases are enzymes involved in the 
hydrolysis of organophosphates; paraoxonase 1 
is an arylesterase with several biological activi-
ties. The three known genotypic forms are coded 
for by the PON set of genes: PON1 (an oxidant, 
prevents oxidation of LDL), PON2 (a ubiqui-
tously expressed intracellular protein that can 
protect cells against oxidative damage), and 
PON3 (similar to PON1 in activity, but differing 
from it in substrate specifi city) are all three 
located on the long arm of chromosome 7. 
Paraoxonase 1 (PON1) functions to protect the 
cholinergic system against nerve gases and the 
organophosphate family of pesticides. Leduc and 
Poirier ( 2008 ) observed that the frequency of the 
M55M genotype at the PON1 L55M locus was 
found to be signifi cantly increased in AD patients 
relative to age-matched controls, and signifi cant 
associations were observed between the PON1 
L55M and Q192R polymorphisms and frontal 
cortex Abeta (amyloid-β) levels as well as ChAT 
(choline acetyltransferase) activity and nicotinic 
receptor density in the temporal cortex, thereby 
implying a major role in AD pathophysiology. 
Genetic variants in the paraoxonase (PON) gene 
cluster, particularly a single C/T promoter poly-
morphism (rs 705381) in the PON1 gene, with 
the T allele presenting increased risk of AD 
development, although Cellini et al. ( 2006 ) found 
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no evidence of an interaction between the T risk 
allele and the ApoE epsilon4 allele status and no 
effect of the PON1 polymorphism on age at onset 
was detected. However, it was shown that subjects 
carrying the R allele were more likely to respond 
to cholinesterase inhibitors (Pola et al.  2005 ). 
Additionally, further implications of the involve-
ment of the PON1 gene in AD etiopathology and 
responses to treatment have been forthcoming 
(Leduc et al.  2009 ,  2011 ). Borowczyk et al. ( 2012 ) 
have shown that PON1 protects mice against 
Hcy-thiolactone neurotoxicity by hydrolyzing it 
in the brain and suggest a mechanism by which 
PON1 can protect against neurodegeneration 
associated with hyperhomocysteinemia and 
Alzheimer’s disease. 

 Cholinergic system dysfunctions due the 
neurodegenerative loss of cholinergic neurons are 
implicated in several conditions, such as chronic 
ethanol abuse (Arendt  1994 ), Creutzfeldt-Jakob 
disease (Arendt et al.  1984 ), Down’s syndrome 
(Fodale et al.  2006 ), temporal lobe epilepsy 
(Friedman et al.  2007 ), as well as AD (Nardone 
et al.  2011 ; Rangani et al.  2012 ; Schliebs and 
Arendt  2006 ). For example, Marcone et al. 
( 2012 ) assessed acetylcholinesterase activity 
with [ 11 C]-MP4A and PET using a maximum a 
posteriori Bayesian method (MAPB) based on a 
2- tissue compartment-3-rate-constant reference 
region model. They obtained signifi cant and 
widespread acetylcholinesterase activity reduc-
tions in several cortical regions and in the hippo-
campus in all probable AD subjects and amnesic 
mild cognitive impairment (MCI) subjects who 
progressed to AD (converters). Hippocampal 
acetylcholinesterase activity correlated signifi cantly 
with long-term verbal and nonverbal memory in 
both amnestic MCI converters and probable AD. 
The comparable acetylcholinesterase activity 
reductions in probable AD and amnesic MCI 
converters indicate the presence of a widespread 
impairment of the cholinergic system already in 
the MCI phase. Neither the genetic, epigenetic, 
nor underlying molecular mechanisms in AD are 
understood despite some evidence that cholinergic 
pathways affect disorder onset and progression 
(Ellis  2005 ; Santibez et al.  2007 ). The cognitive 
defi cits in MCI and moderate and severe AD are 

manifested concurrently with defi cits in cholinergic 
markers, e.g., acetylcholinesterase activity, 
acetylcholine, muscarine, nicotine, acetylcholine 
receptors, nerve growth factors, and acetylcholine 
transferase activity (Ariga et al.  2010 ; Bierer 
et al. 1995; Gsell et al.  2004 ). Acetylcholinesterase 
may form a complex with amyloid precursor 
protein and presenilin 1 genes associated with AD 
pathology (Silveyra et al.  2008 ; Xia et al.  1997 , 
 2000 ). Kim et al. ( 2011 ) studied whether or not the 
pharmacological inhibition of acetylcholinesterase 
activity in Drosophila larvae may induce synaptic 
defects. In ACE (angiotensin-converting enzyme 
gene) hypomorphic mutant larvae, the level of ACE 
mRNA and acetylcholinesterase activity was 
reduced compared to controls, thereby causing 
downregulation of branch length and number of 
boutons in Type 1 glutamatergic neuromuscular 
junctions. Controls that were given a sublethal dose 
of DDVP (2,2-dichlorovinyl dimethyl phosphate, 
organophosphorus insecticide) phenocopied the 
synaptic structural defects of the ACE hypo-
morphic mutant. It appears that the downregulation 
of acetylcholinesterase activity, whether genetic 
or pharmacological, alters synaptic architecture. 
Thus, the authors suggest the possibility that 
exposure to acetylcholinesterase inhibitors may 
alter synaptic architecture in AD patient brains 
with resultant loss of effi cacy. Thus, it appears 
that several “prodromal” conditions, including 
MCI and/or conditions accelerating immunose-
nescence, contribute to the gradual deteriorations 
that may be diagnosed eventually as AD (Candore 
et al.  2010 ; Ciaramella et al.  2010 ).  

4     Personalized Medicine in AD 

 The major neuropathological characteristics of 
AD include accumulation of Aβ peptide, neurofi -
brillary tangles composed of paired helical fi la-
ments with phosphorylated tau proteins, neuronal 
and synaptic loss (Selkoe  2000 ), reduced overall 
brain volume with specifi c damage to the entorhinal 
cortex and hippocampus (Blennow et al.  2006 ), 
neuroinfl ammation, gliosis and free radical gen-
eration (Nunomura et al.  2009 ), neurotransmitter 
and neurotrophic defi cit, metabolic impairment 
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and insulin resistance (Gandy  2012 ), and vascular 
burden (Lo et al.  2012 ). Aβ deposition antecedes 
cognitive impairment onset and in brain regions 
with greatest Aβ deposition, synaptic dysfunction 
may be imaged beginning at preclinical stages. 
In regions that are not identical with the ones 
with most Aβ deposition but heavily connected 
with them, regional atrophy and loss of white 
matter anisotropy can be detected later in the 
course of the disease, near the time when mild 
cognitive impairment is expressed. Brain pathology 
is marked also by other destructive forces: prote-
asome, for degradation of damaged/unneeded 
proteins, and chaperone, proteins assisting in 
the non-covalent folding or unfolding and the 
assembly or disassembly of other macromolecular 
structures but not occurring in these structures 
during the course of normal biological functions, 
dysregulations (Ambegaokar and Jackson  2012 ; 
Salminen et al.  2011 ). Lukiw ( 2013 ) has reviewed 
a compilation and update of current pharma-
cological strategies designed to downregulate 
Aβ42 peptide generation in an effort to ameliorate 
the tragedy of AD. Anti- acetylcholinesterase-, 
chelation-,  N -methyl- D - ASPARTATE  (NMDA) 
receptor antagonist-, statin-, Aβ immunization-, 
β-secretase-, γ-secretase-based, and other strate-
gies to modulate βAPP processing have dominated 
pharmacological approaches directed against 
AD-type neurodegenerative pathology. 

 Aβ-linked immunotherapy offers a viable 
intervention (Lemere and Masliah  2010 ; Morgan 
 2006 ; Schenk  2002 ), and current immunother-
apies are associated with autoimmunity-related 
adverse effects and mobilization of neurotoxic 
insoluble Aβ oligomers. Neuroimaging tech-
niques have facilitated Aβ targeting and removal 
even during preclinical stages (Masdeu et al. 
 2012 ). Aβ-linked immunotherapy has provided a 
potentially promise option for treatment of AD 
defi cits (Fu et al.  2010 ; Wilcock et al.  2009 , 
 2011 ), including cognition (Dodart et al.  2002 ; 
Li et al.  2012 ; Maier et al.  2006 ). Liu et al. ( 2012 ) 
have described available evidence regarding the 
mechanisms of both endogenous and exogenous 
Aβ-specifi c antibodies, with a view to developing 
optimal immunotherapy based on peripheral Aβ 
clearance, targeting of the toxic domain of Aβ, 

and improvement of antibody specifi city. As 
observed in AD patients (Mustafi z et al.  2011 ), 
transgenic mice expressing mutated forms of the 
human amyloid precursor protein gene, hAPP, 
show prematurely elevated levels of Aβ protein 
and deposition in the cerebral cortex and hippo-
campus (Sturchler-Pierrat et al.  1997 ). Presenilin 
1 mutant transgenic mice indicate also elevated 
levels of Aβ protein (McGowan et al.  1999 ). 
William et al. (2012) observed that following 
monocular visual deprivation during the critical 
period, mice that express mutant alleles of amy-
loid precursor protein (APPswe) and presenilin 1 
(PS1dE9), as well as mice that express APPswe 
alone, lacked ocular dominance plasticity in 
visual cortex. APPswe/PS1dE9 double transgenic 
mice have a prematurely accelerated accumulation 
of Aβ deposits (Jankowsky et al.  2004 ; Trinchese 
et al.  2004 ), thereby constituting a realistic model 
for testing potential therapeutic avenues (Malm 
et al.  2011 ). Carrera et al. ( 2012 ) targeted reduc-
tion of Aβ burden and deceleration of AD-like 
pathology, including infl ammation, using the EB101 
vaccine through induction of an anti-infl ammatory 
T-helper-2 immune response. The EB101 vaccine 
consists of Aβ1-40 delivered in a novel immunogen-
adjuvant composed of liposomes-containing 
sphingosine-1-phosphate. Treatment with EB101 
induced a marked reduction of Aβ burden 
decreases in neurofi brillary tangle-like structure 
density and attenuation of astrocytosis. Thus, 
the immunization with EB101 prevented and 
reversed AD neuropathology by disrupting pro-
gression of the disorder. Targeting tau pathology 
with immunotherapy seems to arrest cognitive 
decline; Boutajangout et al. ( 2010 ) developed a 
new mouse model with accelerated tangle devel-
opment, generated by crossing available strains 
that express all six human tau isoforms and the 
M146L presenilin mutation. They found that this 
strategy prevented completely severe cognitive 
impairment in three different tests. 

 Genomic medicine and pharmacogenetics 
introduce principles necessary for the treatment of 
neurodegenerative disorders (Vance and Tekin  2011 ). 
For instance, the therapeutic response to conven-
tional compounds in AD patients is genotype 
specifi c with the CYP2D6-PMs, CYP2D6- Ums, 
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and APOE-4/4 carriers presenting the worst 
responders (Chianella et al.  2011 ; Dergunov 
 2011 ; Klimkowicz-Mrowiec et al.  2011 ; Savino 
et al.  2011 ).  APOE  and  CYP2D6  may cooperate 
as pleiotropic genes in the metabolism of drugs 
and hepatic functions (Jann et al.  2002 ; Mahley 
and Huang  1999 ; Mahley and Ji  1999 ; Miksys 
et al.  2000 ). Cacabelos et al. ( 2012 ) have pro-
posed several main conclusions to be drawn 
from the various notions and observations derived 
from the AD genomics and related pharmacoge-
nomics: (1) the complexity of AD as a neurode-
generative disorder involves the variety of 
different gene clusters that are implicated and the 
expectation of further clusters; (2) that genes that 
have been screeded currently derive from differ-
ent proteomic and metabolic pathway with the 
potential for affecting AD pathogenesis; (3) that 
the APOE gene appears to constitute a major 
risk factor for both degenerative and vascular 
dementia; (4) that the therapeutic response to 
conventional drugs is genotype specifi c, with 
CYP2D6-PMs, CYP2D6-Ums, and APOE-4/4 
carriers predicting the worst levels of drug 
response; (5) that APOE and CYP2D6 may 
cooperate as pleiotropic genes in the metabolism 
of drugs and hepatic functions (see above); 
and (6) that the initiation and formulation of 
pharmacogenetic/pharmacogenomics methodol-
ogies and procedures into the personalized medi-
cation approach in AD holds promise for optimal 
interventional advantages. 

 The role of APOE in therapeutic endeavor is 
far-reaching: butyrylcholinesterase K (BCHE-K) 
is associated with increased risk for AD develop-
ment in APOE ε4 carriers, whereas among APOE 
ε4 non-carriers, BCHE-K appears protective 
(Ferris et al.  2009 ; Patterson et al.  2011 ). The 
BCHE-K implication in AD varies with gender: 
in early AD, male BCHE-K-variant carriers with 
one or two APOE 4 alleles show prominent 
medial temporal atrophy, synaptic failure, cogni-
tive decline, and accumulation of aggregated 
β-amyloid peptide. Elevations of synaptic acetyl-
choline in damaged but still functional cholinergic 
synapses improved cognitive symptoms, whereas 
increasing the ability of glia to support synapses and 
to clear β-amyloid peptide might be disease 

modifying (Lane and He  2013 ). On the other hand, 
chronic glial overactivation may drive degenerative 
processes, and in BCHE-K- variant-negative 
female individuals, generalized glial overactivation 
may constitute the main driver force graduating 
from mild cognitive impairment to AD. Females 
were more likely than males to have accelerated 
age-related myelin breakdown, more widespread 
white matter loss, loss of neural network con-
nectivity, whole brain atrophy, and functional 
decline. Increasing extracellular acetylcholine 
levels blocks glial activation, reduces myelin loss 
and damage to neural network connectivity, and is 
disease modifying (ibid.). Darreh-Shori et al. ( 2012 ) 
coadministered BCHE-K pharmacogenetic 
observations in AD patients ( n  = 179) with pro-
teomic and enzymatic analysis of plasma, cere-
brospinal fl uid, or both samples. They observed 
that the BCHE-K genotype was overrepresented 
among the patients, and plasma BuChE (pseudo-
cholinesterase/butyrylcholinesterase) activity 
was gene dose dependently 20–50 % less among 
K carriers. Cerebrospinal fl uid BuChE activity 
failed to show this robust K gene dose depen-
dency as K homozygotes expressed 30–40 % less 
activity compared to both non-carriers and 
heterozygotes. CSF APOE protein expression too 
was altered by presence of the K allele. In APOE4 
absence, cerebrospinal fl uid BuChE activity was 
indistinguishable among the K carriers and non-
carriers, while contrastingly in APOE4 presence, 
K carriers expressed K allele dose dependently a 
BuChE phenotype with reduced activity com-
pared to non-carriers. Interestingly, patients’ cog-
nitive performance patterns were very similar 
to the BuChE variants. They concluded that the 
APOE4-dependent outcome of BCHE-K geno-
type as an AD risk factor arises through a differ-
ential phenotypic modulation of BuChE. 

 Throughout AD the progressive decline in 
cognitive ability and functional capacity combined 
with the incremental emergence of behavioral 
and psychological symptoms, referred to as 
behavioral and psychological symptoms of 
dementia (BPSD), affl icts family members and 
caregivers with a heavy burden, immense distress, 
and enormous social impact. During the course 
of disorder, >90 % of those with dementia 
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develop at least one BPSD (Steinberg et al.  2008 ; 
Tschanz et al.  2011 ). A high proportion of AD 
patients exhibit aggression, about 20–25 % of 
those in contact with clinical services (Burns 
et al.  1990 ), or community dwelling (Lyketsos et al. 
 2000 ,  2005 ), and/or 40–60 % in care facilities 
(Ballard et al.  2009 ; Margallo-Lana et al.  2001 ). 
There is a small, yet signifi cant, association 
between a dopamine D3 receptor (DRD3) 
polymorphism and psychosis-agitation in AD 
(Holmes et al.  2001 ). Sato et al. ( 2009 ) have 
observed that a signifi cant association was 
observed between the presence of the DRD3 
glycine allele and paranoid and delusional ideation, 
regardless of ApoE epsilon4. Nevertheless, it 
appears that serotonin (5-HT) 5-HT2A, 5-HT2C, 
and 5-HT transporter polymorphisms are impli-
cated in AD neuropsychiatric symptoms (Craig 
et al.  2007 ; Pritchard et al.  2007 ,  2008 ,  2009 ). 
Angelucci et al. ( 2009 ) reported that the T allele 
of the 5-HT2A T102C polymorphism was asso-
ciated with poorer responding to the antipsy-
chotic compound, risperidone, treatment than the 
C allele. Ballard et al. ( 2011 ) have summarized 
results involving the effi cacy and safety from 
short-term randomized controlled trials, case- 
registered studies, and long-term outcome stud-
ies. They concluded that atypical antipsychotic 
medications provide modest benefi ts that ought 
to be balanced against risk for serious adverse 
effects thereby underlining the requirement for 
further pharmacogenetic drug-oriented studies of 
BPSD in AD. In this regard, examining patients 
with AD who presented psychosis or agitation 
that had responded to risperidone therapy for 
4–8 months, Devanand et al. ( 2012 ) found that 
discontinuation of risperidone was associated 
with an increased risk of relapse. Regarding 
cognitive deterioration, the applications of “cog-
nition enhancers in both AD and among healthy 
individuals open an avenue that is not without 
complications” (Mohamed and Sahakian  2012 ). 

 Frontotemporal dementia (FTD), although 
distinction from AD, is not a sole entity encom-
passing a group of disorders unifi ed by the pro-
clivity for focal, asymmetrical cortical atrophy in 
anterior structures of the frontal and temporal and 
sparing parietal lobe structures that degenerate in 

AD (Mioshi et al.  2007 ; Rabinovici and Miller 
 2010 ; Rascovsky et al.  2007 ). It is a progressive 
behavioral condition characterized by apathy, 
disinhibition and loss of insight with loss of 
empathy, failure to perceive others’ needs, and 
expression of misappropriate, maladaptive, even 
bizarre, behaviors, compounded by diminished 
capacity to think abstractly. In comparison with 
AD, FTD is associated with greater reductions of 
fractional anisotropy in frontal brain regions, 
whereas no region AD evidences greater reductions 
of fractional anisotropy when compared to FTD. 
The regional patterns of anisotropy reduction in 
FTD and AD compared to controls suggest a 
characteristic distribution of white matter degra-
dation, more prominent in FTD (Zhang et al.  2009 ). 
Using a novel insight questionnaire, Hornberger 
et al. ( 2012 ) voxel-based morphometry analysis 
showed that overall loss of insight correlated 
with ventromedial-frontopolar prefrontal atrophy, 
with exception of social interaction and emotion 
insight loss, which additionally correlated with 
lateral temporal and amygdala atrophy, respec-
tively. Their results imply that patients suffering 
under neurodegenerative conditions express vari-
able loss of insight, with ventromedial and fron-
topolar cortex regions appearing to be particularly 
important for insight expression. Three major types 
of frontotemporal lobar degeneration (FTLD) 
have been categorized according to the main 
protein aggregate: (1) FTLD-tau, with aggregates 
of microtubule- associated protein tau predomi-
nating, (2)  FTLD- TDP, with intraneuronal inclusion 
bodies containing ubiquitinated deposits of TAR 
DNA- binding protein, and (3) FTLD-fused in 
sarcoma protein (FUS) where similar ubiquiti-
nated inclusion bodies instead contain the FUS. 
In a review of studies performed on applications 
of cholinesterase inhibitors and memantine in 
frontotemporal dementia, Kerchner et al. ( 2011 ) 
have ascertained that memantine, the glutamate 
blocker, may hold some promise but that the 
cholinesterase inhibitors, donepezil, galantamine, 
and rivastigmine, were ineffective, thereby indicating 
that rational, molecularly based pharmacotherapies 
should offer greater potential. 

 Instrumental activities of daily living (IADLs) 
involve a large variety of behaviors that determine 
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the essential functionality of elder individuals and 
remain a central aspect of personalized medicine. 
An immense proportion of the elderly/elder aged 
dwell under different circumstances of community 
and monitored habitat: the instrumental activities 
of daily living (IADLs) present tasks that are 
necessary for independent community living (see 
Voigt-Radloff et al.  2012 ). Monaci and Morris 
( 2012 ) showed that correlations between the 
measures of daily functioning and cognitive 
abilities and neuropsychiatric symptoms showed 
that initially neuropsychological test results 
tended to correlate with IADL rather than ADL 
measures. Neuropsychiatric symptoms were not 
correlated whether IADL or ADL. At follow-up, 
none of the neuropsychological function mea-
sures correlated with IADL or ADL, but neuro-
psychiatric symptoms were correlated with 
IADL. These tasks often require intact physical 
and cognitive function, the impairment of which 
may adversely affect health in older adults. In the 
current study, Bowling et al. ( 2012 ) have exam-
ined the associations between IADL impairment 
and incident heart failure (HF) in community- 
dwelling older adults. IADL impairment was also 
associated with all-cause mortality implying that 
among these community-dwelling older adults 
free of baseline heart failure, the IADL impair-
ment is a strong and independent predictor of 
incident HF and mortality. Luttenberger et al. 
( 2012 ) employed a 6-month intervention com-
prised of three components: motor stimulation, 
activities of daily living, and cognitive stimulation 
(MAKS), with groups of ten patients led by two 
therapists participating for 2 h, 6 days a week and 
controls received treatment as usual. At 6 months, 
their results showed improvement in overall 
dementia symptoms in the MAKS group and no 
change in the control group, with the largest 
effect on the social behavior and instrumental 
activity of daily living subscales. Saragat et al. 
( 2012 ) observed that psycho-functional decline 
of patients with AD is related to body composition 
variations, with a relative increase of fat mass 
with respect to the muscle component. IADL 
interventions hold promise for individuals in 
community dwelling: tailored and activity- based 
leisure interventions exert positive impacts on 

caregiver satisfaction, and some interventions 
had positive results for clients’ well-being and 
quality of life. Social participation interventions 
focused on people with dementia still able to 
engage in verbal social interactions (Letts 
et al.  2012 ).  

5      Conclusion 

 Personalized medicine is advanced through 
optimal diagnosis; fl orbetaben ([(18)F]BAY 
94–9172), a novel β-amyloid PET tracer current 
in global clinical development, provides diagnos-
tic effi cacy, pharmacokinetics, safety, and tolera-
bility of fl orbetaben. Barthel et al. ( 2012 ) have 
shown that fl orbetaben to be a safe and effi ca-
cious β-amyloid-targeted tracer with favorable 
brain kinetics. Subjects presenting AD were 
found to be differentiated easily from healthy 
controls through both visual and quantitative 
assessment of the positron emission tomography 
data. This operator-independent, voxel-based 
analysis was shown to yield a whole brain 
β-amyloid load which appeared valuable as a 
surrogate marker of disorder severity, offering 
a predictive viability. Vanitallie ( 2012 ) has 
reviewed the evidence demonstrating that a 
proactive, neuroimaging and pharmacogenetic, 
personalized medicine approach, to which may 
be added neuroimmune functioning integrity, 
allows neurologic physician to reduce risk factors 
in AD-prone patients both by attending to such 
modifi able AD risk factors as hypertension, obesity, 
type 2 diabetes, insulin resistance, hypercholes-
terolemia, sedentary lifestyle, and current cigarette 
smoking and facilitating disorder staging and 
prognosis for therapy. Among younger patients, 
and other at-risk individuals, shown to express ε4 
positivity, advice and coaching ought to cover not 
only avoidance in the participation in contact 
sports or other activities that expose them to risk 
of traumatic brain injury, but also recommended 
physical exercise health-promoting paradigms. 
Other aspects of personalized medicine in AD 
pertain to the manifest benefi ts of physical exercise 
for angiogenesis, mobilization of the effi cacy 
of neuroimmune functioning, and quality of life 
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(Archer  2011 ; Archer et al.  2011a ,  b ). Exercise 
intervention presents a unique, noninvasive 
treatment that incorporates different regimes, 
whether dynamic or static, endurance or resistance. 
Physical exercise intervention protects against 
vascular risk factors including hypertension, 
diabetes, cellular infl ammation, aortic rigidity, 
and buttresses blood–brain barrier intactness 
(Archer  2012 ).     
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 Abstract 

   Pharmacogenomics and the search for personalized medicine focus on the 
attainment of individualized pharmacotherapies that cover genetic varia-
tion and target groups of patients that present neurodevelopmental aspects 
of symptom profi les and biomarkers underlying the pathophysiology of 
mood disorders. The identifi cation of genetic biomarkers facilitates choice 
of treatment, prediction of response, and prognosis of outcome over a 
wide spectrum of symptoms associated with affective states thereby opti-
mizing clinical practice procedures. Several strategies, under development 
and refi nement, show the propensity for derivation of essential elements in 
the etiopathogenesis of disorder affecting drug effi cacy, drug metabolism, 
and drug adverse effects, e.g., with regard to SSRIs; these include the 
 following: transporter gene expression and genes encoding receptor systems, 
hypothalamic-pituitary-adrenal axis factors, neurotrophic factors, and infl am-
matory factors affecting neuroimmune function. Nevertheless, procedural 
considerations of pharmacogenetics presume the parallel investment of 
policies and regulations to withstand eventual attempts at misuse thereby 
ensuring patient integrity. 

      Pharmacogenomics 
and Personalized Medicine 
in Mood Disorders 

                         Trevor     Archer     ,     Serafi no     Ricci    , 
and     Max     Rapp     Ricciardi   

1             Introduction 

 Mood disorders are associated a group of diagno-
ses in the Diagnostic and Statistical Manual of 
Mental Disorders (DSM-IV-TR) classifi cation 

system wherein a disturbance in the person’s 
mood, or emotional or affective status, is con-
sidered to present the main underlying feature 
(Nettle and Bateson  2012 ). Both unipolar depres-
sion and bipolar disorder present clinically severe 
conditions characterized by recurring episodes of 
depressive symptom categories, and in the latter 
periods of mania, with a lifelong lasting preva-
lence (Ferrari et al.  2012 ; Merikangas et al.  2007 ; 
Pini et al.  2005 ). It has been suggested that 
whereas mood refers to the underlying or longitu-
dinal emotional state, affect pertains to the exter-
nal/visible expression of the individual observed 
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by others (Sadock  2012 ). Unipolar depression and 
bipolar disorder, of the depressive disorder spec-
trum of mood disorders, present severe illnesses 
and are leading causes of disability and suffering 
among a large population of affl icted individuals. 
Mood disorders describe less severe forms of 
depressive disorders, yet although less extreme, 
dysthymic disorder induces long-lasting moodiness 
expressed through low, dark moods. Dysthymic 
disorder may occur by itself or in comorbid rela-
tion to other psychiatric, e.g., drug abuse, or mood 
disorders (Palomo et al.  2007a ,  b ,  c ;    Kaess et al. 
 2012 ). Both anxiety and depression are markedly 
comorbid and present strong relationships in 
 continuous scale formats (   Pollack  2005 ). These 
disorders are associated with marked negative 
effects upon work relationships and performance, 
attendance, daily functioning, and caregivers’ 
 situations, with overall increases in costs accumu-
lating from loss of productivity, etc. (Aarø et al. 
 2011 ; Laxman et al.  2008 ; Veronese et al.  2012 ). 

 Several major aspects infl uence the eventual 
of individual developmental trajectories that 
possess an essential determinant modulating 
effect upon outcome of future intervention: 
(1) the type of agent that interferes with brain 
development, whether chemical, immune system 
activating, or conspicuous through absence; 
(2) the phase of brain development at which the 
agent exerts disruption (prenatal to gestational, 
postnatal to infancy, adolescent, or adult lifespan); 
(3) the age of expression of structural-functional 
abnormalities with emotional, cognitive, and 
everyday behavior domains; and (4) the particu-
lar pharmacogenomic- pharmacogenetic profi les 
mediating responses to drug therapies (Archer 
et al.  2010 ). Among the mood disorders, adoles-
cent depression is considered relatively common 
with a prevalence ranges from 5 % (Bhatia and 
Bhatia  2007 ) to about 14–15 % in the United 
States of America (Merikangas et al.  2010 ; Offi ce 
of Applied Studies  2005 ) and may predict adult 
depression (Aalto-Setala et al.  2002 ). Female 
sufferers from the disorder remain almost twice 
as many as male sufferers with the relative gen-
der proportions evident already during adoles-
cence (Cyranowski et al.  2000 ). Several factors 
including physiological changes experienced 

during puberty, experienced shift in social roles, 
affi liations and expectations regarding peers and 
adults, and transient affective status that may pro-
vide negative/stressful experiences (Angold and 
Costello  2006 ) are more or less environmental 
factors that may contribute to the prevalence of 
gender differences (Ge et al.  1994 ; Natsuaki et al. 
 2009 ; Silberg et al.  1999 ). Edwards et al. ( 2011a ) 
have shown that the magnitude of environmen-
tal infl uences upon depressive symptoms during 
adolescence changes as a function of pubertal 
development, the timing of which differs across 
gender. Age may contribute a factor modulated 
extent of mood disorder: Among older females, 
Gillespie et al. ( 2012 ) obtained evidence that both 
anxiety and depression interact reciprocally with 
disrupted sleep, whereas among younger 
women, both anxiety and depression appear to 
have a causal impact on sleep. Finally, it seems 
the case that mood disorders genetically and 
environmentally correlated across adolescence 
(Edwards et al.  2011b ,  c ). 

 “Anxiety sensitivity,” a lowered threshold for 
expression of physical and emotional anxiety 
symptoms, is a risk factor for mood disorders in 
children and adults (Cox et al.  1999 ; Taylor et al. 
 1996 ), with multiple dimensions (Muris et al. 
 2001 ; Silverman et al.  2003 ). Factor analysis has 
implicated a hierarchical structure for anxiety 
sensitivity from which all its dimensions are derived 
from a higher-order, general anxiety- sensitivity 
factor. A hierarchical model consists of three 
dimensions: Physical, social, and mental anxiety-
related incapacitation concerns, from a large 
factor analysis study of adolescents (Walsh et al. 
 2004 ), together with other observations have 
confi rmed the anxiety-sensitivity model (Wright 
et al.  2010 ). Zinbarg et al. ( 2001 ) have provided 
results demonstrating that anxiety-sensitivity- 
physical concerns is the only one of the three 
anxiety-sensitivity group factors that contributes 
to relations with fear responses to these two chal-
lenges, whereas  anxiety-sensitivity- mental inca-
pacitation concerns produced a stronger positive 
linear association with depressed mood than did 
anxiety-sensitivity-physical concerns. In a self-report 
study of three test time points from adolescence to 
young adulthood with 2,651 participants from the 
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G1219 twin study, Brown et al. ( 2012 ) obtained a 
three-factor model that depicted the physical, 
social, and mental anxiety-related incapacitation 
concerns with higher levels of interpretability and 
parsimony. They found that multivariate genetic 
analyses supported a hierarchical structure with 
general genetic and non-shared environmental 
infl uences. 

1.1      Symptom-Continuity Profi le 

 The symptoms/expressions of anxiety and depres-
sion by individuals appear to be relatively stable 
over time (Foley et al.  2001 ; Lopez- Castroman 
et al.  2012 ; Lovibond  1998 ). The notion of genetic 
set point postulates that genetic factors determine 
the stable set points to which individuals will 
return eventually following the subsidence of an 
episode of anxiety and depression (mood disorder) 
that was induced by environmental factors 
(Kandler et al.  2010 ). Twin studies have shown 
that genetic factors infl uence markedly mood dis-
order levels and their temporal stability (Boomsma 
et al.  2005 ; Kendler et al.  2008 ; Gillespie et al. 
 2004 ). Using hierarchical linear modeling, Kendler 
et al. ( 2011 ) investigated individual differences and 
individual changes in symptom levels over time 
thereafter modeling the manner in which these 
components were altered over time. Within pairs, 
the predicted symptom levels for the twins 
diverged increasingly from childhood until late 
adulthood wherein divergence ceased. They 
observed that by middle adulthood, environmental 
infl uences contributed substantially to stable and 
predictable interindividual differences in mood 
disorder, anxiety, and depression levels (see also 
Tully et al.  2010 ). Zavos et al. ( 2012 ) studied both 
the direction of infl uences on longitudinal associa-
tions between anxiety and depression and anxiety 
sensitivity and the continuity of genetic and envi-
ronmental infl uence on mood disorder for adoles-
cent populations consisting of twin and sibling 
pairs. They found that all disorder traits were 
stable over time accounting for the largest propor-
tion of variance at 2nd test time point but with 
evidence of reciprocal associations over time. 
Genetic effects were fairly stable across time with 

new genetic infl uences occurring at 2nd test time 
point; environmental effects appeared more time 
dependent.  

1.2      Intervention Requirement 

 Untreated mood disorders in children with impli-
cations for later adolescence to young adult and 
adult development, career and employment, fi nan-
cial status, and health service requirements may 
exert unpleasant consequences (Knapp  2008 ). In 
all mammalian species, the peripartum period is 
characterized by multiple adaptations at neuroen-
docrine, molecular, brain circuitry, and behav-
ioral levels that prepare the female for the 
challenges of motherhood. These changes have 
been well characterized ensuring the survival and 
nurturance of the offspring (). Hillerer et al. ( 2012 ) 
have described common peripartum adaptations 
and the postpartum impact of mood disorders, as 
well as the consequences of peripartum stress 
exposure on these maternal adaptations. Maternal 
psychopathology expressed by mood disorders, 
anxiety, and depression with impact on both 
mother and child presents a major public health 
concern (Goodman and Gotlib  1999 ; Talge et al. 
 2007 ). Prenatal depression was associated with 
adverse perinatal outcomes, including premature 
delivery and slower fetal growth rates (Diego 
et al.  2010 ). Children of depressed mothers not 
only have higher risk of depression but also may 
experience both elevated and continuing expo-
sure to stressful experiences (Dougherty et al. 
 2011 ; Tarantino et al.  2011 ). Infants born to 
mothers with high versus low prenatal dopamine 
levels also had higher dopamine and serotonin 
levels as well as lower cortisol levels (Field et al. 
 2008 ). Thus, prenatal maternal dopamine levels 
were shown to be negatively related to prenatal 
depression scores and positively related to  neonatal 
dopamine and behavioral regulation, although 
these effects are confounded by elevated sero-
tonin levels. Hammen et al. ( 2012 ) have observed 
that youth of depressed mothers remain at risk 
for not only depression but also for continuing 
experiences of acute and chronic stress from 
childhood to age 20. The associations among 
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depression and stress are bidirectional and por-
tend continuing experiences of depression and 
further stress. Prenatally and postnatally, these 
mood disorders are linked with poor neurodevel-
opmental functions across emotional, daily 
behavior, and cognitive domains (Alaräisänen 
et al.  2012 ; Barker et al.  2012 ; Coiro et al.  2012 ). 
For example, prepartum depression is highly 
prevalent and is associated with negative outcomes 
in offspring (Davalos et al.  2012 ). 

 Prenatal depression presents a signifi cant 
predictor of postpartum depression with detri-
mental consequences for fetal development. 
Much evidence links stress during pregnancy 
with offspring predisposition of ill-health, mood 
disorders, and maladjustment, following birth, 
during infancy, childhood, adolescence, and 
adulthood (Buss et al.  2010 ; Glover et al.  2010 ; 
Gluckman et al.  2005 ; Knorr et al.  2010 ; 
O’Connor et al.  2003 ; Pariante and Miller  2001 ). 
Barker et al. ( 2011 ) showed that maternal 
depression during both prenatal and postnatal 
periods exerted a wider impact on different 
types of child maladjustment than maternal anx-
iety which was associated with internalizing 
problems in the child. Prenatal risks were asso-
ciated prospectively with child externalizing 
diffi culties and verbal IQ, over and above prena-
tal-postnatal maternal anxiety, and depression 
infl uences. It appears that prevention of adverse 
outcomes in offspring may be effi caciously 
addressed through intervention treatments cen-
tered upon maternal anxiety-depression during 
the prenatal and postnatal phases. Parents pre-
senting mood disorders and/or antisocial 
behaviors are impaired signifi cantly on various 
components of parenting (Hoeve et al.  2009 ), 
displaying inadequate supervision and monitoring 
(Loeber and Stouthamer- Loeber  1986 ), parental 
negativity (Fienberg et al.  2007 ), and abuse and 
neglect (Eaves et al.  2010 ). These dysfunctional 
ingredients of parenting presage a wide range of 
disorders, which are more or less linked to mood 
disturbances, in the offspring (Cox et al.  2012a ,  b ; 
Diler et al.  2011 ; Lewis et al.  2012 ; Nauta et al. 
 2012 ; Vandeleur et al.  2012 ). Duffy et al. ( 2012 ) 
have described the association of bipolar 
 disorder with a number of genetic and epigenetic 

abnormalities linked to neurotransmitter, hormonal 
and immunologically mediated neurobiological 
pathways that implicate HPA axis, and immune 
system abnormalities in offspring. Long-standing 
maladaptive alterations may be mediated through 
changes in intracellular signaling pathways, 
oxidative stress, cellular energy metabolism, 
and apoptosis suggesting a substantial burden of 
illness. The “children- of-twins” method has 
been used to disaggregate family environment 
effects from genetic parent-offspring liabilities 
(Keller et al.  2010 ), and its application has dem-
onstrated offspring psychopathology following 
parental anxiety (Narusyte et al.  2008 ) and 
depression (Silberg et al.  2010 ; Singh et al. 
 2011 ). Silberg et al. ( 2012 ) obtained distinctive 
patterns of transmission between parental anti-
social behavior and offspring conduct, depres-
sion, and  hyperactivity as juveniles. Genetic and 
family environmental factors accounted for 
parental antisocial behavior and offspring con-
duct disturbance. Family environmental factors 
explained the parental antisocial behavior – 
offspring depression association and genetic 
factors alone explained the impact of parental 
antisocial behavior on hyperactivity thereby 
underscoring genetic and epigenetic contribu-
tions. Although Lahey et al. ( 2011 ) found some 
common environmental infl uences, consistent 
with a “generalist genes and specialist environ-
ments” model, there existed limited sharing of 
environmental infl uences.  

1.3      Gender Consideration 

 Women presenting mood disorders had higher 
cortisol levels, and their newborns had lower 
gestational age and birth weight (Field et al. 
 2010a ). The cortisol effects in these studies were 
unfortunately confounded by low serotonin and 
low dopamine levels which in themselves could 
contribute to nonoptimal pregnancy outcomes. 
The negative effects of depression and cortisol 
were also potentially confounded by comorbid 
anxiety; by demographic factors including 
younger age, less education, and lower SES of the 
mothers; and by the absence of a partner or a 
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partner who was unhappy about the pregnancy or 
a partner who was depressed. Substance use 
(especially caffeine use) was still another risk 
factor. All of these problems including prenatal 
depression, elevated cortisol, prematurity and 
low birth weight, and even postpartum depres-
sion have been reduced by prenatal massage ther-
apy provided by the women’s partners. Field 
et al. ( 2010b ) compared the effects of comorbid 
depression and anxiety to the effects of depres-
sion alone and anxiety alone on pregnancy mood 
states and biochemistry and on neonatal out-
comes in a large multiethnic sample. At the pre-
natal period, the comorbid and depressed groups 
had higher scores than the other groups on the 
depression measure. Nevertheless, the comorbid 
group had higher anxiety, anger, and daily hassle 
scores than the other groups, and they had lower 
dopamine levels. As compared to the nondepressed 
group, they also reported more sleep disturbances 
and relationship problems. The comorbid group 
also experienced a greater incidence of prematu-
rity than the depressed, the high-anxiety, and the 
nondepressed groups. Although the comorbid 
and anxiety groups had lower birth weight than 
the nondepressed and depressed groups, the 
comorbid group did not differ from the depressed 
and anxiety groups on birth length. The neonates 
of the comorbid and depressed groups had higher 
cortisol and norepinephrine and lower dopamine 
and serotonin levels than the neonates of the 
anxiety and nondepressed groups as well as 
greater relative right frontal EEG. These data 
suggest that for some measures, comorbidity of 
depression and anxiety is the worst condition 
(e.g., incidence of prematurity), while for others, 
comorbidity is no more impactful than depression 
alone. Gender considerations affecting disorder 
and eventual intervention ought to be “captured” 
already during infancy: Luby et al. ( 2012 ) 
assessed (1) preschoolers (mean age = 4.6 years) 
with a current depressive syndrome and two 
nondepressed comparison groups and (2) longi-
tudinal data pertaining to emotional reactivity at 
preschool age (mean age = 4.5 years) and later 
mood disturbance symptoms during the transi-
tion to primary school that allowed a retrospective 
determination of risk. They observed that 

depressed and at-risk boys displayed more anger 
than sadness in contrast to girls in the same 
groups and in contrast to no-disorder/low-risk 
controls. 

 As with depressive illness, mood/dysthymic 
disorders are considered to be more common 
among female individuals than among male indi-
viduals (Dell’osso et al.  2012 ; Vishnuvardhan 
and Saddichha  2012 ). Moderate to high levels of 
heritability in mood and affective disorders have 
been obtained from family, twin, and adoption 
studies (Boardman et al.  2011 ; Lubke et al.  2012 ; 
Smoller and Finn  2003 ; Williams et al.  2011 ), 
while Hasler and Northoff ( 2011 ) have described 
endophenotypes that modulate specifi city, mood 
state independence, heritability, familiarity, clinical 
relevance, and possible associations with candi-
date genes in adults and children (Franić et al. 
 2010 ; Lazary  2010 ). Age at onset may be a 
considerable source of heterogeneity in mood 
disorders: Early onset of major depressive disor-
der (MDD), despite negative fi ndings (Sullivan 
et al.  2000 ), is linked to increased disorder risk in 
fi rst- degree relatives (Kupfer et al.  1989 ; 
Nierenberg et al.  2007 ; Tozzi et al.  2008 ). Age at 
onset may distinguish subtypes of depression 
with specifi c heritable components (Bergemann 
and Boles  2010 ; Hays  1976 ). Power et al. ( 2012 ) 
showed that analysis of age at onset, as a quanti-
tative trait, indicated that, across all SNPs, com-
mon genetic variants explained a large proportion 
of the variance observed. The mood stabilizers, 
designed to treat the intense and sustained mood 
shifts of these disorders, offer effective manage-
ment of bipolar disorder, mania, and depression, 
as well as maintenance (de Bartolomeis and 
Perugi  2012 ; Walpoth-Niederwanger et al.  2012 ). 
Squassina et al. ( 2010 ) have outlined the current 
state of pharmacogenomic research on long-term 
treatment with mood stabilizers indicating the 
necessity of pharmacogenetic implementations 
in clinical settings. In order to study molecular 
mechanisms underlying antidepressant action 
and identify new biomarkers to determine thera-
peutic response to these compounds, Malki et al. 
( 2012 ) examined two effi cacious ADs with diver-
gent pharmacological profi les, noradrenergic and 
serotonergic, respectively. They were treated 
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with either nortriptyline, pro-noradrenergic 
action, or citalopram, pro-serotonergic SSRI, or 
saline. Using quantitative proteomic analyses 
that identify specifi c drug response markers was 
undertaken on hippocampal tissue from a study 
design that used two inbred mouse strains, two 
depressogenic protocols and a control condition 
(maternal separation, chronic mild stress, con-
trol), two antidepressant drugs, and two dosing 
protocols which were assayed with 2DE and iso-
baric tandem mass tagging applied to the selected 
experimental groups. They found that signifi cant 
strain- and stress-related differences occurred 
across both two-dimensional gel electrophoresis 
and tandem mass tagging data sets whereby they 
identifi ed three gene products linked to seroto-
nergic (PXBD5, YHWAB, SLC25A4) AD action 
and one linked to noradrenergic (PXBD6) AD 
action (see also Uher et al.  2009 ).   

2       Pharmacogenetics of 
Treatment 

 Genetically mediated variability mapped onto 
trajectories of risk for psychopathology, espe-
cially that precipitated by environmental adver-
sity, contributes to the understanding of biological 
pathways that mediate individual differences in 
behavior and in risk for psychopathology (Hariri 
 2010 ). Pharmacogenetics pursues the description 
and prediction of the extent to which the gene 
profi les of individuals affect their responses to 
therapeutic interventions, particularly drugs, 
designed to alleviate mood disorders (Mutsatsa 
and Currid  2012 ; Perlis  2007 ; Serretti et al.  2008 ), 
through applied notions of genes, proteins, and 
single-nucleotide polymorphisms (SNPs). 
Scharinger et al. ( 2011 ) have described compre-
hensive evidence on the infl uence of serotonergic 
genes ( SLC6A4 ,  HTR1A ,  MAOA ,  TPH2 ), and 
BDNF on the following neural intermediate phe-
notypes is displayed: amygdala reactivity, cou-
pling of amygdala-anterior cingulate cortex 
(ACC) activity, ACC volume, hippocampal vol-
ume, and serotonin receptor 1A (5-HT1A) bind-
ing potential. Several factors contribute to the 

diffi culties involving drug treatment effi cacy, e.g., 
delay of onset of therapeutic effect and tolerance 
and compliance issues (Masand et al.  2002 ; 
Mitchell  2006 ). Pharmacogenetic studies of psy-
chometric outcome measures of drug response 
are hampered by small effect sizes; these may be 
handled through intermediate endophenotypes of 
drug response, as by imaging studies suggest 
(Rabl et al.  2010 ), thereby strengthening the rela-
tionship between genes and drug response as 
well as providing new insights into the neurobiol-
ogy of depression and individual drug responses. 
The pharmacogenetics of treatments for mood 
disorders may focus upon several aspects of drug 
action, including pharmacokinetics, neurotrans-
mitter metabolism and metabolic enzymes, and 
transporter mechanisms. For example, Porcelli 
et al. ( 2011 ) have focused upon genes linked to 
pharmacodynamics and in the stratifi cation of 
these identifi cations have indicated several incon-
sistencies across observations. Scharinger et al. 
( 2010 ) have reviewed imaging genetic studies in 
mood disorders that apply more complex genetic 
disease models, such as epistasis and gene- 
environment interactions, and their impact on 
brain systems regulating emotion processing and 
interventional outcomes. 

 Therapygenetics occupies certain aspects of 
psychiatric genetic study that observes the rela-
tionship between specifi c genetic variants and dif-
ferences in the level of success of biopsychological 
therapy (Eley et al.  2012 ) and links to the “differ-
ential susceptibility hypothesis,” through which 
individuals vary in the extent that environmental 
experiences affect them (Belsky et al.  2009 ; 
Belsky and Pluess  2009 ; Ellis et al.  2011 ; van 
Ijzendoorn et al.  2012 ). Eley et al. ( 2012 ) col-
lected DNA from 584 presenting anxiety  disorder 
and undergoing manual-based cognitive- behavior 
therapy, all with four white European grandchil-
dren. They tested whether or not treatment 
response was associated with the 5HTTLPR that 
was shown previously to moderate  environmental 
infl uences upon depression (Ng et al.  2006 ). They 
observed that children with the short-short allele, 
genotype, were signifi cantly more likely to 
respond to cognitive-behavior therapy than those 
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children carrying a long allele. On the other hand, 
in a population of outpatients ( n  = 330) with PTSD 
who underwent 5HTTLPR genotyping, the long-
long genotype was associated with greater respon-
siveness of PTSD to sertraline (100 mg/day) and 
with lower dropout due to adverse events, compared 
with the short-short and short-long 5HTTLPR 
genotypes (Mushtaq et al.  2012 ). Also, in another 
study with adult bulimia-mood disorder comor-
bidity patients (Richardson et al.  2008 ; Steiger 
et al.  2008 ), it was shown that the 5HTTPLR short 
allele predicted a poorer treatment response 
whether or not cognitive-behavior therapy or 
medication or a combined therapy was adminis-
tered. Factors affecting therapeutic drug response 
rates include clinical heterogeneity, diagnostic 
uncertainty and variable symptom expression, 
environmental and social factors, comorbidity, 
gene-environment interactions, and genetic factors 
(Lohoff  2011 ). 

 Anxiety mood disorders, highly prevalent and 
persisting into adulthood (Merikangas et al. 
 2010 ; Weems  2008 ), often have childhood onset 
(Kessler et al.  2005 ), accompanied by several 
defi cits/problems (Asendorpf et al.  2008 ; Erath 
et al.  2007 ; Owens et al.  2008 ) with risk for vari-
ous states of future ill-health (Ehrensaft and 
Cohen  2012 ; Kim-Cohen et al.  2003 ). High rates 
of remission and treatment response are predicted 
by symptom severity (Hudson  2005 ), parental 
psychopathology (Rapee et al.  2009 ), and comor-
bid mood disorder (Ollendick et al.  2008 ). Meta- 
analyses from association data of mood disorders 
have indicated the role of particular genes in 
genetic risk, and the integration of association 
data from meta-analyses with differential expres-
sion data in brains of mood disorder patients 
could heighten the level of support for specifi c 
genes (Detera-Wadleigh and Akula  2011 ). 
Several lines of evidence imply mechanisms 
underlying the reported increase in anxiety-like 
behavior elicited by perturbation in brain-derived 
neurotrophic factor (BDNF) signaling (Daftary 
et al.  2012 ). The secretion of BDNF is activity 
dependent with reduced secretion linked to the 
effects of stress and mood disorders (cf. 
Kapczinski et al.  2008 ; Post  2010 ); AD treat-

ments generally elevate BDNF secretion (Chen 
et al.  2001 ; Martinowich and Lu  2008 ). In the 
functional rs6265 (Val66Met) polymorphism, the 
Met allele is associated with decreased activity- 
dependent BDNF secretion (Egan et al.  2003 ), 
structural brain abnormalities in limbic regions 
(Gallinat et al.  2010 ), impaired hippocampal 
activity (Hariri et al.  2003 ), impaired associative 
fear learning (Hajcak et al.  2009 ), and defective 
BDNF secretion and increased anxiety-related 
behavior in “knock-in” mice (Chen et al.  2006 ). 
The Met allele decreases BDNF transport, con-
trary to the superior functioning of the BDNF 
polymorphism (Val(66)Met) Val allele, and has 
been associated with worsened performance 
on several cognitive domains in euthymic BD 
subjects and controls. Manic patients with the 
Val allele (Met-) had higher Barrow-Welsh Art 
Scale for creativity and neuropsychological test 
scores than Met+ carriers (Soeiro-de-Souza et al. 
 2012 ). 

 An association between Val66 allele and higher 
neuroticism has been found (Lang et al.  2005 ), 
whereas the Met allele was either linked to lower 
neuroticism (Frustaci et al.  2008 ) or had no 
association (Terracciano et al.  2010a ,  2011 ). 
Nevertheless, signifi cant associations have been 
reported between Met allele carriers and increased 
introversion (Terracciano et al.  2010b ), increased 
harm avoidance (Montag et al.  2010 ), and signifi -
cant gene-gene and gene-environment interactions 
pertaining to anxiety- and depression- linked endo-
phenotypes (Gatt et al.  2009 ,  2010 ; Pezawas et al. 
 2008 ). Lester et al. ( 2012 ) report fi ndings from a 
sample of 374 children with anxiety disorder of 
European ancestry (from clinics in Reading, UK, 
and Sydney, Australia), undergoing cognitive-
behavior therapy, from whom DNA was collected 
from buccal cells with cheek swabs. Their treat-
ment response was assessed at posttreatment and 
follow-up time points. No signifi cant associations 
were observed between BDNF rs6265 and the 
response to psychotherapy; however, children with 
one or two copies of the T allele of NGF rs6330 
showed a greater likelihood of relinquishing their 
primary anxiety diagnosis at follow-up. The 
recently discovered human BDNF Val66Met 
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(BDNF(Met)) polymorphism may play a role in 
stress vulnerability through pharmacogenetic 
infl uences affecting molecular and structural 
mechanisms underlying the interaction. Yu et al. 
( 2012 ) observed that heterozygous BDNF(+/Met) 
mice displayed hypothalamic- pituitary-adrenal 
axis hyperreactivity, increased depressive-like and 
anxiety-like behaviors, and impaired working 
memory compared with WT mice after 7 days    
restraint stress. Also, BDNF(+/Met) mice exhib-
ited more prominent changes in BDNF levels and 
apical dendritic spine density in the prefrontal cor-
tex and amygdala after stress related to impaired 
working memory and elevated anxiety-like behav-
iors. These depressive-like behaviors in BDNF(+/
Met) mice were reversed selectively with acute 
administration of desipramine, but not fl uoxetine. 
These selective behavioral, molecular, and struc-
tural defi cits appear to be part of the stress and 
human genetic BDNF(Met) polymorphism inter-
action. From an aspect of “personalized medicine” 
(see below) that desipramine but not fl uoxetine 
exerted AD effects on BDNF(+/Met) mice implies 
that specifi c classes of ADs may be a more effec-
tive treatment option for depressive symptoms in 
humans with this genetic variant BDNF. 

 Pharmacometabolomics deals with the direct 
measurement of metabolites in an individual’s 
bodily fl uids, in the present case biomarkers 
within nervous tissues involving structure and 
function, in order to predict or assay the metabo-
lism of pharmaceutical compounds by deriving 
information in combination with the other omics, 
genomics, transcriptomics, and proteomics 
(Kaddurah-Daouk et al.  2008 ). Using targeted 
metabolomics, Kaddurah-Daouk et al. ( 2012 ) 
compared biochemical profi les in the cerebrospi-
nal fl uid of unmedicated depressed or remitted 
MDD patients with those in healthy controls. 
They obtained differences in the rMDD group 
tryptophan and tyrosine metabolism compared 
to the other groups. The rMDD group presented 
higher methionine levels and larger methionine-
to- glutathione ratios than the other groups, 
implicating methylation and oxidative stress 
pathways. These rMDD group reductions of 
metabolites of the tryptophan and tyrosine 

pathways may be associated with these individuals’ 
vulnerability for developing mood disorder 
symptoms under tryptophan/catecholamine 
depletion. Abo et al. ( 2012 ) tested the hypothesis 
that pharmacometabolomic data could be effi -
ciently merged with pharmacogenomic data by 
single-nucleotide polymorphism (SNP) imputa-
tion of metabolomic- derived pathway data on a 
“scaffolding” of genome-wide association SNP 
data to broaden and accelerate “pharmacometab-
olomic-informed pharmacogenomic” studies by 
eliminating the need for initial genotyping and 
by making broader SNP association testing pos-
sible. They had genotyped previously 131 tag 
SNPs for six genes encoding enzymes in the gly-
cine synthesis and degradation pathway using 
DNA from 529 depressed patients treated with 
citalopram to pursue a glycine metabolomic “sig-
nal” associated with selective serotonin reuptake 
inhibitor (SSRI) responses. The authors identi-
fi ed a signifi cant SNP in the glycine dehydroge-
nase gene. Subsequently, GWAS SNP data were 
generated for the same patients. In this study, we 
compared SNP imputation within 200 kb of 
these same six genes with the results of the pre-
vious tag SNP strategy as a rapid strategy for 
merging pharmacometabolomic and pharma-
cogenomic data. Imputed genotype data pro-
vided greater coverage and higher resolution 
than did tag SNP genotyping, with a higher aver-
age genotype concordance between genotyped 
and imputed SNP data for “1,000 genomes” 
(96.4 %) than HapMap 2 (93.2 %) imputation. 
Many low  P -value SNPs with novel locations 
within genes were observed for imputed com-
pared with tag SNPs, thus altering the focus for 
subsequent functional genomic studies. Their 
results implied that the administration of genome-
wide association SNP data to impute SNPs for 
genes in pathways identifi ed by other “omics” 
approaches makes it possible to rapidly and 
cost-efficiently identify SNP markers to 
“broaden” and accelerate pharmacogenomic 
studies. Table  16.1  provides a list of genes that 
are associated with pathophysiology or effi cacy, 
metabolism, or availability of pharmacothera-
peutic agents in mood disorders.   
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3      ADs and Personalized Medicine  

A multitude of factors infl uence the emergence and 
progression of the mood disorders (Zahn- Waxler 
et al.  2000 ). “Personalized medicine” involves the 
adaptation of therapies based on an individual’s 
genetic and molecular profi le. It may be achieved 
through the adaptation of therapy to each individ-
ual patient through the application of molecular 
tools based upon gene technologies (Maier and 
Zobel  2008 ). The notion of personalized medicine, 
a model that outlines the customization of health-
care, with decisions and practices that suited to 
each individual patient through application of 
genetic, biomarker, gene- environment interactive, 
or other information (Shastry  2005 ,  2006 ), refers in 
which drugs and drug combinations are optimized 
for each individual’s unique genetic makeup 
(Archer  2012 ). Pharmacogenomic testing of 
patients differs from that of healthy controls with 
regard to clinical severity and treatment resistance, 
intolerance, presentation of higher self-reported 
anxiety, depression and mood fl uctuations, greater 
likelihood of familial background of mood/anxiety 
disorder, and greater indications of prior ADs, 
mood stabilizers, and antipsychotic medication 
(Rundell et al.  2011 ). The identifi cation of the par-
ticular relationships between genotype and drug 
response, including both the therapeutic effect and 
side-effect profi le, will infl uence the medical prac-
tice of disorder intervention to a degree as yet 
impossible to assess. Despite the huge application 

of antidepressant (AD) compounds to affl icted 
individuals, only 60 % of those treated with these 
drugs show suffi cient response to medication, and 
adverse effects are common while numerous phar-
macogenetic studies point to the involvement of 
genetic factors. Gvozdic et al. ( 2012 ) have reviewed 
the available literature on pharmacogenetics of 
antidepressant response and side effects until sum-
mer of 2011, using the PubMed database. They 
observed that several variants in candidate genes 
involved in the pharmacokinetics or pharmacody-
namics of antidepressants, including association 
fi ndings in the serotonin transporter gene ( 5-HTT ), 
serotonin receptor genes, a gene coding an effl ux 
pump in the blood–brain barrier ( ABCB1 ), and 
genes involved in the HPA axis. They concluded 
that future studies ought to investigate comprehen-
sively the functional biomarker analyses and 
underlying pathophysiology in considerations of 
gene-gene and gene-environment interactions. 

 The identifi cation of genetic biomarkers that 
predict antidepressant treatment response is likely 
to improve current clinical practice particularly 
since the therapeutic response to ADs    is marked by 
interindividual variability, according to which a 
large proportion of MDD patients do not response 
adequately the 1st AD drug prescribed (Trivedi 
et al.  2006 ). Studies on antidepressant treatment 
response have focused on both aspects of pharma-
cogenetic research, identifying new candidate genes 
that may predict better  treatment response for 
patients (Steimer et al.  2001 ) and taking into account 
the situation that AD drug response aggregates in 

   Table 16.1    The pharmacogenetics of certain genes associated with the pathophysiology or effi cacy, metabolism, or 
availability of pharmacotherapeutic agents in mood disorders   

 Site of action  Gene  Promoter region  Clinical indication 

 Serotonin transporter   SLC6A4   5-HTTPLR  SSRI effi cacy 
 Glycoprotein   ABCB1   Upstream/downstream promoters  ABC transporter a  
 CRH receptor of HPA axis b    CRHR1   Luciferase reporter plasmid  Suicidality 
 5-HT 2A  receptor   HTR2A   −1438G/A (rs6311)  Overdensity 
 Glucocorticoid receptor   NR3C1   Luciferase reporter plasmid  Stress adaptation 
 BDNF neurotrophin   BDNF   Multiple promoters  AD-enhanced plasticity 
 AD drug action   MAGI2 ,  DTWD1 , 

 WDFY4 , and  CHL1  
 Multiple promoters  Symptom exacerbation 

   a Transportation of a wide variety of substrates across extra- and intracellular membranes 
  b Corticotrophin-releasing hormone of the hypothalamic-pituitary-adrenal axis  
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families (Franchini et al.  1998 ). Narasimhan and 
Lohoff ( 2012 ) have reviewed recent fi ndings on the 
pharmacogenetics of antidepressant drugs and 
future clinical applications. The individualization 
and optimization of treatment decisions for unipolar 
depression couched in terms of “the right drug/
treatment for the right patient” remains restricted 
since current circumstances suffi ciently powerful 
clinical or biological predictors which could help to 
achieve this goal are missing (Möller et al.  2012 ). 
The notion of personalized medicine has illustrated 
graphically by evidence emerging from studies of 
the fate of serotonin released into the synaptic cleft: 
Dysfunctions of serotonergic  neurotransmission are 
involved in the physiopathogenesis of mood disor-
ders. Serotonin concentration in the synaptic cleft is 
essentially regulated by the serotonin transporter 
(5-HTT), and in this regard, a length polymorphism 
repeat in the 5-HTT promoter region, termed 
5-HTTLPR, has been linked to the disorder. 
Haenisch et al. ( 2012 ) detected a signifi cant asso-
ciation between the TA haplotype (tagging the S 
allele of the 5-HTTLPR) and mood disorder, and 
consistent with previous fi ndings of an association 
between the 5-HTTLPR S allele and mood disorder 
(see also Olgiati et al.  2012 ). 

 The burgeoning encroachments of pharmaco-
genomics- pharmacogenetics complemented with 
plasma concentration, therapeutic drug monitor-
ing, and diagnostic staging analyses have contrib-
uted markedly to the search for personalized 
treatment of mood disorders. For example, it has 
been reported that the low- expressing short allele 
at the locus 5-HTTLPR (serotonin transporter 
gene promoter polymorphism) of the gene encod-
ing the serotonin transporter is associated with a 
poor response to selective serotonin reuptake 
inhibitors (SSRIs), whereas the high-expressing 
long allele predicted an effective response to 
the ADs (Keers and Aitchison  2011 ), although 
replication has been questioned (Taylor et al. 
 2010 ; Zou et al.  2011 ). Porcelli et al. ( 2012 ) sys-
tematically reviewed 33 studies for a separate 
analysis of separately 19 studies performed on 
Caucasians and 11 on Asians. They tested two 
phenotypes – remission and response rates – and 
three genotype comparisons, ll versus ls/ss, ss 
versus ll/ls, and ll versus ss, using the Cochrane 

review manager and separate evaluations for 
SSRIs and mixed/other drugs. Divided by ethnic 
group, among Caucasians they found an associa-
tion between l allele and both response and 
remission in the SSRI group. Only a marginal 
association between l allele and remission sur-
vived pooling together mixed antidepressant 
treatments. Among the Asians, a small effect of 
5-HTTLPR on remission for mixed antidepres-
sants was obtained. It was observed that gender, 
age, and age at onset modulated the association 
in Caucasians, whereas gender, age, and depres-
sion severity at baseline modulated the associa-
tion in Asians. They concluded that whereas in 
Caucasians, 5-HTTLPR may be a predictor of 
antidepressant response and remission, among 
Asians it did not exert a major role. Dreimüller 
et al. ( 2012 ) have shown that among 5HTTLPR L 
(A) allele carriers, MDD patients presenting high 
AD concentrations gave a better response to treat-
ment than patients with low serum concentrations. 

 Differences in depressive symptoms and mood 
disorders, pertaining to prevalence among ado-
lescents, with higher prevalence among girls, 
between the genders emerge typically during 
adolescence, age at onset, and onset of puberty 
providing contributory factors (Kolltveit et al. 
 2012 ; Schuster et al.  2012 ; Zullig and Divin 
 2012 ). Edwards et al. ( 2011a ) have showed that 
that pubertal development moderates environ-
mental infl uences on depressive symptoms. 
Factors contributing to depressive symptoms 
during 14 years of age among more developed 
girls, relative to their less developed peers, were 
more critical but decreased in infl uence during 
age 17 with regard to depressive symptoms. The 
effects observed in boys were similar, but are 
delayed, paralleling the delay in pubertal devel-
opment in boys compared to girls thereby sup-
porting the premise that environmental infl uences 
on depressive symptoms during adolescence 
change as a function of pubertal development. 
Joinson et al. ( 2012 ) found that depressive symp-
toms among girls during mid-adolescence were 
more strongly infl uenced by breast stage than 
timing of menarche implies that the female rise in 
depression during adolescence may be due to 
increasing levels of estrogen and may account for 
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the gender difference in rates of depression 
emerges at this stage. Nilsen et al. ( 2012 ) per-
formed a systematic review of 32 anxiety studies 
and 13 depression studies that met predefi ned 
methodological criteria comprising client demo-
graphic factors such as age, gender, ethnicity, and 
IQ and clinical factors such as duration, type of 
diagnosis, pretreatment severity, and comorbid-
ity. Most of the studies showed nonsignifi cant 
associations between demographic factors (gen-
der and age) with treatment outcome for both the 
anxiety and the depression treatment trials. The 
anxiety studies showed mainly the lack of demo-
graphic or clinical  factors predicting or moderat-
ing treatment outcome. In the case of depression 
studies, the fi ndings implied that baseline symp-
tom severity and comorbid anxiety may impact 
on treatment response. Gender differences in 
response to intervention other than medication 
may be revealing: Gender and crime victimiza-
tion signifi cantly modifi ed treatment effects on 
distress and Behavioral Problems Index (Osypuk 
et al.  2012 ). Female adolescents in families with-
out crime victimization benefi ted from moving-
to- oppor tunity intervention, for all outcomes, 
distress, and major lifetime depressive disorder, 
whereas male adolescents in intervention fami-
lies experiencing crime victimization expressed 
worse distress, more behavior problems, and 
higher, though nonsignifi cantly, major lifetime 
depressive disorder versus controls. Finally, in a 
community-based longitudinal sample of 309 
adolescents reported depressive symptoms and 
negative life events at ages 11, 13, and 15. 
5-HTTLPR and MAOA-uVNTR genotypes were 
ascertained via buccal swabs (Priess-Groben and 
Hyde  2012 ). They obtained signifi cant four-way 
interaction between 5-HTTLPR, MAOA- 
uVNTR, NLE at age 13, and gender that pre-
dicted depressive symptoms at 15 years of age 
whereby girls were most likely to exhibit elevated 
depressive symptoms when experiencing nega-
tive life events if associated with low-expression 
MAOA-uVNTR alleles and short 5-HTTLPR 
alleles. For boys, low-expression MAOA-uVNTR 
alleles but long 5-HTTLPR alleles were impli-
cated. Taken together, the existing observations 
of pretreatment patient variables as predictors 

and moderators of anxiety and depression 
treatment outcome provided little consistent 
knowledge concerning for what type of patients 
and under what conditions treatments work. 

 Keers ( 2012 ) has suggested that gene- 
environment interaction studies may provide an 
explanation for the above discrepancies regard-
ing the 5-HTTLPR locus and the actions of 
SSRIs, particularly involving the interaction 
between stressors and 5-HTTLPR. Gene × envi-
ronment interaction effects were observed for 
genes encoding components of the hypothalamic-
pituitary- adrenal axis. The T allele of rs1360780 
in FKBP5 increased the risk of posttraumatic 
stress disorder (PTSD) following childhood mal-
treatment and rs10402 (a single-nucleotide poly-
morphism in the gene encoding CRHR1) and 
moderated the effects of this maltreatment on 
several behavioral phenotypes, such as alcohol-
ism, neuroticism, and depression, underlining the 
possibility that several polymorphisms have been 
shown to moderate the effects of environmental 
adversity on the development of depression and 
treatment response (Keers and Uher  2012 ). 
Additionally, it has been found that individuals 
possessing the S allele experienced more depres-
sive symptoms, clinical depression, and suicide 
attempts following recent stressful events or child-
hood maltreatment/adversity than those individu-
als carrying the L allele (Uher and McGuffi n 
 2010 ). Nevertheless, in a sample of 290 system-
atically recruited patients diagnosed with a single 
depressive episode, the outcome of antidepres-
sant treatment and the presence of stressful 
life events during a 6-month period preceding 
onset of depression using structured interviews 
were assessed (Bukh et al.  2010 ). Nine polymor-
phisms in the genes encoding the serotonin 
 transporter, brain-derived neurotrophic factor, 
catechol- O -methyltransferase, angiotensin con-
verting enzyme, tryptophan hydroxylase, and the 
serotonin receptors 1A, 2A, and 2C were geno-
typed, but no evidence that the effects of the 
genetic polymorphisms on treatment outcome were 
dependent on stressful life events experienced by 
the individual prior to onset of depression was 
forthcoming (but see Nanni et al.  2011 ). Keers 
et al. ( 2011 ) observed that stressful/adverse life 
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events predicted a marked more effective 
response to citalopram, but showed no effect 
in response to nortriptyline, variation in the 
5-HTTLPR promoter region polymorphism, and 
another polymorphism in the gene, STin4, sig-
nifi cantly modifi ed these treatment effects. 

 Mania, a state of abnormally elevated or irri-
table mood, arousal, and/or energy levels, pres-
ents a volatile mood state that is characterized by 
faulty judgements with marked impulsiveness 
often causing patients to engage in dangerous and 
self-damaging behaviors (Quanbeck et al.  2003 ) 
with genetic and clinical connection (Mellerup 
et al.  2012 ). Together with early onset and delay 
of treatment (Post et al.  2010 ), risk of switches in 
mood polarity into hypomania or mania during 
acute and continuation trials of adjunctive AD 
treatment of bipolar depression (BP) poses a 
 necessary consideration with an incidence of 
17–31 % (Leverich et al.  2006 ). In selection of 
AD treatment for BP, there is risk for treatment- 
emergent/AD-induced manic/hypomanic switch 
in up to 40 % of patients (Truman et al.  2007 ), 
whereas placebo/course-of-illness switch rate 
was 4–5 % (Calabrese et al.  2005 ). The serotonin 
transporter gene,  SLC6A4 , encodes the protein 
responsible for serotonin reuptake from the syn-
aptic cleft following release from serotonergic 
neurons. The association between AD-induced 
mania and candidate genetic variants, focusing 
upon the promoter polymorphism of  SLC6A4 , 
has been examined (Daray et al.  2010 ; de Aguilar 
Ferreira et al. 2010). Nevertheless, on the basis of 
a meta-analysis, Biernacka et al. ( 2012 ) in 
attempting to confi rm an association between 
the serotonin transporter gene polymorphism, 
5HTTLPR (see above), and AD-induced mania 
concluded that there was insuffi cient evidence. 

 Both the release of corticotrophin-releasing 
hormone (CRH) and arginine vasopressin (AVP) 
in the parvocellular neurons of the paraventricu-
lar nuclei (PVN) of the hypothalamus mediate 
parallel activation of the sympathetic nervous 
system and the hypothalamic-pituitary-adrenal 
(HPA) axis, in turn activating pro- opiomelanocortin 
(POMC) synthesis, processed to adrenocortico-
trophin hormone (ACTH), which induces secretion 

of glucocorticoids from the adrenal cortex (de 
Kloet  2004 ; Herman and Cullinan  1997 ). 
Glucocorticoids act through mineralocorticoid 
(MR) and glucocorticoid (GR) receptors: the for-
mer, high-affi nity receptors, implicated in the 
appraisal process and acute stress response onset 
and the latter, low-affi nity receptors, promoting 
adaptation and recovery from stress (De Kloet 
et al.  1998 ). GR signaling of the negative feed-
back process involves a complex arrangement of 
agents involving the transcriptional regulation of 
target genes (Echeverria and Picard  2010 ). 
Preclinical and clinical studies point to impaired 
MR and CR signaling capacity coupled to CRH 
and AVP system overactivity (McEwen  2003 ). 
The overactivity of the HPA axis expressed by 
hypercortisolism, adrenal hyperplasia, and abnor-
malities in negative feedback characterizes the 
biological abnormality in melancholic depres-
sion. In depressive states, anterior pituitary CRH1 
receptors are downregulated and response to 
CRH infusion is blunted, while, on the other 
hand, vasopressin V3 receptors in the anterior 
pituitary express enhanced responding to AVP 
stimulation which infl uences in maintaining HPA 
overactivity (Dinan and Scott  2005 ). Depressed 
patients showed elevated numbers of ACTH 
(Mortola et al.  1987 ) and cortisol (Rubin et al. 
 1987 ) secretory pulses as expressed through 
increased plasma and urinary free cortisol (Green 
and Kane  1983 ), changes accompanied by 
increased size of pituitary and adrenal glands 
(Axelson et al.  1992 ). During pregnancy, mater-
nal cortisol promotes secretion of placental CRH 
(O’Keane et al.  2011 ). In a group of medication-
free pregnant women presenting major depres-
sion ( n  = 27) or not ( n  = 38), O’Keane et al. ( 2011 ) 
found that maternal cortisol concentrations cor-
related highly with CRH secretion for all partici-
pants. Second trimester CRH concentrations and 
mean evening salivary concentrations were sig-
nifi cantly higher in the depressed women. 

 Mood disorders are associated early adversity, 
often prenatal traumatic stress (Abe et al.  2007 ; 
Darnaudery and Maccari  2008 ; Nugent et al. 
 2011 ), and accompanied frequently by relative 
elevations of glucocorticoid stress hormones. 
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The “deregulation” and the irregularity of the HPA 
axis present a major aspect of symptom and bio-
marker profi les in depressive disorders (Abreu 
Feijo de Mello et al.  2003 ; Boyle et al.  2005 ; 
Holsboer and Ising  2008 ), focusing on the role of 
elevated cortisol (Schüle  2006 ) and the putative 
AD-induced normalization of HPA function 
(Burke et al.  2005 ; Pariante et al.  2004 ). The bio-
logical stress response exerts essential functions in 
coping with life events, differing widely between 
individuals with genetically and epigenetically 
determined set points during infancy and adoles-
cence. It is possible the depressive spectrum disor-
ders constitute an adaptive defense mechanism to 
excessive stress/distress with the HPA axis 
expressing a hub in brain stress circuits implicated 
in depressive subtypes (Bonfi glio et al.  2011 ). 
Nevertheless, both the hippocampus-amygdala- 
prefrontal cortex and the reciprocal monosynaptic 
cerebello-hypothalamic connections together with 
dense glucocorticoid binding sites play an impor-
tant role in stress regulation and depressive disor-
der (Schutter  2012 ). Piwowarska et al. ( 2012 ) 
undertook to determine whether or not increased 
plasma concentrations occurred in MDD patients, 
using the Hamilton Depression Rating Scale 
(HDRS) and whether or not SSRI treatment with 
fl uoxetine may “reregulate” cortisol levels in a 
study of 21 patients (14 female, 7 male, aged 
29–75 years), with a mean score on HDRS, and 24 
healthy controls. They observed that among 
patients responding to fl uoxetine therapy (reduc-
tion of HDRS scores by at least 50 %), levels of 
cortisol were decreased. In mood disorders, higher 
mean cortisol levels and higher cortisol awakening 
rise indicate hyperactivity of the HPA axis and 
dysregulated GC sensitivity determined in part by 
polymorphisms in genes encoding receptors and 
proteins involved in HPA axis regulation (Bet et al. 
 2009 ; Russcher et al.  2005 ; Spijker and van 
Rossum  2009 ). Spijker and van Rossum ( 2012 ) 
have outlined both genetic and epigenetic changes 
infl uencing the set point and regulation of the HPA 
axis, with major effects upon mood states that 
could originate from traumatic experiences in 
utero and during infancy (McGowan et al.  2009 ; 
Navailles et al.  2010 ). 

 Generalized anxiety disorder (GAD), a highly 
prevalent chronic neuropsychiatric disorder 
with marked morbidity and mortality, is charac-
terized by excessive, uncontrollable, and often 
irrational worry about everyday things that is dis-
proportionate to the actual source of worry, with 
symptoms, that interfere with everyday behaviors, 
retained at least 6 months (Torpy et al.  2011 ). For 
both acute and chronic treatment, AD compounds 
with 40–70 % treatment response are prescribed 
(Baldwin and Nair  2005 ; Bandelow et al.  2012 ; 
García-Campayo et al.  2012 ). The 5-HT 2A  recep-
tor is expressed widely throughout the brain and 
CNS, particularly near most of the serotonergic 
terminal-rich areas, including neocortex (mainly 
prefrontal, parietal, and somatosensory cortex) 
and the olfactory tubercle, and is coded by the 
 HTR2A  gene. Links between the A-1438G 
(rs6311) polymorphism and mood  disorders have 
been obtained (Chee et al.  2001 ), and several 
studies have found associations between the 
rs7997012 and rs17288723 SNPs and AD treat-
ment outcome in patients presenting depression 
spectrum disorders (Horstmann et al.  2010 ; Lucae 
et al.  2010 ; McMahon et al.  2006 ). Venlafaxine is 
an SNRI (serotonin- norepinephrine reuptake 
inhibitor) for treatment of MDD, GAD, and 
comorbid indications. Lohoff et al. ( 2011 ) tested 
whether or not rs7997012 polymorphism pre-
dicted treatment outcome in 156 GAD patients in 
a 6-month open-label clinical trial administering 
venlafaxine XR with the Hamilton Anxiety Scale 
(HAM-A) and Clinical Global Expression of 
Improvement (CGI-I) score. The frequency of the 
G allele differed between responders (70 %) and 
nonresponders (56 %) at 6 months on HAM- A, 
and the G allele was  associated with improve-
ment. Similarly, Lohoff et al. ( 2012 ) studied the 
interaction between SLC6A4 5HTTLPR/rs25531 
haplotype and rs7997012 polymorphism for 
 venlafaxine XR in an 18-month relapse preven-
tion trial comprising 112 patients. Patients with 
genotypes La/La + G/G or La/La + G/A (n = 28) 
showed lower HAM-A scores than those with 
genotypes La/S + A/A or S/S + A/A at 6 months 
thereby concluding a gene-gene interaction 
between these markers. 
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 The potential role of polymorphisms in genes 
regulating the HPA axis thereby affecting puta-
tively AD drug effi cacy has been addressed 
(Tyrka et al.  2009 ). GR is encoded by the NR3C1 
gene, on chromosome 5, which has three protein 
domains: immunogenic, DNA, and ligand binding 
and several functional genetic polymorphisms 
(DeRijk et al.  2002 ). Relevant to mood disorders, 
SNPs in the region encoding the immunogenic 
domain involving changes in GR function, linked 
to “glucocorticoid resistance syndromes,” have 
been identifi ed, e.g., ER22/23EK (DeRijk et al. 
 2008 ), which induces loss of GR sensitivity (van 
Rossum et al.  2002 ). An overrepresentation of 
the ER22/23EK allele conferring GR resistance 
has been reported (van Rossum et al.  2006 ; van 
West et al.  2006 ). N363S and BclI polymor-
phisms are associated with hypersensitivity to 
glucocorticoids, whereas the ER22/23EK poly-
morphism is related to glucocorticoid resistance; 
both BclI and ER22/23EK polymorphisms were 
associated with susceptibility to develop major 
depression (van Rossum et al.  2006 ), while the 
ER22/23EK polymorphism was associated with a 
faster clinical response to antidepressant treatment. 
Horstmann and Binder ( 2011 ) have argued that 
despite the glucocorticoid measures and presence 
of polymorphisms, involving the stress hormone 
system, showing associations with response to 
ADs, necessary concurrent assessment of several 
clinical, biomarker, and pharmacokinetic variables 
is required, before a suitable level of predictability 
is achieved. Nevertheless, the structure- functional 
relationships of the HPA axis with regions involved 
in stress coping or non-coping and the dynamics 
of the glucocorticoid system are critical to notions 
concerning epigenetic infl uence on the etiopatho-
genesis of mood disorders (Schutter  2012 ) and 
predicting AD treatment response (Massart et al. 
 2012 ; Menke et al.  2012 ). 

 Meta-analysis of association data of mood 
disorders suggests the role of particular genes 
posing genetic risk with differential expression 
evidence in brains of mood disorder patients sup-
porting the contributions of specifi c genes. The 
“neurotrophin hypothesis” of depression posits a 
role of brain-derived neurotrophic factor (BDNF) 
in depression, although it is unknown whether 

BDNF is more involved in the etiology of 
depression or in the mechanism of action of 
antidepressants. Accordingly, defi ciency in neu-
rotrophic support levels may underlie mood dis-
orders such that elevation of neurotrophic status 
to normal levels engenders mood recovery. 
Castrén and Rantamäki ( 2010 ) have provided an 
account on the role of BDNF and its receptors in 
depression and the AD response presenting a 
model whereby the effects of AD treatments may 
occur via a reactivation of activity-dependent and 
BDNF- mediated cortical plasticity. Wolkowitz 
et al. ( 2011 ) observed that pretreatment, with 
SSRIs, BDNF levels were lower in the depressed 
subjects than the controls, but these levels did not 
correlate signifi cantly with the pretreatment 
assessment of depression severity. Depression 
ratings improved with SSRI treatment, and 
BDNF levels increased with treatment. Changes 
in BDNF levels were not signifi cantly correlated 
with changes in depression ratings. However, 
pretreatment BDNF levels were directly corre-
lated with antidepressant responses, and 
“responders” to treatment (≥50 % improvement 
in depression ratings) had higher pretreatment 
BDNF levels than did “nonresponders.” These 
results confi rm low serum BDNF levels in 
unmedicated depressed subjects and confi rm 
AD-induced elevations in BDNF levels but imply 
that ADs, in conjunction with correcting BDNF 
insuffi ciency, function through a permissive or 
facilitatory role of BDNF in the mechanism of 
action of ADs. In this context, network analy-
sis of meta-analysis-generated candidate genes 
expressing differential expression in patient 
brains identifi ed signaling pathways and func-
tional clusters implicated in genetic risk for mood 
disorders (Detera-Wadleigh and Akula  2011 ). 

 In order to extract a suitable level of effi cacy 
in the treatment of mood disorders, suffi cient 
comprehension of individual differences in sus-
ceptibility to the adverse effects of AD compounds 
is required. Both evidences from clinical trials 
(Papakostas and Fava  2009 ) and general clinical 
experience (Souery et al.  2007 ) indicate that 
50 % and less of patients presenting uncompli-
cated MDD will respond to any single AD. These 
realities combine with problems arising through 
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adverse drug reactions, e.g., cardiac toxicity in 
certain individual (Cooke and Waring  2012 ), that 
lead to inability to tolerate side effects and termi-
nation of treatment (Bull et al.  2002 ; Mitchell 
 2006 ). Prediction of individual effi cacy and side-
effect profi les remains in the domain of “trial and 
error” thereby rendering both psychological and 
somatic distress. Several avenues imply that the 
markedly heritable quality of the AD response 
(Malhotra et al.  2004 ; McGuffi n et al.  2010 ) 
should be particularly suitable for examination 
through applications of pharmacogenomic tech-
niques (Tsai et al.  2011 ). The role of serotonergic 
function-related genes in AD-induced adverse 
effects has been the focus of pharmacogenetic 
investigation (Kato and Serretti  2010 ; Zobel and 
Maier  2010 ), with more or less serious distur-
bance of somatic functions that effectively exac-
erbated symptom profi les (Ayala  2009 ; Serretti 
and Chiesa  2009 ). Several aspects of AD mecha-
nism of action have been observed through 
genome-wide associations with applications for 
drug response profi ling in mood disorder (Adkins 
et al.  2010 ; Morag et al.  2011 ). Clark et al. ( 2012 ) 
performed genome-wide studies to identify 
genetic variation affecting susceptibility to 
adverse effect in mood disorder drugs, conclud-
ing that 10 out of the 34 SNPs satisfi ed the crite-
rion for genome-wide signifi cance: 10 SNPs 
mediated the effects of bupropion upon adverse 
effects for sexual behavior, particularly with 
regard to  MAGI2 ,  DTWD1 ,  WDFY4 , and  CHL1 .  

4      Conclusions 

 The notion of personalized medicine for the 
development of effi cacious and individualized 
pharmacotherapies taking into account genetic 
variation and target groups of patients who share 
biology, not just the symptoms, of mood disor-
ders progresses steadily (McMahon and Insel 
 2012 ). One strategy in this enterprise has been to 
address gene polymorphisms in humans that 
affect SSRI effi cacy; another focuses on the 
molecular targets affected by SSRIs in animal 
models of mood disorders. It is concluded that 
serotonin transporter gene variation affects the 

effi cacy and adverse effects of SSRIs in humans, 
whereas SSRIs do not affect generally serotonin 
transport gene expression in animal studies, but 
rather alter mRNA levels of genes encoding sero-
tonin receptors, components of other neurotrans-
mitter systems, HPA axis-affecting factors, 
neurotrophic factors, and infl ammatory factors 
(Kroeze et al.  2012 ). The role of physical exer-
cise as personalized medication intervention for 
the alleviation of mood disorder symptoms 
remains only sparsely exploited ( Archer et al. 
submitted ). Exercise induces anti-infl ammatory 
effects to both nondepressed subjects and those 
presenting negative affective and/or infected sta-
tus (Archer et al.  2011 ). Following a 12-week 
exercise intervention program in patients pre-
senting MDD, Rethorst et al. ( 2012 ) reported 
higher baseline levels of TNF-α that were associ-
ated with a greater decrease in depressive symp-
toms over the intervention period as well as a 
marked positive correlation between change in 
Il-1β and depressive symptom scores. Their 
results imply that high TNF-α was linked with 
prediction of differentially superior outcome 
with exercise treatment as opposed to AD medi-
cation wherein high TNF-α was linked to poor 
response. Finally, adverse, unfavorable early life 
conditions, particularly during perinatal stages 
and infancy, may lead to epigenetic regulation of 
genes involved in stress response, behavioral 
inhibition, and cognitive-emotional systems 
(Archer et al.  2012 ). The ultimate fi nal outcome 
may be expressed through behaviors bedeviled 
by problems with impulse control, wrong deci-
sions, eating disorders, alcoholism, indiscrimi-
nate social behavior, as well as mood disorders.     
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    Abstract 

   Opiate and alcohol addiction are serious health and social problems, 
associated with high morbidity and mortality. The manifestation and 
development of these complex diseases involves genetic factors, environ-
mental factors, and the pharmacokinetic and pharmacodynamic properties 
of the psychoactive substance. 

 Among the main therapeutic indications of opioids are substance abuse 
programs and treatment of pain. Classic welfare programs are aimed at drug 
abuse patient detoxifi cation programs or opiate agonist maintenance, being 
the methadone maintenance program (MMP) the best known. However, for 
some of the most seriously affected drug users, these programs are ineffec-
tive, hence the existence of alternative therapies such as Heroin Prescription 
Program (HPP) in Switzerland and Holland. These programs are located 
within a therapeutic approach and integrated harm reduction in the public 
health network for drug abuse. In other countries, like Germany and Spain, 
several clinical trials with PPH have been successfully conducted. 

 The establishment of an individualized prescription of opioids safely 
and effectively is a diffi cult task for the physician, due to interindividual 
variability in the individual’s response to the substance and the individual 
risk of the administered dose which is within therapeutic range. 

 In recent years, numerous studies have described several genes involved 
in opioid and alcohol dependence. Among genetic variations that affect 
opioid receptors, the SNP that affects the mu receptor in position 118 
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       1 Introduction 

 Abuse of central nervous system (CNS) depres-
sant psychoactive substances, such as opiates and 
alcohol, causes serious health problems among 
consumers. The uncontrolled use of these sub-
stances originates manifestations such as habitual 
intoxication, drug tolerance, physical dependence, 
sensitization, and compulsive search or “craving” 
(Alvarez and Farre  2005 ). 

   1.1 Opioid Dependence 

 Opioid dependence is a complex disease which 
involves environmental factors, pharmacokinetic 
and pharmacodynamic properties of the psycho-
active substances, and genetic factors (Alvarez and 
Farre  2005 ). 

 The pharmacological properties of opioids are 
of great therapeutic interest due to their analgesic 
effects; however, abuse of these substances causes 
serious organic, psychiatric, and social complica-
tions, making the approach for the treatment of 
these subjects very complex. 

 Currently, health services offer a wide range 
of alternative therapies to treat this disease. 
Methadone maintenance programs with opiate 
agonists are the most commonly used as they 
have shown their high effi ciency and effective-
ness (Marset  2005 ). 

 There is, however, a population of severely 
affected users, who escapes classic healthcare 

programs and for whom the heroin prescription 
programs (HPP) are destined. These programs 
are set within a therapeutic approach of harm 
reduction and integrated into the public health-
care network for drug addicts in countries like 
Switzerland and the Netherlands. In others, such 
as Spain, the clinical trial “PEPSA” took place in 
2003, based on individualized protocolized 
prescription of opioid agonists, specifi cally 
diacetylmorphine (DAM) administered intrave-
nously and methadone (MTD) orally. Establishing 
individualized doses of opiates, safely and effec-
tively, is a diffi cult task due to interindividual dif-
ferences in dose requirements of equivalent 
opioids among patients and the individual narrow 
therapeutical range.  

   1.2 Alcohol Dependence 

 Alcoholism etiology involves genetic, psycho-
social, and environmental factors. The use and 
abuse of alcohol is one of the main factors related 
to the health of individuals, and their conse-
quences have a major impact in terms of health 
and in social terms. 

 Alcohol dependence triggers craving caused 
by decreased dopamine levels, increased cal-
cium channel, increased NMDA receptors, and 
decreased GABA. 

 There are several drug treatments available 
to approach this disease, based on the use of 
anti- craving drugs (acamprosate, naltrexone, or 

seems to be one of the most clinically relevant in alcohol and opioid 
addiction. Current pharmacotherapy targeted to alcohol addiction also 
has been associated to gene polymorphisms in opioid receptors. 

 Polymorphisms in the different isoenzymes of CYP450 (CYP3A4, 
CYP2D6, CYP2B6, CYP1A2, CYP2C9, and CYP2C19) also signifi cantly 
infl uence in the pharmacokinetics and the effects of opioids and concomi-
tant treatment of patients. 

 Pharmacogenetic analysis, focused on the opioid system gene polymor-
phisms and interactions related to CYP450, together with the study of 
clinical parameters may be a useful tool for the physician to adjust the 
appropriate pharmacotherapeutic dose in each particular case. 

 This chapter will review the most relevant gene polymorphisms 
related to alcohol and opioid addiction in the opioid system and the 
CYP450 complex.  
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serotonergic drugs) or interdictors drugs (disulfi ram 
or calcium cyanamide), along with psychother-
apy and support groups. 

 In this chapter, we will focus on human 
studies showing the infl uence of certain gene 
polymorphisms in different molecular structures, 
mainly the opioid system and phase I metabolism 
(cytochrome P450) genes, on opioids and/or 
alcohol dependence.   

   2  Pharmacology of 
Psychoactive Substances 

   2.1  Pharmacotherapy in Opioid 
Dependence 

 Opiates that will be studied in this section are 
diacetylmorphine (DAM), morphine (MOR), and 
methadone (MET). 

   2.1.1 Diacetylmorphine 
   Indications 
 DAM is not available for therapeutic use in the 
USA, but is used in other countries, particularly 
the UK, as an alternative to morphine and 
other opioids for the treatment of severe pain 
( Micromedex® 2.0 ). In Spain, it is also approved 
for opioid abuse in the context of the PEPSA 
Program (Experimental Program for the Prescri-
ption of Stupefacients in Andalusia), an ongoing 
clinical trial (March et al.  2006 ).  

   Pharmacokinetics 
 Heroin (diacetylmorphine, DAM) reaches its 
maximum concentration 1–2 min after intrave-
nous or smoked administration and after 5 min of 
intranasal or intramuscular administration. 

 The oral bioavailability of heroin and morphine 
is low, due to a fi rst-pass hepatic metabolism. 

 Distribution of opioid is very good. It crosses 
the blood–brain barrier and the placenta. The vol-
ume of distribution for heroin is 2–5 L/kg and 
3.3 L/kg for morphine. Heroin is more soluble in 
lipids than morphine and more quickly crosses 
the blood–brain barrier. Heroin hydrolyzes to 
monoacetylmorphine in 5–10 min, which will 
then be metabolized to morphine. Circulating mor-
phine becomes morphine-3-glucuronide (inactive) 

and morphine-6-glucuronide (pharmacologically 
active). Codeine is transformed in part into 
morphine. Morphine is excreted in the bile, and 
a small proportion is eliminated in the feces. 
The fraction of free morphine in urine only 
reaches 10 % of the dose. Although heroin is not 
usually found in urine, the presence of mono-
acetylmorphine confi rms heroin administration 
( Martindale: The Complete Drug Reference ). 

 When diacetylmorphine reaches the brain, it 
interacts with opioid receptors, mainly mu 
receptors operating in the area of analgesia, and 
depresses respiration and delta receptors, which 
according to recent theories may be more asso-
ciated with mood with analgesia. It reaches high 
concentrations in a short period of time, which 
provokes great pleasure in patients with opioid, 
the so-called fl ash effect, not experienced with 
other opioids. 

 DAM presents renal excretion. Between 42 
and 70 % of a parenteral dose of DAM can be 
recovered in urine as morphine (unchanged and 
conjugated). After oral doses of diacetylmor-
phine, up to 77 % has been recovered in the urine 
as morphine in some studies. Elimination half- 
life is 3 min. 

 Consumption patterns are conditioned not 
only by kinetics and dynamics of the drug but 
also by cultural infl uences (fashion), social, 
availability or offering, and individual variables 
(motivations, diseases, etc.). Tolerance is high 
and develops relatively quickly. The same applies 
to psychological and physiological dependence.  

   Mechanism of Action 
 DAM is an opioid analgesic with pharmaco-
logical properties similar to morphine. DAM is 
essentially a prodrug, being converted to mor-
phine and 6-acetylmorphine (active metabolite) 
after parenteral administration. After parenteral 
doses in patients with acute pain, the potency of 
diacetylmorphine on a weight basis is at least 
twice that of morphine (Wallenstein et al.  1990 ). 
DAM is completely converted to morphine due to 
fi rst-pass metabolism after oral administration; 
it is less effi cient than an equal dose of morphine 
in providing delivery of systemic morphine. 

 Similarly to other opioids, DAM exerts phar-
macologic effects by acting as an agonist in the 
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CNS, primarily at mu receptors; however, there 
is also signifi cant affi nity for kappa and delta 
receptors. 6-Acetylmorphine and morphine 
have been demonstrated in vitro to bind to 
opiate receptors, with morphine being slightly 
more potent; in contrast, diacetylmorphine itself 
binds only weakly or not at all to opiate receptors 
( Micromedex® 2.0 ).  

   Interactions 
 Two minor interactions have been described for 
DAM, DAM-alprazolam, and DAM-nabilone. 
Other interactions that should be considered are 
those produced with morphine, the diamorphine 
metabolite ( Micromedex® 2.0 ).   

   2.1.2 Morphine 
 MOR is normally administered intravenously, 
with onset of effect of less than 1 min and a peak 
showing analgesic effect at 20 min after injec-
tion. The duration of action is about 4 h. 
Morphine plasma levels do not correlate with 
pharmacological activity, refl ecting a delay in the 
penetration of the morphine through the blood–
brain barrier. The poor penetration of morphine 
in the CNS is due to its relatively poor solubility 
in  lipids, 90 % of ionization at physiological 
pH, protein binding, and conjugation with gluc-
uronic acid. 

   Indications 
 FDA-labeled indications for MOR include acute 
myocardial infarction (pain), anesthesia (adjunct), 
obstetric pain, chronic pain (moderate to severe, in 
patients requiring a continuous around-the-clock 
opioid analgesic for an extended period of time), 
patient-controlled analgesia, postoperative pain, 
premedication for anesthetic procedure, and acute 
pulmonary edema (adjunct) ( Micromedex® 2.0 ).  

   Pharmacokinetics 
 Morphine is metabolized primarily by conjuga-
tion with glucuronic acid in the liver and other 
organs, especially in the kidneys. Approximately 
5–10 % of morphine appears as morphine-
6- glucuronide, an active metabolite that produces 
analgesia and depression of ventilation, accumu-
lating in patients with renal or kidney failure. 

 The elimination half-life is 114 min for morphine 
and 173 min for morphine-3-glucuronide, an 
inactive and predominant metabolite.  

   Mechanism of Action 
 Morphine sulfate is a pure opioid agonist that 
binds selectively to the mu receptor. Primary 
actions are developed in the brain through tran-
sitory stimulation prior to depression. In the 
CNS, it promotes analgesia and respiratory 
depression by decreasing brain stem respiratory 
centers in response to carbon dioxide tension 
and electrical stimulation. It also decreases 
gastric, biliary, and pancreatic secretion, induces 
peripheral vasodilation, and promotes opioid-
induced hypotension due to histamine release 
( Micromedex® 2.0 ).  

   Interactions 
 The concomitant use of MOR is contraindicated 
with naltrexone and monoamine oxidase inhibi-
tors. Other serious interactions are produced 
with barbiturates, centrally acting muscle 
relaxants, opioid analgesics, benzodiazepines, 
opioid analgesics and opioid agonists/antago-
nists, cimetidine, chloral hydrate, ethchlorvynol, 
sodium oxybate, phenothiazines, and tapentadol 
( Micromedex® 2.0 ).   

   2.1.3 Methadone 
   Indications 
 FDA-labeled indications of MET are opioid 
abuse, maintenance therapy, and pain (moderate 
to severe) ( Micromedex® 2.0 ).  

   Pharmacokinetics 
 MET is administered orally and has a prolonged 
half-life (18–24 h). It is subject to accumulation 
in repeated daily administrations. MET is 
rapidly absorbed after oral doses and has high 
oral bioavailability and acts 30–35 min after 
ingestion. Peak plasma concentrations have 
been reported 1–5 h after a single tablet. Its 
main effects can last 18–24 h, although some 
may last up to 36 h ( Martindale: The Complete 
Drug Reference ). 

 Methadone hydrochloride is readily 
absorbed from the gastrointestinal tract and 
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after subcutaneous or intramuscular injections. It 
is widely distributed in the tissues, diffuses 
across the placenta, and is distributed into breast 
milk. MET is metabolized in the liver by hepatic 
microsomal enzymes, mainly by N-demethylation 
and cyclization, and the metabolites are excreted 
in the bile and urine. Metabolism is mainly cata-
lyzed by CYP3A4, although other cytochrome 
P450 isoenzymes also contribute. MET is also 
able to accelerate its own metabolism by induc-
ing the 3A4 isoenzyme of the cytochrome P450 
system, responsible for demethylation, and 
inhibits 2D6 isoenzyme, responsible for the 
biotransformation system used by many drugs 
( Martindale: The Complete Drug Reference ). 

 It undergoes considerable tissue distribution, 
and protein binding is reported to be 60–90 % 
with α1-acid glycoprotein being the main bind-
ing protein in plasma. Metabolism to the major 
metabolite  N -demethylmethadone (2-ethylidine- 1, 
5-dimethyl-3,3-diphenylpyrrolidine) and the 
minor metabolite 2-ethyl-3,3-diphenyl-5- methyl-
pyrrolidine, both of them inactive, occurs in the 
liver. These metabolites are excreted in the feces 
and urine with unmodifi ed methadone. Other 
metabolites, including methadol and normeth-
adol, have also been described. The liver may 
also serve as a major storage site of unchanged 
methadone which is taken up, bound nonspecifi -
cally by the liver, and released again mainly 
unchanged. Urinary excretion of methadone is 
pH-dependent, the lower the pH the greater the 
clearance ( Martindale: The Complete Drug 
Reference ). 

 In addition to marked interindividual varia-
tions, there are differences in the pharmaco-
kinetics of methadone after single or multiple 
doses. Elimination half-lives vary considerably 
(a range of 15–60 h has been quoted) and may be 
much longer than the 18 h reported following a 
single dose. Careful adjustment of dosage is 
necessary with repeated doses. 

 Most studies have been in addicts. Plasma 
concentrations have been found to vary widely 
during methadone maintenance therapy with 
large differences between patients and wide fl uc-
tuations in individual patients. These variations 
in kinetics have also been seen in cancer patients. 

Furthermore, many factors can modify the 
pharmacological effectiveness of methadone, 
especially hepatopathies, very frequent in these 
patients, and chronic kidney disease, but also 
pharmacokinetic or pharmacodynamic interac-
tions due to concomitant use of other drugs or 
medications for treating other diseases. 

 The tolerance induced by methadone is high 
and is developed rapidly inhibiting their subjec-
tive effects. It causes physical dependence and an 
abstinence syndrome that takes longer to appear 
than other opiates but is longer (about 2 weeks) 
and is more severe than withdrawal from other 
opiates, as methadone plasma concentrations 
remain more time in the body.  

   Mechanism of Action 
 Methadone hydrochloride, a synthetic opioid 
analgesic, is an agonist of the mu receptor. It has 
several actions qualitatively similar to those of 
morphine, mainly involving the CNS and organs 
composed of smooth muscles. Analgesia, seda-
tion, and detoxifi cation or maintenance in opioid 
addiction can be achieved with therapeutic use of 
methadone hydrochloride.  

   Interactions 
 There are numerous interactions between metha-
done and other drugs. The most severe and totally 
contraindicated are naltrexone, itraconazole, 
ziprasidone, dronedarone, thioridazine, sparfl oxa-
cin, mesoridazine, cisapride, rasagiline, pimozide, 
and posaconazole ( Martindale: The Complete 
Drug Reference ). 

 Most serious interactions may cause an 
increased risk of prolongation of QT interval. 
Opioid analgesics and opioid agonists/antago-
nists may lead to precipitation of withdrawal 
symptoms (abdominal cramps, nausea, vomiting, 
lacrimation, rhinorrhea, anxiety, restlessness, 
increased temperature, or piloerection). Some 
antiretrovirals, like lopinavir/ritonavir, didano-
sine, ritonavir, and zidovudine, cause moderate 
interactions, increasing or decreasing plasma 
levels of MET. Another moderate interaction 
occurs with the combined use of alcohol and 
methadone, increasing sedation ( Martindale: 
The Complete Drug Reference ).    
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   2.2  Pharmacotherapy in Alcohol 
Addiction 

 Alcohol is absorbed orally, in the proximal 
portion of the small intestine (over 80 %) and 
stomach (up to 20 %). The rate of absorption 
of alcohol determines the magnitude of its 
concentrations and the intensity and duration of 
its pharmacological effects. This speed depends 
on many factors. So, it is faster if taken fasting 
or on an empty stomach (maximum concen-
tration within 30–60 min) and slower in the 
presence of food. 

 The concentration of alcohol in the drink also 
infl uences, being faster absorption when your 
alcohol content is 20–30 % compared to 3–10 % 
drinks. If drinks administered are 40 % or more, 
it decreases gastric emptying. Alcoholic bever-
ages containing carbonic gas (e.g., cava) or mixed 
with carbonated beverages (soda) have faster 
absorption. 

 Food delays absorption, resulting in much 
lower concentrations of ethanol in blood when 
taken on an empty stomach. 

 Alcohol is a highly soluble molecule and 
therefore is distributed throughout the body 
water, reaching similar concentrations in most 
tissues and organs well irrigated to those of the 
blood. It crosses the blood–brain and placental 
barrier and is excreted in breast milk. Because of 
its poor lipid solubility, it does not diffuse well 
into the fat. After administration of a single 
weight-adjusted dose, blood alcohol concentra-
tions are higher in women than in men. This 
appears to be due to several factors. On one hand, 
women have less alcohol dehydrogenase in the 
stomach (see metabolism), and on the other they 
have a higher proportion of subcutaneous fat and 
a lower volume of blood. 

 Metabolic degradation of ethanol is essentially 
by oxidation in liver (90–98 %), and 2–10 % can 
be removed by secondary pathways, such as the 
kidney and the lung. Most alcohol is converted to 
acetaldehyde by the action of three enzymes:

 –    Alcohol dehydrogenase catalyzes the con-
version of alcohol (oxidized form) into 
acetaldehyde (reduced form) with involve-
ment of nicotinamide adenine dinucleotide 
(NAD) cofactor. This generates an excess of 

reducing equivalents in the cytosol, favoring 
hyper lactacidemia and the consequent altera-
tion in the Krebs cycle with subsequent 
hypoglycemia.  

 –   Cytochrome P450-dependent microsomal 
ethanol- oxidizing system (MEOS): This is a 
microsomal oxidase system present in the 
smooth endoplasmic reticulum of hepato-
cytes. It has greater activity in patients with 
chronic alcoholism.  

 –   Catalases: These enzymes utilize hydrogen 
peroxide to convert ethanol into acetaldehyde. 
They are found in blood, bone marrow, liver, 
and kidney.    
 The rate of elimination of alcohol is 100 mg/kg/h. 

The elimination pathways are lung (50–60 %), 
enterohepatic (25–30 %), urine (5–7 %), sweat, 
tears, gastric juice, saliva, and breast milk. 

 The joint consumption of alcohol and opiate 
substances causes an increase of the sedative 
effects of both substances and affectation on psy-
chomotor performance. Concomitant ingestion 
of alcohol can also increase opioid respiratory 
depression. 

 There are several drug treatments available to 
approach this disease, based on the use of anti- 
craving medications (acamprosate, naltrexone, or 
serotonergic drugs) or drugs interdictors (disulfi -
ram or calcium carbimide), along with psycho-
therapy and support groups. 

 Currently, there are three drugs approved by 
the US Food and Drug Administration (FDA) 
indicated for the treatment of AD: naltrexone 
(oral and injectable extended-release formula-
tions), acamprosate, and disulfi ram (Table  17.1 ).

   Other non-approved drugs include fl uoxetine, 
nalmefene, ondansetron, and topiramate. 

   2.2.1 Naltrexone 
   Indications 
 FDA-labeled indications of naltrexone are alco-
hol dependence (maintenance of abstinence) and 
opioid dependence (relapse after detoxifi cation 
and prophylaxis) ( Micromedex® 2.0 ).  

   Pharmacokinetics 
 Naltrexone is well absorbed from the gastroin-
testinal tract but is subject to considerable fi rst-
pass metabolism and may undergo enterohepatic 
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   Table 17.1    FDA-approved medications for the treatment of alcohol dependence   

 Drug  Nature  Dosage  Side effects 

 Contraindications 
(other than hypersensitivity 
to the drug) 

 Disulfi ram  Aldehyde 
dehydrogenase 
inhibitor 

 Begin with 250 mg once 
per day; increase to 
500 mg once per day 

 Disulfi ram–alcohol 
interaction: 
palpitations, fl ushing, 
nausea, vomiting, 
headache 

 Alcohol, metronidazole, 
or Paraldehyde use; 
psychosis; cardiovascular 
disease 

 Naltrexone  µ-Opioid receptor 
antagonist 

 50 mg once per day  Nausea, headache, 
anxiety, sedation 

 Narcotic use, acute 
opioid withdrawal, acute 
hepatitis, liver failure 

 Acamprosate   N -Methyl- D -aspartate 
(NMDA) receptor 
inhibitor 

 333-mg enteric- coated 
tablets 

 Diarrhea, headache, 
fl atulence, nausea, 
vomiting, dyspepsia 

 Severe renal impairment 
(creatinine 
clearance < 30 mL per 
minute [0.5 mL per 
second]) 

 Adults >132 lb (60 kg): 
two tablets three times 
per day 
 Adults <132 lb: two 
tablets with the morning 
meal, one with the 
midday meal, and one 
with the evening meal 

  Modifi ed from Williams ( 2005 )  

recycling. It is extensively metabolized in the 
liver, and the major metabolite, 6-β-naltrexol, 
may also possess weak opioid antagonist 
activity. Peak plasma concentrations of naltrex-
one and 6-β-naltrexol occur about 1 h after oral 
dosing. The elimination half-life of oral naltrex-
one is around 4 h and that of 6-β-naltrexol about 
13 h. Plasma concentrations of a modifi ed-
release formulation of naltrexone peak about 
2 h after intramuscular injection. This is fol-
lowed by another peak around 2–3 days later, 
and then a slow decline in concentrations from 
about 14 days post-dose to at least 1 month. The 
elimination half-life of both naltrexone and 
6-β-naltrexol from this formulation is about 
5–10 days. Naltrexone is about 20 % bound to 
plasma proteins at therapeutic doses. Naltrexone 
and its metabolites are excreted mainly in the 
urine, with a small fraction in the feces. Less 
than 2 % of an oral dose of naltrexone is excreted 
unchanged ( Martindale: The Complete Drug 
Reference ).  

   Mechanism of Action 
 Naltrexone hydrochloride is a pure opioid antag-
onist. It blocks opioid effects through competitive 
binding at opioid receptors ( Micromedex® 2.0 ).  

   Interactions 
 Concurrent use of naltrexone and opioids may 
result in precipitation of opioid withdrawal 
symptoms and decreased opioid effectiveness 
( Micromedex® 2.0 ). It has also been described 
as moderate interaction with yohimbine ( Micro-
medex® 2.0 ).   

   2.2.2 Acamprosate 
   Indications 
 The indication approved by FDA for acampro-
sate is maintenance of abstinence in alcoholism 
( Micromedex® 2.0 ).  

   Pharmacokinetics 
 Absorption of acamprosate from the gastrointes-
tinal tract is slow but sustained and is subject to 
considerable interindividual variation. Steady- 
state concentrations occur after dosage for 7 
days. Bioavailability is reduced if given with 
food. Acamprosate is not protein bound, and 
although it is hydrophilic, it is reported to cross 
the blood–brain barrier. Acamprosate does not 
appear to be metabolized and is excreted 
unchanged in the urine. The elimination half-life 
after oral doses has been reported to be about 
33 h ( Martindale: The Complete Drug Reference ).  
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   Mechanism of Action 
 Acamprosate calcium helps maintain abstinence 
to alcohol through a mechanism that may involve 
an interaction with glutamate and GABA neu-
rotransmitter systems centrally. It possesses 
dose-dependent reduction of alcohol intake 
specifi c for the type of alcohol and the mecha-
nisms of dependence, without exhibiting anticon-
vulsant, antidepressant, or anxiolytic properties 
( Micromedex® 2.0 ).  

   Interactions 
 No interactions have been described for acam-
prosate ( Micromedex® 2.0 ).   

   2.2.3 Disulfi ram 
   Indications 
 The indication approved by FDA for disulfi ram is 
alcoholism ( Micromedex® 2.0 ).  

   Pharmacokinetics 
 Disulfi ram is absorbed variably from the gastro-
intestinal tract and is rapidly reduced to dieth-
yldithiocarbamate mainly by the glutathione 
reductase system in the erythrocytes; reduction 
may also occur in the liver. Time to peak concen-
tration by oral administration is 3–8 h. It does not 
undergo protein binding. Diethyldithiocarbamate 
is metabolized in the liver to its glucuronide and 
methyl ester and to diethylamine, carbon disul-
fi de, and sulfate ions. Metabolites are excreted 
mainly in the urine; carbon disulfi de is exhaled 
in the breath. Elimination half-life is 20–33h 
( Martindale: The Complete Drug Reference ).  

   Mechanism of Action 
 Disulfi ram inhibits the oxidation of acetalde-
hyde, the main metabolite of alcohol ( Micro-
medex® 2.0 ).  

   Interactions 
 Disulfi ram is contraindicated in the concomitant 
treatment with amprenavir, metronidazole, and 
paraldehyde. Interactions occur with tranylcypro-
mine, tinidazole, phenprocoumon, dicumarol, the-
ophylline, fosphenytoin, phenytoin, diazepam, 
omeprazole, isoniazid, anisindione, warfarin, can-
nabis, amitriptyline, desipramine, imipramine, and 
chlordiazepoxide ( Micromedex® 2.0 ).   

   2.2.4 Calcium Carbimide 
   Indications 
 The indication for disulfi ram is alcoholism, 
although it is not yet approved by FDA 
( Micromedex® 2.0 ).  

   Pharmacokinetics 
 The oral bioavailability of carbimide is dose 
related; respective extents of systemic absorption 
after single oral doses of carbimide 0.3, 1, and 
1.5 mg/kg (solution in water) are reportedly 50, 
70, and 81 %. Available pharmacokinetic data 
(carbimide oral solution) suggest a fi rst-order 
absorption process, with a simultaneous 
Michaelis–Menten fi rst-pass effect that is satura-
ble even at low doses ( Martindale: The Complete 
Drug Reference ).  

   Mechanism of Action 
 Carbimide is a potent inhibitor of aldehyde 
dehydrogenase ( Micromedex® 2.0 ).  

   Interactions 
 Carbimide exacerbates alcohol reaction with met-
ronidazole or other aldehyde dehydrogenase inhibi-
tors. Carbimide may cause reaction with the alcohol 
contained in certain drugs or foods. Disulfi ram 
treatment should be discontinued 10 days before 
starting treatment with carbimide. It is incompati-
ble with aldehyde drugs such as paraldehyde and 
chloral derivatives ( Micromedex® 2.0 ).     

   3  Pharmacogenetics of Drug 
Addiction Therapies 

 Advances in the fi eld of genetics can drill down 
individual characteristics and vulnerability to 
develop opioid dependence and/or alcohol. 
Studies in families (twins and adopted children) 
also show that genetics play a major role in the 
development of these addictions. 

   3.1 The Opioid System 

 The endogenous opioid system is one of the 
many systems that constitute the central nervous 
system and primarily exerts a neuromodulation 

D.G. Callejas et al.



343

function. This system consists of three types of 
receptors:  µ  (mu),  δ  (delta), and  κ  (kappa). Among 
the variety of functions performed, probably the 
best known is restraining painful stimuli (in fact, 
the most potent analgesics that are currently 
available are opioid compounds), but is also 
involved in other important neurophysiological 
mechanisms as drug addiction, as it is related 
to the “enhancers” or pleasurable effects they 
provide. The opioid system is also involved in 
some responses of the organism to a stressful 
situation. 

 Natural and synthetic opiates and endogenous 
opioid peptides bind specifi cally and with high 
affi nity to opioid receptors, which means that 
these substances are perfectly matched to opioid 
receptors. These receptors are often located in the 
end portion of the presynaptic axon of the nerve 
cell and modulate the release of neurotransmit-
ters by inhibiting the entry into operation of the 
action potential, thereby decreasing the amount 
of released transmitter substance. The effect of 
the opioid receptor is very strong in the nerve 
cells that transmit pain, where the release of the 
transmitter substance or P substance pain is 
inhibited, which explains the analgesic effect of 
opioid receptors transmitters. Different opioids 
bind more or less strongly to the different types 
of opioid receptors: mu ( µ ), delta ( δ ), and kappa 
( κ ). Patients with opiate addiction consume pref-
erably opioids acting preferentially on  µ  opioid 
receptors which present greater analgesic effect. 

 The relative intrinsic activity (RIA) is defi ned 
as the ability of the ligands to produce a given 
effect on a receptor. MOR and MET have the 

same specifi city for opioid receptor pure agonists 
and show the maximum AIR value, so they can 
produce the same effect.  

   3.2  Pharmacogenetics of Opioid 
Addiction 

   3.2.1  Mu-Opioid Receptor Gene 
(OPRM1) 

 This receptor is the main mediator of the rein-
forcing effects of opioids, making it a good 
candidate for a key role in opioid addiction. 
There are numerous studies based on the identi-
fi cation of single nucleotide polymorphisms 
(SNPs) on the mu-opioid gene (OPRM1) trying 
to prove its relation to opioid dependence. 

 The most studied opioid system polymor-
phisms are:
 –    OPRM1: A118G, C17T, and C1031G  
 –   OPRD1: T921C, G80T, and GCAACT 

haplotype  
 –   OPRK1: G36T, rs16918875, rs702764, and 

GGCTTCT haplotype    
 Table  17.2  shows the most important polymor-

phisms described in genes of the opioid system, 
with their correspondences in DNA sequence and 
protein. Table  17.3  shows the distribution of these 
gene polymorphisms in different populations.

      A118G Polymorphism 
 Numerous polymorphisms have been identifi ed 
on the mu-opioid receptor (OPRM1). The most 
interesting SNP related to opioid dependence 
is A118G, located at position 118 in exon 

     Table 17.2    Main gene polymorphisms in genes of the opioid system   

 GENE 

 Gene polymorphism  Reference 
SNP  DNA sequence  Protein 

 OPRM1  A118G  Asn40Asp  rs1799971 
 C17T  Ala6Val  rs1799972 
 C1031G  –  rs2075572 

 OPRD1  T921C  Gly307Gly  rs2234918 
 G80T  Cys27Phe  rs1042114 
 GCAACT haplotype 

 OPRK1  G36T  Pro12Pro  rs1051660 
 C846T  Val282Val  rs16918875 
 A843G  Ala281Ala  rs702764 
 GGCTTCT haplotype 
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     Table 17.3    Distribution of the genotype frequencies (%) of OPRM1, OPRD1, and OPRK1 gene polymorphisms in 
different ethnic populations   

 Population  Origin  Gene polymorphism 

 OPRM1 
 A118G 
 AA  AG  GG 

 HapMap CEU  European  70.8  27.4  1.8 
 HapMap HCB  Chinese  41.9  44.2  14.0 
 HapMap JPT  Japanese  33.7  39.5  26.7 
 HapMap YRI  Nigerian  100  0  0 

 C17T 
 CEU GENO PANEL  European  98.3  1.7  0 
 AAM GENO PANEL  African–American  73.8  23.0  3.3 
 CHB GENO PANEL  Asian  100  0  0 
 YRI GENO PANEL  Sub-Saharan African  50.0  43.3  6.7 
 JPT GENO PANEL  Asian  100  0  0 

 C1031G 
 CC  CG  GG 

 HapMap CEU  European  26.7  61.7  11.7 
 HapMap HCB  Chinese  64.4  31.1  4.4 
 HapMap JPT  Japanese  64.4  28.9  6.7 
 HapMap YRI  Nigerian  16.7  43.3  40.0 

 OPRD1 
 T921C 
 CC  CT  TT 

 NHLBI Exome Sequencing Project  31.0  48.9  20.1 
 CLINSEQ_SNP  European  26.9  44.6  28.4 
 CORNELL  Multiple  75.0  0  25.0 

 G80T 
 GG  GT  TT 

 HapMap CEU  European  0.9  22.1  77.0 
 HapMap HCB  Chinese  0  0  100 
 HapMap JPT  Japanese  0  0  100 
 HapMap YRI  Nigerian  0  4.4  95.6 

 OPRK1 
 G36T 
 GG  GT  TT 

 CAUC1  Caucasian  83.3  16.7  0 
 AFR1  African/African–American  87.0  13.0  0 
 HISP1  Hispanic  78.3  21.7  0 
 PAC1  Pacifi c RIM  66.7  33.3  0 

 C846T 
 CC  CT  TT 

 HapMap CEU  European  91.2  8.8  0 
 HapMap HCB  Chinese  100  0  0 
 HapMap JPT  Japanese  100  0  0 
 HapMap YRI  Nigerian  73.5  23.9  2.7 

 A843G 
 AA  AG  GG 

 HapMap CEU  European  73.5  24.8  1.8 
 HapMap HCB  Chinese  86.0  14.0  0 
 HapMap JPT  Japanese  87.2  11.6  1.2 
 HapMap YRI  Nigerian  15.0  42.5  42.5 

  Source:  dbSNP   
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    Table 17.4    Association studies of OPRM1 A118G polymorphism with drug dependence   

 Study  Year  N  Effect  Population origin 

 Bond  1998  113/39  G > no opioid dependence  European/American 
 African/American/
Hispanic 

 Gelernter  1999  891  No differences in opioid 
and alcohol dependence 

 Caucasian 
 African/American 
 Hispanic 

 Szeto  2001  200/97  G > opioid dependence  Chinese 
 Franke  2001  287/221/365  No differences in opioid 

and alcohol dependence 
 German 

 Opioid/alcohol/controls 
 Shi  2002  145/383  No differences in opioid 

dependence 
 European/American 

 Schinka  2002  179/297  A > opioid and alcohol 
dependence 

 European/American 

 Tan  2003  87/404  A > opioid dependence  Indian 
 Malay 
 Chinese 

 Bart  2004  139/170  G > opioid dependence  Swedish 
 Bart  2005  389/170  G > alcohol dependence  Swedish 
 Drakenberg  2006  64/38  G > opioid dependence  European 
 Glatt  2007  126/156  No differences in opioid 

dependence 
 Chinese 

 Kapur  2007  126/156  G > opioid dependence  Indian 
 Kim  2009  G > alcohol dependence 

(only for women) 
 Korean 

 Nikolov  2011  1842/1451  No differences in opioid 
dependence 

 Bulgarian 
 Italian 

 Nagaya  2012  55/51  G > opioid dependence  Malaysia 
 Koller  2012  1845/1863  G < alcohol dependence  German 
 Chen  2012  1900/2382  G > alcohol dependence 

in Caucasian 
 Asian 
 Caucasian 

 Kumar  2012  130 opioid addicts  G > opioid and alcohol 
dependence 

 Indian 
 110 alcohol addicts 
 200 controls addicts 

1 (118A/G) of OPRM1, involving the substitu-
tion of adenine for guanine in position 118 of the 
DNA sequence and resulting in the presence of 
aspartic acid instead of an asparagine at position 
40 of the amino terminal of the receptor 
(Asp40). The OPRM1 encoded variant has been 
reported to bind the endogenous opioid peptide 
β-endorphin with threefold higher affi nity recep-
tor variants encoded by Asn40 (Bond et al.  1998 ; 
Zhang et al.  2006 ). 

 This change in the amino acid sequence of the 
protein suppresses a potential glycosylation site 
at the N-terminal region of the receptor. The pres-
ence of heterozygosity at this level (A/G) varies 

the affi nity for β-endorphin in the receptor, 
signifi cantly increasing its power and the action 
of this substance, which is tripled. Subjects 
expres sing the Asp40 protein variant show a 
higher response of cortisol to receptor blockade 
by naloxone and lower agonist effect of the 
metabolite morphine-6-glucuronate (Zhang et al. 
 2006 ; Thorn et al.  2009 ). The allelic frequency 
varies depending on the population analyzed 
(Table  17.3 ). 

 There have been numerous studies focused on 
SNP A118G and opioid addiction, obtaining con-
troversial results, as it will be described below. 
Table  17.4  shows the most relevant studies on 
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association of OPRM1 A118G polymorphism 
with drug dependence.

   An important factor to consider is the diversity 
of the population on which every study has been 
conducted. Bond et al. ( 1998 ) studied the associa-
tion of A118G polymorphism in 113 opioid- 
dependent patients and 39 healthy individuals 
from different ethnical origins. Findings sup-
ported the hypothesis that heroin addiction could 
be due to a combination of genetic, environmen-
tal (including conduct) factors that contribute to 
the acquisition, persistence, relapse, and drug 
use. No signifi cant differences in allele frequency 
for the SNP A118G were found; however, this 
SNP demonstrated a signifi cant association to the 
population studied, showing higher frequency 
of the G allele among the Hispanic population 
controls. This variant acted as a protective factor 
against opiate consume in those patients (Bond 
et al.  1998 ). 

 In accordance with these results, the AA geno-
type has been found signifi cantly associated to 
consume of substances of abuse, including alco-
hol and nicotine, in 179 dependent patients and 
297 controls from Caucasian population (Schinka    
et al.  2002 ), and to heroin dependence in Indian 
population, as showed in a study on population 
from India, Malaya, and China in 87 subjects 
with heroin dependence and 404 healthy subjects 
(Tan et al  2003 ). 

 On the contrary, other study, conducted by 
Szeto et al. ( 2001 ) in Chinese population, com-
pared 200 subjects with opioid dependence to 97 
healthy subjects. They showed a higher frequency 
of the GG genotype and G allele among subjects 
with opioid dependence (39.5 vs. 29.4 %). The 
results of the study by Bart et al. ( 2004 ), con-
ducted in 139 opioid-dependent patients and 170 
nonaddicted subjects from Sweden, confi rmed 
this association of the 118G allele in exon 1 of 
the gene OPRM1 with heroin addiction. These 
results also indicated that up to 21.0 % of the 
attributable risk of heroin addiction is mediated 
by the 118 allele G. A signifi cant association 
between the 118G allele and opioid dependence 
was also found in Indian population (Kapur et al. 
 2007 ). The study of Drakenberg et al. ( 2006 ) on 
European population (64 opioid addicts and 38 

controls) demonstrated the importance of mu- opioid 
receptors in heroin dependence. The results 
showed that about 90 % of the population with 
the 118G allele were heroin users, demonstrating 
that the A118G SNP of the mu-opioid receptor 
gene (OPRM1) was associated to abuse of this 
substance. On the contrary, the study by Glatt 
et al. ( 2007 ) on the prevalence of the Asn40Asp 
polymorphism did not show relevant differences 
among individuals with/without opioid depen-
dence, despite 1,208 individuals from 473 Han 
Chinese families were analyzed. 

 On the other hand, case/control studies by 
Gelernter et al. ( 1999 ) in Caucasians, African–
Americans, and Hispanics, Franke et al. ( 2001 ) in 
German–Caucasian population (287 heroin 
dependence, 221 alcohol addiction, and 365 con-
trols), and Shi et al. ( 2002 ) in Chinese population 
(145 heroin-dependent subjects and 383 controls) 
showed no signifi cant differences in the fre-
quency of the different genotypes for OPRM1 
A118G. The study by Gelernter et al. ( 1999 ) 
failed to fi nd an association between allelic 
frequencies of A118G (Asp40Asn) y C17T 
(Ala6Val) variants despite the sample popula-
tion was especially high (891 opioid/alcohol 
dependants) from Caucasian, Afro-American, 
and Hispanic origin. 

 More recently, Nikolov et al. ( 2011 ) con-
ducted a study with a cohort of 1,842 (1,516 
Bulgarian and 326 Italian) opiate-addicted sub-
jects and 1,451 (1,178 Bulgarian and 273 Italian) 
controls, and the results suggested that there is 
no direct effect of 118G allele on the risk of opioid 
dependence among heroin-dependent subjects. 
These results are opposite to another case/control 
study in population from Malaysia, where a 
strong association between the G allele and 
opioid addiction was found (Nagaya et al.  2012 ). 
The frequencies found for alleles A and G in opiate 
dependents were 51 and 49 %, respectively, 
versus 73 and 27 % in healthy volunteers. Recent 
studies suggest the association of polymorphisms 
may be important in determining the risk profi le 
for complex diseases such as addiction (Kumar 
et al.  2012 ). This study on Indian population 
recruited 130 heroin-dependent subjects, 110 
alcohol-addicted subjects, and 100 control 
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subjects, all males. A118G SNP on OPRM1 and 
three OPRK1 SNPs (rs16918875, rs702764, and 
rs963549) were identifi ed. The results showed a 
signifi cant association for A118G with heroin 
addiction and with alcohol addiction (Kumar 
et al.  2012 ).  

   C17T Polymorphism 
 C17T polymorphism is the second most common 
alteration mu-opioid receptor gene (OPRM1). 
Substitution of cytosine by thymine at position 
17 causes a change in the primary structure of the 
resulting protein, with an alanine substituted in 
position 6 by a valine. 

 The frequency of this polymorphism varies 
depending on the population, from less than 2 % 
in the Caucasian population to over 20 % in 
African–Americans (Berretini et al.  1997 ). 
Table  17.3  shows the distribution of allelic 
frequencies in different populations. 

 Table  17.5  shows association studies of 
OPRM1 C17T polymorphism with drug depen-
dence. The study conducted by Berretini et al. 
( 1997 ) on African–American and Caucasian pop-
ulation found a higher frequency of the allelic 
variant C17T in the opioid dependence group.

   On the other hand, in a study conducted in 
heroin-dependent subjects from Indian, Malay, 
and Chinese population (87 cases and 404 con-
trols) to investigate the distribution of the three 
main polymorphisms of the mu-opioid receptor 
gene, only three subjects in the entire sample 
showed this polymorphism (Tan et al.  2003 ). 

 In other SNP association studies, C17T poly-
morphism showed no evidence in the populations 
studied (Bergen et al.  1997 ; Gelernter et al.  1999 ; 

Compton et al.  2003 ; Crowley et al.  2003 ; Luo 
et al.  2003 ; Tan et al.  2003 ; Zhang et al.  2006 ; 
Kapur et al.  2007 ). Compton et al ( 2003 ) showed 
no signifi cant results in the association of A118G 
and C17T polymorphisms in opioid dependence, 
although in this case, the absence of association 
could be due to the small sample size and the 
heterogeneous ethnic backgrounds of subjects 
(50 opioid dependents in treatment with MET 
and 59 healthy controls).  

   C1031G Polymorphism 
 This SNP is located in intron 2 of the mu-opioid 
receptor gene (OPRM1). 

 Table  17.6  shows association studies carried 
to evaluate the infl uence of OPRM1 C1031G 
polymorphism on opioid and alcohol addiction. 
An increased frequency of the G allele in 
opioid- dependent patients compared to controls 
(15.5 vs. 8.3 %) was found by Szeto et al ( 2001 ) 
in a case/control study carried out on Chinese 
population. These results also showed a signifi -
cant association for both A118G and C1031G 
polymorphisms and opioid dependence. The G 
allele was more frequent in the dependent heroin 
group (39.5 and 30.8 % for C1031G SNP and 
A118G, respectively) compared to controls (29.4 
and 21.1 % for SNPs A118G and C1031G, 
respectively). This study suggested that the G 
allele variant of both A118G and C1031G poly-
morphisms can contribute to the vulnerability to 
heroin dependence.

   The study conducted by Szeto et al. ( 2001 ) 
showed a signifi cant association for both A118G 
and C1031G and opioid dependence. The G 
allele was more frequent in the heroin-dependent 

    Table 17.5    Association studies of OPRM1 C17T polymorphism with drug dependence   

 Study  Year   N   Effect  Population origin 

 Berretini  1997  T > opioid dependence  Caucasian 
 African/American 

 Comptom  2003  50/59  No differences in opioid dependence  African–American 
 Rommelspacher  2001  327/340  T > alcohol dependence  German 

 Tan  2003  84/404  No differences in opioid dependence  Indian 
 Malay 
 Chinese 

 Kapur  2007  126/156  No differences  Indian 
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group (39.5 and 30.8 % for C1031G polymor-
phism and A118G, respectively) compared with 
controls (29.4 and 21.1 % for A118G and C1031G 
polymorphisms, respectively). This study sug-
gested that the G allele variant A118G and 
C1031G polymorphisms both can contribute to 
the vulnerability to heroin dependence (Szeto 
et al.  2001 ). 

 Other studies have failed to fi nd the C1031G 
SNP of the mu-opioid receptor gene (OPRM1) 
associated to drug or alcohol dependence, as 
described by Zhang et al ( 2006 ) in European–
American population and Tan et al ( 2003 ) for 
Asian population.   

   3.2.2  Delta-Opioid Receptor Gene 
(OPRD1) 

 This receptor is located on chromosome 1p34. It 
consists of three exons. Two polymorphisms in 
the coding sequence have been identifi ed: C921T 
and G80T (Table  17.2 ). 

   C921T Polymorphism 
 This polymorphism involves a silent substitution 
of cytosine by thymine at codon 307 in position 
921 in the DNA sequence. Numerous studies 
have been conducted, but yielding contradictory 
results (Table  17.7 ).

   Mayer et al. ( 1997 ) conducted a study on 103 
opioid-dependent patients and 115 controls from 
German population. Signifi cant differences were 
found between the two groups, with the C allele 
and the CC genotype appeared more frequently 
in patients with opioid dependence. However, 
these fi ndings could not be replicated later in 
two studies conducted by Franke et al. ( 1999 ) 
on German population. One of the studies was 
a case/control approach, with 233 opioid- 
dependent patients, 262 alcoholic dependents, 
and 173 healthy subjects; the other one was car-
ried out in a family-based design which studied 
the 233 heroin addicts and 262 alcohol addicts 
and their parents (323 and 334, respectively). 

   Table 17.6    Association studies of OPRM1 C1031G polymorphism with drug dependence   

 Study  Year   N   Effect  Population origin 

 Szeto  2001  200/97  G > opioid dependence  Chinese 
 Tan  2003  97/404  No differences in opioid dependence  Indian 20/117 

 Malaya 25/131 
 Chinese 52/156 

 Zhang  2006  382/338  No differences in opioid dependence  European/American 
 Kumar  2012  130 opioid addicts  No differences in opioid or alcohol 

dependence 
 Indian 

 110 alcohol addicts 
 200 controls addicts 

     Table 17.7    Association of OPRD1 C921T polymorphism with drug dependence   

 Study  Year   N   Effect  Population origin 

 Mayer  1997  103/115  C > opioid dependence  German 
 Franke  1999  233 opioid addicts  No differences in opioid or alcohol 

dependence 
 German 

 262 alcohol addicts 
 173 healthy controls 

 Franke  1999  233 opioid + 323 parents  No differences in opioid or alcohol 
dependence 

 German 
 262 alcohol + 334 parents 

 Xu  2002  450/304  No differences in opioid dependence  Chinese 
 Zhang  2008  111 opioid addicts  No differences in opioid and alcohol 

dependence 
 European/American 

 225 cocaine addicts 
 557 alcohol addicts  GCAACT Haplotype: opioid and alcohol 

dependence  443 healthy controls 
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In those studies, no evidence of any associa-
tion between T921C delta-opioid receptor 
(OPRD1) gene polymorphism and opioid 
dependence or alcohol dependence was found 
(Franke et al.  1999 ). 

 Xu et al. ( 2002 ) attempted to demonstrate the 
association of this SNP and opioid dependence in 
Chinese population by conducting a case/control 
study with 450 opioid-dependent patients and 304 
healthy subjects. The results obtained for genotype 
and allele frequencies of T921C SNP in the delta-
opioid receptor gene (OPRD1) were not signifi -
cantly different. Same result was reached in a 
larger study, which analyzed 11 OPRD1 SNPs in 
1,063 European–American subjects, 620 cases 
(557 alcohol dependence, 225 cocaine depen-
dence, and 111 opioid dependence), and 443 con-
trols (Zhang et al.  2008 ). The results showed no 
association between the C921T variant and opioid 
dependence; however, it did show an association 
of a specifi c haplotype (GCAACT) in OPRD1 
containing C921 and G80 alleles with dependence 
on alcohol, on cocaine, and especially on opiates.  

   G80T Polymorphism 
 G80T polymorphism on OPRD1 gene originates 
a nonsynonymous transversion in exon 1 causing 
the change of phenylalanine by cysteine in the 
amino acid sequence. This SNP is distributed 
very differently among different populations, and 
as in the previous polymorphisms, different studies 
have yielded contradictory results (Tables  17.2  
and  17.7 , respectively). 

 Xu et al. ( 2002 ) investigated the OPRD1 
G80T SNP in a cases/control study in China (450 
opioid-dependent patients and 304 healthy sub-
jects), but they could not fi nd any subject pre-
senting this polymorphism (Table     17.8 ).

   In the study by Zhang et al ( 2008 ), it was 
found that the G80T SNP may be associated with 
opioid dependence in European–American pop-
ulation. In the group of patients with opioid 
dependence, the G allele frequency was higher 
than in the control group (21 vs. 13.2 %); there-
fore, it could be considered a genetic risk factor 
for this disease (Zhang et al  2008 ).   

   3.2.3  Kappa-Opioid Receptor Gene 
(OPRK1) 

 The kappa-opioid receptor gene (OPRK1) 
appears to play a key role in the ability for stress 
response, in opiate withdrawal in response to 
psychostimulants, and in inhibition of the meso-
limbic system (Rattan et al.  1992 ; Kreek  1997 ; 
Herz  1998 ). Studies on its association with 
opioid addiction are shown in Table  17.9 .

     rs16918875 and rs702764 
 In the study by Kumar et al. ( 2012 ), described 
above, three SNPs on OPRK1 were studied 
(rs16918875, rs702764, and rs963549). No 
association was found between these SNPs and 
opioid addiction, but two signifi cant interac-
tions between A118G in OPRM1 and two 
SNPS in OPRK1 (rs16918875 and rs702764) 
were identifi ed. Subjects with heroin addiction 
who had the rs16918875 and A118G risk 
alleles presented increased odds in 2.51 times. 
There was also a signifi cant interaction 
between GG/AG of OPRM1 A118G and GG of 
rs702764 in patients with opioid dependence 
(Kumar et al.  2012 ). However, when Zhang 
et al. ( 2008 ) analyzed seven SNPs on OPRK1, 
rs702764 SNP showed no association to opioid 
addiction (rs16918875 was not included in the 
panel assessed).  

   Table 17.8    Association of OPRD1 G80T polymorphism with drug dependence   

 Study  Year   N   Effect  Population origin 

 Xu  2002  450/304  Absent in the population analyzed  Chinese 
 Zhang  2008  111 opioid addicts  G > opioid dependence  European/American 

 225 cocaine addicts 
 557alcohol addicts 
 443 healthy controls 
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   G36T Polymorphism 
 In humans, the G36T gene polymorphism in 
OPRK1 gene has been associated with substance 
dependence; however, the results are not conclu-
sive (Table  17.9 ). In the study of Gerra et al. 
( 2007 ) conducted on 106 heroin dependents 
(Western Europe, Caucasian) and 70 healthy con-
trol subjects matched for race and sex with no 
history of substance use disorder were geno-
typed. The frequency of OPRK1 G36T gene 
polymorphism was signifi cantly higher among 
heroin-dependent individuals compared with 
control subjects (Gerra et al.  2007 ). 

 In the study of Yuferov et al. ( 2004 ), the pos-
sible associations of variants in OPRK1 and indi-
vidual vulnerability to develop opiate addiction 
were analyzed. They evaluated OPRK1 gene 
polymorphisms in 291 subjects from several 
ethnic groups (145 former heroin addicts and 146 
controls). Twelve SNPs were identifi ed in these 
patients, with nine novel variants and three previ-
ously reported SNPs (G36T, C459T, and A843G). 
Genotype and allele distribution of OPRK1 SNPs 
stratifi ed by ethnicity and drug status were also 
described (Yuferov et al.  2004 ). Nine haplotypes 
were observed in African–Americans, six in 
Caucasians and fi ve for Hispanics. The results in 
SNP frequency of G36T showed a signifi cant 
association with opioid dependence (Yuferov 
et al.  2004 ).  

   GGCTTCT Haplotype 
 As described previously in the study of Zhang 
et al. ( 2008 ), seven SNPs of OPRK1 were ana-
lyzed in 390 cases (97 opioid, 327 alcohol, and 

177 cocaine-dependent subjects) and 358 controls, 
but none showed association with substance 
dependence. However, the GGCTTCT haplotype 
(G90 and C921 alleles) showed to be associated 
to alcohol dependence (Zhang et al.  2008 ).    

   3.3  Importance of Drug 
Interactions in Treatments 
for Opioid Dependence Gene 
Polymorphisms of Drug 
Metabolism and Transport 

 Drug interactions can result in loss of effi ciency 
or treatment toxicity. Pharmacological interac-
tions are classifi ed based on the pharmacokine-
tics or pharmacodynamics of the drug. 

 Pharmacokinetic interactions occur when a 
drug causes a change in absorption, distribution, 
metabolism, and/or elimination (“ADME”) of 
another drug. 

 Pharmacodynamic interactions occur when 
two drugs are coadministered and the 
concentration- response curve of one or both drugs 
are altered without a change in pharmacokinetics. 

 Opioids are widely used drugs in the treatment 
of chronic pain and in the treatment of opioid 
dependence. These substances have a narrow ther-
apeutic range and a life-threatening toxicity. There 
is a wide variability in the response to treatment, 
so that a usual dose in a patient tolerant to opioids 
may cause severe adverse reactions in a patient 
which does not have the same tolerance. 

 Therefore, in the therapeutic approach of opi-
oid and alcohol dependence, it is necessary to 

      Table 17.9    Association of OPRK1 polymorphisms with drug dependence   

 Study  Year  N  Effect  Population origin 

 Gerra  2007  106/70  G36T: opioid dependence  European Caucasian 
 Yuferov  2004  145/146  G36T: association with opioid 

dependence 
 Hispanic 

 Zhang  2008  111 opioid addicts  GGCTTCT Haplotype: associated 
with alcohol addiction 

 European/American 
 225 cocaine addicts 
 557alcohol addicts  rs702764: no association 

with opioid addiction  443 healthy controls 
 Kumar  2012  130 opioid addicts  rs16918875 and rs702764  Indian 

 110 alcohol addicts 
 200 controls addicts 
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know the concomitant pharmacotherapy for 
analyzing potential drug interactions with genes 
involved in phase I metabolism, especially 
CYP450. 

   3.3.1  Genes Involved in Phase I 
Metabolism: Cytochrome 
P450 Gene 

 CYP are proteins associated to the cytoplasmic 
membranes, mitochondria, and endoplasmic 
reticulum, where they act metabolizing hundreds 
of endogenous and exogenous substances. 

 Most CYPs act on several substrates, some of 
which can catalyze various types of reactions. In 
vivo, these substrates include numerous drugs or 
toxic components derived from metabolism, such 
as bilirubin. Cytochrome P450 enzymes are 
present in most tissues of the body and constitute 
the major enzyme complex involved in drug 
metabolism in the body and play a fundamental 
role in the oxidative metabolism phase (phase I 
metabolism). 

 Some of these drugs have the ability to 
increase or decrease the activity of enzymes 
(phenomena known as enzyme inhibition and 
enzyme induction, respectively). This is of 
crucial importance in the evaluation of drug 
interactions. 

 For example, when a drug which inhibits the 
enzyme which degrades a second drug in the 
presence of both, the second drug blood levels 
will increase, and subsequently the potential to 
originate an overdose. Conversely, if a drug 
induces metabolism of the second drug, concen-
trations decrease, still below therapeutic levels, a 
vital factor. This leads to a need for a complete 
knowledge of the enzymes involved in the 
 metabolism of drugs used in humans to prevent 
errors in the therapeutic window or side effects. 

 Some opioids are metabolized by CYP450, 
like codeine, hydrocodone, oxycodone, metha-
done, tramadol, and fentanyl. 

 The CYP450 system comprises different iso-
zymes that are responsible for drug metabolism. 
The main families related to drug metabolism 
are CYP1, CYP2, and CYP3. Genes encoding 
CYP450 isozymes are polymorphic. This is of 
key importance because certain allelic variants 

have an altered activity or completely lacking 
enzyme activity. Of these isoenzymes, CYP3A 
and CYP2D6 are primarily responsible for the 
metabolism of opioids through the CYP450 sys-
tem. CYP2B6 also contributes to the metabolism 
of methadone. 

   CYP3A4 Gene 
 CYP3A metabolism is responsible for approxi-
mately 50 % of all currently available drugs. 
CYP3A4 mediates the metabolism of opioids. 
The activity of the enzymes of this subfamily has 
a high variability in the population, as they are 
very modular enzymes, either by other drugs 
(inducers or inhibitors), diseases, diet, or envi-
ronmental factors, not forgetting the genetic 
factor. Numerous variants have been identifi ed 
for CYP3A4, having different frequencies, espe-
cially between different ethnic groups. 

 The impact of certain genetic polymorphisms 
on variable responses to analgesics was reviewed 
by Samer et al. ( 2005 ), showing how pharmaco-
genetics can help optimizing analgesic therapy. 
According to this review, the administration of 
the standard dose may cause either toxicity or 
therapeutic ineffectiveness, depending on the 
substance and gene polymorphisms associated to 
molecular structures involved in its pharmacoki-
netics/pharmacodynamics. Drug interactions due 
to genetic variants mimicking the presence of 
inhibitors and inducers of CYP also contribute to 
the variable response to analgesics (Samer et al. 
 2005 ). Among the molecular structures to be 
considered in analgesia, CYP isoenzymes are the 
most important. CYP3A4 metabolizes strong 
opioids (buprenorphine, fentanyl, methadone), 
while weak opioids (codeine, tramadol), along 
with antidepressants and dextromethorphan, are 
metabolized by CYP2D6, and CYP2C9 is involved 
in NSAIDs metabolism (Samer et al.  2005 ). 

 CYP3A4 and CYP2B6 are the major isoforms 
involved in MET metabolism, and CYP2D6 con-
tributes to a lesser extent, according to a study of 
245 patients in methadone treatment enrolled to 
investigate the infl uence of CYP2B6, CYP2C9, 
and CYP2C19 gene polymorphisms on the 
pharmacokinetics of MET and the response to 
treatment (Crettol et al.  2006 ). In this study, 
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CYP2B6*6/*6 carriers and extensive or interme-
diate CYP2D6 metabolizers showed higher MET 
plasma levels, while CYP2C9 and CYP2C19 
genotypes showed no infl uence on MET plasma 
levels (Crettol et al.  2006 ). 

 More recently, in a study conducted by Shiran 
et al. ( 2009 ) to analyze the infl uence of cyto-
chrome P450 on the disposition of MET in 88 
patients in MET maintenance therapy (MMT), 
CYP3A4, CYP2D6, and CYP1A2 activities 
were determined. Results demonstrated CYP3A 
activity had a moderate infl uence on methadone 
disposition, and therefore inhibitors and inducers 
in patients treated with methadone should be 
considered for possible interaction effects. No 
infl uence on MET disposition was found for 
CYP2D6 and CYP1A2 activities in these patients 
(Shiran et al.  2009 ). 

 Genetic variants in the CYP3A4 gene have 
been proposed as indicators to assess side effects 

and withdrawal symptoms of patients in metha-
done treatment (Chen et al.  2011 ). Particularly, 
genotypes and allele types of rs4646440 and 
rs2242480 in CYP3A4 were found signifi cantly 
associated to the severity of withdrawal symp-
toms and side effects in 366 Han Chinese MMT 
patients (Chen et al.  2011 ).  

   CYP2D6 Gene 
 CYP2D6 is an enzyme involved in the metabo-
lism of many important drugs, representing 
approximately 25 % of drugs metabolized by 
CYP450. It represents the best characterized 
cytochrome. 

 This enzyme catabolizes biotransformation 
through  O -demethylation of opiates such as 
codeine (Fig.  17.1 ) and MET (Fig.  17.2 ). 
CYP2D6 has high phenotypic variability due to 
genetic polymorphisms. The metabolism rate is 
determined by the number of functional genes, as 

CODEINE

NORCODEINE MORPHINE CODEINE-6-
GLUCURONIDE
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MORPHINE-3-

GLUCURONIDE
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  Fig. 17.1    Codeine metabolism       
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  Fig. 17.2    Metabolism of methadone       

well. CYP2D6 activity can be described under 
one of the following patterns:
 –       Normal or extensive metabolizer : Enzyme 

activity is normal. Patients present one or two 
functional genes.  

 –    Intermediate metabolizer : Enzyme activity is 
slightly decreased.  

 –    Poor metabolizer : Enzyme activity is greatly 
reduced or nonexistent. There is no specifi c 
functional gene. It produces a lower response 
to the pharmacological effects of the drugs.  

 –    Intensive or ultrarapid metabolizer : These 
patients express three or more copies of 
the gene, so the activity is much higher 
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than normal. There is a greater sensitivity to 
the effects of the drugs.    
 Tyndale et al. ( 1997 ) study on Caucasian popu-

lation (83 cases and 276 controls) demonstrated 
that subjects presenting the CYP2D6 defective 
genotype (CYP2D6*3 and CYP2D6*4 defective 
mutant alleles) showed protection against oral 
opiate dependence, mainly codeine. Other studies 
showed confl icting results regarding the protection 
of codeine dependence; Kathiramalainathan et al 
( 2000 ) suggested that inhibition of CYP2D6 may 
decrease the likelihood of dependence on codeine; 
however, Fernandes et al ( 2002 ) could not confi rm 
those results. 

 CYP2D6 has a fundamental role in the meta-
bolism of methadone. Eap et al. ( 2001 ) found that 
patients who were poor metabolizers had a better 
response to methadone treatment than those who 
were ultrarapid metabolizers. 

 Another factor to take into consideration in 
the variability of CYP2D6 is race; Menoyo et al. 
( 2006 ) observed that the prevalence of poor 
metabolizers in Caucasians is approximately 
6–10 %. 

 Jannetto and Bratanow ( 2009 ) suggested that 
genotyping CYP2D6 and drug monitoring may 
improve effi ciency in proper drug selection, dose 
optimization, and minimization of toxicity in 
patients with chronic pain or analgesic therapy 
treated with opioids. Although a trend to have 
the highest steady-state drug concentrations was 
found in poor metabolizers, this was not statisti-
cally signifi cant, probably due to the small 
sample (61 patients). An important result of this 
study was the observation of 80 % of patients 
reporting adverse drug reactions also had 
impaired CYP2D6 metabolism (Jannetto and 
Bratanow  2009 ). 

 More recently, Fonseca et al. ( 2011 ) studied 
the allelic variants of genes encoding CYP3A5, 
CYP2D6, CYP2B6, CYP2C9, CYP2C19, and 
 P -glycoprotein to investigate pharmacogenetic 
and pharmacokinetic factors involved in dose 
adjustment. A sample of 105 opioid-dependent 
patients of Caucasian origin, classifi ed in respond-
ers and nonresponders, was analyzed. There were 
no differences in genotype frequencies between 
groups. Higher MET dose requirements and 

plasma concentrations were found in ultrarapid 
metabolizers (Fonseca et al.  2011 ).  

   CYP2B6 Gene 
 This gene has multiple polymorphisms in 
humans. Initially it was not considered important 
in drugs metabolism; however, recent research 
has shown the high prevalence of this enzyme in 
the metabolism of anticancer drugs (cyclophos-
phamide and ifosfamide), antiretroviral (efavi-
renz and nevirapine), and opiates (methadone). 

 Several studies identify CYP3A4 and CYP2B6 
widely involved in the metabolism of MET 
(Li et al.  2008 ; Crettol et al.  2010 ; Bunten et al. 
 2011 ; Hung et al.  2011 ). 

 The infl uence of 10 gene polymorphisms on 
CYP2B6 on MET plasma concentration and 
clearance was studied in 366 patients in MMT 
(Wang et al.  2011 ). MET increased clearance and 
decreased plasma concentrations was associated 
to four polymorphisms: rs10403955 (T allele in 
intron 1), rs3745274 (G allele in exon 4), 
rs2279345 (T allele in intron 5), and rs707265 
(A allele in exon 9) (Wang et al.  2011 ). 

 The prevalence of CYP2B6*4, *9, and *6 
gene variations along with mu-opioid receptor 
gene (OPRM1) A118G polymorphism has been 
recently studied in 40 postmortem patients whose 
deaths were associated to MET dependence 
(Bunten et al.  2010 ). The results showed an asso-
ciation of these CYP2B6 alleles with higher 
plasma levels of MET in the population tested. 
No association for OPRM1 A118G was found in 
this study, but when these authors extended the 
sample to 84 postmortem MET-related death 
patients and 100 live nondrug-using control pop-
ulation (Bunten et al.  2011 ), they found that the 
frequency of the OPRM1 A118G variation was 
signifi cantly higher in the control population. 
Apparently, the OPRM1 118G gene polymor-
phism conferred a protective mechanism against 
opioid toxicity. Therefore, these authors con-
cluded that it would be useful to perform clinical 
screening to identify specifi c subjects carrying 
the CYP2B6*6 and OPRM1 118G variants before 
starting an MMT (Bunten et al.  2010 ,  2011 ). 

 Hung et al. ( 2011 ) assessed the impact of 
genetic polymorphisms on ABCB1, CYP2B6, 
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OPRM1, DRD2, and ANKK1 in MMT on 
Chinese population, showing that carriers of the 
ABCB1 3435C > T and CYP2B6 516G > T vari-
ants were more likely to require higher metha-
done doses than noncarriers.  

   CYP2C9 and CYP2C19 Genes 
 CYP2C9 participates in the metabolism of drugs 
like sulfonylurea and nonsteroidal anti- infl am-
matory drugs (NSAIDs). CYP2C19 is involved 
in drug metabolism of such as proton- pump 
inhibitors and antiepileptics. Although neither of 
these isoenzymes is involved in diacetylmorphine, 
morphine, MET, or alcohol metabolism, many 
studies related to opioid and alcohol dependence 
have considered them for the analysis of response 
to treatment. However, the infl uence of CYP2C9 
and CYP2C19 genotype on MET plasma levels 
of patients treated with MET has not been eluci-
dated yet (Crettol et al.  2005 , 2010).    

   3.4  Pharmacogenetics of Alcohol 
Dependence 

   3.4.1 OPRM1 
   OPRM1 A118G 
 A selection of the most relevant studies conducted 
to establish an association between OPRM1 
A118G polymorphism and the risk of alcohol 
dependence (AD) are described in Table  17.4 . 

 A signifi cant association between the OPRM1 
118G allele and alcohol dependence was 
described in a case/control study of 559 patients 
(389 alcohol-dependent individuals and 170 
population- based controls without drug or alco-
hol abuse or dependence), with an attributable 
risk for alcohol dependence in subjects with a 
118G allele of 11.1 % (Bart et al.  2005 ). Other 
study performed in Korean men and women with 
AD compared to normal healthy individuals at a 
low risk for alcoholism reported a signifi cantly 
AD higher risk for the 118G allele only for 
women (Kim et al.  2009 ). 

 A study conducted in 1,845 alcohol- dependent 
subjects and 1,863 controls from German popula-
tion showed the association of A118G genotype 
to alcohol dependence (Koller et al  2012 ). The 

G allele was less frequent among individuals with 
alcohol dependence, in recessive (AA vs. GA/GG) 
and codominant (AA vs. GA) versus the control 
group (Koller et al.  2012 ). 

 The results of a meta-analysis conducted by 
Chen et al. ( 2012 ) which investigated the role of 
OPRM1 A118G polymorphism in alcohol depen-
dence among Asian and Caucasian population, 
with a total of 1,900 cases and 2,382 controls 
studied, showed the 118G allele may be associ-
ated with alcohol dependence in Asians but not in 
Caucasians.  

   OPRM1 C17T 
 The study carried out by Rommelspacher et al. 
( 2001 ) in 327 alcoholic dependents and 340 
healthy control subjects showed an increase in 
the frequency of Val6 allele in subjects with alco-
hol dependence (Table  17.5 ).   

   3.4.2 OPRD1 
   OPRD1 C921T 
 As described previously, Franke et al. ( 1999 ) 
failed to fi nd an association between T921C 
delta-opioid receptor (OPRD1) gene polymor-
phism and alcohol dependence in a sample of 262 
alcoholic dependents and 173 healthy subjects 
(Table  17.7 ). A large study in 1,063 European–
American subjects (557 alcohol dependence and 
443 controls) did not fi nd association between 
the C921T variant and alcohol dependence, but 
demonstrated an association of haplotype 
(GCAACT) in OPRD1 harboring C921 and G80 
alleles to alcohol dependence (Zhang et al.  2008 ).   

   3.4.3 OPRK1 
   GGCTTCT Haplotype 
 The GGCTTCT haplotype on OPRK1 gene was 
found to be associated to alcohol dependence 
despite the seven SNPs of OPRK1 analyzed in 
390 cases (97 opioid, 327 alcohol, 177 cocaine- 
dependent subjects) and 358 controls (Table  17.9 ) 
did not showed association with substance depen-
dence (Zhang et al.  2008 ).  

   rs16918875 and rs702764 
 In the study by Kumar et al. ( 2012 ), described 
above, no association was observed between 

17 Pharmacogenetics of Opioid and Alcohol Addiction



356

alcohol addiction and rs16918875, rs702764, and 
rs963549, but a signifi cant interaction between 
A118G in OPRM1 and rs16918875 SNP in 
OPRK1 was found, being the odds 2.31 times 
higher in alcoholics (Table  17.9 ).    

   3.5  Pharmacogenetics of Alcohol 
Dependence Drugs 

   3.5.1 Naltrexone 
 Naltrexone is a mu-opioid receptor antagonist, 
although it can also bind, to a lesser degree, to 
kappa- and delta-opioid receptors in the brain 
(Shader  2003 ). The mechanism of action of 
naltrexone implicates the blockade of µ-opioid 
receptor, thereby attenuating the reinforcing 
effects of alcohol (Ray and Hutchison  2007 ). 
Naltrexone has demonstrated moderate effi cacy 
in clinical trials. 

 The relation between the OPRM1 A118G 
polymorphism and pharmacological response to 
naltrexone has been widely investigated in the 
past few years (Oslin et al.  2003 ; McGeary et al. 
 2006 ; Gelernter et al.  2007 ; Ray and Hutchison 
 2007 ; Anton et al.  2008 ,  2012 ; Arias et al.  2008 ; 
Haile et al.  2008 ; O’Malley et al.  2008 ; Tidey 
et al.  2008 ; Kim  2009 ; Kim et al.  2009 ; Oroszi 
et al.  2009 ; Kranzler and Edenberg  2010 ; Ray et al. 
 2010a ,  b , 201 2   a,   b ; Wang et al.  2010 ; Kimura and 
Higuchi  2011 ; Arias and Sewell  2012 ; Ashenhurst 
et al.  2012 ; Chamorro et al.  2012 ). Evidence 
from these clinical trials and pharmacogenetic 
studies suggests that the presence of the variant 
118G allele of OPRM1 may predict better treat-
ment response to opioid receptor antagonists 
such as naltrexone (Oslin et al.  2003 ; McGeary 
et al.  2006 ; Ray and Hutchison  2007 ; Anton et al. 
 2008 ; Haile et al.  2008 ; O’Malley et al.  2008 ; 
Kim  2009 ; Oroszi et al.  2009 ; Ray et al.  2010a ,  b , 
 2012a ,  b ; Arias and Sewell  2012 ; Ashenhurst 
et al.  2012 ; Chamorro et al.  2012 ). Particularly, 
the 118G allele signifi cantly showed lower rates 
of relapse in alcohol- dependent individuals 
treated with naltrexone (Oslin et al.  2003 ; Haile 
et al.  2008 ; Kim  2009 ). Carriers of the 118G 
allele also showed increased urge for alcohol 
when treated with naltrexone (McGeary et al. 
 2006 ). Individuals with at least 1 copy of the G 

allele reported lower alcohol craving and higher 
effi cacy of naltrexone on blunting alcohol-
induced (Ray and Hutchison  2007 ; Ray et al. 
 2012a ,  b ). In 2008, the results of the COMBINE 
study, from a clinical trial of 604 recently absti-
nent volunteers, confi rmed and extended the 
observation that the functionally signifi cant 
OPRM1 118G allele is able to predict naltrexone 
treatment response in alcoholic individuals 
(Anton et al.  2008 ). Results of this clinical trial 
showed that alcoholic subjects carrying the 118G 
allele had an increased percentage of days absti-
nent and a decreased percentage of heavy drink-
ing if treated with naltrexone. The clinical 
outcome was good in 87.1 % of 118G carriers 
when treated with naltrexone, compared with 
only 54.8 % of individuals with the AA geno-
type (odds ratio, 5.75; confi dence interval, 1.88–
17.54) (Anton et al.  2008 ). Results of the 
COMBINE study also confi rmed that the highest 
percent of good clinical outcome occurred in 
naltrexone-treated alcoholics carrying the 118G 
allele (Oroszi et al.  2009 ). Higher overall levels 
of vigor and lower levels negative mood after 
drinking have also been reported in carriers of 
the 118G allele in nontreatment-seeking heavy 
drinkers (Ray et al.  2010b ). Naltrexone treatment 
has also shown to raise GABAergic neurosteroid 
levels only among carriers of the 118G allele, 
demonstrating a role of this polymorphism in the 
pharmacological effects of naltrexone (Ray et al. 
 2010a ). Greater alcohol-induced sedation and 
subjective intoxication are features also associ-
ated to 118G allele in heavy drinkers treated with 
naltrexone (Ray et al.  2012a ). Altogether, these 
results suggest that OPRM1 genotyping prior to 
treatment in alcoholic individuals might be use-
ful to help in selecting pharmacotherapeutical 
alternatives. 

 Despite of all this increasing evidence, aiming 
to OPRM1 A118G polymorphism as a consistent 
predictor of naltrexone response in AD patients, 
some studies have failed to fi nd an association of 
the OPRM1 118G polymorphism with naltrexone 
treatment response for AD (Gelernter et al.  2007 ; 
Tidey et al.  2008 ; Arias et al.  2008 ; Coller et al. 
 2011 ; Anton et al.  2012 ). However, the relevance 
of this polymorphism in the response to naltrex-
one becomes evident in a recent meta- analysis 
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that confi rms that naltrexone-treated patients car-
rying the G allele present lower relapse rates than 
AA individuals (OR: 2.02, 95 % CI 1.26–3.22; 
 P  = 0.003) (Chamorro et al.  2012 ). 

 The possible contribution to naltrexone phar-
macogenetics of additional polymorphisms in 
the opioid receptor system, particularly in the 
kappa and delta (OPRK1 and OPRD1) genes, 
has been recently analyzed by Ashenhurst et al. 
( 2012 ) in a double-blind placebo-controlled lab-
oratory trial of naltrexone in 40 heavy drinkers. 
Multilevel models revealed signifi cantly two 
associations, one between OPRK1 (rs997917) 
polymorphism and alcohol-induced sedation 
and other between OPRD1 (rs4654327) and 
alcohol-induced stimulation and craving. TT 
homozygotes for OPRK1 (rs997917) showed 
lower naltrexone-induced alcohol sedation as 
compared to carriers of the C allele, and carriers 
of the A allele at OPRK1 (rs997917) reported 
greater naltrexone-induced blunting of alcohol 
stimulation and alcohol craving compared to 
GG homozygotes. These fi ndings support the 
involvement of the opioid receptor system in the 
response to naltrexone and suggest a potential 
accumulation of individual pharmacogenetic 
effects from different gene polymorphisms 
(Ashenhurst et al.  2012 ).  

   3.5.2 Acamprosate 
 Acamprosate is an inhibitor of the  N -methyl- D - 
aspartate  (NMDA) receptor that works through 
the glutamatergic/GABAergic negative reinforce-
ment system. 

 Several gene polymorphisms have been des-
cribed to be related to acamprosate pharmacological 

response in AD individuals (Ooteman et al.  2009 ; 
Kiefer et al.  2011 ). 

 Recently, the top 15 single nucleotide poly-
morphisms of a genome-wide association (GWA) 
by Bierut et al. ( 2010 ) were used to investigate 
relapse to alcohol drinking and treatment res-
ponse in 374 alcohol-dependent subjects who 
underwent a randomized, double-blind, placebo- 
controlled trial with acamprosate, naltrexone, or 
placebo (Kiefer et al.  2011 ). The single nucleo-
tide polymorphism, rs13273672, located in an 
intronic region of the GATA-binding protein 4 
(GATA4) gene resulted to be associated with 
relapse in patients treated with acamprosate. The 
different GATA4 genotypes also showed a sig-
nifi cant gene dose effect on the variance of atrial 
natriuretic peptide (ANP) plasma concentration 
(Kiefer et al.  2011 ).  

   3.5.3 Other Treatments for AD 
 Several non-FDA-approved drugs such as sertra-
line, olanzapine, topiramate, baclofen, and ondan-
setron have shown promising results in the 
investigational (and off-label) treatment of AD 
(Table  17.10 ) (Edwards et al.  2011 ; Arias and 
Sewell  2012 ). Heterogeneity in response, side 
effects, and dosage of these drugs has been tried to 
be explained by different gene polymorphisms.

     Sertraline 
 Sertraline is a serotonin-specifi c reuptake inhibi-
tor (SSRI) whose response has showed to be con-
ditioned by a 44-bp repeat insertion polymorphism 
in the 5-HTT-linked promoter region (5-HTTLPR) 
of SLC6A4 gene that codes for the serotonin 
transporter (Lesch et al.  1996 ), resulting in long (L) 

   Table 17.10    Non-FDA-approved medications for the treatment of alcohol dependence and associated gene 
polymorphisms   

 Drug  Nature  Gene  Polymorphism  References 

 Sertraline  Serotonin-specifi c 
reuptake inhibitor 

 SLC6A4  5-HTTPR  Kranzler et al. ( 2011 ) 

 Olanzapine  Antipsychotic  DRD4  DRD4 Exon 3  Hutchison et al. ( 2003 ,  2006 ), Kranzler 
and Edenberg ( 2010 ), Arias and Sewell 
( 2012 ) 

 48-bp VNTR 

 Topiramate  Anticonvulsant  GRIK1  rs2832407  Kranzler et al. ( 2009 ), Ray et al. ( 2009 ) 
 Ondansetron  Serotonin 5-HT3 

receptor antagonist 
 SLC6A4  5-HTTPR  Johnson et al. ( 2000 ,  2002 ,  2003 ,  2011 ), 

Arias and Sewell ( 2012 )  3-HTT (rs1042173) 

   VNTR  variable number of tandem repeats  
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and short (S) alleles (Kranzler et al.  2011 ). In 
AD, results from 134 patients from a prospective 
randomized placebo-controlled trial of the effi -
cacy of sertraline in AD have showed that LL 
homozygotes are the most benefi ted by sertraline 
treatment (Kranzler et al.  2011 ).  

   Olanzapine 
 Olanzapine is an antipsychotic whose effects on 
craving for alcohol and drinking behavior have 
been associated to a variable number of tandem 
repeats (VNTR) gene polymorphism in the exon 
3 of DRD4 gene, which encodes the dopamine 
D(4) receptor (Hutchison et al.  2003 ,  2006 ; 
Kranzler and Edenberg  2010 ). This variation in 
the DRD4 gene has also been proposed as a pre-
dictor of a better response to naltrexone and olan-
zapine (Arias and Sewell  2012 ).  

   Topiramate 
 Topiramate is an anticonvulsant with a promising 
future in the treatment of AD, although the opti-
mal dose and treatment length have not been well 
determined yet (Edwards et al.  2011 ). Topiramate 
acts as a glutamate modulator that binds to the 
GluR5 of the kainic acid glutamate receptor sub-
unit. Three SNPs in the GRIK1 gene (rs2832407 
in intron 9, rs2186305 in intron 17, and rs2832387 
in the 3’UTR), which encodes the GluR5 recep-
tor subunit, have been associated to higher risk of 
AD in a study conducted in 1564 individuals 
(507 control subjects and 1,057 AD subjects), 
although only rs2832407 was signifi cantly asso-
ciated to phenotype (Kranzler et al.  2009 ). These 
three SNPs in the GRIK1 gene were also investi-
gated as predictors of topiramate-induced side 
effects in 51 heavy drinkers, fi nding an associa-
tion of one of the SNPs studied (rs2832407) with 
the severity of side effects and serum levels of 
topiramate (Ray et al.  2009 ).  

   Ondansetron 
 Ondansetron is a serotonin 5-HT3 receptor antag-
onist that has shown promising results in the treat-
ment of AD (Johnson et al.  2011 ; Arias and Sewell 
 2012 ). Ondansetron was reported to reduce heavy 
drinking in individuals with early- onset alco-
holism, mainly via reductions in craving and 

improvement of mood disturbances (Johnson 
et al.  2000 ,  2002 ,  2003 ). Response to ondansetron 
in AD treatment could be predicted by SLC6A4 
(Johnson et al.  2011 ; Arias and Sewell  2012 ). 
5-HTTLPR degenerate repeat polymorphic region 
in SLC6A4 gene has been proposed along with 
rs1042173 gene polymorphism in the UTR-3 
region of this gene (3-HTT) as indicators of better 
response to ondansetron in alcoholics, especially 
for abstinence (Johnson et al.  2011 ). Particularly, 
individuals with the LL genotype who received 
ondansetron presented lower mean number of 
drinks per drinking day and a higher percentage 
of days abstinent in a randomized double-blind 
controlled trial conducted on 283 alcoholics 
(Johnson et al.  2011 ). In this study it also found a 
signifi cant interaction between the 5-HTTLPR 
and rs1042173 variants, showing a better improve-
ment for LL/TT individuals.    

   3.6  Importance of Drug 
Interactions in the Treatment 
of Alcohol Dependence 

 CYP2E1, as well as alcohol dehydrogenase and 
aldehyde dehydrogenase, is an important enzyme 
for the conversion of ethanol to acetaldehyde and 
acetate in humans. 

 The study of García-Bañuelos et al. ( 2012 ) 
carried out on 90 controls and 41 patients with 
alcohol addiction from Mexico showed that 
CYP2E1*c2 allele was associated with suscepti-
bility to alcohol dependence. 

 Susceptibility to breast cancer mediated by 
alcohol consumption and genetic polymorphisms 
in the enzymes that metabolize alcohol, CYP2E1, 
and ALDH2 was examined in a Korean population 
(346 patients with histologically confi rmed breast 
cancer and 377 controls without current or previ-
ous history of cancer) (Choi et al.  2003 ). The risk 
of developing breast cancer was 1.9 times higher 
in alcohol-addicted women carrying the CYP2E1 
c2 allele than nonconsumers with the CYP2E1 
c1/c1 genotype. This study therefore suggests that 
the CYP2E1*c2 allele may infl uence individual 
susceptibility to breast cancer in women who 
consume alcohol (Choi et al.  2003 ).  
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   3.7 Final Considerations 

 After a thorough review of numerous studies 
concerning the involvement of the opioid system 
(OPRM1, OPRK1, and OPRD1) and cytochrome 
P450 gene (CYP3A4, CYP2B6, CYP2D6, 
CYP2C9, and CYP2C19) in the dependence on 
psychoactive substances, such as opiates and 
alcohol, a great variability in the results for both 
gene families is evident. 

 A118G polymorphism on OPRM1 gene is the 
most studied gene polymorphism in alcohol and 
opioid addiction and is probably the most pro-
mising biomarker of better response in these 
patients, despite discrepancies that have been 
manifested even in studies conducted on the same 
ethnicity. Many studies have failed to reproduce 
the positive results obtained by other authors, 
probably due to the need of a better defi nition of 
the phenotypes to study, considering the hetero-
geneity of these pathologies. Other factors, like 
the complexity of genetics in addiction, not only 
for the pathophysiology originated in different 
stages of addiction but also by the involvement of 
different genetic backgrounds, may infl uence in 
the heterogeneity of the population, along with 
the interaction between environmental factors 
and genes involved. 

 The infl uence of interactions between gene 
polymorphisms in different molecular structures is 
also an important question. Opioids are meta bolized 
by phase I metabolism CYP450 isoenzymes, which 
show a high variability in the population. Therefore, 
modulation of these enzymes, through drug inte-
ractions simulating genetic defects (inhibitors/
inducers), also contributes to the variable response 
to opioids hence the importance of knowing the 
concomitant drug treatment and use of other sub-
stances of abuse, the presence of pathologies, 
diet, environmental, and genetic factors. 

 Involvement in opiate dependence of other 
gene polymorphisms on the opioid receptor sys-
tem, such as OPRM1 C17T and C1031G, OPRD1 
T921C and G80T, and OPRK1 G36T, has also 
yielded inconclusive results. Individual and com-
bined analyses have shown a great variability 
of results, therefore not demonstrating a clear 
involvement in opioid dependence. 

 In conclusion, A118G genotype is currently 
the most promising polymorphism that may help 
the clinician to adjust drug treatment to each indi-
vidual. The existence of interactions between 
gene polymorphisms could also be important in 
determining the risk profi le for complex diseases 
such as addiction. 

 Future prospects are based on the study of 
these gene polymorphisms in association with 
other molecular structures involved that allow 
replicating the results among individuals in a pop-
ulation, given that opioid/alcohol dependence is a 
disease very complex to approach due to the mul-
tiple factors involved individually, such as genetic 
factors common to the use of other substances 
(abuse drugs and/or concomitant drug therapy), 
specifi c genetic factors, environmental factors, 
and the intrinsic effects of the drug on the CNS.      
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 Abstract 

   We have entered the genomics era with hope for the future of medicine 
including psychiatry. Understanding the role of DNA and polymorphic 
associations with brain reward circuitry has led to a new understanding of 
all addictive behaviors. We present here a brief review of the role of both 
neurogenetics and nutrigenomics as cornerstones that link more accurate 
genetic diagnosis and dopamine D2 agonist therapy to induce dopaminer-
gic activation. Based on numerous experiments we are indeed proposing a 
novel approach. We challenge the entire recovery fi eld to use these tools, 
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1             Introduction 

 Blum et al. ( 1996a ) coined the term reward defi -
ciency syndrome (RDS) to describe a dysfunc-
tion in the brain reward cascade (Blum and 
Kozlowski  1990 ) which directly links abnormal 
craving behavior with a defi cit in a number of 
reward genes including dopaminergic, serotoner-
gic, endorphinergic, GABAergic, adrenergic, 
opioidergic, cholinergic, as well as many second 
messengers. Dopamine controls feelings of well- 
being and is one of the most powerful neurotrans-
mitters (   Blum and Gold  2011 ; Tomasi and 
Volkow  2012 ). The interaction of other brain 
chemicals and neurotransmitters such as sero-
tonin, the opioids (neuropeptides), and dopamine 
reduces stress and produces a sense of well- 
being. Good examples are the association of low 
levels of serotonin with depression and of high 

levels of opioids (the brains opium) with a sense 
of well-being (Pierce and Kumaresan  2006 ). 

 In order for one to feel good, these powerful 
neurotransmitters produced complex interactions 
in the brain and through a transcription process 
involving mRNA that regulate neurotransmitter 
receptor production. These processes ultimately 
regulate dopaminergic activity of the brain in the 
reward center, the mesolimbic system, and par-
ticularly in the nucleus accumbens (NAc). We 
provide a brief explanation of not only RDS but 
potential genetic predisposition diagnosis and the 
possible benefi cial effects of natural D2 agonist 
therapy in substance use disorder (SUD) patients – 
see review Chen et al. ( 2011 ). 

 As stated earlier, RDS, which is emerging as 
an acceptable explanation of the interrelatedness 
of the impulsive, compulsive, and addictive 
behaviors including “process addictions,” has 
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the result of years of scientifi c research into the nature of addiction, and to 
incorporate them into treatment programs for patients attending inpatient/
outpatient addiction clinics, such as the Genetic Addiction Risk Score 
(GARS)™ for appropriate RDS diagnosis, Comprehensive Analysis of 
Reported Drugs (CARD)™ to determine both compliance and abstinence 
during treatment, natural D2 agonistic therapy (NAAT-KB220™), and, 
eventually, mRNA (patent pending) to determine pre- and post-candidate 
gene expressions in reward defi ciency syndrome (RDS). We are, therefore, 
proposing a paradigm shift we have called “Reward Defi ciency Solutions 
System (RDSS)™.” 
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been the subject of concern by many notable 
investigators. The dopamine D2 receptor, part of 
the dopaminergic system, is involved in meso-
limbic circuitry and brain reward mechanisms. 
Any dysfunction of the D2 dopamine receptors 
can result in aberrant seeking of substances such 
as drugs, alcohol, tobacco, and including food. 
Decades of research since the initial fi ndings of 
Blum’s group (Blum et al.  1990 ) indicate that 
genetics play a pivotal role in vulnerability to 
severe substance-seeking behavior. Blum et al. 
( 1995a ) utilized Bayes’ theorem to predict future 
substance and process addictions. We proposed 
that DRD2 A1 allele variant of the D2 dopamine 
receptor gene is an important, common genetic 
determinant in predicting addictive disorders 
(Blum et al.  1995a ,  b ,  1996a ,  b ). In those studies, 
future RDS behaviors were predicted in subjects 
carrying the DRD2 Taq A1 allele at 74 %. Many 
neuroimaging studies have recently supported 
the RDS concept that links food craving and drug 
craving behavior (Burger and Stice  2012 ; Stice 
et al.  2010 ). While many genes are involved 
in RDS behaviors, it is apparent that a major role 
is played by the dopamine D2 receptor (Dunn 
et al.  2012 ). Johnson and Kenny ( 2012 ) found 
compulsive- like feeding behavior, measured as 
palatable food consumption that, like all addictions, 
resisted disruption by an aversive conditioned 
stimulus, in obese, but not lean, rats. Downregu-
lation of striatal dopamine D2 receptors has been 
reported in both obese rats and drug-addicted 
humans. Moreover, the knockdown of striatal D2 
receptors mediated by lentivirus, the develop-
ment of reward defi cits that were addiction-like, 
and the onset of compulsive- like food seeking 
were rapidly accelerated in rats when given 
extended access to palatable high-fat food. This 
data demonstrates that neuroadaptive responses 
in brain reward circuits that drive the develop-
ment of compulsive eating are indeed triggered 
by overconsumption of palatable food. The 
authors suggest that obesity and drug addiction 
have common underlying hedonic mechanisms 
(Johnson and Kenny  2012 ). 

 It is noteworthy that others found that, in the 
ventromedial hypothalamus (VMH) of mice, 
selective BDNF depletion resulted in obesity due 

to hyperphagic behavior. Specifi cally, Cordeira 
and Rios ( 2011 ) found that in the ventral tegmen-
tal area of wild-type mice, BDNF and TrkB mRNA 
expression was infl uenced by consumption of pal-
atable, high-fat food. It is particularly interesting 
that defi cits have been noted in evoked release of 
dopamine in the dorsal striatum and NAc shell, but 
normal secretion in the NAc core was recorded in 
amperometric brain slices of mice depleted of cen-
tral BDNF (Cordeira and Rios  2011 ). In addition, 
Lobo et al. ( 2012 ) recently showed that activation 
of D2+ neurons mimics the loss of TrkB and sup-
presses cocaine reward, while the activation of 
D1+ neurons induces the opposite effect. These 
insights into the molecular regulation of D1+ and 
D2+ neuronal activity at the circuit level identify 
the contribution these cell types make to cocaine 
reward Nestler ( 2010 ). 

 The reward gene DRD2 has been associated 
with pleasure (Blum et al.  1990 ), and the Taq1 
A1 allele with reduced receptor density in the 
NAc (Noble et al.  1991 ). The evidence suggests 
that there is a three-part interaction that begins 
with dopamine receptor defi ciency and results 
in a tendency to abuse alcohol and a reduced 
sensitivity to rewards. Based on these genetic 
characteristics, individuals from certain ethnic 
groups have a greater tendency toward alcohol-
ism than others (Barr and Kidd  1993 ). The DRD2 
has been one of the most widely studied genes 
in neuropsychiatric disorders in general and in 
alcoholism and other addictions in particular 
(PUBMED 3391 articles obtained 1/11/13). The 
Taq1 A1 allele of the dopamine D2 receptor gene 
has been associated with comorbid psychiatric 
conditions including antisocial personality disor-
der symptoms, high novelty seeking, obesity, 
spectrum disorders, gambling, and other process 
addictions (Palomo et al.  2007 ). The mesocorti-
colimbic dopaminergic pathway may be a com-
mon denominator for addictions and plays an 
especially prominent role in mediating reinforce-
ment by abused drugs (Blum et al.  2012a ,  b ,  c ). 

 When the mesocorticolimbic-dopamine reward 
system breaks down, perhaps caused by certain 
genetic variants, the result is RDS and subsequent 
drug-seeking behaviors. To reiterate, RDS refers to 
reward cascade dysfunction, and resultant aberrant 
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behaviors, due to genetic and environmental infl u-
ences (Blum et al.  1995b ). Accordingly, neuronal 
release of brain dopamine that can satisfy unhealthy 
cravings and reduce negative feelings is activated 
by most positive reinforcers including alcohol and 
other drugs of abuse. Individuals are predisposed 
to a high risk for multiple addictive, impulsive, 
and compulsive behaviors if they have a defi ciency 
of D2 receptors. Although other neurotransmit-
ters, like glutamate, gamma-aminobutyric acid 
(GABA), and serotonin, may be necessary in stim-
ulating the rewarding effects of ethanol and other 
drugs, initiating and reinstating drug use during 
protracted abstinence may be the providence of 
dopamine (Bowirrat and Oscar-Berman  2005 ; 
Wang et al.  2011 ). All roads do lead to dopamine. 

 Exploration of various treatment approaches 
utilizing Dominion’s Comprehensive Analysis of 
Reported Drugs (CARD)™ found signifi cant 
noncompliance to prescribed treatment medica-
tions and non-abstinence during outpatient/inpa-
tient opioid treatment programs using Suboxone® 
and methadone (Blum et al.  2012d ). Moreover, 
continued drug hunger and poor outcomes in terms 
of relapse prevention continue to plague the 
“recovery” fi eld in general. Rather than correct-
ing or compensating for pre-morbid dopamine 
system defi cits, pharmacological therapies that 
focused on either interference with drug euphoria 
or harm reduction with opioid maintenance have 
had limited success (Blum and Gold  2011 ). In 
2010 Blum and Gold proposed the incorporation 
of genetic testing and neuroadaptogen amino 
acid precursor enkephalinase–catecholamine–
methyltransferase (COMT) inhibition therapy 
into residential, nonresidential, and aftercare 
addiction services. In order to treat the genetic 
basis of addiction, they proposed the identifi ca-
tion of risk alleles for hypodopaminergic brain 
reward function (RDS) coupled with a natural but 
therapeutic nutraceutical formulation that could 
potentially produce dopamine release and cause 
the induction of D2-directed mRNA proliferation 
of D2 receptors in the human. They hypothesized 
that this proliferation of D2 receptors will induce 
the attenuation of drug-like craving behavior. 
These concepts await further confi rmation via 
required neuroimaging studies. Very recent studies 

may shine some new light and result in potential 
therapeutic approaches that include, for example, 
targeting the heteromeric A(2A)–D(2) receptor 
complex (Filip et al.  2012 ).  

2      Dopaminergic Activation 
Through Nutrigenomics 

 Although the use of nutritional approaches to 
treat the health-related consequences of addiction 
are well researched, there are not enough studies 
that involve treatment of addiction by the manip-
ulation of neurotransmission in the brain reward 
system based on identifi ed polymorphic genetics. 
In 2008 using single-gene candidates, microarray, 
and proteomics, Li    et al. ( 2008 ) integrated 2,343 
items of evidence that linked genes and chromo-
some regions to addiction. The evidence was 
collected from peer-reviewed articles published 
between 1976 and 2006. In these studies, they 
identifi ed 1,500 human addiction-related genes 
and developed the fi rst molecular database for 
addiction-related genes, KARG (  http://karg.cbi.
pku.edu.cn    ). They performed a meta-analysis of 
396 genes. Of these genes, each supported by two 
or more items of evidence in the literature, they 
were able to identify 18 molecular pathways 
that were statistically signifi cant and covered 
both upstream signaling events and downstream 
effects. They identifi ed fi ve molecular pathways 
as common pathways, found to have associations 
with all types of addictive drugs, which may 
be involved with addictive and rewarding actions. 
They connected the common pathways into a 
hypothetical common molecular network for 
addiction. Two new pathways, GnRH signaling 
pathway and gap junction, were identifi ed. Clues 
to explain some of the irreversible features of 
addiction may be provided by their observation 
that fast and slow positive feedback loops were 
interlinked through CAMKII. The common thread 
involves dopaminergic and glutamatergic genes. 

 Interestingly the dopamine molecule pro-
motes both “pleasure” and “stress-coping abili-
ties.” Wellness constitutes an enhanced state of 
pleasure with tranquility, while a major link to 
overeating is uncontrollable stress and carbohy-
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drate craving. We designed a study to evaluate the 
process of DNA customization of a nutritional 
solution for both wellness and weight manage-
ment. For this study, we genotyped 1,058 sub-
jects; these subjects were administered a patented 
nutraceutical based on polymorphic outcomes. In 
a subset, simple  t -tests comparing a number of 
parameters, before treatment and after 80 days on 
the nutraceutical, were performed. Signifi cant 
results were observed for appetite suppression, 
sugar craving reduction, weight loss, snack 
reduction, and reduction of late night eating 
( P  < 0.01); for enhanced quality of sleep, 
increased perception of overeating, and increased 
happiness ( P  < 0.05); and for increased energy 
( P  < 0.001). Positive clinical parameters were 
tested by Blum et al. in  2008a  against a number of 
genes (LEP, PPAR-gamma2, MTHFR, 5-HT2A, 
and DRD2 genes), and polymorphic correlates 
were obtained. In their study of all the polymor-
phisms and outcomes, only the DRD2 gene poly-
morphism (A1 allele) had the only signifi cant 
Pearson correlation with days on treatment 
( r  = 0.42,  P  = 0.045). This two-fold increase indi-
cates that the A1 allele polymorphism is a very 

important genotype for compliance in treatment 
(Blum et al.  2008a ).  

3      Neuroimaging Evidence 
of NAAT in RDS 

 In a crossover, triple-blind, randomized, placebo- 
controlled qEEG study involving oral NAAT- 
KB220Z, increased low-beta activity and increased 
alpha wave activity were demonstrated, using 
quantitative electroencephalographic (qEEG) 
imaging, in the parietal brain loci. Using  t  statis-
tics, signifi cant differences between placebo and 
KB220Z were consistently observed during the 
fi rst and then the subsequent, second week of anal-
ysis (Blum et al.  2010 ; Fig.  18.1 ).

   Treatment of addictive behaviors with D2 ago-
nist therapy is in agreement with NIDA scientists as 
well as other authors who concluded that 
dopamine/5-HT releasers and D2 agonists could be 
useful as therapeutic adjuncts in the treatment of 
psychiatric disorders: attention defi cit disorder and 
depression as well as cocaine and alcohol addiction 
and obesity (Rothman  1994 ). In terms of relapse, 

  Fig. 18.1    KB220Z compared to placebo in psychostimulant 
abusers. KB220Z compared to placebo in psychostimulant 
abusers. Illustrates positive response of KB220Z compared 
to placebo in triple-blind, randomized, placebo-controlled 

study in psychostimulant abusers undergoing protracted 
abstinence ( Source : Modifi ed from Blum et al. ( 2010 ), 
with permission)       
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the above qEEG experiment showed the involve-
ment of the prefrontal cortex, which was especially 
evident in dopamine D2 A1 allele subjects. This 
was the fi rst time that any  laboratory reported qEEG 
responses to a natural putative D2 agonist (Blum 
et al.  2010 ). 

 Similar success has been also obtained by 
showing that KB220Z also activated dopaminergic 
pathways using fMRI in Chinese heroin addicts 
undergoing protracted abstinence. Preliminary, 
unpublished results show signifi cant differences 
in BOLD activation of a number of prefrontal, 
cingulate gyrus, and caudate–accumbens–
putamen brain regions. This experiment suggests 
that 1 h after KB220Z there is activation of 
dopaminergic pathways (Fig.  18.2 ).

4         Reducing “Dopamine 
Resistance” Leads to 
Reduced Drug Seeking 

 Acute utilization of most psychoactive substances 
induces a feeling of well-being. Unfortunately if 
abuse is sustained and prolonged, a toxic feeling 
of pseudo well-being results in tolerance, discom-
fort, and dependence. The consequence of low 
dopamine receptor densities due to carrying the 
DRD2 A1 allelic genotype (30–40 % lower 
numbers) is excessive craving behavior, while 
normal or high dopamine receptor densities result 
in low craving-induced behavior (Noble et al. 
 1991 ). Prevention of excessive cravings might 
then be attained by the induction of dopamine D2 

  Fig. 18.2    One hour after KB220Z there is activation of 
dopaminergic pathways. Signifi cant differences in BOLD 
activation of a number of prefrontal, cingulate gyrus, caudate–

accumbens, and putamen brain regions. Brain regions A1–5 
are pre-KB220Z and regions B1–5 are post-KB220Z 
( Source : Unpublished data Liu et al.   , with permission)       
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receptor proliferation in genetically prone indi-
viduals. Indeed experiments in vitro have shown 
that constant stimulation of the dopamine recep-
tor system via a known D2 agonist in low doses 
results in signifi cant proliferation of D2 receptors, 
in spite of genetic antecedents (Boundy et al.  1995 ; 
Bradaia et al.  2009 ). Negative feedback mecha-
nisms are signaled by D2 receptor stimulation 
that induces mRNA expression and causes prolif-
eration of D2 receptors in the mesolimbic system 
(Bradaia et al.  2009 ). Based on this molecular fi nd-
ing, constant natural induction of dopamine release 
may also support the production of D2-directed 
mRNA and result in the proliferation of D2 recep-
tors in humans. The proliferation of D2 receptors 
will, in turn, attenuate human craving behavior. 
This has been proven using a form of gene therapy 
in work showing that DNA-directed overexpres-
sion of the DRD2 receptors results in a signifi cant 
reduction in cocaine and alcohol craving-induced 
behavior in animals (Myers and Robinson  1999 ; 
Thanos et al.  2001 ,  2004 ,  2005 ,  2008 ).  

5      Understanding the Role 
of mRNA Expression in 
Response to Drugs of Abuse 
and Reward Pathways 

 It is known that certain drugs of abuse and neuro- 
pathways interact in the genome to infl uence the 
biological function of mRNA as it relates to neuro-
transmission, enzymes involved in neurotransmitter 
metabolism, as well as specifi c neuronal receptors 
that are common in the production of feeling of 
well-being in the animal or human (Piechota et al. 
 2010 ). Hikida et al. found that the convergent 
input of dopaminergic modulation in the indirect 
striatopallidal pathways, and the direct striatoni-
gral pathways, of the basal ganglia, are crucial in 
the rewarding and aversive learning involved in 
drug addiction. Hikida et al. ( 2010 ) explored basal 
ganglia information processing and integration 
through these two pathways. Using a reversible 
blocking technique, they blocked neurotransmission 
of each pathway selectively, using a doxycycline-
dependent, specifi c expression of transmission-
blocking tetanus toxin (Hikida et al.  2010 ). Two 
pathways with distinct but coordinated roles 

were found to be necessary for the modulation 
of dopamine- mediated acute psychostimulant 
actions. The direct pathway was prominent in 
reward learning and cocaine sensitization which is 
critical for making distinctions between associa-
tive and non-associative rewarding stimuli, while 
the indirect pathway was predominant in aversive 
behavior, used to avoid aversive stimuli for rapid 
memory formation (Hikida et al.  2010 ). While this 
is true, we ask: What is the effect of drugs of abuse 
on mRNA in these pathways? This concept is 
being explored by our laboratory and will be the 
subject of future papers.  

6      Painting a Portrait of the 
Rational to Incorporate 
a “Neuroscience Module” 
in Treatment 

6.1      The New Defi nition 
of Addiction 

 The American Society of Addiction Medicine 
(ASAM 2011), the US addiction specialty society of 
physicians, has recently redefi ned “addiction” as 
“addiction is a primary, chronic disease involving 
brain reward, motivation, memory and related cir-
cuitry. Dysfunction in these circuits leads to charac-
teristic biological, psychological, social and spiritual 
manifestations. This is refl ected in persons compul-
sively pursuing reward and/or relief by substance 
use and other behaviors. Addiction cannot be cured 
but can be brought into remission through a program 
of treatment, abstinence from all psychoactive 
substances, and supported recovery” (Smith  2012 ). 

 This new defi nition of addiction as a disease that 
involves brain reward, motivation, and memory 
establishes the work of our laboratory as a pioneer 
in the fi eld. Dedicated scientifi c rigor during our 
40-year sojourn into the mechanisms of the meso-
limbic system has provided insight into the addic-
tive brain and the neurogenetics involved in man’s 
quest for happiness. To reiterate, feelings of well-
being are experienced in the mesolimbic system of 
the brain (Ikemoto  2010 ). In the mesolimbic sys-
tem, chemical messengers including serotonin, 
enkephalins, GABA, and dopamine work together 
for the release of dopamine in NAc where one 
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experiences feelings of well-being. A series of neu-
ronal events termed “brain reward cascade” was 
coined to describe the synthesis, vesicular storage, 
metabolism, and catabolism of neurotransmitters 
(Blum et al.  2008b ,  c ; Figs.  18.3  and  18.4 ). These 
events are controlled by genes and polymorphic 
versions of these genes have certain variations 
which could lead to a breakdown of this cascade 
and ultimately dysregulation and dysfunction of 
the dopaminergic pathway. Although there is some 
debate (Salomone and Correa  2012 ), dopamine is 
generally regarded as the pleasure and antistress 
molecule. Any reduction in dopamine function 
could lead to unhappiness and reward defi ciency 
and result in aberrant substance- and pleasure- 
seeking behavior (Blum et al.  2012a ,  b ,  c ).

     Homo sapiens  are programmed to be motivated 
to drink, eat, have sex, and desire pleasurable experi-
ences. Impairments in these natural reward mecha-
nisms are governed by genetic polymorphic 
antecedents and can promote multiple impulsive, 
compulsive, and addictive behaviors in individuals. 
While many genetic variations are involved within the 
activity of the mesolimbic system, polymorphisms 
of genes that predispose individuals to excessive 
cravings and result in aberrant reward-seeking 

behaviors (Niehaus et al.  2009 ) include, among 
others, the dopamine D2 receptor (DRD2), dopa-
mine D4 receptor (DRD4), dopamine transporter 
(DAT1), serotonergic- 2A receptor (5-HTT2a), 
serotonergic transporter (5-HTTLPR), catechol-O - 
methyltransferase (COMT), monoamine oxidase 
(MOA), and GABA receptors (GABAB). 

 As stated, RDS is the umbrella term used to 
describe multiple impulsive, compulsive, and 
addictive behaviors with common genetic anteced-
ents (Blum et al.  2011a ). Individuals,  especially 
in adolescence who have reduced numbers of 
dopaminergic and/or serotonergic receptors and an 
increased rate of synaptic dopamine catabolism, 
will, due to high MOA activity or high catabolic 
activity due to the COMT gene, have a predispo-
sition to use any means, substance or behavior, to 
activate dopamine release. Dopamine release 
is activated by the use of glucose, alcohol, and 
drugs, like opiates, psychostimulants, and nico-
tine, and by process addictions, like gambling, 
sex, and even excessive internet gaming (Blum 
et al.  2011a ; Wahlstrom et al.  2010 ). 

 Use of most drugs of abuse, including alcohol, 
is associated with dopamine release in the “reward 
pathway of the brain,” the mesocorticolimbic 
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  Fig. 18.3    Brain reward circuitry beyond the mesolimbic 
dopamine system. Hypothesized key components of brain 
reward circuitry and its organization. Afferents and efferents 
of key components of the circuitry are shown with  orange 
lines  for unidirectional connection and  yellow lines  for 
reciprocal connections. ( a ) The  purple  area corresponds 

to the medial forebrain bundle, at which electrical 
stimulation elicits vigorous self-stimulation. This depicts 
a tentative organization of brain reward circuitry at a 
macroscale level. ( b ) The connectivity of the circuitry 
after removing the trigger zones (Taken from: Ikemoto 
 2010 , with permission)       
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system, and a new mechanism involving local 
electrophysiology for dopamine release has been 
proposed (Kita et al.  2009 ). Activation of this 
dopaminergic system induces feelings of reward 
and pleasure (see Fig.  18.4 , happy compared to 
unhappy brain); however, dopamine release in the 
ventral tegmental area (VTA) is also caused by 
aversive or painful stimuli like fi nding pleasure 
from bondage (Budygin et al.  2012 ).  

6.2      Genetic Addiction Risk 

 The hypothesis is that regardless of the source, 
the presence of a hypodopaminergic state/trait 
is a primary cause of drug-seeking behavior. 
Certainly, polymorphisms that induce hypodopa-
minergic functioning are the mechanism of a 
genetic predisposition to chronic drug use and 
relapse (Blum and Gold  2011 ). 

 Numerous important studies that have explored 
the genetic risk for drug-seeking behaviors have 
reinforced the claim that individuals possessing 

dopaminergic gene variants are impulsive. These 
are association and linkage studies that implicate 
these alleles as risk antecedents that impact 
the mesocorticolimbic system. Dopaminergic 
gene variants include DRD2, DRD3, DRD4, DAT1, 
COMT, MOA-A, SLC6A4, Mu, and GABAB 
(see Table  18.1 ). Our laboratory in conjunction 
with Impact Genomics, Inc. and Dominion 
Diagnostics, Inc. is involved in development and 
research in 12 select centers across the United 
States to validate the fi rst ever patented genetic 
test to determine a patient’s genetic risk for RDS 
called Genetic Addiction Risk Score™ (GARS).

7          Relapse 

 Drug-seeking behavior can be triggered by reduced 
activity of the dopamine system (hypodopa-
minergic functioning) (Martinez et al.  2012 ). 
Hypodopaminergic functioning can be induced 
by variant alleles through reduced dopamine 
receptor density, blunted response to dopamine, 

  Fig. 18.4    Happy compared to unhappy brain. ( a ) Schematic 
represents the normal physiologic state of the neurotrans-
mitter interaction at the mesolimbic region of the brain. 
Briefl y in terms of the “brain reward cascade” fi rst coined 
by Blum and Kozlowski ( 1990 ): serotonin in the hypo-
thalamus stimulates neuronal projections of methionine 
enkephalin in the hypothalamus which in turn inhibits the 
release of GABA in the substania nigra, thereby allowing 
for the normal amount of dopamine to be released at the 
nucleus accumbens (reward site of brain). ( b ) Represents 
hypodopaminergic function of the mesolimbic region of the 
brain. It is possible that the hypodopaminergic state is due 
to gene polymorphisms as well as environmental elements 

including both stress and neurotoxicity from aberrant abuse 
of psychoactive drugs (i.e., alcohol, heroin, cocaine). Genetic 
variables could include serotonergic genes (serotonergic 
receptors [5HT2a], serotonin transporter 5HTlPR), 
endorphinergic genes (mu OPRM1 gene, proenkephalin 
(PENK), PENK polymorphic 3′ UTR dinucleotide (CA) 
repeats), GABAergic gene (GABRB3), and dopaminergic 
genes (ANKKI Taq A, DRD2 C957T, DRD4 7R, COMT 
Val/met substation, MAO-A uVNTR, and SLC6A3 9 or 
10R). Any of these genetic and/or environmental impair-
ments could result in reduced release of dopamine and/or 
reduced number of dopaminergic receptors ( Sources : 
Blum et al.  2011b , with permission)       
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      Table 18.1    Candidate reward genes and RDS (a sampling)   

 Polymorphism (s)  Study fi ndings  References  Comments 

 (a)  D2 dopamine receptor gene  ( DRD2 ) 

 SNP rs: 1800497  Taq A1 allele associates with sever 
alcoholism 

 Blum et al. 
( 1990 ) 

 First study to associate with 
alcoholism (called reward gene) 

 ANKKI-p.
Glu713Lys 

 DRD2 Taq1A RFLP is a single-
nucleotide polymorphism (SNP) that 
causes an amino acid substitution within 
the 11th ankyrin repeat of ANKK1 

 Neville et al. 
( 2004 ) 

 The ANKKI gene is a refl ection 
of DRD2 A1 allele 

 SNP rs: 1800497  This SNP has been found to predict 
future RDS behaviors as high as 74 % 

 Blum et al. 
( 1996a ,  b ) 

 Using Bayesian analysis 

 SNP rs: 1800497  Presence of the A1+ genotype (A1/A1, 
A1/A2) compared to the A− genotype 
(A2/A2) is associated with reduced 
density 

 Noble et al.
( 1991 ) 

 This reduction causes 
hypodopaminergic functioning 
in the dopamine reward 
pathway 

 SNP rs: 6277 
at exon 7 

 T+ allele associates with alcohol 
dependence 

 Hill et al. 
( 2008 ) 

 Associates with drug-seeking 
behavior and other RDS 
behaviors 

 SNP rs: 1800497  10-year follow-up that carriers of the 
DRD2 A1 allele have a higher rate of 
mortality compared to carriers of the A2 
allele in alcohol-dependent individuals 

 Dahlgren et al. 
( 2011 ) 

  Taq1  A1 allele and a 
substantially increased relapse 
rate 

 DRD2-haplotypes 
I-C-G-A2 and 
I-C-A-A1 

 Confi rmed the hypothesis that 
haplotypes, which are supposed to induce 
a low DRD2 expression, are associated 
with alcohol dependence 

 Kraschewski 
et al. ( 2009 ) 

 High frequency of haplotype 
was associated with Cloninger 
type 2 and family history of 
alcoholism 

 SNP rs: 1800497  Genotype analysis showed a signifi cantly 
higher frequency for the Taq1A 
polymorphism among the addicts 
(69.9 %) compared to control subjects 
(42.6 %; Fisher’s exact  χ (2),  P  < 0.05) 

 Teh et al.
( 2012 ) 

 The addicts had higher scores 
for novelty seeking (NS) and 
harm avoidance (HA) 
personality traits 

 (b)  D4 dopamine receptor gene  ( DRD4 ) 

 DRD4 – the 
7-repeat (7R) 
VNTR 

 The length of the D4 dopamine 
receptor (DRD4) exon 3 variable 
number of tandem repeats (VNTR) 
affects DRD4 functioning by modulating 
the expression and effi ciency 
of maturation of the receptor 

 Van Tol ( 1998 )  The 7-repeat (7R) VNTR 
requires signifi cantly higher 
amounts of dopamine to 
produce a response of the same 
magnitude as other size VNTRs 

 120 bp duplication, 
−616C/G, and 
−521C/T 

 Strong fi nding of −120 bp duplication 
allele frequencies with schizophrenia 
( P  = 0.008), −521 C/T polymorphism 
is associated with heroin addiction 

 Lai et al. ( 2010 )  This reduced sensitivity or 
“dopamine resistance” leads to 
hypodopaminergic functioning. 
Thus, 7R VNTR has been 
associated with substance-
seeking behavior 

 DRD4 7-repeat 
allele 

 A number of putative risk alleles using 
survival analysis revealed that by 25 
years of age, 76 % of subjects with a 
DRD4 7-repeat allele were estimated to 
have signifi cantly more persistent ADHD 
compared with 66 % of subjects without 
the risk allele 

 Biederman et al. 
( 2009 ) 

 Findings suggest that the DRD4 
7-repeat allele is associated with 
a more persistent course of 
ADHD 
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 Polymorphism (s)  Study fi ndings  References  Comments 

 7-repeat allele of 
the dopamine D(4) 
receptor gene 
(DRD4) 

 Although the association between 
ADHD and DRD4 is small, these 
results suggest that it is real 

 Faraone et al. 
( 2001 ) 

 For both the case-control and 
family-based studies, the 
authors found (1) support for 
the association between ADHD 
and DRD4, (2) no evidence that 
this association was accounted 
for by any one study, and (3) no 
evidence for publication bias 

 Dopamine D4 
receptor (DRD4) 
exon 3 
polymorphisms 
(48 bp VNTR) 

 Found signifi cant differences 
in the short alleles (2–5 VNTR) 
frequencies between controls and patients 
with a history of delirium tremens and/or 
alcohol seizures ( P  = 0.043) 

 Grzywacz et al. 
( 2008 ) 

 A trend was also observed in 
the higher frequency of short 
alleles among individuals with 
an early age of onset of 
alcoholism ( P  = 0.063) 

 Dopamine D4 
receptor (DRD4) 
7-repeat allele 

 Show that the 7-repeat allele is 
signifi cantly overrepresented in the 
opioid-dependent cohort and confers 
a relative risk of 2.46 

 Kotler et al. 
( 1997 ) 

 This is the fi rst report of an 
association between a specifi c 
genetic polymorphism and 
opioid addiction 

 (c)  Dopamine transporter gene  ( DAT1 ) 

 Localized to 
chromosome 
5p15.3. Moreover, 
within 3 noncoding 
region of DAT1 lies 
a VNTR 
polymorphism 
– 9-repeat (9R) 
VNTR 

 The 9-repeat (9R) VNTR has been 
shown to infl uence gene expression 
and to augment transcription of the 
dopamine transporter protein 

 Byerley et al. 
( 1993 ) 

 Having this variant results in an 
enhanced clearance of synaptic 
dopamine, yielding reduced 
levels of dopamine to activate 
postsynaptic neurons 

 9-repeat (9R) 
VNTR 

 DAT1, genotype 9/9 was associated 
with early opiate addiction 

 Galeeva et al. 
( 2002 ) 

 The combination of SERT 
genotype 10/10 with DAT1 
genotype 10/10 was shown to 
be a risk factor of opiate abuse 
less than 16 years of age 

 Exon 15 rs27072 
and VNTR (DAT), 
promoter VNTR 
and rs25531 

 The haplogenotypes 6-A-10/6-G-10 and 
5-G-9/5-G-9 were more often present in 
type 2 alcoholics as compared with type 
1 alcoholics [odds ratio (OR): 2.8] and 
controls (OR: 5.8), respectively 

 Reese et al. 
( 2010 ) 

 In a typology proposed by 
Cloninger on the basis of 
adoption studies, a subgroup 
has been classifi ed as type 2 
with patients having high 
genetic loading for alcoholism, 
an early onset of alcoholism, 
a severe course, and coexisting 
psychiatric problems consisting 
of aggressive tendencies or 
criminality 

 VNTR 
polymorphism at 
the dopamine 
transporter locus 
(DAT1) 480 bp 
DAT1 allele 

 Using the haplotype-based haplotype 
relative risk (HHRR) method revealed 
signifi cant association between ADHD/
UADD and the 480 bp DAT1 allele 
(chi 2 7.51, 1 df,  P  = 0.006) 

 Cook et al. 
( 1995 ) 

 While there have been some 
inconsistencies associated with 
the earlier results, the evidence 
is mounting in favor of the view 
that the 10R allele of DAT is 
associated with high risk for 
ADHD in children and in adults 
alike 
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 Polymorphism (s)  Study fi ndings  References  Comments 

 Dopamine 
transporter (DAT1) 
variable number 
tandem repeats 
(VNTR) genotypes 
– both 9- and 
10-repeat alleles 

 The nonadditive association for the 
10-repeat allele was signifi cant for 
hyperactivity–impulsivity (HI) 
symptoms. However, consistent with 
other studies, exploratory analyses of the 
nonadditive association of the 9-repeat 
allele of DAT1 with HI and oppositional 
defi ant disorder (ODD) symptoms also 
were signifi cant 

 Lee et al.( 2007 )  The inconsistent association 
between DAT1 and child 
behavior problems in this and 
other samples may refl ect joint 
infl uence of the 10-repeat and 
9-repeat alleles 

 (d)  Catechol-O-methyltransferase  ( COMT ) 
 COMT Val158Met 
and DRD2 Taq1A 
genotypes 

 COMT Val158Met and DRD2 
Taq1A may affect the intermediate 
phenotype of central dopamine 
receptor sensitivity 

 Schellekens et al. 
( 2012 ) 

 COMT Val158Met and DRD2 
Taq1A may confer their risk 
of alcohol dependence through 
reduced dopamine receptor 
sensitivity in the prefrontal cortex 
and hindbrain, respectively 

 The functional 
polymorphism 
(COMT 
Val108/158Met) 
affects COMT 
activity with the 
valine (Val) variant 
associated with 
higher and the 
methionine (Met) 
variant with lower 
COMT activity 

 Male alcoholic suicide attempters, 
compared to male non-attempters, had 
the higher frequency of Met/Met 
genotype or Met allele and signifi cantly 
(Kruskal–Wallis ANOVA on ranks and 
Mann–Whitney test) higher aggression 
and depression scores 

 Nedic et al. 
( 2011 ) 

 These results confi rmed the 
associations between Met allele 
and aggressive behavior or 
violent suicide attempts in 
various psychiatric diagnoses 
and suggested that Met allele 
of the COMT Val108/158 Met 
might be used as an independent 
biomarker of suicidal behavior 
across different 
psychopathologies 

 COMT Val(15) Met 
variation 

 Both controls and opiate users 
with Met/Met genotypes showed 
higher NS scores compared to 
those with the Val allele 

 Demetrovics et al. 
( 2010 ) 

 Association of the COMT 
polymorphism and NS 
temperament scale has been 
shown for heroin-dependent 
patients and controls regardless 
of group status 

 A functional 
polymorphism 
(COMT 
Val158Met) 
resulting in 
increased enzyme 
activity has been 
associated with 
polysubstance 
abuse and addiction 
to heroin and 
methamphetamine 

 These results suggest a signifi cant 
association between COMT Val158Met 
polymorphism and susceptibility to 
cannabis dependence 

 Baransel Isir et al. 
( 2008 ) 

 Cannabis stimulates dopamine 
release and activates 
dopaminergic reward neurons in 
central pathways that lead to 
enhanced dependence. 
Catechol- O -methyltransferase 
(COMT) inactivates amplifi ed 
extraneuronally released 
dopamine 

 (e)  Serotonin transporter gene  
 Serotonin 
transporter 
promoter 
polymorphism 
[5-HT transporter 
gene-linked 
polymorphic region 
(5-HTTLPR)] 

 5-HTTLPR had age-dependent effects on 
alcohol, tobacco, and drug use: substance 
use did not differ by genotype at age 9, 
but at age 15, the participants with the 
short (s)/s genotype had higher tobacco 
use, and at age 18, they were more active 
alcohol, drug, and tobacco users 

 Merenäkk et al. 
( 2011 ) 

 Results reveal that expression 
of genetic vulnerability for 
substance use in children and 
adolescents may depend on age, 
gender, interaction of genes, and 
type of substance 
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 Polymorphism (s)  Study fi ndings  References  Comments 

 The short (s), 
low-activity allele 
of a polymorphism 
(5-HTTLPR) in the 
serotonin 
transporter gene 
(SLC6A4) has 
been related to 
alcohol 
dependence 

 The 5-HTTLPR short allele predicted 
adolescent’s growth (slope) in alcohol 
use over time. Adolescents with the 
5-HTTLPR short allele showed larger 
increase in alcohol consumption than 
those without the 5-HTTLPR short allele 

 van der Zwaluw 
et al. ( 2010 ) 

 5-HTTLPR genotype was not 
related to the initial level 
(intercept) of alcohol 
consumption 

 Triallelic 
5-HTTLPR 
genotype: SA/SA 
and SA/LG 
compared to LA/
LA 

 Triallelic 5-HTTLPR genotype: 
SA/SA and SA/LG compared 
to LA/LA 

 Kosek et al. 
( 2009 ) 

 Previously the 5-HTTLPR s allele 
has been associated with higher 
risk of developing chronic pain 
conditions, but in this study we 
show that the genotype coding for 
low 5-HTT expression is 
associated with a better analgesic 
effect of an opioid. The s allele 
has been associated with 
downregulation of 5-HT1 
receptors, and we suggest that 
individuals with a desensitization 
of 5-HT1 receptors have an 
increased analgesic response to 
opioids during acute pain stimuli 
but may still be at increased risk 
of developing chronic pain 
conditions 

 (f)  Mu-opiate receptor  ( MOR ) 
 A single-nucleotide 
polymorphism 
(SNP) in the 
human MOR gene 
(OPRM1 A118G) 
has been shown to 
alter receptor 
protein level in 
preclinical models 
and smoking 
behavior in humans 

 Independent of session, smokers 
homozygous for the wild-type 
OPRM1 A allele exhibited signifi cantly 
higher levels of MOR BP (ND) than 
smokers carrying the G allele in bilateral 
amygdala, left thalamus, and left anterior 
cingulate cortex 

 Ray et al. ( 2011 )  Among G allele carriers, the 
extent of subjective reward 
difference (denicotinized vs. 
nicotine cigarette) was associated 
signifi cantly with MOR BP(ND) 
difference in right amygdala, 
caudate, anterior cingulate cortex, 
and thalamus 

 Polymorphism in 
A118G in exon 1 
and C1031G in 
intron 2 of the 
MOR gene 

 Results showed a signifi cant 
association for both A118G and 
C1031G polymorphisms and opioid 
dependence. The G allele is more 
common in the heroin-dependent 
group (39.5 and 30.8 % for A118G and 
C1031G polymorphisms, respectively) 
when compared to the controls (29.4 and 
21.1 % for A118G and C1031G 
polymorphisms, respectively) 

 Szeto et al. 
( 2001 ) 

 This study suggests that the 
variant G allele of both A118G 
and C1031G polymorphisms may 
contribute to the vulnerability to 
heroin dependence 
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 Polymorphism (s)  Study fi ndings  References  Comments 

 A118G single-
nucleotide 
polymorphism 
(SNP) in exon 1 
of the MOR gene 
(OPRM1), which 
encodes an amino 
acid substitution, 
is functional, and 
receptors encoded 
by the variant 118G 
allele bind the 
endogenous opioid 
peptide beta-
endorphin with 
threefold greater 
affi nity than 
prototype 
receptors. Other 
groups 
subsequently 
reported that this 
variant alters stress 
responsivity in 
normal volunteers 
and also increases 
the therapeutic 
response to 
naltrexone (a 
mu-preferring 
opioid antagonist) 
in the treatment of 
alcohol dependence 

 There was a signifi cant overall 
association between genotypes with 
a 118G allele and alcohol dependence 
( P  = 0.0074). The attributable risk for 
alcohol dependence in subjects with 
a 118G allele was 11.1 % 

 Bart et al. ( 2005 )  There was no difference in 
A118G genotype between type 1 
and type 2 alcoholics. In central 
Sweden, the functional variant 
118G allele in exon 1 of OPRM1 
is associated with an increased 
attributable risk for alcohol 
dependence 

 MOR gene 
knockout (KO) 
was examined in 
wild-type (+/+), 
heterozygote 
MOR-KO (+/−), 
and homozygote 
MOR-KO (−/−) 
mice on voluntary 
ethanol 
consumption 

 Heterozygous and homozygous 
MOR-KO mice consumed less ethanol 
than wild-type mice. These effects 
appeared to be greater in female KO 
mice than in male KO mice. MOR-KO 
mice, especially females, exhibited less 
ethanol reward in a conditioned place 
preference paradigm 

 Hall et al. ( 2001 )  These data fi t with the reported 
therapeutic effi cacy of MOR 
antagonists in the treatment 
of human alcoholism. Allelic 
variants that confer differing 
levels of MOR expression could 
provide different degrees of risk 
for alcoholism 

 (g)  GABA beta subunit 3  

 GABA A receptor 
beta 3 subunit gene 
(GABRB3) 

 The G1− alleles of the GABRB3 in 
COAs were signifi cantly higher than 
non-COAs 

 Namkoong et al. 
( 2008 ) 

 In the same study the frequency 
of the A1+ allele at DRD2 in the 
COAs was signifi cantly higher 
than non-COAs 
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 Polymorphism (s)  Study fi ndings  References  Comments 

 Beta 3 subunit 
mRNAs 

 The levels of the beta 2 and beta 3 
subunit mRNAs remain elevated at 24-h 
withdrawal from chronic ethanol. 
Chronic ethanol treatment increased 
the levels of both of these polypeptides 
in cerebral cortex 

 Mhatre and Ticku 
( 1994 ) 

 Chronic ethanol administration 
produced an upregulation of the 
beta subunit mRNA and the 
polypeptide expression of these 
subunits in rat cerebral cortex 

 A1+ (A1A1 and 
A1A2 genotypes) 
and A1− (A2A2 
genotype) alleles 
of the DRD2 and 
G1+ (G1G1 and 
G1 non-G1 
genotypes) and 
G1− (non-G1 
non-G1 genotype) 
alleles of the 
GABRB3 gene, 
study involved 
mood-related 
alcohol expectancy 
(AE) and drinking 
refusal self-
effi cacy (DRSE), 
were assessed 
using the Drinking 
Expectancy Profi le 

 Patients with the DRD2 A1+ allele, 
compared with those with the DRD2 
A1− allele, reported signifi cantly lower 
DRSE in situations of social pressure. 
Similarly, lower DRSE was reported 
under social pressure by patients with 
the GABRB3 G1+ allele when compared 
to those with the GABRB3 G1− alleles. 
Patients with the GABRB3 G1+ allele 
also revealed reduced DRSE in situations 
characterized by negative affect than 
those with the GABRB3 G1− alleles. 
Patients carrying the GABRB3 G1+ 
allele showed stronger AE relating to 
negative affective change (e.g., increased 
depression) than their GABRB3 
G1− counterparts 

 Young et al. 
( 2004 ) 

 Molecular genetic research has 
identifi ed promising markers of 
alcohol dependence, including 
alleles of the D2 dopamine 
receptor (DRD2) and the 
GABAA receptor beta 3 subunit 
(GABRB3) genes 

 A1+ (A1A1 and 
A1A2 genotypes) 
and A1− (A2A2 
genotype) alleles 
of the DRD2 and 
G1+ (G1G1 and 
G1 non-G1 
genotypes) and 
G1− (non-G1 
non-G1 genotype) 
alleles of the 
GABRB3 gene, 
study involved 
mood-related 
alcohol expectancy 
(AE) and drinking 
refusal self-
effi cacy (DRSE), 
were assessed 
using the Drinking 
Expectancy Profi le 

 Patients with the DRD2 A1+ allele, 
compared with those with the DRD2 
A1− allele, reported signifi cantly lower 
DRSE in situations of social pressure. 
Similarly, lower DRSE was reported 
under social pressure by patients with the 
GABRB3 G1+ allele when compared to 
those with the GABRB3 G1− alleles. 
Patients with the GABRB3 G1+ allele 
also revealed reduced DRSE in situations 
characterized by negative affect than those 
with the GABRB3 G1− alleles. Patients 
carrying the GABRB3 G1+ allele showed 
stronger AE relating to negative affective 
change (e.g., increased depression) than 
their GABRB3 G1− counterparts 

 Young et al. 
( 2004 ) 

 Molecular genetic research has 
identifi ed promising markers of 
alcohol dependence, including 
alleles of the D2 dopamine 
receptor (DRD2) and the 
GABAA receptor beta 3 subunit 
(GABRB3) genes 
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 A1+ (A1A1 and 
A1A2 genotypes) 
and A1− (A2A2 
genotype) alleles 
of the DRD2 and 
G1+ (G1G1 and 
G1 non-G1 
genotypes) and 
G1− (non-G1 
non-G1 genotype) 
alleles of the 
GABRB3 gene, 
study involved 
mood-related 
alcohol expectancy 
(AE) and drinking 
refusal self-
effi cacy (DRSE), 
were assessed 
using the Drinking 
Expectancy Profi le 

 Patients with the DRD2 A1+ allele, 
compared with those with the DRD2 
A1− allele, reported signifi cantly lower 
DRSE in situations of social pressure. 
Similarly, lower DRSE was reported 
under social pressure by patients with the 
GABRB3 G1+ allele when compared to 
those with the GABRB3 G1− alleles. 
Patients with the GABRB3 G1+ allele 
also revealed reduced DRSE in situations 
characterized by negative affect than those 
with the GABRB3 G1− alleles. Patients 
carrying the GABRB3 G1+ allele showed 
stronger AE relating to negative affective 
change (e.g., increased depression) than 
their GABRB3 G1− counterparts 

 Young et al. 
( 2004 ) 

 Molecular genetic research has 
identifi ed promising markers 
of alcohol dependence, including 
alleles of the D2 dopamine 
receptor (DRD2) and the 
GABAA receptor beta 3 subunit 
(GABRB3) genes 

 Dinucleotide repeat 
polymorphisms of 
the GABA(A) 
receptor beta 3 
subunit gene were 
compared to scores 
on the General 
Health 
Questionnaire-28 
(GHQ) 

 Analysis of GHQ subscale scores 
showed that heterozygotes compared to 
the combined homozygotes had higher 
scores on the somatic symptoms 
( P  = 0.006), anxiety/insomnia ( P  = 0.003), 
social dysfunction ( P  = 0.054), and 
depression ( P  = 0.004) subscales 

 Feusner et al. 
( 2001 ) 

 The present study indicates that 
in a population of PTSD patients, 
heterozygosity of the GABRB3 
major (G1) allele confers higher 
levels of somatic symptoms, 
anxiety/insomnia, social 
dysfunction, and depression than 
those found in homozygosity 

 GABRB3 major 
(G1) allele & 
DRD2 A1 allele 

 A signifi cant progressive increase was 
observed in DRD2 A1 allelic prevalence 
( P  = 3.1 × 10(−6)) and frequency 
( P  = 2.7 × 10(−6)) in the order of 
nonalcoholics, less severe, and severe 
alcoholics. In severe alcoholics, 
compared to nonalcoholics, a signifi cant 
decrease was found in the prevalence 
( P  = 4.5 × 10(−3)) and frequency 
( P  = 2.7 × 10(−2)) of the GABRB3 major 
(G1) allele. Furthermore, a signifi cant 
progressive decrease was noted in G1 
allelic prevalence ( P  = 2.4 × 10(−3)) and 
frequency ( P  = 1.9 × 10(−2)) in 
nonalcoholics, less severe, and severe 
alcoholics, respectively 

 Noble et al. 
( 1998 ) 

 In sum, in the same population of 
nonalcoholics and alcoholics 
studied, variants of both the 
DRD2 and GABRB3 genes 
independently contribute to the 
risk for alcoholism, with the 
DRD2 variants revealing a 
stronger effect than the GABRB3 
variants. However, when the 
DRD2 and the GABRB3 variants 
are combined, the risk for 
alcoholism is more robust than 
when these variants are 
considered separately 
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 Polymorphism (s)  Study fi ndings  References  Comments 

 (h)  MOA-A  

 MAOA genotype  Signifi cant three-way interactions, 
MAOA genotype by abuse and by sex, 
predicted dysthymic symptoms. 
Low-activity MAOA genotype buffered 
against symptoms of dysthymia in 
physically abused and multiply 
maltreated women. Signifi cant three-way 
interactions, MAOA genotype by sexual 
abuse and by race, predicted all 
outcomes. Low-activity MAOA genotype 
buffered against symptoms of dysthymia, 
major depressive disorder, and alcohol 
abuse for sexually abused white 
participants. The high-activity genotype 
was protective in the nonwhite sexually 
abused group 

 Nikulina et al. 
( 2012 ) 

 This prospective study provides 
evidence that MAOA interacts 
with child maltreatment to predict 
mental health outcomes 

 Low-repeat MAOA 
allele 

 Individuals with CUD had reductions in 
GMV in the orbitofrontal, dorsolateral, 
prefrontal, and temporal cortex and the 
hippocampus compared with controls. 
The orbitofrontal cortex reductions were 
uniquely driven by CUD with low-
MAOA genotype and by lifetime cocaine 
use 

 Alia-Klein et al. 
( 2011 ) 

 Long-term cocaine users with the 
low-repeat MAOA allele have 
enhanced sensitivity to gray 
matter loss, specifi cally in the 
orbitofrontal cortex, indicating 
that this genotype may exacerbate 
the deleterious effects of cocaine 
in the brain 

 MAOA u-VNTR  Girls, carrying the long MAOA u-VNTR 
variant showed a higher risk of being 
high alcohol consumers, whereas among 
boys, the short allele was related to 
higher alcohol consumption 

 Nilsson et al. 
( 2011 ) 

 The present study supports the 
hypothesis that there is a relation 
between MAOA u-VNTR and 
alcohol consumption and that this 
relation is modulated by 
environmental factors 

 30 bp repeat in the 
promoter region of 
the monoamine 
oxidase-A gene 
(MAO-A) 

 Signifi cant associations between cold 
pain tolerance and DAT1 ( P  = 0.008) and 
MAO-A ( P  = 0.024) polymorphisms were 
found. Specifi cally, tolerance was shorter 
for carriers of allele 10 and the rarer 
allele 11, as compared to homozygous 
for allele 9, and for carriers of allele 4 
(MOA) as compared to homozygous for 
allele 3, respectively 

 Treister et al. 
( 2009 ) 

 These results, together with the 
known function of the 
investigated candidate gene 
polymorphisms, suggest that low 
dopaminergic activity can be 
associated with high pain 
sensitivity, and vice versa 

 The Psychopathy 
Checklist-Revised 
(PCL-R) has 
shown a moderate 
association with 
violence and as 
such studied with 
MAOA-genotyped 
alcoholic offenders 

 The PCL-R total score predicts impulsive 
reconvictions among high-activity 
MAOA offenders (6.8 % risk increase for 
every one-point increase in PCL-R total 
score,  P  = 0.015), but not among 
low-activity MAOA offenders, whereas 
antisocial behavior and attitudes 
predicted reconvictions in both 
genotypes (17 % risk increase among 
high-activity MAOA offenders and 
12.8 % increase among low-activity 
MAOA offenders for every one-point 
increase in factor 2 score) 

 Tikkanen et al. 
( 2011 ) 

 Results suggest that the effi cacy 
of PCL-R is altered by MAOA 
genotype, alcohol exposure, and 
age, which seems important to 
note when PCL-R is used for risk 
assessments that will have legal 
or costly preventive work 
consequences 
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 Polymorphism (s)  Study fi ndings  References  Comments 

 Genotyping of two 
functional 
polymorphisms in 
the promoter region 
of the serotonin 
transporter and 
monoamine 
oxidase-A, 
respectively 
(5-HTTLPR and 
MAOA-VNTR), 
was performed in a 
group of women 
with severe alcohol 
addiction 

 Within the group of alcoholics, when the 
patients with known comorbid 
psychiatric disorders were excluded, 
aggressive antisocial behavior was 
signifi cantly linked to the presence of the 
high- activity MAOA allele 

 Gokturk et al. 
( 2008 ) 

 The pattern of associations 
between genotypes of 5-HTTLPR 
and MAOA-VNTR in women 
with severe alcoholism differs 
from most corresponding studies 
on males 

 The MAOA gene 
presents several 
polymorphisms, 
including a 30 bp 
VNTR in the 
promoter region 
(MAOA-uVNTR). 
Alleles with 3.5 
and 4 repeats are 
2–10 times more 
effi cient than the 
3-repeat allele 

 The results suggest that the 3-repeat 
allele is associated to (1) alcohol 
dependence ( P  < 0.05), (2) an earlier 
onset of alcoholism ( P  < 0.01), (3) 
comorbid drug abuse among alcoholics 
( P  < 0.05), and (4) a higher number of 
antisocial symptoms ( P  < 0.02) 

 Contini et al. 
( 2006 ) 

 Results confi rmed previous 
reports showing an association of 
the low-activity 3-repeat allele of 
MAOA-uVNTR polymorphism 
with substance dependence and 
impulsive/antisocial behaviors. 
These fi ndings in a different 
culture further support the 
infl uence of the MAOA-uVNTR 
in psychiatric disorders 

 (i)  Dopamine D3  

 The genotypes of 
the BDNF 
Val66Met and 
DRD3 Ser9Gly 
polymorphisms. 
BDNF regulate 
expression of D3 

 Logistic regression analysis showed a 
signifi cant main effect for the Val/Val 
genotype of the BDNF Val66Met 
polymorphism ( P  = 0.020), which 
predicted bipolar II patients. Signifi cant 
interaction effects for the BDNF Val66Met 
Val/Val genotype and both DRD3 Ser9Gly 
Ser/Ser and Ser/Gly genotypes were found 
only in bipolar II patients ( P  = 0.027 and 
0.006, respectively) 

 Lee et al. ( 2012 )  Evidence that the BDNF 
Val66Met and DRD3 Ser9Gly 
genotypes interact only in bipolar 
II disorder (hypomania) and that 
bipolar I (mania) and bipolar II 
may be genetically distinct 

 D3R KO mice  The possible interaction between 
morphine-induced tolerance and D3 
receptors has not been investigated. 
Compared with wild-type (WT) mice, the 
dopamine D3 receptor knockout (D3R KO) 
mice showed pronounced hypoalgesia. The 
D3R KO mice clearly developed lower 
morphine-induced tolerance and showed 
attenuated withdrawal signs compared with 
the WT mice 

 Li et al. ( 2012 )  These results suggest that D3 
receptors regulate basal 
nociception and are involved in 
the development of morphine-
induced tolerance and withdrawal 

 DNA microarrays 
of two different 
alcohol-preferring 
rat lines (HAD and 
P) and D3 
receptors 

 Data revealed an upregulation of the 
dopamine D3 receptor (D3R) after 1 year 
of voluntary alcohol consumption in the 
striatum of alcohol-preferring rats that 
was confi rmed by qRT-polymerase chain 
reaction 

 Vengeliene et al. 
( 2006 ) 

 Long-term alcohol consumption 
leads to an upregulation of the 
dopamine D3R that may contribute 
to alcohol seeking and relapse. We 
therefore suggest that selective 
antagonists of this pharmacological 
target provide a specifi c treatment 
approach to reduce alcohol craving 
and relapse behavior 
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 Polymorphism (s)  Study fi ndings  References  Comments 

 Gly9 homozygotes 
in comparison to 
Ser9 carriers of D3 
receptor gene 

 German descent and have found 
Diminished parietal and increased frontal 
P300 amplitudes in Gly9 homozygotes in 
comparison to Ser9 carriers were found 
in 124 unrelated healthy subjects of 
German descent. Further studies should 
address the direct role of the DRD3 
Ser9Gly polymorphism in attenuated 
P300 amplitudes in psychiatric disorders 
like schizophrenia or alcoholism 

 Mulert et al. 
( 2006 ) 

 An important reason for the 
interest in P300 event-related 
potentials are fi ndings in patients 
with psychiatric disorders like 
schizophrenia or alcoholism in 
which attenuations of the P300 
amplitude are common fi ndings 

 Dopamine receptor 
D3 gene Bal I 
polymorphism 

 Patients above the median value for 
cognitive impulsiveness (one of the three 
dimensions of the Barratt scale) were 
more frequently heterozygous than both 
alcohol-dependent patients with lower 
impulsiveness (OR = 2.51,  P  = 0.019) and 
than 71 healthy controls (OR = 2.32, 
 P  = 0.025) 

 Limosin et al. 
( 2005 ) 

 The D3 receptor gene has been 
associated with addictive 
behaviors especially 
impulsiveness 

 Bal I 
polymorphism at 
the DRD3 gene 

 Patients with a sensation-seeking score 
above 24 were more frequently 
homozygotes for both alleles than 
patients with a sensation-seeking score 
under 24 ( P  = 0.038) or controls 
( P  = 0.034) 

 Duaux et al. 
( 1998 ) 

 These results suggest that the 
DRD3 gene may have a role in 
drug-dependence susceptibility in 
individuals with high sensation-
seeking scores 

 mRNA of both 
DRD2 and DRD3 
gene expression 

 After a chronic schedule of intermittent 
bingeing on a sucrose solution, mRNA 
levels for the D2 dopamine receptor and 
the preproenkephalin and 
preprotachykinin genes were decreased 
in dopamine-receptive regions of the 
forebrain, while D3 dopamine receptor 
mRNA was increased. The effects of 
sugar on mRNA levels were of greater 
magnitude in the nucleus accumbens 
than in the caudate–putamen 

 Spangler et al. 
( 2004 ) 

 Striatal regions of sugar-
dependent rats show alterations in 
dopamine and opioid mRNA 
levels similar to morphine-
dependent rats 

Table 18.1 (continued)

and/or enhanced dopamine catabolism in the 
reward pathway (Yacubian et al.  2007 ). Possibly, 
cessation of chronic drug use also can induce 
a hypodopaminergic state that reinstates drug 
seeking in an attempt to address the withdrawal 
state (Zhang et al.  2012 ). 

 Paloyelis et al. ( 2010 ) lent support to the 
impulsive nature of individuals possessing RDS 
genetics in a recent article that suggests that vari-
ants in the COMT gene can predict impulsive 
choice behavior and could be an indicator for 
treatment targets. Those people with addictive 
disorders are at risk of relapse; returning to drug 
use even after prolonged periods of abstinence 
is well known and the subject of considerable 
research. In animal models of relapse, drug- 
seeking behavior can be triggered by priming 

with injections of the drugs, by drug-associated 
environmental stimuli, and by stress (foot-shock 
stress). According to Self and Nestler ( 1998 ), the 
neural mechanisms that are the basis of relapse 
can be viewed in general terms as drug-like, 
mini-withdrawal processes (Blum et al.  2008b ). 
Bossert et al. ( 2006 ) demonstrated that we cannot 
ignore the importance of neurochemical mecha-
nisms involved in drug-induced relapse behavior. 
These investigators used a drug relapse model, 
previously shown to induce relapse by reexposing 
rats to heroin-associated contexts. After the 
extinction of drug-reinforced responding, they 
found that exposure to different heroin- associated 
contexts reinstated heroin seeking. Reinstatement 
was reduced when glutamate transmission was 
inhibited in components of the mesolimbic dopa-

18 Neurogenetics and Nutrigenomics of Reward Defi ciency Syndrome (RDS)…



384

mine system: the ventral tegmental area and 
medial accumbens shell (Bossert et al.  2006 ). 
This process enhances dopamine net release in 
the NAc. In brief, glutamate reduction increases 
dopamine release; this fi ts well with Li’s ( 2008 ) 
KARG addiction network map. 

 Many studies have focused on activation of 
D2-like dopamine receptors in the NAc of the 
mesolimbic dopamine system, as a crucial neu-
ral substrate where various stimuli produce 
relapse. Neural circuits from the prefrontal cor-
tex, the hypothalamic–pituitary–adrenal axis, and 
the amyg-dala may also be activated by drug- 
associated stimuli and stress (Self and Nestler 
 1998 ). There are other dopamine-independent 
mechanisms in relapse like upregulation of the 
cAMP pathway in the NAc. This neuroadapta-
tion represents a drug-opposite or opponent pro-

cess that occurs after chronic drug exposure 
(Perez et al.  2011 ; Lintas et al.  2011 ). This 
 system directly effects relapse to drug-seeking 
behavior. It is likely that the long-lasting risks 
for relapse are mediated by neuroadaptations via 
drug- induced changes in gene expression 
(mRNA) at both the NAc and prefrontal cortex–
cingulate gyrus regions (Self and Nestler  1998 ; 
Fig.  18.5 ).

8         Neurogenetics of Clinical 
Issues in Pain Relief 

 Understanding the role of neurogenetics in pain 
relief including pharmacogenomic and nutrige-
nomic aspects will pave the way to better treatment 
to the millions suffering from both acute and 

  Fig. 18.5    Reward circuitry ( Source : Blum et al.  2012f , with permission)       
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chronic pain. We now know that dopaminergic 
tone is involved in pain sensitivity mechanisms 
(Chen et al.  2009 ). 

 Neurological loci for sensitivity to pain may 
reside in the mesolimbic system where a num-
ber of genes and polymorphisms associated 
with a predisposition to tolerance or intolerance 
to pain reside. The identifi cation of certain gene 
polymorphisms as unique, therapeutic targets 
may assist in the treatment of pain. Pharmaco-
genetic testing for certain candidate genes, like 
mu receptors and PENK, is proposed as a means 
to improve clinical outcomes by provision of 
treatment personalized to each patient guided 
by their unique genetic makeup (Chen et al. 
 2009 ). The use of GARS, as described above, to 
identify clients with high addiction risk by pro-
viding valuable information about genetic pre-
disposition to opioid addiction could become an 
important frontline approach on admission to 
pain clinics. 

 One notable paper evaluated the role of both 
mu-opioid receptors (MORs) and delta-opioid 
receptors (DORs), two genes expressed in the 
VTA that are thought to be involved in the addic-
tive properties of opiates. Researchers David 
et al. ( 2008 ) found that knockout of the MOR 
gene abolished intra-VTA morphine self- 
administration at all doses tested, while male 
and female WT and DOR−/− mice exhibited self- 
administration similarly. Naloxone (4 mg/kg) 
disrupted this behavior in WT and DOR mutants, 
without triggering physical signs of withdrawal. 
Morphine ICSA was associated with an increase 
in FOS within the NAc, striatum, limbic cortices, 
amygdala, hippocampus, the lateral mammillary 
nucleus (LM), and the ventral posteromedial 
thalamus (VPM). This latter structure was found 
to express high levels of FOS exclusively in self- 
administering WT and DOR−/− mice. Abolition 
of morphine reward in MOR−/− mice was associ-
ated with a decrease in Fos-positive neurons in 
the mesocorticolimbic DA system, amygdala, 
hippocampus (CA1), and LM and a complete 
absence within the VPM. David et al. ( 2008 ) 
conclude that (1) VTA MORs, but not DORs, are 
critical for morphine reward and (2) the role 

of VTA-thalamic projections in opiate reward 
deserves to be further explored. 

 Moreover, clinical and laboratory studies 
indicate that the MOR gene contributes to inher-
itable vulnerability to the development of opiate 
addiction. Naturally occurring polymorphisms 
have been identifi ed in the MOR gene. Sub-
stitutions occur at high allelic frequencies 
(10.5 and 6.6 %) in two coding regions of single-
nucleotide polymorphisms (SNPs), the A118G 
and C17T, respectively, of the MOR gene. These 
SNPs cause amino acid changes in the receptor 
that impact on an individual’s response to opioids 
and can influence (increases or decreases) 
vulnerability to opiate addiction (LaForge et al. 
 2000 ). Thus, the A118G substitution encodes a 
variant receptor with binding and signal trans-
duction differences in response to beta-endorphin 
in cellular assays (LaForge et al.  2000 ). 

 Finally, to fi rmly establish the role of MOR in 
reward and response to buprenorphine, Ide et al. 
( 2004 ) found that buprenorphine antinociception, 
assessed by hot-plate and tail-fl ick tests, was 
signifi cantly reduced in heterozygous mu-opioid 
receptor knockout (MOR-KO) mice and abolished 
in homozygous MOR-KO mice. Buprenorphine, 
on the other hand, was able to establish a condi-
tioned place preference (CPP) in homozygous 
MOR-KO, although as the number of copies of 
wild-type mu-opioid receptor genes was reduced, 
the magnitude of place preference was reduced. 
This study revealed that mu-opioid receptors 
mediate most of analgesic properties of buprenor-
phine (Ide et al.  2004 ).  

9      NAAT Evidence in RDS 

 There is a series of published articles concerning 
the basic platform of utilizing Neuroadaptagen 
Amino Acid Therapy (NAAT) to treat various 
RDS behaviors (see Table  18.2 ). These results 
coupled with other qEEG studies of this compound 
suggest a putative anti-craving/anti- relapse role 
in drug addicts by direct or indirect dopaminergic 
interaction (Blum et al.  2010 ; Miller et al.  2010 ; 
Table  18.2 ).
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    Table 18.2    Phase 1 and 2 trials of Neuronutrient Amino Acid Therapy (NAAT)   

 Publications  Key fi ndings 

 Blum et al. ( 1973 )  l -DOPA: effect on ethanol 
narcosis and brain biogenic amines in mice 

 Increased brain  l -DOPA increases brain dopamine in mice and 
causes alcohol induced inebriated mice to sleep longer 
 Dopamine,  l -tryptophan, and alcohol work similarly in the brain 

 Blum et al. ( 1974 ) Ethanol narcosis in mice: 
serotonergic involvement 

 When mice were given alcohol and  l -tryptophan compared to 
saline, the  l -tryptophan plus alcohol group slept longer than saline 
plus alcohol group 
  l -tryptophan and alcohol work similarly in the brain 

 Blum et al. ( 1987 ) Enkephalinase inhibition: 
Regulation of ethanol intake in mice 

 Mice genetically predisposed to like alcohol have a measured 
defi ciency in enkephalin 
  d -phenylalanine and hydrocinnamic acid are substances known to 
stop the breakdown of enkephalin in the brain – the amount of 
enkephalin available in the brain increases 
 When the amount of enkephalin available in the brain increases, 
both voluntary and forced intake of alcohol decreases 
  d -phenylalanine is one of the ingredients in NAAT 

 Blum et al. ( 1988 ) Improvement of inpatient 
treatment of the alcoholic as a function of 
neurotransmitter restoration: a pilot study 

 First small clinical trial of SAAVE (precursor amino acid loading 
and enkephalinase inhibition – earliest version of NAAT) 
 Designed to elevate levels of enkephalin(s), serotonin, and 
catecholamines and regulate GABA, thought to be defi cient in 
alcoholics 
 Compared to controls those who took SAAVE had: 
  Lower building up to drink score 
  Required no PRN benzodiazepines 
  Ceased having tremors 24 h earlier 
 Less depression 

 Blum et al. ( 1988 ) Enkephalinase inhibition and 
precursor amino acid loading improves inpatient 
treatment of alcohol and polydrug abusers: 
double- blind placebo-controlled study of the 
nutritional adjunct SAAVE 

 Double-blind, placebo-controlled clinical trial of SAAVE of 62 
people with substance use disorder (SUD) 
 Results: 
  Reduced stress as measured by skin conductance 
   Improved physical and BESS (behavioral, emotional, social and 

spiritual) scores 
  Sixfold decrease in leaving against medical advice (AMA) rates 

 Blum et al. ( 1988 ) Reduction of both drug hunger 
and withdrawal against advice rate of cocaine 
abusers in a 30 day inpatient treatment program 
by the neuronutrient Tropamine 

 Comparison of the effects of Tropamine [T] (amino acid and 
vitamin supplement), SAAVE [S] (a neuronutrient supplement), 
and no supplement [C] on a group of cocaine abusers in a 30-day 
hospital treatment program 
 AMA rate: 
 [C] 37.5 % 
  [S] 26.6 % 
  [T] 4.2 % 
 Tropamine decreased the AMA rate by signifi cant reduction of 
drug hunger 

 Brown et al. ( 1990 ) Neurodynamics of relapse 
prevention: a neuronutrient approach to outpatient 
DUI offenders 

 Relapse prevention using neuronutrients SAAVE and Tropamine 
in DUI offenders, either alcohol or cocaine 
 Reduced relapse rates and enhanced recovery in 10-week 
outpatient setting 
 After 10 months recovery rate was 73 % for SAAVE and 53 % for 
Tropamine 
 These recovery rates are signifi cantly better than the literature 
average for both alcoholism and cocaine dependence 
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 Publications  Key fi ndings 

 Blum et al. ( 1990 ) Neuronutrient effects 
on weight loss in carbohydrate bingers; 
an open clinical trial 

 Examine the effects of PCAL-103 (NAAT) on compulsive eating 
and weight loss in 27 outpatients attending a supervised diet-
controlled treatment program 
 The PCAL-103 average weight loss was 26.96 vs. 10.2 lb in the 
control group. Relapse 18.2 % in the PCAL-103 group vs. 81.8 % 
in the control group 

 DeFrance et al. ( 1997 ) Enhancement 
of attention processing by Kantroll in healthy 
humans: a pilot study 

 Cognitive processing speeds in normal young adult volunteers 
were measured before and after 28–30 days of supplementation 
with a combination of amino acids–enkephalinase inhibition 
(NAAT), vitamins, and minerals 
 Cognitive processing speeds were enhanced by statistically 
signifi cant amplitude of the P300 component of the event-related 
potentials (ERPs).    Focus improved 
 These fi ndings have relevance to relapse prevention because the 
resultant enhanced effect following NAAT as measured by the 
Contingent Continuous Performance Task (CCPT) and Spatial 
Orientation Task (SOT) and focus refl ects better judgment and 
thus decision making 

 Blum et al. ( 1997 ) Clinical evidence 
for effectiveness of Phencal™ in maintaining 
weight loss in an open-label, controlled, 
2-year study 

 Of 247 outpatients in a very-low-calorie fasting 
program, 130 who were having diffi culty attaining their desired 
weight or maintaining their desired weight constituted the 
experimental group who took PhenCal™ plus Centrum vitamins, 
and the rest 117 who took only vitamins (Centrum) were the 
control group 
 The PhenCal™ group compared to the control: 
  Lost twice as much weight 
   Regained 14.7 % of the weight, while the control group 

regained 41.7 % 
   Decrease in food cravings (sugar) for females 70 % and males 

63 % 
  Decrease in binge eating for females 66 % and males 41 % 

 Ross ( 2001 ) Amino-acid precursor and 
enkephalinase inhibition therapy: evidence for 
effectiveness in treatment of Reward Defi ciency 
Syndrome (RDS) with particular emphasis on 
eating disorders 

 Preliminary evaluation of six randomly selected 
former eating-disordered female clients (three were 
also chemically dependent) contacted at 9 months 
and 3 years of treatment with amino acid precursor 
and enkephalinase inhibition therapy 
 All 6 reported initial benefi t, one relapsed 
at 6 months, the other 5 all sustained and, in some 
cases, exceeded expectations. 
 98 % of 100 patients similarly treated and evaluated reported 
signifi cant improvement in both mood and reduced substance 
craving 
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Table 18.2 (continued)

 Publications  Key fi ndings 

 Chen et al. ( 2004 ) Narcotic antagonists 
in drug dependence: pilot study showing 
enhancement of compliance with SYN-10, 
amino-acid precursors and enkephalinase 
inhibition therapy 

 A combination of Trexan (a narcotic antagonist) and amino acids 
was use to detoxify either methadone or heroin addicts 
 Results were dramatic in terms of signifi cantly enhancing 
compliance to continue taking Trexan 
   Trexan alone for rapid detoxifi cation, the average number of 

days of compliance calculated on 1,000 patients is 37 days 
   12 subjects tested, receiving both the Trexan and amino acid 

therapy, continued to take the combination for an average of 
262 days 

 Suggests coupling amino acid therapy and enkephalinase 
inhibition while blocking the delta receptors with a pure narcotic 
antagonist as a novel method to induce rapid detox in chronic 
methadone patients and prevent relapse 
   Testing this hypothesis with the sublingual combination of the 

partial opiate mu receptor agonist buprenorphine 
 Blum et al. ( 2006 ) Reward defi ciency 
syndrome in obesity: a preliminary 
cross-sectional trial with a Genotrim variant 

 Consumption of large quantities of alcohol or carbohydrates 
(carbohydrate bingeing) stimulates production and usage of 
dopamine within the brain 
 Obesity is due to the need to make up for inadequate 
dopaminergic activity in the reward center of the brain 
 This has been called reward defi ciency syndrome (RDS) used to 
categorize such genetic biologic infl uences on behavior 
 RDS must be addressed at the same time as behavioral 
modifi cations are implemented to adequately treat obese patients 
 In this small observational trial, 24 individuals completed a survey 
on which they documented 15 categories of benefi t during their 
experience with a GenoTrim, a NAAT formulation customized to 
DNA 
 Statistical analysis of the survey results demonstrated that stress 
reduction leads to: 
  1.  Improved sleep, enhanced energy, and improved focus and 

performance 
  2.  Reduced appetite, loss of unwanted weight, decreased body 

inches, and enhanced well-being 
 Chen et al. ( 2007a ) Narcotic Attenuation 
Program attenuates substance use disorder, 
a clinical subtype of reward defi ciency 
syndrome 

 1-year prospective study that evaluated the effects of taking 
Haveos (SynaptamineTM) on 61 compliant patients in a 
comprehensive outpatient clinical program 
 Results after 12 weeks 
 Results after 1 year 
 Building up to relapse scores and ability to refrain from drug-
seeking behavior both signifi cantly improved 
 Dropout rate: alcohol users 7 % and psychostimulant users 73 % 

 Blum et al. ( 2007 ) Synaptamine (SG8839),
TM an amino-acid enkephalinase inhibition 
nutraceutical improves recovery of alcoholics, 
a subtype of Reward Defi ciency Syndrome 
(RDS) 

 In an open clinical study, intravenous plus oral amino acid 
enkephalinase inhibition nutraceutical improved symptomatology 
of 600 recovering alcoholics 
 Emotional and behavioral recovery scores signifi cantly improved 
after administration of oral and intravenous Synaptamine 
 Mean reductions for craving, depression, anxiety, anger, fatigue, 
lack of energy, and crisis were all signifi cantly greater than 50 % 
( P  < 0.001) 
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 Publications  Key fi ndings 

 Chen et al. ( 2007b ) Chromium Picolinate (Crp) a 
putative anti-obesity nutrient induces changes in 
body composition: as function of the Taq1 
dopamine D2 receptor gene 

 Chromium picolinate (CrP) was tested against placebo in groups 
of obese patients tested for the Taq1 dopamine D2 receptor gene 
 In carriers of the DRD2 A2 genotype, weight loss and other 
changes in body composition were signifi cant 
 They were not signifi cant for patients with the A1/A1 or A1/A2 
allele 
 These results suggest that the dopaminergic system, specifi cally 
the density of the D2 receptors, confers a signifi cant differential 
therapeutic effect of CrP in terms of weight loss and change in 
body fat 
 It is speculated that carriers of the DRD2 A1 allele had aberrant 
sugar cravings which masked the effects of CrP 

 Blum et al. ( 2008b ) A short term pilot open label 
study to evaluate effi cacy and safety of LG839, 
a customized DNA directed nutraceutical in 
obesity: exploring nutrigenomics 

 Preliminary investigational study to evaluate the impact of 
polymorphisms of fi ve candidate genes on treatment for obesity 
with NAAT 
 The formula for each patient was customized based on their 
genetic results 
 Pre-NAAT compared to post-NAAT had signifi cantly lower BMI 
 Pre-NAAT compared to post-NAAT had signifi cantly lower 
pounds 
 Pre-NAAT compared to post-NAAT had trends for reduced late 
night snacking, carbohydrate craving reduction, reduction of 
stress, reduction of waist circumference 

 Blum et al. ( 2008a ) LG839: anti-obesity effects 
and polymorphic gene correlates of reward 
defi ciency syndrome 

 First DNA customized analysis of LG839 for weight management 
effects 
 Out of 1,058 Dutch participants, a subset of 27 self-reported obese 
subjects were genotyped, and based on their polymorphisms, each 
subject utilized a customized LG839 variant assessed for pre and 
post for after 80 days of usage 
 Signifi cant results were observed for weight loss, sugar craving 
reduction, appetite suppression, snack reduction, reduction of late 
night eating (all  P  < 0.01), increased perception of overeating, 
enhanced quality of sleep, increased happiness (all  P  < 0.05), and 
increased energy ( P  < 0.001) 
 The study points to the importance of genotyping patients and 
providing DNA customized nutraceutical intervention to combat 
obesity 

 Blum et al. ( 2008c ) Dopamine D2 Receptor Taq 
A1 allele predicts treatment compliance 
of LG839 in a subset analysis of pilot study 
in the Netherlands 

 This study evaluated the importance of carrying the dopamine D2 
receptor A1 allele and treatment compliance of n in an obese 
Dutch population nutraceutical intervention to combat obesity 
 Candidate genes to be associated with obesity include among 
others the dopamine D2 receptor (DRD2), 
methylenetetrahydrofolate reductase (MTHFR), serotonin receptor 
(5-HT2a), peroxisome proliferator-activated receptor-gamma 
(PPAR-γ), and leptin (OB) genes 
 Compliance is two-fold better in carriers of DRD2 A1 allele 
compared to DRD2 A2 allele 
 Suggests that if you need to enhance dopamine, compliance is 
better 
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(continued)

Table 18.2 (continued)

 Publications  Key fi ndings 

 Blum et al. ( 2009 ) Putative targeting of 
Dopamine D2 receptor function in Reward 
Defi ciency Syndrome (RDS) by Synaptamine 
Complex™ Variant (KB220): clinical trial 
showing anti-anxiety effects 

 Double-blind, placebo-controlled study to determine antianxiety 
effects of KB220 (Synaptamine variant) in 62 alcoholic and 
polydrug abusers 
 This was an objective test, not subjective, because antianxiety 
effect was evaluated by skin conductance level (SCL) 
 Signifi cant reduction of stress in the KB220 group compared to 
placebo including a time-by-treatment interaction. Positive 
antianxiety effect as monitored throughout a 28-day treatment 
period is most signifi cant at the 7th day (a time with the most 
severe anxiety) 
 These fi ndings may be relevant to prevention of relapse 

 Braverman et al. ( 2010 ) Sustainable weight loss 
and muscle gain utilizing the Rainbow Diet™: 
targeting noradrenergic and dopaminergic 
mechanistic sites, hormonal defi ciency repletion 
therapy and exercise: a case report 

 Case study of 58-year-old male identifi ed as being obese utilized a 
special Rainbow Diet 
 Patient received noradrenergic drug, NAAT (a natural D2 agonist), 
hormonal defi ciency replacement therapy, and light exercise 
 After 1 year BMI decreased, percent body fat decreased, improved 
cardiac function, fasting glucose level declined, prostate specifi c 
antigen (PSA) tripled, memory improved, testosterone levels 
increased 
 There was sustainable weight loss and muscle gain 

 Miller et al. ( 2010 ) Acute intravenous 
synaptamine complex variant KB220™ 
“normalizes” neurological dysregulation in 
patients during protracted abstinence from 
alcohol and opiates as observed using quantitative 
electroencephalographic and genetic analysis for 
reward polymorphisms: part 1, pilot study with 2 
case reports 

 Combination of both IV NAAT and oral forms 
 Two case reports of an alcoholic and heroin addict 
 Both patients were genotyped for a number of neurotransmitter 
reward genes to determine to what extent they carry putative 
dopaminergic risk alleles that may predispose them for alcohol or 
heroin dependence, respectively 
 The genes tested included the dopamine transporter (DAT1, locus 
symbol SLC6A3), dopamine D4 receptor exon 3 VNTR (DRD4), 
DRD2 Taq1A (rs1800497), COMT val158 met SNP (rs4680), 
monoamine oxidase-A upstream VNTR (MAOA-uVNTR), and 
serotonin transporter-linked polymorphic region (5-HTTLPR, 
locus symbol SLC6A4) 
 Both patients showed prevalence of at least one risk allele 
 qEEG analysis revealed dysregulation in the PFC–cingulate gyrus 
in both addicts 
 IV NAAT and oral produced a regulation of widespread theta 
activity 
 These results have relevance for relapse prevention because of its 
effect on the part of brain involved in relapse (PFC–cingulate 
gyrus) 

 Blum et al. ( 2010 ) Overcoming qEEG 
abnormalities and reward gene defi cits during 
protracted abstinence in male psychostimulant 
and polydrug abusers utilizing putative dopamine 
D2 agonist therapy: part 2 

 In a crossover study a total of 10 abstinent psychostimulant-
dependent patients were randomized in a triple-blind, placebo-
controlled study 
 Each patient was genotyped for a number of reward genes for 
addiction risk assessment 
 100 % of the patient carried a least on risk allele 
 qEEG analysis was performed on each patient 1 h after 
administration of KB220Z powder 
 KB220Z™ showed an increase of alpha waves and low-beta wave 
activity in the parietal brain region (relapse area) 
 Authors propose that utilization of KB220Z may upregulate 
dopamine receptors in patients having moderate to high genetic 
addiction risk 
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Table 18.2 (continued)

(continued)

 Publications  Key fi ndings 

 Blum et al. ( 2011a ) “Dopamine Resistance” in 
brain reward circuitry as a function of DRD2 gene 
receptor polymorphisms in RDS: Synaptamine 
complex variant (KB220) induced “Dopamine 
Sensitivity” and enhancement of happiness 

 In a crossover triple-blind, placebo-controlled study on ten 
Chinese abstinent (16 months) heroin-dependent patients, fMRI 
was utilized to assess dopaminergic 
 BOLD activation in the brain 
 KB220Z was administered to each patient and after 1 h it was 
found that the complex induced BOLD activation of caudate–
accumbens dopaminergic activation 
 The BOLD activation was signifi cantly different compared to 
placebo 
 In addition KB220Z also reduced the hyperexcitability of putamen 
 The authors suggest that KB220Z induces “dopamine sensitivity” 
in genetically prone “dopamine-resistant” patients genotyped for 
various reward gene polymorphisms 

 Chen et al. ( 2012 ) Neurotransmitter-precursor-
supplement Intervention for Detoxifi ed Heroin 
Addicts 

 In the cluster-randomized, placebo-controlled trial, 83 detoxifi ed 
heroin addicts were evaluated during withdrawal 
 This study examined the effects of combined administration of 
tyrosine, lecithin,  l -glutamine, and  l -5-hydroxytryptophan 
(5-HTP) on heroin withdrawal syndromes and mental symptoms 
 The experimental group compared to placebo had reduced 
insomnia and reduced withdrawal scores 
 After 6 days of treatment, compared to placebo the experimental 
group had a signifi cant reduction in tension–anxiety, depression–
dejection, anger–hostility, fatigue–inertia, and total mood 
disturbance and a greater increase in their vigor–activity 
symptoms (all  P  < 0.05) 

 Miller et al. ( 2012 ) Early intervention of 
intravenous KB220IV- Neuroadaptagen Amino-
Acid Therapy (NAAT)™ improves behavioral 
outcomes in a residential addiction treatment 
program: a pilot study 

 In 129 patients the combination of IV and oral NAAT therapy 
(generic KB220) was assessed through Chronic Abstinence 
Symptom Severity (CASS) scale over a 30-day period 
 Three scales were constructed based on this factor analysis: 
Emotion, Somatic, and Cognitive 
 All three scales showed signifi cant declines ( P  = 0.00001) from 
pre- to posttreatment:  t  = 19.1 for Emotion,  t  = 16.1 for Somatic, 
and  t  = 14.9 for Poor Cognitive 
 A 2-year follow-up in a subset of 23 patients showed 21 (91 %) 
were sober at 6 months with 19 (82 %) having no relapse, 19 
(82 %) were sober at 1 year with 18 (78 %) having no relapse, 21 
(91 %) were sober at 2 years posttreatment with 16 (70 %) having 
no relapse 

 Blum et al. ( 2012 ) Neurogenetics and 
nutrigenomics of neuro-nutrient therapy for 
Reward Defi ciency Syndrome: clinical 
ramifi cations and pitfalls 

 In one case report, a heroin addict targeted and treated using high 
amounts of GABA and/or  l -glutamine showed serious 
complications as measured by SPEC 
 A case report of an alcoholic utilizing appropriate and careful 
administration of balanced amounts of precursor amino acid and 
inhibitors of neurotransmitter catabolic enzymes showed 
signifi cant improvement as measured by SPEC 
 The authors caution clinicians to incorporate known appropriate 
neuro-therapy by adhering to basic neurogenetic and nutrigenomic 
principles 
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10         Identifi cation of Compliance 
to Treatment Medications 
and Abstinence from 
Psychoactive Drug Abuse: 
Comprehensive Analysis of 
Reported Drugs (CARD)™ 

 To evaluate both compliance to treatment medi-
cations and abstinence from psychoactive drug 
abuse, we utilized CARD™ (offered by Dominion 
Diagnostics, Inc., North Kingstown, RI) in a total 
of 24,000 specimens over a 2-year period (2010–
2011) across six eastern states (unpublished). 
Specifi cally we accessed two important clinical 
issues: (1) compliance with prescription treatment 
medications during various types of level of care 
and (2) abstinence from all nonprescribed licit 
and illicit psychoactive drugs substances. Thus, 
by utilizing CARD, our group found signifi cant 
evidence for both noncompliance and non-absti-
nence ( P  < 0.0001) during different levels of care 
(e.g., inpatient/outpatient/intensive outpatient/
residential/opioid treatment programs) [these 
results will be published elsewhere]. Certainly 
this important outcome data suggests the need for 
better diagnosis and intelligently designed ways to 
enhance dopaminergic function in the mesolimbic 
brain reward circuit.  

11     Conclusions 

 Our laboratory recently reviewed the role of 
dopaminergic activation and genetic stratifi ca-
tion in process addictions, in a paper concerning 

“Sex, Drugs, and Rock ‘N’ Roll” (Blum et al. 
 2012b ). We concluded that the reinforcing effects 
of drugs abuse and sex, food, and other addic-
tions are mediated within the ventral striatum 
NAc. This structure also mandates motivated 
behaviors such as eating, drinking, and sexual 
activity, which are stimulated by natural rewards. 
We have discussed the mechanisms that are the 
basis of human motivation. Based on abundant 
scientifi c research, they share molecular-genetic 
antecedents with powerful biological drives for 
survival, which, if impaired, lead to aberrant 
compulsive, obsessive, and impulsive behaviors. 
We have hypothesized that neurotransmitter-
related candidate genes and their polymorphisms 
can be used to predict predisposition to addiction 
and other RDS behaviors. The use and further 
development of dopaminergic agonistic agents to 
target specifi c gene polymorphisms has been 
proposed, and evidence that the proliferation of 
D2 receptors can attenuate human craving 
behavior was explored. 

 Innovative experiments have been developed 
during many years of scientifi c research into the 
nature of addiction. The challenge is to incorpo-
rate them in treatment programs for patients 
attending inpatient/outpatient addiction clinics. 
A go-forward model to assist in diagnosis and 
understanding treatment outcome and potential 
relapse prevention is proposed herein to include 
the following: (1) the Genetic Addiction Risk 
Score (GARS)™ for appropriate RDS diagnosis, 
(2) Comprehensive Analysis of Reported Drugs 
(CARD)™ to determine both compliance and 
abstinence during treatment, (3) natural D2 agonis-
tic therapy (NAAT-KB220)™, and, eventually, 

Table 18.2 (continued)

 Publications  Key fi ndings 

 Blum et al. ( 2013 ) Withdrawal from 
buprenorphine/naloxone and maintenance with 
a natural dopaminergic agonist: a case study 

 A report of a worker’s compensation case of a female who 
received pain medication and Suboxone 
 Total monthly prescription costs including supplemental 
benzodiazepines, hypnotics, and stimulants exceeded $53,000 
 The patient subsequently was placed on Suboxone for 2.5 years 
 The authors carefully documented very severe withdrawal 
symptoms when she precipitously stopped taking buprenorphine/
naloxone and during follow-up while taking KB220Z daily. At 
432 days post-Suboxone® withdrawal, the patient is being 
maintained on KB220Z, has been urine tested, and is opioid free 

   Source : Modifi ed from Blum et al. ( 2012e ), with permission  
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(4) mRNA testing (patent pending) to determine 
pre- and post-candidate gene expressions in reward 
defi ciency syndrome (RDS). We are, therefore, 
proposing a paradigm shift we have called “Reward 
Defi ciency Solutions System (RDSS)™.”     
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1             Introduction 

 There is great variation in the response of indi-
viduals to standard doses of drug therapy that can 
lead to treatment failure or to life-threatening 
adverse drug reactions among patients with iden-
tical doses of the same drug. A drug’s activity is 
the result of the interaction of the drug with proteins 
involved in absorption, distribution, metabolism, 
elimination (ADME proteins) and molecular drug 

targets or target pathways. Genetic variation in these 
proteins, i.e. single- nucleotide polymorphisms in 
genes coding for metabolising enzymes or drug 
transporters, might have a signifi cant infl uence 
on the drug effect. Pharmacogenomics investi-
gates interindividual genetic variability in DNA 
sequence of drug targets, drug-metabolising enzymes 
or disease genes, RNA expression or protein 
translation of genes affecting drug response and 
drug safety (Evans  1999 ). 

 Although clinical trials including thousands of 
patients may generally indicate effi cacy and lack of 
toxicity of drugs, it is well known that it is not pos-
sible to predict a priori whether an individual patient 
will respond to a given medication without adverse 
effects. Individual variability in drug response can 
be explained by a number of  parameters including 
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 Abstract 

   Pharmacogenomics investigates interindividual genetic variability in DNA 
sequence of drug targets, drug-metabolising enzymes or disease genes, 
RNA expression or protein translation of genes affecting drug response 
and drug safety. Variation exists in patient response on analgesic treatment 
in terms of effi cacy and safety. This variation may be in part explained by 
pharmacogenomics. This chapter overviews data on pharmacogenomics 
of opioids and nonsteroidal anti-infl ammatory agents focusing on the 
effect of genetic variation on effi cacy and safety of analgesic agents. 
However, there is limited level I evidence on this topic. Most data come 
from case-control studies and case reports. Basic research should focus on 
the identifi cation of biologically meaningful polymorphisms enabling a 
hypothesis with biological plausibility driven research in the fi eld of phar-
macogenomics of analgesics. 

      Pharmacogenomics of Analgesics 

                         Eugenia     Ch. Yiannakopoulou    
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age, gender, weight, pharmacokinetics, disease 
severity, concomitant diseases and environmental 
factors. Moreover, genetic differences among 
individuals in drug metabolism and/or cellular 
drug targets may explain a signifi cant component 
of this variability (Siva et al.  2002 ). Especially 
interindividual variability in drug metabolism is a 
major cause of adverse drug effects. In many 
cases, such variability is linked to polymorphisms 
in genes coding for drug- metabolising enzymes. 
Individuals carrying enzyme-inactivating muta-
tions display impaired drug metabolism. Thus, 
carriers of inactivating mutations when treated 
at standard doses have higher plasma drug con-
centrations and lower clearance rates, rendering 
them susceptible to adverse drug reactions (Martínez 
et al.  2004 ). There are two types of adverse drug 
reactions, Type A and Type B. Type A adverse 
drug reactions are dose dependent, referring to 
the augmentation of pharmacological action. 
Polymorphisms of pharmacokinetic genes may 
be important for narrow therapeutic window 
drugs with poor metabolisers having increased 
risk of Type A adverse drug reactions. Polymor-
phisms of drug targets may be also important for 
this type of adverse drug reactions. Type B idio-
syncratic adverse drug reactions are not predicted 
by the pharmacological action. Idiosyncratic 
adverse drug reactions are thought to account for 
up to 20 % of all adverse drug reactions, although 
some researchers regard this as an overestimate, 
with 5 % being closer to reality (Pirmohamed 
 2010 ). Genetic variations of pharmacokinetic 
genes have been implicated in the aetiology of 
some idiosyncratic adverse drug reactions. 

 Acetaminophen, aspirin and other nonsteroidal 
anti-infl ammatory agents are among the most 
commonly prescribed agents in the world. It is 
well known that interindividual variation exists in 
patient response on analgesic treatment in terms 
of effi cacy and safety. This variation makes it dif-
fi cult to rank these drugs by therapeutic effi cacy. 
In clinical practice, if pain relief is not achieved 
with one agent, commonly the next step is rotation 
to other nonsteroidal anti-infl ammatory agents 
and in case of failure, switch to narcotic analgesics 
ensues. Currently, the aetiology of this variability 
is not known; possible explanations could be 

disease variability (however it has not been verifi ed 
in experimental trials), pharmacokinetic variation 
(although this has not been demonstrated), sex 
differences and the placebo effect. Pharmaco-
genomics might account for the differential 
response in over-the-counter analgesics. Thus, it has 
been suggested that pharmacogenomics of drug-
metabolising enzymes and drug transporters should 
be incorporated in clinical trials of analgesics.  

2      Pharmacogenomics and 
Narcotic Analgesics 

 Narcotic analgesics are widely used for the treat-
ment of severe pain, especially cancer pain. 
Morphine and other mu-opioid agonists are 
among the most commonly prescribed narcotic 
analgesics for moderate to severe pain. There is 
great variation in human response to opioid 
analgesia. This variation could be explained by 
genetic variation in metabolising enzymes and 
transporters mediating opioid pharmacogenomics 
as well as by genetic variation in receptors and 
signal transduction elements mediating pharma-
codynamics (Table  19.1 ).

2.1        Pharmacogenomics of Opioid 
Receptors and Opioid 
Analgesics 

 The pharmacologic actions of opioids are mediated 
through their interaction with the opioid recep-
tors that are G-protein-coupled receptors located 
in the brain and spinal cord. Three subtypes have 
been cloned, mu-opioid receptors, kappa-opioid 
receptors and delta-opioid receptors. Delta recep-
tors are the natural targets of encephalins. The 
mu-opioid receptor is the primary site of action 

   Table 19.1    Metabolising enzymes and transporters 
involved in the metabolism of opioids   

 CYP450 
enzymes 

 Phase II 
enzymes 

 Drug 
transporters 

 CYP2D6  UGT1A1  ABCB1 
 CYP3A4  UGT2B7 
 CYP3A5 
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of opioid analgesics including morphine, fentanyl 
and methadone. Although most of the currently 
prescribed opioids are mu- opioid receptor agonists, 
it has been well demonstrated that they exhibit 
overlapping affi nity with kappa- and delta-opioid 
receptors. 

 More thoroughly investigated are polymor-
phisms of mu-opioid receptor gene that have 
been implicated in variation in opioid response. 
More than 100 polymorphisms have been identi-
fi ed in the human mu-opioid peptide receptor 
gene (OPMR1). A well-studied polymorphism of 
the mu-opioid receptor, the A118G polymorphism, 
has been described. Depending on the ethnicity, 
this polymorphism can be found in 2–48 % of the 
population. This polymorphism has been associ-
ated with both agonistic and antagonistic opioid 
effects. For example, it has been well demonstrated 
that the micro-opioid receptor single-nucleotide 
polymorphism (rs number 1799971) at nucleotide 
position 118 (OPRM1 118A > G), resulting in 
the substitution of one amino acid, has been asso-
ciated with decrease in the analgesic effect of 
opioids. Data from clinical trials suggest that the 
A118G polymorphism has clinical implication 
in pain treatment. A cohort study of patients sub-
mitted to knee arthroplasty surgery and treated 
for postoperative pain with patient-controlled 
analgesia was genotyped for the A118G polymor-
phism in OPMR1. The study demonstrated that 
homozygous GG patients required higher doses 
of morphine during the fi rst 24 h. This effect of 
A118G variant was also verifi ed in a cohort of 
patients submitted to abdominal surgery. Another 
study of postoperative pain has shown that patients 
with the AA genotype need lower doses of 
morphine but have higher incidence of postoper-
ative nausea and vomit. This fi nding indicates 
that OPMR1 pharmacogenomics might have 
relevance for opioid side effects. Other studies 
performed in cancer patients have also indicated 
the relevance of A118G polymorphism of OPMR1 
in opioid effi cacy in pain management. Available 
data imply that genotyping for this polymorphism 
might have clinical implications in pain manage-
ment. However, this is a suggestion that needs 
to be further investigated. Defi ning OPMR1 hap-
lotypes might be more clinically relevant as has 

been suggested by studies of postoperative pain 
after major abdominal surgery. 

 The A118G polymorphism has also been 
associated with substance dependence and sus-
ceptibility to other disorders such as epilepsy 
and schizophrenia. In addition, other common 
mu- opioid receptor polymorphisms have been 
associated with reduced pain relief to alfentanil 
or morphine. In addition, polymorphisms of the 
mu- opioid receptor have been identifi ed in the 
third intracellular loop of the receptor that affect 
receptor signalling, but it is not known if these 
polymorphisms affect treatment effi cacy. 

 Furthermore, variation in opioid sensitivity 
could be explained by polymorphisms in other 
molecules, such as endogenous opioid peptides, 
metabolising enzymes and second messenger 
systems.  

2.2      Pharmacogenomics of Phase 
I Drug-Metabolising Enzymes 
and Opioid Analgesics 

2.2.1      Codeine 
 The analgesic opioid drug codeine (3- methoxy-
morphine) is metabolised through several meta-
bolic routes including  O -demethylation into 
morphine through CYP2D6 and N-demethylation 
into norcodeine through CYP3A4. Norcodeine 
is not known to have any analgesic activity. 
Glucuronidation is also involved in the metabo-
lism of codeine. Morphine is further glucuroni-
dated to morphine-3- glucuronide, a metabolite 
not considered to possess analgesic properties 
and to morphine-6-glucuronide, known to have 
analgesic activity in humans. 

 Codeine is an important CYP2D6 substrate. 
It is activated to morphine exclusively by CYP2D6. 
Codeine has only mild opioid properties, while 
most of its analgesia and central nervous system 
depressant effects are based on its biotransfor-
mation to morphine, a reaction catalysed by 
CYP2D6 (Meyer  2000 ). Genetic polymorphism 
of this enzyme results in three separable pheno-
types: poor metabolisers, extensive metabolisers 
and ultrarapid metabolisers. Poor metabolisers 
are homozygous for an inactive or defi cient 
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CYP2D6 enzyme caused by mutations in the 
CYP2D6 gene, while ultrarapid metaboliser 
subjects have duplication of the gene, resulting 
in increased enzymatic activity (Weber  1999 ). 
Poor metabolisers have decreased activation of 
CYP2D6-dependent analgesic prodrugs such as 
codeine (Wilcox and Owen  2000 ). It is estimated 
that 7–10 % of the population does not express 
functional CYP2D6. According to a randomised, 
placebo-controlled, double-blind clinical trial 
that investigated the effect of CYP2D6 polymor-
phisms on codeine analgesia using an experimental 
pain model, codeine administration resulted in 
analgesia in extensive metabolisers but had no 
effect in poor metaboliser patients (Eckhardt 
et al.  1998 ). In addition, an equal incidence of 
side effects was observed in poor metabolisers 
in comparison with extensive metabolisers, 
although they did not receive any analgesic benefi t 
(Eckhardt et al.  1998 ). In a small study of 11 
patients treated with codeine for analgesia after 
hysterectomy, two patients had no analgesic 
effect from the codeine, one of whom was subse-
quently shown to be a poor metaboliser (Persson 
et al.  1995 ). However, other studies have shown 
no difference in the effect of codeine on postop-
erative pain intensity between extensive and poor 
metabolisers in both adults and children (Gaedigk 
et al.  2002 ; Poulsen et al.  1998 ). 

 CYP2D6 ultrarapid metabolisers (in an estimated 
1 % of people in Finland and Denmark, 10 % of 
people in Greece and Portugal and 29 % of people 
in Ethiopia) have the potential for increased 
production of morphine from codeine and thus 
might be at greater risk for opioid- related adverse 
events and might benefi t from a lower dose of 
opioids (Williams et al.  2002 ). The most common 
adverse reactions to codeine include drowsiness, 
light-headedness, dizziness, sedation, shortness 
of breath, nausea, vomiting and sweating. Serious 
adverse reactions include respiratory depression, 
circulatory depression, respiratory arrest, shock 
and cardiac arrest. Excessive activation of codeine 
in ultrarapid metabolisers with one additional 
copy of CYP2D6 has been reported in case 
reports (Table  19.2 ). The fi rst described a patient 
prescribed a cough medicine containing codeine 
for bilateral pneumonia, who suffered from a life- 

threatening opioid intoxication. Upon genotyping, 
it was shown that the patient had at least three 
copies of CYP2D6, a fi nding consistent with 
ultrarapid metabolism of codeine (Gasche et al. 
 2004 ). The patient was also treated with a macro-
lide and an azole derivative, medicines that, 
being inhibitors of CYP3A4, might have further 
reduced the clearance of codeine and increased 
the risk of an opioid overdose associated with the 
CYP2D6 gene duplication. In addition, the patient 
was suffering from renal insuffi ciency that ren-
dered him prone to the accumulation of codeine 
metabolites.

   Another case report concerns the death of a 
2-year-old boy that developed fever, wheezing 
and fi nally respiratory arrest 2 days after elective 
tonsillectomy. The boy had been prescribed 
codeine and acetaminophen for analgesia at rec-
ommended doses, i.e. 10–12.5 mg of codeine and 
120 mg of acetaminophen orally every 4–6 h as 
needed. Codeine and morphine were detected at 
the peripheral blood, and CYP2D6 genotyping 
revealed functional duplication of the CYP2D6 
allele, resulting in the ultrarapid metaboliser 
phenotype (Ciszkowski et al.  2009 ). In addition, 
the child had a history of recurrent episodes of 
hypoxemia due to bronchopneumonia that could 
possibly have led to alterations in the µ-opioid 
receptor and increased sensitivity to morphine. 
Voronov et al.  2007  have reported another case 
report of a 29-month-old previously healthy child 
who experienced apnoea resulting in brain injury 
following a dose of acetaminophen and codeine 
2 days after tonsillectomy. A genetic polymorphism 
leading to ultrarapid metabolism of codeine into 
morphine was again confi rmed in this child. 

 Another case report concerned the death of a 
breastfed baby 13 days after birth. His mother 
was prescribed codeine as an analgesic postdelivery. 
Post-mortem examination of stored breast milk 
samples showed morphine levels 4 times higher 
than expected. Upon genotyping, the mother was 
found to be heterozygous for a CYP2D6*2A 
allele and a CYP2D6*2X2 gene duplication. 
Thus, the mother had three functional CYP2D6 
alleles and was classifi ed as an ultrarapid metab-
oliser (Madadi et al.  2007 ). The extra CYP2D6 
enzyme resulted in increased  O -demethylation of 
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codeine to morphine, and consequently, very 
high concentrations of morphine were found in 
both the breast milk and in the blood from the 
child. Following this fatal case, a case-control 
study investigated the characteristics of mothers 
and infants with or without signs and symptoms 
of central nervous system depression following 
codeine exposure during breast feeding. According 
to the study, breastfed infants of mothers who 
are CYP2D6 ultrarapid metabolisers (UMs) com-
bined with the UGT2B7*2/*2 are at increased 
risk of potentially life-threatening CNS depression 
(Madadi et al.  2009 ). 

 Since 2007, the FDA requires the manufactur-
ers of prescription codeine products to include 
information in the “Precautions” section of the 
label to inform prescribing doctors about these 
risks and to help prevent morphine overdose in 
breastfed infants. 

 In a very recent publication, Kelly et al.  2012  
reported three cases of fatal or life-threatening 
events associated with codeine. In the 2 fatal 
cases, functional gene duplications encoding for 
CYP2D6 caused a signifi cantly greater produc-
tion of potent morphine from its parent drug, 
codeine, while a severe case of respiratory 
depression occurred in an extensive metaboliser. 
A very recent publication issued guidelines 
for codeine therapy in the context of CYP2D6 

genotype (Crews et al.  2012 ). According to this 
publication, alternative analgesics should be pre-
scribed in patients with CYP2D6 poor metaboliser 
phenotype or ultrarapid metaboliser phenotype. 
Opioids not metabolised by CYP2D6, including 
morphine, oxymorphone, buprenorphine, fentanyl, 
methadone and hydromorphone combined with 
non-opioid analgesics, have been proposed as 
alternative medications instead of codeine for 
patients prone to codeine toxicity or for those 
expected to be unresponsive in codeine treatment 
(Crews et al.  2012 ).  

2.2.2      Oxycodone 
 Oxycodone is a semisynthetic opioid prescribed 
for moderate to severe pain. Oxycodone is similar 
in structure to codeine, but in contrast, it has an 
analgesic potency in humans similar to morphine. 
Both the parent compound and the metabolites 
of oxycodone are equally active in the opioid 
receptor. The principal metabolic pathway of 
oxycodone is the CYP3A accounting for approx-
imately 50 % of the dose. Furthermore, the drug 
undergoes metabolism to oxymorphone via 
CYP2D6. The effect of polymorphisms of CYP 
enzymes on oxycodone safety and efficacy 
has been investigated, but results are discordant 
(Table  19.3 ) (Samer et al.  2010 ; Lemberg et al. 
 2010 ; Andreassen et al  2012 ).

   Table 19.2    Evidence on the impact of polymorphisms of metabolising enzymes on the safety of codeine   

 Type of 
evidence  Drug indication 

 Metabolising 
enzyme  Polymorphism  Adverse event  References 

 Case report  Codeine contained 
in a cough medicine 

 CYP2D6  CYP2D6*1x3, in a 
patient suffering from 
renal insuffi ciency and 
co-treated with CYP3A4 
inhibitors 

 Life-threatening 
intoxication 

 Gasche 
et al. ( 2004 ) 

 Case report  Codeine for analgesia 
after tonsillectomy 

 CYP2D6  CYP2D6x2  Apnoea and 
brain injury 

 Voronov 
et al. ( 2007 ) 

 Case report  Codeine prescribed in 
mother as an analgesic 
postdelivery 

 CYP2D6  CYP2D6*2A and 
CYP2D6*2X2 

 Death of the 
breastfed 13 day 
boy 

 Madadi 
et al. ( 2007 ) 

 Case report  Codeine for analgesia 
after tonsillectomy 

 CYP2D6  CYP2D6*1xN  Death due to 
respiratory arrest 

 Ciszkowski 
et al. ( 2009 ) 

 Case report  Codeine for analgesia 
after tonsillectomy 

 CYP2D6  CYP2D6*1xN  Two deaths, one 
case of severe 
respiratory 
depression 

 Kelly et al. 
( 2012 ) 
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2.2.3         Hydrocodone 
 Hydrocodone is a hemisynthetic oral opioid 
structurally related to codeine. It is approximately 
12 times more potent in the mu-opioid receptor 
than codeine. Hydrocodone is metabolised by 
oxidative metabolism via cytochrome P450 2D6 
(CYP2D6) and cytochrome P450 3A4 (CYP3A4) 
into hydromorphone and norhydrocodone, respec-
tively. These metabolites undergo conjugation by 
uridinediphosphateglucuronosyltransferases 
(UGTs) before excretion. Both the parent com-
pounds and the metabolites of hydrocodone are 
equally active in opioid receptors. An effect of 
CYP2D6 polymorphism on hydrocodone metab-
olite production has been demonstrated. However, 
evidence suggests that analgesic effi cacy of 
hydrocodone is not affected by metabolism via 
CYP2D6. Effect of CYP2D6 polymorphisms on 
hydrocodone toxicity has also been reported 
(Table  19.3 ). Madadi et al. ( 2010 ) reported a case 
of fatal opioid toxicity that occurred in a develop-
mentally delayed child aged 5 years 9 months 
who was inadvertently administered high doses 
of hydrocodone for a respiratory tract infection. 
Genotyping was performed for  CYP2D6 * 4 , 
 CYP2D6 * 9 ,  CYP2D6 * 10  and  CYP2D6 * 41  by 

using predesigned TaqMan allelic discrimination 
assays. Furthermore, the following assays were 
applied: (1)  CYP2D6  copy number attributable to 
the  CYP2D6 * 5  deletion allele, (2) gene duplica-
tion and (3) gene multiduplication. The analysis 
demonstrated that the child carried the allele 
 CYP2D6 * 41  allele and 1 fully functional wild-
type allele. Therefore, the child genotype was 
 CYP2D6 * 2A /* 41 , and the child was designated as 
a poor CYP2D6 metaboliser. Drug-drug interac-
tions contributed to this fatal event, since the child 
was prescribed clarithromycin (a CYP3A4 inhibitor) 
for an ear infection and valproic acid, an inhibitor 
of UGT enzymes for seizures, since birth.  

2.2.4      Tramadol 
 Tramadol is a synthetic, centrally acting analge-
sic for the treatment of moderate to severe pain. 
This analgesic is a racemic mixture containing 
50 % (+) tramadol and 50 % (−) tramadol. 
Tramadol produces analgesia by the synergistic 
action of its two enantiomers and their metabo-
lites. Its affi nity for opioid receptors is 6,000 
times lower than that of morphine. Tramadol is 
an example of analgesic drug that is metabolised 
by CYP2D6 to generate a pharmacologically 

    Table 19.3    Evidence on the impact of polymorphisms of metabolising enzymes on the safety of hydrocodone and 
oxycodone   

 Type of 
evidence  Drug 

 Metabolising 
enzyme  Polymorphisms  Adverse event  References 

 Case report  Hydrocodone as 
antitussive agent 

 CYP2D6  CYP2D6*41  Death  Madadi et al. 
( 2010 ) 

 Cross-over 
double-blind 
randomised 
controlled trial 
in healthy 
volunteers 

 Oxycodone  CYP2D6  32 alleles using the 
AmpliChip TM 
CYP450 DNA 
microarray 

 Volunteers who were 
CYP2D6 ultrarapid 
metabolisers experienced 
higher toxicity especially 
after CYP3A blockade with 
ketoconazole 

 Samer et al. 
( 2010 ) 

 Cross-over 
randomised 
double-blind 
placebo 
controlled trial 

 Oxycodone  CYP2D6, 
CYP3A4, 
CYP3A5 

 No effect of genotype in 
patients treated for 
malignant and non- 
malignant chronic pain 

 Lemberg 
et al. ( 2010 ) 

 Cross-sectional 
study 

 Oxycodone  CYP2D6  CYP2D6*2x2  Genotype did not affect 
safety profi le, i.e. the 
incidence of nausea, 
tiredness or cognitive 
failure in a cohort of cancer 
patients 

 Andreassen 
et al. ( 2012 ) 
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active product, the analgesic opioid receptor 
agonist  O -desmethyltramadol (Galley et al.  2005 ). 
Genetic variations in  CYP2D6  have been shown 
to account for some of the variable pain response 
in the postoperative period because the  CYP2D6  
activity has a clinically relevant impact on the 
level of analgesia mediated by the µ-opioid 
receptor (Table  19.4 ) (Stamer et al.  2003 ; Gan 
et al.  2007 ; Slanar et al.  2012 ). The effect of 
CYP2D6*10 polymorphism has been investigated 
in Chinese patients recovering from gastrectomy 
performed for gastric cancer (Wang et al.  2006 ). 
Patients were treated with self- administered 
tramadol via patient-controlled analgesia. Patients 
homozygous for CYP2D6*10 displayed higher 
consumption of tramadol in comparison with 
heterozygous group and with patient group 
without CYP2D6*10. Furthermore, tramadol 
is metabolised to N-demethyl tramadol by 
N-demethylation via CYP3A.

   In addition, genetic variations in CYP2D6 
affect the safety profi le of tramadol (Table  19.5 ). 
Thus, case reports have indicated that the carriers 
of gene duplications, being CYP2D6 ultrarapid 
metabolisers (UM), are at high risk for toxic 
responses to tramadol treatment (Kirchheiner 

et al.  2008 ). A case report described a man with 
renal insuffi ciency and CYP2D6UM genotype 
who developed postoperative opioid-related 
respiratory insuffi ciency under intravenous patient-
controlled tramadol analgesia (Stamer et al. 
 2008 ). Genotyping was performed by polymerase 
chain reaction and real-time polymerase chain 
reaction for the single-nucleotide polymorphisms 
 CYP2D6 * 3 ,  CYP2D6 * 4 ,  CYP2D6 * 5 ,  CYP2D6 * 6 , 
 CYP2D6 * 7 and CYP2D6 * 8  associated with 
poor metaboliser phenotype and for the SNP 
 CYP2D6 * 10  and  CYP2D6 * 41  associated with 
the intermediate metaboliser phenotype. The result 
of these tests was negative, while the duplication/
multiduplication assay revealed a CYP2D6 
gene duplication resulting in ultrarapid meta-
bolism of tramadol to its active metabolite 
(+)  O -desmethyltramadol. The opioid toxicity 
was enhanced by the decreased metabolic clear-
ance due to renal insuffi ciency.

   In another publication, Elkalioubie et al. 
( 2011 ) have reported a near-fatal case of tramadol- 
induced cardiotoxicity in an ultrarapid CYP2D6 
metaboliser. A 22-year-old girl was transferred 
to the ICU with cardiac arrest. The aetiology 
was suggested by the high concentrations of 

   Table 19.4    Evidence on the impact of polymorphisms of phase I metabolising enzymes on the analgesic effi cacy of 
tramadol   

 Type of evidence  Enzymes  Polymorphisms  Effects  References 

 Prospective study  CYP2D6  CYP2D6*1, CYP2D6*3, 
CYP2D6*4, CYP2D6*5, 
CYP2D6*9, 
CYP2D6*10, 
CYP2D6*17, 
CYP2D6*1xN 

 Poor metabolisers for CYP2D6 showed 
a lower response rate to tramadol 
analgesia for postoperative pain after 
abdominal surgery 

 Stamer 
et al. ( 2003 ) 

 Prospective study  CYP2D6  CYP2D6*10 C188T  This SNP reduced tramadol analgesic 
effi cacy in a Chinese patient treated for 
postoperative pain after major 
abdominal surgery 

 Wang et al. 
( 2006 ) 

 Prospective study in 
Malaysian patients 

 CYP2D6  CYP2D6*1, CYP2D6*3, 
CYP2D6*4, CYP2D6*5, 
CYP2D6*9, 
CYP2D6*10, 
CYP2D6*17, 
CYP2D6*1xN 

 The analgesic effects of tramadol were 
not measured adequately. Therefore, 
the effect of genotype on tramadol 
analgesic effi cacy was not demonstrated 

 Gan et al. 
( 2007 ) 

 Prospective study  CYP2D6  CYP2D6*3, CYP2D6*4, 
CYP2D6*5, CYP2D6*6, 
CYP2D6*1xN 

 CYP2D6 genotype did not affect 
tramadol analgesic effi cacy in 
postoperative patients after knee 
arthroplasty 

 Slanar et al. 
( 2012 ) 
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both tramadol and its main metabolite 
 O -desmethyltramadol identifi ed in the blood 
tests. Genotyping was performed, and the patient 
was found to be heterozygous for a wild-type 
allele duplication. The patient admitted occa-
sional abuse of tramadol. Cardiotoxicity could 
be explained by high levels of norepinephrine 
due to tramadol-induced inhibition of norepineph-
rine reuptake. 

 Motivated by the abovementioned reports, 
Kirchheiner et al. ( 2008 ) systematically investi-
gated the effect of CYP2D6 duplication on the 
pharmacodynamics and pharmacokinetics of 
tramadol after a single dose of 100 mg racemic 
tramadol in 11 carriers of a CYP2D6 gene dupli-
cation and compared it with 11 carriers of 2 
active CYP2D6 genes. In addition, Gan et al. 
( 2007 ) investigated the effect of CYP2D6 
 polymorphisms on tramadol pharmacokinetics 
and pharmacodynamics in Malaysian patients 
with different genotypes. Both studies demon-
strated pharmacokinetic differences between 
the genotype groups as well as differences in the 
safety profi le of tramadol. According to Gal et al., 
intermediate metabolisers experienced more 
adverse effects than extensive metabolisers, and 
extensive metabolisers experienced more adverse 
effects than ultrarapid metabolisers. However, 
in the study of Kirchheimer et al., ultrarapid 
metabolisers experienced more adverse events 
than extensive metabolisers. The discrepancies 
may be due to differences in the method of 
genotype determination, in the different polymor-
phisms investigated and in the type of assessed 
adverse events. Given that these results have 
not been verifi ed in a large population study, at 
present, CYP2D6 genotyping cannot be recom-
mended for tramadol dosing.  

2.2.5      Methadone 
 Methadone metabolism is attributed primarily to 
cytochrome P450 enzymes CYP3A4, CYP2B6 
and CYP2D6 (Wong et al.  2003 ; Levran et al. 
 2011 ). Interindividual differences in sensitivity to 
methadone have been observed. Fatal poisonings 
occur typically at concentrations between 0.4 and 
1.8 mg/ml. However, in susceptible individuals, 
death may occur at much lower concentrations. 

In a study, 40 post-mortem cases have been 
reported, in which methadone had been implicated 
in the cause of death. The CYP2B6*6 allele that 
results in slow metabolism was associated with 
the highest post-mortem methadone concentration 
(Hamman et al.  1997 ).   

2.3      Pharmacogenomics of Phase 
II Drug-Metabolising Enzymes 
and Opioid Analgesics 

 Phase II enzymes conjugate phase I metabolites, 
other intermediates or the parent compound for 
renal or biliary excretion. Phase II enzymes 
include glutathione S-transferases (GSTs), UDP 
glycurosyltransferases (UGT), N-acetyltransferases 
(NAT), NADH quinone oxidases and others. 
Knowledge on pharmacogenomics of phase II 
enzymes is not extensive. Thus, the relevance of 
the pharmacogenomics of the enzymes of the 
uridinediphosphateglucuronosyltransferase 
(UGT) superfamily in opioid disposition has been 
investigated, although it is not currently elucidated 
(Table  19.6 ) (Coffman et al.  1998 ; Holthe et al. 
 2002 ; Darbari et al.  2008 ; Rouguieg et al.  2010 ). 
Several polymorphisms of UGT1A1 have been 
described with the best studied, the one defi ned 
by a variable length “TA” tandem repeat in the 
regulatory TATA box of the UGT1A1 gene 
promoter (UGT1A1*28) that leads to reduced 
expression of the isozyme associated with Gilbert 
syndrome, the most common inherited cause 
of unconjugated hyperbilirubinemia. UGT1A1 
catalyses the glucuronidation of opioids including 
morphine, buprenorphine and norbuprenorphine, 
hemisynthetic derivatives of the morphine 
alkaloid thebaine with partial agonist properties 
on opioid receptors. The effect of UGT1A1*28 
polymorphism in the pharmacokinetics of mor-
phine has been investigated in cancer patients, 
but no association has been demonstrated. Another 
enzyme involved in opioid metabolism is UGT2B7. 
The association of polymorphisms of this enzyme 
with morphine metabolism has been investigated. 
It has been shown that the UGT2B7 promoter 
variant −840G is associated with reduced glucuron-
idation of morphine, thus contributing in variability 
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   Table 19.6    Evidence on the impact of polymorphisms of phase II metabolising enzymes on pharmacokinetics and 
pharmacodynamics of narcotic analgesics   

 Type of 
evidence  Drugs 

 Phase II 
enzymes  Polymorphisms  Effects  References 

 Experimental 
trial—in vitro 
model 

 Buprenor-
phine 

 UGT2B7  rs7439366  The SNP alters UGT2B7 
activity for buprenorphine as 
demonstrated in human kidney 
embryonic transfected cells 

 Coffman
 et al. ( 1998 ) 

 Pharmacokinetic 
study in cancer 
patients on chronic 
morphine therapy 

 Morphine  UGT2B7  UGT2B7  The investigated SNPs did 
not affect morphine 
glucuronide-to-morphine 
plasma rations 

 Holthe 
et al. ( 2002 )  UGT1A1  H268Y 

 UGT1A1*28 

 Pharmacokinetic 
study 

 Morphine  UGT2B7  UGT2B7 −840G  This SNP was associated with 
reduced glucuronidation of 
morphine contributing thus 
in variability in hepatic clearance 
of morphine in patients with 
sickle cell anaemia 

 Darbari 
et al. ( 2008 ) 

 Experimental 
trial—in vitro model 

 Buprenorphine-
 norbupre-
norphine  

 UGT1A1  UGT1A1*28  UGT1A1*28 resulted in a 
decrease of buprenorphine 
glucuronidation in pooled 
human liver microsomes 
without affecting 
glucuronidation rate in 
individual microsomes 

 Rouguieg 
et al. ( 2010 ) 

in hepatic clearance of morphine in patients with 
sickle cell anaemia. Genetic modelling approaches 
integrating prior physiologic knowledge have 
shown that decreased UGT2B7 activity is associated 
with a decrease in active opioid exposure. The 
C802T exonic SNP of UGT2B7 has been shown 
to alter UGT2B7 affi nity for buprenorphine.

2.4         Pharmacogenomics of Drug 
Transporters and Opioid 
Analgesics 

 Transport of drugs across cell membranes is 
determined by molecular weight, lipid solubility, 
ionisation and protein binding. Opioid analgesics 
are hydrophilic agents, and thus, the drug 
transporters mediate their entrance through 
cell membranes. Multidrug resistance proteins 
(MDR), multidrug resistance-associated proteins 
(MRP) and organic anion-transporting polypep-
tides (OATPs) contribute to opioid analgesic 
transport through cell membranes. Polymorphisms 
in these transporter genes may account for variation 

in analgesic effi cacy of opioids. MDRs are 
ATP- dependent effl ux pumps;  P -glycoprotein is 
encoded by the multidrug resistance gene MDR1 
(ABCB1). The clinical relevance of ABCB1 
pharmacogenomics in the case of opioids has not 
been elucidated. Evidence suggests that the 
variations in the  P -glycoprotein gene and ABCB1 
polymorphisms infl uence opioid pharmacody-
namics and dosage requirements. However, there 
are also studies that failed to demonstrate an 
effect of ABCB1 polymorphisms on morphine 
pharmacodynamics or pharmacokinetics. Fentanyl 
may be a substrate of ABCB1, and it has been 
shown that ABCB1 polymorphisms conferring 
decreased transporter function have been associ-
ated with increased respiratory depressive effects 
of fentanyl in Korean patients. A cohort study 
of patients submitted to colorectal surgery dem-
onstrated that two SNPs of ABCB1, C3435T (in 
exon 24) and G2677T/A (in exon 21), were associ-
ated with opioid-induced side effects. In particular, 
homozygous patients (GG and CC, respectively) 
required less often ondansetron treatment, 
suggesting that the diplotype GG and CC was 
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associated with fewer side effects of morphine. 
However, a very recent study in Turkish patients 
failed to demonstrate an effect of ABCB1 poly-
morphisms on respiratory depression caused by 
intravenous fentanyl. 

 Further research is needed in order to elucidate 
the clinical relevance of MRP and OATP poly-
morphisms in the context of opioid analgesics 
effi cacy and safety.  

2.5      Opioid-Induced Hyperalgesia 
and Pharmacogenomics 

 More and more scientifi c evidence accumulates 
on the opioid-induced analgesia, i.e. the pain 
enhancement induced by opioids. Opioid- induced 
hyperalgesia is defi ned as the state of increased 
sensitivity to pain or a decreased pain threshold 
in response to opioid therapy. The type of pain 
experienced may be the same as the underlying 
pain or may be different than the underlying pain. 
The mechanisms of opioid- induced analgesia are 
not elucidated. Proposed mechanisms include 
central glutaminergic system, spinal dynorphins, 
descending facilitation, decreased reuptake and 
enhanced nociceptive response and genetic 
mechanisms. Experimental trials performed in 
murine models have investigated the presence of 
genetic loci linked to opioid- induced hyperalgesia. 
Catechol- O  - methyltransferase (COMT) is the 
most thoroughly investigated gene in the field 
of pain sensitivity modulation. COMT is an 
enzyme that inactivates biologically active 
catechols, including the neurotransmitters dopa-
mine, noradrenaline and adrenaline. These neu-
rotransmitters modulate multiple physiological 
processes including pain sensation. A relative 
polymorphism of catecholamine breakdown 
enzyme catechol-  O  -methyltransferase (COMT) 
has been described. This polymorphism leads 
to substitution of the amino acid valine for 
methionine (val(158)met). This polymorphism 
affects the breakdown of dopamine and noradrena-
line being four times higher with valine allele 
in comparison with methionine. Thus, the poly-
morphism leads to reduced levels of dopamine/
noradrenaline following noradrenaline release 

and has been associated with modulation of pain 
sensitivity. Three genotypes of this polymorphism 
have been described with the individuals that 
are homozygous for the met(158) allele having 
increased pain sensitivity. The effect of this poly-
morphism has been investigated in a cohort study 
of cancer patients, and it has been shown that 
homozygous val/val individuals required higher 
doses of morphine than heterozygous val/met 
or homozygous individuals met/met. Other inves-
tigators, in a study of healthy volunteers, combin-
ing the val(158)met polymorphism with three 
other SNPs located in the COMT promoter, have 
identifi ed three haplotypes representing approxi-
mately 95 % of the population. These haplotypes 
conferred variant pain sensitivity and were char-
acterised as low pain sensitivity, medium pain 
sensitivity and high pain sensitivity. The fi ve 
most common combinations of these haplotypes 
were associated with variant sensitivity to 
experimental pain. The clinical implications of 
this fi nding have not further been elucidated. 
However, critical review of this fi nding suggests 
that investigating the effect of haplotypes might 
be more clinically meaningful than investigating 
the effect of single polymorphisms. The relevance 
of COMT SNPs on opioid-induced hyperalgesia 
is not proved but deserves further investigation.  

2.6      Pharmacogenomics 
of Alternative Analgesics 

 Morphine has well-known side effects, and often 
its effi cacy is limited at well-tolerated doses. It is 
known that a signifi cant proportion of patients 
are only partially responsive at well-tolerated 
doses of morphine and other opiates. This has 
prompted research for alternative analgesics such 
as selective kappa receptor agonists, selective 
delta receptor agonists, a-adrenergic agonists, 
cannabinoids and nicotinic receptor agonists. 
Kappa-opioid receptor agonists are not promising 
analgesic drug targets, as both clinical studies 
and data from animal models have shown that 
such agents cause a psychotomimetic effect and 
dysphoria, water diuresis, salivation and emesis. 
Currently, peripherally acting selective kappa 
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agonists are under development due to their 
lack of central side effects. Up to now, none of 
these agents has been approved as analgesic. 
Nalbuphine, pentazocine and butorphanol are 
analgesics available today with mixed kappa- and 
mu-opioid receptor activity. Delta receptor 
agonists are also not promising agents, as they 
have been demonstrated to cause convulsions in 
rodents. 

 Variable analgesic effi cacy has also been 
observed with alternative analgesics, and thus, the 
pharmacogenetics of these alternative analgesics 
has also clinical implications. Due to pharmaco-
logic interest of kappa- and delta-opioid receptors, 
polymorphisms of these receptors are of scientifi c 
interest. A total of 12 SNPs have been described 
in the kappa-opioid receptor human gene human 
OPRK1. Furthermore, 12 SNPs have been 
described for the human delta receptor OPRD1. 
However, the possible clinical relevance of these 
polymorphisms in the context of analgesia has 
not been elucidated.   

3      Pharmacogenomics 
and Nonsteroidal 
Anti-infl ammatory Agents 

3.1      SNPs and Nonsteroidal 
Anti- infl ammatory Agent Effi cacy 

 Nonsteroidal anti-infl ammatory agents (NSAIDs) 
are some of the most widely prescribed over-
the- counter medications. At least 16 different 
registered nonsteroidal anti-infl ammatory drugs 
are at least partially metabolised by CYP2C9. These 
include aceclofenac, acetylsalicylic acid, azapro-
pazone, celecoxib, diclofenac, fl urbiprofen, ibu-
profen, indomethacin, lornoxicam, mefenamic 
acid, meloxicam, naproxen, phenylbutazone, 
piroxicam and tenoxicam (Hamman et al.  1997 ; 
Duggan et al.  1972 ; Zarza  2003    ; Brenner et al. 
 2003 ; Kirchheiner et al.  2003 ,  2004 ; Yasar 
et al.  2001 ; Miners et al.  1996 ; Zhao et al.  1992 ; 
Hutzler et al.  2002 ; Martínez et al.  2006 ; 
Kirchheiner    and Seeringer  2007 ). Signifi cant 
intergenotypic differences have been reported in 
the pharmacokinetics of celecoxib, fl urbiprofen, 

ibuprofen and tenoxicam, which could be translated 
into dose recommendations based upon CYP2C9 
genotype (Kirchheiner and Seeringer  2007 ). 
Celecoxib has been one of the fi rst drugs for 
which the manufacturer’s drug information 
recommends caution when administering cele-
coxib to poor metabolisers of CYP2C9 sub-
strates, as they could have abnormally low levels 
(Kirchheiner and Seeringer  2007 ). However, the 
relative contribution of CYP2C9 on the pharma-
cokinetics of diclofenac has been found to be 
independent from CYP2C9 polymorphisms in 
several studies (Kirchheiner and Seeringer  2007 ). 
In addition,  CYP2C8  polymorphisms may infl u-
ence interindividual variability in the pharmaco-
kinetics of some NSAIDs, namely, ibuprofen and 
diclofenac (Tang  2003 ; Kumar et al.  2002 ; 
Martínez et al.  2005 ; García-Martín et al.  2004 ). 
In the case of ibuprofen, it has been shown that 
polymorphisms in cytochrome CYP2C8 signifi -
cantly change the clearing capacity of individuals 
who are heterogenous or homogenous mutants of 
this metabolising enzyme.  

3.2      SNPs and Nonsteroidal 
Anti- infl ammatory Drug Safety 

 As already reported, several nonsteroidal anti- 
infl ammatory drugs (NSAIDs) are metabolised 
by the cytochrome P450 2C9 (CYP2C9). Two com-
mon variants of the  CYP2C9  gene ( CYP2C9 * 2  
and * 3 ) have been reported to signifi cantly affect 
the activity of the CYP2C9 enzyme, and the pres-
ence of these CYP2C9 variant alleles has been 
associated with acute gastrointestinal haemor-
rhage due to NSAIDs (Table  19.7 ). A relevant 
case-control study included 26 patients with 
endoscopically documented NSAID-related 
gastroduodenal bleeding lesions and 52 controls 
with no lesions at endoscopy (Pilotto et al.  2007 ). 
The participants of both groups were  Helicobacter 
pylori  negative and acute users of a NSAID or 
cycloxygenase-2 inhibitor that undergoes CYP2C9 
metabolism (i.e. celecoxib, diclofenac, ibuprofen, 
naproxen, or piroxicam). Two marker single-
nucleotide polymorphisms in the  CYP2C9  gene, 
identifying the  CYP2C9  * 2  and * 3  allele, were 
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evaluated. Signifi cantly higher frequencies of 
CYP2C9*1/*3 (34.6 % vs 5.8 %;  P  < .001; odds 
ratio [OR], 12.9; 95 % confi dence interval [CI], 
2.917–57.922) and CYP2C9*1/*2 (26.9 % vs 
15.4 %;  P  = .036; OR, 3.8; 95 % CI, 1.090–
13.190) were identified in bleeding versus 
control patients (Pilotto et al.  2007 ). In 2003, 
acute gastrointestinal bleeding was reported in a 
71-year-old patient under  long- term treatment 
with acenocoumarol, after treatment with indo-
methacin. Upon genotyping, the patient was 
found homozygous for the CYP2C9*3 allele, 
and the authors suggested that the interaction 
of genetically impaired metabolism of indometh-
acin and acenocoumarol, as well as a putative 
interaction in the metabolism of both CYP2C9 
substrates, was the cause of bleeding (Zarza 
 2003 ). Following this case report, the fi rst case-
control study that investigated the effect of 
CYP2C9 polymorphisms in NSAID-induced 
gastrointestinal bleeding was published in 2004. 
This study demonstrated that the carriers of 

CYP2C9 variant alleles were more prone to 
develop acute gastrointestinal bleeding when 
they received NSAIDs that were CYP2C9 
substrates (Martínez et al.  2004 ).

    Apart from CYP2C9, a role for CYP2C8 poly-
morphisms on NSAIDs-induced gastrointestinal 
haemorrhage has been implicated.  CYP2C9 * 2  is in 
partial linkage disequilibrium with  CYP2C8 * 3 , 
and many NSAIDs are substrates for both enzymes. 
A cross-sectional study of NSAID users ( n  = 134 
bleeding cases,  n  = 177 nonbleeding controls) 
investigated whether  CYP2C9  and  CYP2C8  poly-
morphisms were associated with gastrointestinal 
bleeding. The frequencies of the  CYP2C8 * 3  and 
C YP2C9 * 2  alleles were higher in NSAID users 
who experienced a bleed versus those that did not 
experience a bleed ( CYP2C8 * 3 , odds ratio 3.4, 
 P  < 0.002;  CYP2C9 * 2 , odds ratio 2.7,  P  = 0.013). 
Further analysis of the data revealed that the high-
est bleeding risk was in patients who possessed 
both the variant  CYP2C8 * 3  and  CYP2C9 * 2  alleles. 
The authors hypothesised that  CYP2C8 * 3  and 

   Table 19.7    Evidence on the impact of polymorphisms of metabolising enzymes on NSAIDs-induced gastrointestinal 
bleeding   

 Type of 
evidence  Drugs 

 Metabolising 
enzymes  Polymorphisms  Effects  References 

 Case report  Indomethacin  CYP2C9  CYP2C9*3  Acute gastrointestinal 
bleeding in a 71-year-old 
patient under long-term 
treatment with 
acenocoumarol, after 
treatment with indomethacin 

 Zarza ( 2003 ) 

 Case-control 
study 

 Aceclofenac, celecoxib, 
diclofenac, ibuprofen, 
indomethacin, 
lornoxicam, piroxicam 
and naproxen 

 CYP2C9  CYP2C9*2  Carriers of CYP2C9 variant 
alleles were more prone to 
develop acute gastrointestinal 
bleeding when they received 
NSAIDs that were CYP2C9 
substrates 

 Martínez 
et al. ( 2004 )  CYP2C9*3 

 Case-control 
study 

 Celecoxib, 
diclofenac, ibuprofen, 
naproxen, or piroxicam 

 CYP2C9  CYP2C9*2  Signifi cantly
 higher frequencies 
of CYP2C9*1/*3 and 
CYP2C9*1/*2 were 
identifi ed in bleeding 
versus control patients 

 Pilotto et al. 
( 2007 )  CYP2C9*3 

 Cross- 
sectional 
study 

 NSAIDs  CYP2C9  CYP2C9*2  The frequencies of the 
 CYP2C8 * 3  and C YP2C9 * 2  
alleles were higher 
in NSAID users who 
experienced a bleed 
versus those that did not 
experience a bleed 

 Blanco et al. 
( 2008 )  CYP2C8  CYP2C9*3 
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 CYP2C9 * 2  alleles conferred an increased risk 
of gastrointestinal bleeding due to decreased 
metabolic clearance and increased plasma concen-
trations of NSAIDs (Blanco et al.  2008 ). 

 Diclofenac has been associated with the rare 
but serious hepatotoxicity (de Abajo et al.  2004 ) 
(Table  19.8 ). Although the mechanism of 
diclofenac- induced hepatotoxicity is not eluci-
dated, it is hypothesised that the diclofenac 
adducts are formed through either 5-hydroxydi-
clofenac metabolic pathway or the UGT2B7 gluc-
uronidation pathway. These adducts seem to play 
a role in the pathogenesis of diclofenac-induced 
hepatotoxicity through covalent modifi cation of 
proteins that results in alteration of protein func-
tion or in induction of immune response (Aithal 
et al.  2000 ). Relevant studies have demonstrated 
that the  CYP2C9  genotype is not associated with 
the risk of diclofenac-induced hepatitis (Aithal 
et al.  2000 ). In addition, a case-control study inves-
tigated the effect of  CYP2C8  polymorphisms on 
the risk of diclofenac hepatotoxicity (Daly et al. 
 2007 ). Cases were 24 patients who had experi-
enced diclofenac hepatotoxicity and 160 control 
patients who had received diclofenac without 
developing hepatotoxicity. All patients were 
genotyped for the  CYP2C8 * 3  and  CYP2C8 * 4  
alleles.  CYP2C8  polymorphisms could not pre-
dict the risk of hepatotoxicity. In contrast, genes 
involved in the metabolism and biliary excretion 
(i.e.  UGT2B7  and  ABCC2 , respectively) of 
diclofenac were associated with diclofenac 
hepatotoxicity(Daly et al.  2007 ).   

4      Conclusions 

 Undoubtedly, the application of personalised 
medicine is anticipated to improve treatment effi -
cacy and safety. Pharmacogenomics may be a 
critical pathway to personalised medicine. 
Concerning analgesics, current data suggest that 
pharmacogenomics contribute to variation in 
effi cacy and safety of opioids and nonsteroidal 
anti-infl ammatory agents. However, most data 
come from case-control studies and case reports. 
In addition, a recognised drawback in the fi eld of 
pharmacogenomics is the common occurrence of 
false positive association between polymor-
phisms and the investigated outcome. Prospective 
studies are needed to further elucidate the clinical 
implications of available data as well as to defi ne 
the guidelines for the clinical application of phar-
macogenomic data. Furthermore, basic research 
should focus on the identifi cation of biologically 
meaningful polymorphisms enabling a hypothe-
sis with biological plausibility driven research in 
the fi eld of pharmacogenomics of analgesics. 
Moreover, the publication of relevant negative 
results should be favoured.     
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1             Introduction 

 Cardiovascular disease (CVD), generally called 
heart disease, is a very broad term that encom-
passes a range of conditions that in someway 
affect the cardiovascular system and its normal 

function. Any problems with the heart and the 
blood vessels together constitute this category of 
disease. CVD is the leading cause of death spe-
cifi cally in developing countries (Gaziano  2005 ). 
According to the estimates, 17 million people 
worldwide die of CVD every year, particularly of 
heart attacks and strokes. Even in developed countries 
like the United States, in 2008, over 616,000 
individuals died of heart disease. This amounted 
to nearly 25 % of the total deaths in the United 
States that year (Miniño et al.  2011 ). For prevention 
and treatment of CVD, cardiovascular drugs are 
prescribed abundantly, without consideration for 
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 Abstract 

   Cardiovascular disease (CVD), commonly known as heart disease, is the 
leading cause of death all over the world. Nearly one in four deaths worldwide 
is attributed to CVD. Generally, CVD constitutes a number of overlapping 
structural and functional irregularities in the heart and blood vessels, which 
together constitute the cardiovascular system. Given this, the corresponding 
drugs also either can treat or prevent these overlapping conditions. Often, 
more than one drug is prescribed to treat a medical condition, since 
one medication alone cannot remedy the problem. High mortality and 
morbidity due to CVD automatically requires physicians to treat CVD 
aggressively, leading to adverse drug reactions. Still, some patients do 
not respond positively even if the strongest recommended drug dosage is 
administered. Research in the CVD fi eld has demonstrated linkage 
between gene variation and the severity of diseases such as blood choles-
terol level or blood pressure. Correspondingly, research over more than 
three decades has established the linkage of genetic variation with the 
effi cacy of CVD treatment in the cohorts of different CVD disease types. 
In this chapter, recent advances in the fi eld of cardiovascular pharmacoge-
netics and pharmacogenomics are summarized. 

      Cardiovascular Disease 
Pharmacogenomics 
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the factors that alter drug response such as gen-
der, age, diet, environmental factors, and genetic 
background. These variations, along with other 
concomitant drug use, may cause adverse drug 
reactions that lead to the hospitalization and 
death of many patients. Fighting this monster 
disease poses a very large economic burden 
worldwide. In 2010, coronary heart disease alone 
cost the United States an estimated $108.9 billion 
(Heidenreich et al.  2011 ), which included the 
cost of health-care services, medications, and lost 
productivity. 

 Technological advances in genomic research 
have enabled a deeper understanding of a variety 
of phenotypes relevant to clinical medicine. 
There are several approaches to identify and vali-
date genetic infl uences on drug responses, and 
these approaches can be used individually or in 
combination with one another. For example, 
the candidate gene approach can be based on 
variable pharmacokinetics, pharmacodynamics, 
or other genes that are functional in the pathway(s) 
of the known candidate genes. On the other hand, 
unbiased approaches such as candidate genes 
selected from genome-wide association studies, 
or GWAS, can be successfully used to test hun-
dreds of thousands of inherited genetic markers 
for association with medical traits. Another unbi-
ased approach could be using animal models 
with manipulated genetic backgrounds. All such 
approaches used effi ciently CVD drug response 
studies. These studies have generated a deeper 
understanding of variability in treatment outcomes 
of a disease, such as a particular drug’s effi cacy 
or toxicity.  

2      Categories of Cardiovascular 
Disease and Treatment 

 Many of the heart disease problems are related 
to building of the plaque in the blood vessels, a 
process called as atherosclerosis. This leads to 
either clogging or narrowing of the arteries making 
slow blood fl ow, which can lead to heart attack, 
chest pain (angina), or stroke. Other kinds of heart 
disease may include heart failure, arrhythmias, 
or heart structural problems like muscle or valve 

problems. Problems with heart beating rhythm 
like fast, slow, or irregular beating also constitute 
other form of heart disease. Basically therefore 
a number of different overlapping conditions 
together constitute heart disease. Therefore heart 
disease is also treated using one of several medi-
cations together, or sometimes one medication 
can treat two overlapping conditions in conjunction 
with lifestyle changes and/or surgery. Table  20.1  
describes the common cardiovascular disease 
categories and the group of medications that are 
prescribed to treat the disease.

3         Pharmacogenetics 
and Pharmacogenomics 
of CVD Drugs 

 Since these diseases pose such large complications, 
a number of studies have been done to understand the 
effi cacy and tolerance of cardiovascular drugs that 
are prescribed for these diseases. Population-based 

   Table 20.1    Common cardiovascular disease categories 
and their treatment plans   

 Cardiovascular disease 
category  Medication categories 

 Cardiovascular disease 
of clogged arteries 

 Treatments include blood 
pressure-lowering agents such 
as diuretics, angiotensin- 
converting enzyme (ACE) 
inhibitors, beta-blockers; 
blood-thinning medications; 
cholesterol-lowering medicines 

 Heart arrhythmias  Antiarrhythmic medicines 
 Cardiomyopathy  Treatments include medication 

that can improve the pumping 
ability of the heart such as ACE 
inhibitors or angiotensin II 
receptor blockers, 
beta-blockers 

 Valvular heart disease  Treatments include medications 
to open blood vessels 
(vasodilator), cholesterol-
lowering medications, 
diuretics, and blood-thinning 
medication 

 Heart infection  Antibiotics and heart beat 
regulators such as angiotensin-
converting enzyme inhibitors or 
beta-blockers 
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studies are a useful way to predict which drug 
may be the most effective in a particular ethnic 
group, even if the actual genetic determinant is 
not known for the effi cacy of that drug. After the 
completion of the sequencing of the human 
genome, pharmacogenetics (single-gene study) 
has been transformed into pharmacogenomics 
(multiple-gene study). For each cardiovascular 
drug, a number of candidate genes have been 
studied along with pharmacokinetics. Therefore, 
the pharmacogenomics studies are divided into 
three broad categories: genes that are involved in 
drug targets, drug metabolism, and drug transport. 
These genes, along with therapeutic targets, 
environmental and physiological factors, and 
co-administrated drugs, make the therapeutic 
valuation of the administrated drug highly effective. 

 Given the complexity of cardiovascular dis-
ease, the effect of genetic variation was not well 
established. In most studies, there is very little 
data on how genetic variation affects drug therapy. 
Thus, large cohorts are needed for genome- wide 
studies for CVD drug therapy. Use of the approa-
ches in CVD drug will be discussed later. Since 
the medications used in CVD are often overlapping 
with the spectrum of the disease, it will be useful 
to present pharmacogenomics of each medication 
separately. 

3.1      Cholesterol Reducing 
Medications (Statins) 

 CVD risk increases with the increase of cholesterol 
in the body, specifi cally with decreasing HDL to 
LDL ratios. These traits are known to be highly 
heritable (Superko et al.  2012 ), and it has been 
suggested that more than 50 % of interindividual 
variations in LDL cholesterol-C levels are 
attributed to genetic factors (Heller et al.  1993 ). 
A number of studies correlated these fi ndings 
(for review see Klos and Kullo  2007 ). Cholesterol- 
lowering drugs, or statins, are inhibitors of 
HMG- CoA reductase (3-hydroxy 3-methylglutaryl 
coenzyme A reductase), a key enzyme in cholesterol 
metabolism, and are prescribed widely to reduce 
the risk of cardiovascular disease. This class of drug 
works primarily to lower low- density lipoprotein 

cholesterol (LDLC). Although these medications 
are effective to a certain extent, certainly there is 
an individual-to- individual variability in lipid-
lowering response, and some patients fail to meet 
lipid-lowering goals even after multiple dose 
adjustments (Mangravite et al.  2006 ). 

 Two different approaches were used to elucidate 
the pharmacogenomics of variable response to 
statins. A gene-specifi c candidate approach was 
used to fi nd out the effect of gene sequence 
variation in the genes that may be directly 
involved in response to this class of drugs 
like HMGCR (3-hydroxy-3-methylglutaryl-CoA 
reductase) or LDLR (low-density lipoprotein 
receptor) (Hannuksela et al.  1994 ; Chasman et al. 
 2004 ; Thompson et al.  2005 ). Several GWAS 
studies have also been done for the role of statins 
in their cholesterol-lowering effect to understand 
the genetics beyond the candidate approach. 
Numbers of these studies are done with more 
than one statin, while other studies actually 
combined several previous studies. Though such 
efforts gave rise to some interesting fi ndings, 
these fi ndings need to be confi rmed with larger 
cohorts and specifi c clinical guidance for the selec-
tion of patients and healthy controls. Table  20.2  
summarizes a list of genes that may be involved 
in cholesterol-lowering effect of statins.

   It is interesting to note that controversies still 
exist if a particular variation in a gene is respon-
sible for the effect of statins. For example, two 
SNPs (rs17244841 and rs17238540) were found 
to be highly correlated with LDL-C reduction 
from statin therapy in the PRINCE study 
(Chasman et al.  2004 ); carriers of the minor allele 
of these SNPs were found to have smaller LDL-C 
reduction from Pravastatin treatment. In the CAP 
trial haplotype (H7) consisting of rs17244841, 
rs384662, and rs17238540, LDL-C reduction 
was associated from Simvastatin in  African- 
American (but not Caucasian) patients (Krauss 
et al.  2008 ). A Chinese cross-sectional study 
showed rs12916 (a tightly lined SNP rs384662) 
to be associated with LDL-C reduction from statin 
therapy (Chien et al.  2010 ). However, in the 
Prospective Study of Pravastatin in the Elderly at 
Risk (PROSPER) or Atorvastatin Comparative 
Cholesterol Effi cacy and Safety Study (ACCESS), 
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    Table 20.2    Association of genes linked to cholesterol-lowering medications   

 Gene name  Gene function 
 Effective SNP/
splicing  References 

 ABCB1  Member of the superfamily of ATP-
binding cassette, ATP-dependent drug 
effl ux pump for xenobiotic compounds 

 C3435T (Ile1145Ile: 
rs1045642) 

 Kajinami et al. ( 2004 ), Fiegenbaum 
et al. ( 2005a ), and Rodrigues et al. 
( 2005 ) 

 ACE  Enzyme involved in catalyzing the 
conversion of angiotensin I into a 
physiologically active peptide 
angiotensin II, levels of circulating 
enzyme, or cardiovascular 
pathophysiology 

 Insertion/Deletion 
(I/D, rs4646994) 

 Thompson et al. ( 2005 ), Bray et al. 
( 2001 ), Maitland-van der Zee et al. 
( 2004 ,  2007 ), and Marian et al. ( 2003 ) 

 APOA1  Major protein component of high-
density lipoprotein (HDL) in plasma, 
promotes cholesterol effl ux from tissues 
to the liver 

 G(−75)A rs670  Thompson et al. ( 2005 ), Lahoz et al. 
( 2003 ), and Sorkin et al. ( 2005 ) 

 APOB  Main apolipoprotein of chylomicrons 
and low-density lipoproteins 

 Xba I polymorphism 
rs693, rs115835 

 Chasman et al. ( 2004 ), Ojala et al. 
( 1991 ), Guzman et al. ( 2000 ), Ye et al. 
( 2003 ), and Vrablík et al. ( 2012 ) 

 APOC1  Member of the apolipoprotein C1 
family, expressed primarily in the liver, 
activated when monocytes differentiate 
into macrophages 

 3′ region 
of the gene A to G 

 Vrablík et al. ( 2012 ) 

 rs4420638 

 APOE  Essential for the normal catabolism 
of triglyceride- rich lipoprotein 
constituents 

 E2/E3/E4  Chasman et al. ( 2004 ), Thompson 
et al. ( 2005 ), Ojala et al. ( 1991 ), Ye 
et al. ( 2003 ), and Vrablík et al. ( 2012 ), 
Ordovas et al. ( 1995 ), Nestel et al. 
( 1997 ), Sanllehy et al. ( 1998 ), 
Ballantyne ( 2003 ), Pedro-Botet et al. 
( 2001 ), Pena et al. ( 2002 ), 
and Takane et al. ( 2006 ) 

 rs429358, 
rs7699455, 
rs7412 

 CETP  Transfers cholesteryl esters between 
lipoproteins. CETP may effect 
susceptibility to atherosclerosis 

 TaqIB  Kuivenhoven et al. ( 1998 ), Carlquist 
et al. ( 2003 ), Freeman et al. ( 2003 ), 
vanVenrooij et al. ( 2003 ), Winkelmann 
et al. ( 2003 ), Klerkx et al. ( 2003 ), 
Mohrschladt et al. ( 2005 ), and 
Marschang et al. ( 2006 ) 

 rs708272 

 CYP7A1  Member of the cytochrome P450 
superfamily of enzymes 

 −204A > C, 
rs3808607 

 Thompson et al. ( 2005 ), Takane et al. 
( 2006 ), Kajinami et al. ( 2005 ), and 
Jiang et al. ( 2012 )  Intron 1 A > C 

rs8192870 
 DNAJC5B  DnaJ homolog subfamily C member 5B  rs13279522  Shiffman et al. ( 2012 ) 
 HMGCR  Rate-limiting enzyme for cholesterol 

synthesis and is regulated via a negative 
feedback mechanism mediated by 
sterols and non-sterol metabolites 

 Alternate splicing 
and 33 SNPs 
including 
rs12654264, 
rs17244834, 
rs17238540, 
rs17244841, 
rs384662 

 Chasman et al. ( 2004 ), Thompson 
et al. ( 2005 ), Vrablík et al. ( 2012 ) 
Krauss et al. ( 2008 ), Mangravite et al. 
( 2010 ), Medina & Krauss ( 2009 ), and 
Medina ( 2010 ) 

 LDLR  Low-density lipoprotein receptor  rs6511720, rs14158, 
rs1433099, 
rs7254521, 
rs5742911, rs273846, 
rs2569542, rs5925 

 Chasman et al. ( 2004 ), Vrablík et al. 
( 2012 ), Mangravite et al. ( 2010 ), 
Salazar et al. ( 2000 ), Lahoz et al. 
( 2005a ), and Chasman et al. ( 2012 ) 

(continued)
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 Gene name  Gene function 
 Effective SNP/
splicing  References 

 LIPC  Hepatic triglyceride lipase  C-514 T rs1800588 
rs16940379 

 Thompson et al. ( 2005 ), Lahoz et al. 
( 2005b ), and Peters et al. ( 2011 ) 

 LPL  Lipoprotein lipase expressed in heart, 
muscle, and adipose tissue 

 rs328, rs249, 
rs7016529, 
rs1801177 

 Thompson et al. ( 2005 ), Sing et al. 
( 1999 ), and Brautbar et al. ( 2012 ) 

 PON1  Arylesterase that mainly hydrolyzes 
paroxon to produce p-nitrophenol 

 R192Q rs662  Malin et al. ( 2001 ), Turban et al. 
( 2001 ), Himbergen et al. ( 2005 ), 
and Fu et al. ( 2008 ) 

 PCSK9  Proprotein convertase subtilisin/kexin 
type 9 

 rs11206510; rs6235; 
rs10888896 and 
rs505151 (E670G) 

 Vrablík et al. ( 2012 ) Chasman et al. 
( 2012 ), Peters et al. ( 2011 ), and 
Pisciotta et al. ( 2012 ) 

 SCAP  SREBF chaperone  A2386G rs12487736  Salek et al. ( 2002 ), Fan et al. ( 2001 ), 
and Fiegenbaum et al. ( 2005b ) 

 SLCO1B1  Liver-specifi c member of the organic 
anion transporter family 

 c.T521C rs4149056  Tachibana-Iimori et al. ( 2004 ), 
Niemi et al. ( 2005 ), Igel et al. ( 2006 ), 
Santos et al. ( 2011 ,  2012) , and Sortica 
et al. ( 2012 ) 

 SREBP1  Transcription factor that binds to the 
sterol regulatory element-1 

 −36del/G, rs9902941  Salek et al. ( 2002 ), Fiegenbaum et al. 
( 2005b ), Chien et al. ( 2010 ), and 
Berthold et al. ( 2008 ) 

 TLR4  Toll-like receptor (TLR) family  D299Q  Boekholdt et al. ( 2003 ) and Holloway 
et al. ( 2005 ) 

Table 20.2 (continued)

rs17238540 was found not to be associated with 
LDL-C reduction from Pravastatin (Thompson 
et al.  2005 ). Similar results were obtained from 
the TNT trial (Thompson et al.  2009 ) using 
Atorvastatin. In the STRENGTH study (Voora 
et al.  2008 ), rs77244841 was found not to be 
associated with LDL-C reduction from statin 
therapy. Similarly, Assessment of Lescol in Renal 
Transplantation (ALERT) Study (Singer et al. 
 2007 ), neither rs17238540 nor rs77244841, was 
associated with LDL-C reduction from fl uvastatin 
therapy. Similar results were obtained for most of 
the genes described in Table  20.2  (for recent 
review, see Superko et al.  2012 ). One recent 
study has indicated that there are no differences 
in the improved cholesterol level in African-
Americans, Caucasian, or South Asians with 
standard dose of Atorvastatin (Chapman et al. 
 2011 ). Another analysis combining 22 other 
studies also found no differences in systemic 
exposure to Atorvastatin, indicating that dosing 
considerations in the current levels for Atorvastatin 
are similar for Asian subjects as compared with 
Caucasian subjects (Gandelman et al.  2012 ). Given 

this, it is important to have larger studies to pin 
down the effectiveness of statin therapy and 
various effectiveness of the outcome. 

 Besides the considerations of effectiveness of 
the statins, which in general are termed as safe and 
well tolerated (Baigent et al.  2005 ), these drugs 
also bring toxicity and adverse drug reaction. Statin-
induced liver toxicity and muscle toxicity are the 
most common side effects within the limit of maxi-
mum permissible dose that may be prescribed 
(Armitage  2007 ). Present studies focus on one 
of the main carriers of statins, organic anion-
transporting polypeptide 1B1 (OATP1B1), coded 
by  SLCO1B1  gene (Niemi  2007 ). Another impor-
tant factor is the breast cancer- resistant protein 
(BCRP) coded by gene  ABCG2 , which modulates 
the absorption and elimination of statins and there-
fore alters the pharmacokinetics of statins. There 
are also several other genes that may be involved 
in the transport and kinetics of statins and some 
of these proteins may have some substrate speci-
fi city (Niemi  2010 ). Genetic polymorphism of 
ABCG2 c.421C > A (p.Gln141Lys; rs2231142) 
genotype shows effects on pharmacokinetics of 
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fl uvastatin and simvastatin lactone, but has no 
signifi cant effect on pravastatin or active simvas-
tatin acid (Keskitalo et al.  2009 ). Polymorphisms 
of ABCB1 gene (rs3789244 and rs1922242) were 
associated with the modifi cation of the effective-
ness of statins in the prevention of the clinical 
outcome, myocardial infarction (Peters et al.  2010 ). 
Pharmacokinetic and pharmacodynamic infl u-
ences of SLCO1B1 polymorphism [c.521T > C 
(rs4149056), c.388A > G (rs2306283)] were found 
for many statins (for recent review, see Romaine 
et al.  2010 ; Niemi et al.  2011 ).  

3.2      Anticoagulants 

 Anticoagulants are compounds that do not allow 
blood to clot. These include drugs such as heparin 
and coumarin. Anticoagulants are usually admin-
istered to patients with myocardial infarction, 
certain types of irregular heartbeat, and people 
with prosthetic (replacement or mechanical) heart 
valves among others. They have been used to pre-
vent transient ischemic attacks and to reduce the 
risk of recurrent heart attacks. Coumarins include 
warfarin, phenprocoumon, and acenocoumarol. 
Coumarin dosage is problematic for a narrow 
window of therapeutic effi cacy. Concomitant use 
of other drugs also brings variability of the window 
of therapeutically viable dosage. Warfarin is 
metabolized primarily via oxidation in the liver 
by CYP2C9 and exerts its anticoagulant effect by 
inhibiting the protein vitamin K epoxide reductase 
complex, subunit 1 (VKORC1). Genetic varia-
tion in these two genes was studied extensively, 
and 3 SNPs were found to be associated with 
warfarin metabolism and shed substantial insight 
into how a perfect dose could be determined for 
an individual (Higashi et al.  2002 ; Rieder et al. 
 2005 ; D’Andrea et al.  2005 ; Yuan et al.  2005 ; 
Sconce et al.  2005 ; Takahashi et al.  2006 ; Kimura 
et al.  2007 ; Gage et al.  2008 ; Takeuchi et al. 
 2009 ; Wadelius et al.  2009 ; Lubitz et al.  2010 ; 
Ma et al.  2012 ). In addition, a third gene CYP4F2 
is suggested to play a role in a low percentage of 
patients (Takeuchi et al.  2009 ; Ma et al.  2012 ; 
Caldwell et al.  2008 ). Two variants of  CYP2C9  
gene (CYP2C9*2 (C430T, p. R144Crs1799853) 
and CYP2C9*3 (A1075C, p. I359L, rs1057910)) 

were studied in more detail compared to wild-
type CYP2C9*1. These two variants have very 
low enzyme activity compared to the wild type, 
leading to higher plasma levels of warfarin 
(Sanderson et al.  2005 ). A similar result was also 
observed for some other coumarins with the excep-
tion of phenprocoumaron (Visser et al.  2004 ; 
Schalekamp et al.  2004 ), though several other 
studies have found less a dramatic effect for the 
CYP2C9 genotype. 

 In the case of VKORC1 −1639 G/A (rs9923231), 
the promoter region, and for C1173T (rs9934438), 
the intronic region of the gene has been studied in 
respect to their role in dosing of warfarin. The T 
allele of C1173T is shown to be associated with 
reduced dose of warfarin and other coumarins 
(Reitsma et al.  2005 ; Wadelius and Pirmohamed 
 2007 ; El Din et al.  2012 ). 

 CYP4F2 1347 C/T at (rs2108622) is the third 
gene that is associated with warfarin dose selec-
tion in GWAS studies (Takeuchi et al.  2009 ). 
Among Caucasian patients treated with warfarin, 
CYP4F2 polymorphism had a measurable effect 
on warfarin responsiveness during induction; 
however, the observed differences failed to reach 
the level of statistical signifi cance (Bejarano- 
Achache et al.  2012 ). Two other studies in Chinese 
populations have confl icting results of linkage of 
this genotype with outcome in patients (Ma et al. 
 2012 ; Cen et al.  2010 ). A small number of other 
studies also looked into the association of poly-
morphism in the vitamin K-dependent proteins 
such as clotting factor II and VII (D’Ambrosio 
et al.  2004 ; Shikata et al.  2004 ).  

3.3      Platelet Aggregation Inhibitor 

 Platelet aggregation inhibitors are group of drugs 
that inhibits platelets from aggregating to form a 
plug. They are used to prevent clotting and alter 
the natural course of atherosclerosis. Platelet 
aggregation inhibitors work in different places of 
the clotting cascade. The commonly used drugs 
are aspirin and clopidogrel. Various genetic 
variants and polymorphisms of platelet surface 
receptors and CYP450 isozymes, which are 
substantially involved in the metabolism of anti-
platelet drugs, have been postulated to infl uence 
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effi cacy of antiplatelet drug therapy. Aspirin 
irreversibly inhibits cyclooxygenase-1 (COX1), 
an enzyme that catalyzes the conversion of ara-
chidonic acid to prostaglandin G2 (PGG2) which 
ultimately converts to thromboxane A2 (TAX2). 
There, polymorphisms in the COX genes are 
therefore studied to fi nd their role in platelet 
aggregation inhibition. Five different SNPs exist 
for COX-1: 842A > G (promoter region), 22C > T 
(exon 2), 128G > A (exon 3), 644C > A (exon 6), 
and 714C > A (exon 7); these were studied in 144 
patients and only −842A > G (rs10306114) has 
shown sensitivity to aspirin therapy (Maree et al. 
 2005 ). Another SNP 50C > T, rs3842787 was also 
investigated for its role with aspirin therapy 
(Gonzalez-Conejero et al.  2005 ). A recent study 
found statistically signifi cant association between 
COX-1 gene polymorphisms (−842A > G and 
50C > T) and bleeding risk (Motovska et al. 
 2010 ). Platelet surface glycoprotein IIIa (ITGB3) 
haplotype P1A1/P1A2 (807C > T, rs1126643) 
has been shown to have an effect on sensitivity to 
aspirin (Nurden  1997 ; Undas et al.  1999 ). Some 
of these results could not be confi rmed for aspirin 
and clopidogrel in the later studies (Pamukcu 
et al.  2005 ; Lev et al.  2007 ). 

 Loss-of-function variants in the hepatic 
cytochrome 2C19 (mainly *2 allele) system have 
been found to be the predominant genetic medi-
ators of clopidogrel response. There are four 
different alleles of the *2 allele, and 681G/A 
polymorphism in exon 5 (rs4244285) gives rise 
to a low-activity drug-metabolizing enzyme (Hulot 
et al.  2006 ). Other studies demonstrated the 
linkage between 2C19*2 allele with decreased 
responsiveness to clopidogrel (Brandt et al.  2007 ; 
Fontana et al.  2007 ; Geisler et al.  2008 ; Collet 
et al.  2009 ). Some recent reviews summarize the 
pharmacogenomics of platelets with respect to 
aspirin and clopidogrel (Zuern et al.  2010 ; 
Cuisset et al.  2012 ; Levitt et al.  2012 ).  

3.4      Antihypertensive Drugs 

 This class of drugs is used to prevent high blood 
pressure, thereby preventing complications as a 
result of high blood pressure, such as stroke and 

myocardial infarction. Evidence suggests that 
reduction of blood pressure by 5 mmHg can 
decrease the risk of stroke by 34 % and of ischemic 
heart disease by 21 % and reduce the likelihood 
of dementia, heart failure, and mortality and 
other forms of cardiovascular diseases (Law et al. 
 2003 ). Mainly three broad classes of antihy-
pertensive drugs are used to treat hypertension: 
diuretics, vasodilators (angiotensin-converting 
enzyme inhibitors, angiotensin receptor blockers), 
and cardioinhibitory drugs. 

3.4.1      Diuretics 
 Three categories of the diuretics, thiazide diuretics, 
loop diuretics, and potassium-sparing diuretics, are 
used extensively to treat hypertension. Single-
nucleotide polymorphism in the gene encoding 
alpha-adducin (ADD1 Gly460Trp-rs4961) has 
been studied and found to be associated with the 
response of thiazide (Cusi et al.  1997 ; Glorioso 
et al.  1999 ; Sciarrone et al.  2003 ). These studies 
led to the development of a novel hypertension 
drug, Rostafuroxin, that targets ADD1 and is now 
in the trial phase II (Lanzani et al.  2010 ). SNPs 
spanning ADD2 gene were also studied in detail, 
and SNPs in intronic region (A/T rs1541582) 
were found to be associated with differential 
response to diuretics and beta-blockers (Kardia 
et al.  2007 ). An insertion- deletion SNP (rs4646994) 
in angiotensin I-converting enzyme, which is 
involved in catalyzing the conversion of angio-
tensin I into a physiologically active peptide 
angiotensin II, is found to be in association with 
fosinopril in some studies (Stavroulakis et al. 
 2000 ). However, most of the later studies did not 
fi nd a signifi cant linkage (Arnett et al.  2005 ), 
even though some recent studies with Chinese 
populations found a signifi cant linkage of the 
genotype which was associated with systolic blood 
pressure (SBP) response to hydrochlorothiazide 
(Zhou et al.  2007 ; Li et al.  2011 ). Other polymor-
phisms in the genes in the renin-angiotensin-
aldosteron system includes AGT A(−6)G (rs5051) 
and M235T (rs699), and its receptor AGTR1 
A1166C (rs5186) have been studied. A study with 
African-Americans and non-Hispanic whites 
indicated that A1166C of AGTR1 and angioten-
sinogen G-6A polymorphisms had a signifi cant 
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effect on systolic BP response to the diuretic in 
only African-American women (Frazier et al. 
 2004 ). Later studies showed both positive and 
negative correlations (Schelleman et al.  2006 ; 
Jiang et al.  2007 ). A synonymous SNP C825T 
(rs5443) of the G-protein beta (3)-subunit (GNB3) 
may help identify patients with essential 
hypertension who are more responsive to diuretic 
therapy (Turner et al.  2001 ). A recent study found 
that among GNB3 T allele carriers, the risk of 
diabetes due to thiazide use was less increased 
than among homozygous GNB3 CC subjects 
( Bozkurt et al. 2009 ). Another polymorphism 
(G to A rs4149601) in the gene NEDD4L (Manunta 
et al.  2008 ; Luo et al.  2009 ; Svensson-Färbom 
et al.  2011 ) is known to be associated with both 
diuretics and beta-blockers.  

3.4.2      Beta-Blockers 
 Beta-blockers primarily block β1 and β2 receptors 
from binding to epinephrine and norepinephrine. 
By blocking the effect of norepinephrine and 
epinephrine, beta-blockers reduce heart rate, 
reduce blood pressure by dilating blood vessels, 
and may constrict air passages by stimulating the 
muscles that surround the air passages to contract. 
60 % of the patients treated with beta- blockers do 
not show an adequate decrease in blood pressure 
(Materson et al.  1993 ). Given this, polymor-
phisms associated with beta-1 androgen receptor 
(ADRB1) were evaluated. Arg389Gly (rs1801253), 
located in the GTP-binding domain, was found to 
be associated with interindividual differences 
in pathophysiologic characteristics or in the 
response to therapeutic betaAR agonists and 
antagonists (Mason et al.  1999 ). Since then 
several studies have linked the genotype to the 
beta-blocker response (e.g., Liu et al.  2003 ,  2006 ; 
Sofowora et al.  2003 ; Petersen et al.  2012 ). 
Similarly, GNB3 C825T polymorphism was 
also investigated and found to be associated 
with blood pressure response to beta-blockers 
(Filigheddu et al.  2004 ,  2012 ; Dörr et al.  2010 ). A 
recent study in atrial fi brillation patients homo-
zygous for Arg389 found a much smaller response 
to carvedilol than carriers of at least one Gly389 
allele (Rau et al.  2012 ).  

3.4.3      ACE Inhibitors, Angiotensin 
II Antagonists, and Calcium 
Channel Blockers 

 Angiotensin II causes the muscles surrounding 
blood vessels to contract, thereby narrowing the 
vessels. Angiotensin II is formed from angiotensin 
I in the blood by the enzyme angiotensin- 
converting enzyme (ACE). ACE inhibitors are 
medications that slow (inhibit) the activity of the 
enzyme ACE, which decreases the production 
of angiotensin II, resulting in blood vessels 
enlargement and reduced blood pressure. ACE 
insertion/deletion genotype has been studied for 
blood pressure in great detail in healthy patients, 
and a linkage to the genotype has been found 
(Harrap et al.  2003 ; Arnett et al.  2006 ; Brugts 
et al.  2011 ; Ned et al.  2012 ). 

 Angiotensinogen, AGT geneM235T, polymor-
phism has been found to be associated with 
modifi ed response to ACE inhibitors (Hingorani 
et al.  1995 ). A recent study found signifi cant 
association of M235T polymorphism with essen-
tial hypertension. Patients carrying TT genotype 
had higher blood pressure-lowering response 
when treated with the ACE inhibitor enalapril 
than those carrying MM (Srivastava et al.  2012 ). 
Angiotensin II antagonists are also governed by 
polymorphism in the renin-angiotensin- aldosteron 
system genes. Modifi ed blood pressure response 
was shown to be associated with ACE insertion/
deletion polymorphism and CYP11B2 C-344T 
(rs1799998) (Kurland et al.  2001 ,  2002 ,  2004 ). 

 The calcium channel blockers are drugs that 
work by slowing the movement of calcium into 
the cells of the heart and blood vessel walls, 
which makes it easier for the heart to pump and 
widens blood vessels. Studies are confi ned to 
calcium-signaling genes such as CACNA1C, 
CACNB2, and KCNMB19 (Beitelshees et al. 
 2007 ,  2009 ; Niu et al.  2010 ). In addition, nitric 
oxide synthase 3 (NOS3) catalyzes production of 
nitric oxide in the endothelium and may play a role 
in cardiovascular disease. A recent study have 
analyzed 3 SNPs in NOS3 gene polymorphisms 
−690 C > T (rs3918226), −922 A > G (rs1800779), 
and glu298asp G > T (rs1799983) with three 
antihypertensive drugs with CVD outcomes. 
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This study reveals signifi cant associations with 
NOS3 variants and CHD and heart failure and sig-
nifi cant pharmacogenetic effects for stroke and 
all-cause mortality (Zhang et al.  2012 ). A recent 
study has reevaluated seven candidate genes 
linked to hypertension (Takeuchi et al.  2012 ). 
A comprehensive review of pharmacogenomics 
and hypertension management can also be found 
at (Johnson  2012 ).    

4     Conclusions 

 Research in the area of pharmacogenomics of 
cardiovascular drugs has found hundreds of vari-
ations that may be linked to a particular treatment 
and particular ethnic group. Many of these stud-
ies gave rise to the urge to initiate new studies 
with larger population sizes and strict protocols 
that may dissect the results of some negative 
fi ndings that may be associated with a particular 
variation. Combining certain results from different 
studies might give more power to understanding 
the role of the variation, but combination results 
must be looked with caution since different drugs 
from the same class and clinical variation in diag-
nosis and selection of the population are involved. 
These factors are important and should be taken 
into consideration. It is important to note that 

these studies have led to at least a few clinical 
actionable medicines in the market, and now a 
genetic test is required before a dose is prescribed 
for drugs like warfarin and clopidogrel. On top of 
this, the FDA has recommendation genotyping of 
patients for a number of drugs. Table  20.3  lists 
cardiovascular drugs that have FDA pharmacoge-
nomic marker labels for genetic testing advisory.

   In the genomic era, the introduction of next 
generation sequencing (NGS) has now taken up a 
leading role in genomic research, and it will 
slowly replace GWAS. While whole genome 
sequencing with deep coverage for less than 
$1,000 is still in development, effort has been in 
place to get an inexpensive testing of critical 
pharmacogenetic variants via genotyping arrays 
through which one can obtain the pharmacoge-
nomics information for an individual at a lower 
cost (Johnson et al.  2012 ). Given the fact that 
several genes and hundreds of genotypes have 
been identifi ed for CVD treatment effi cacy, there 
are handful of tests that are commercially avail-
able to patients and healthy individuals in the 
United States. Companies like Ambry Genetics 
(  http://www.ambrygen.com/    ), GeneMarkDx 
(  http://www.genmarkdx.com/    ), 23andMe (  https://
www.23andme.com/health    ), and Genelex (  http://
www.genelex.com/    ) have tests specifi cally for 
warfarin, clopidogrel, and several cytochrome 

   Table 20.3    FDA pharmacogenomic marker labels for cardiovascular drugs a    

 Drug  Biomarkers  Label sections 

 Carvedilol  CYP2D6  Drug interaction, clinical pharmacology 
 Clopidogrel  CYP2C19  Warning and precautions, drug 

interaction, clinical pharmacology 
 Isosorbide and hydralazine  NAT1, NAT2  Clinical pharmacology 
 Lenalidomide  Chromosome 5q  Boxed warning, indication and uses, 

clinical studies, patient counseling 
 Metoprolol  CYP2D6  Precautions, clinical pharmacology 
 Prasugrel  CYP2C19  Use in specifi c population, clinical 

pharmacology, clinical studies 
 Propaphenone  CYP2D6  Clinical pharmacology 
 Propranolol  CYP2D6  Clinical pharmacology, drug interaction, 

clinical pharmacology 
 Ticagrelor  CYP2C19  Clinical studies 
 Warfarin  CYP2C9, VKORC1  Dose and administration, precautions, 

and clinical pharmacology 

   a Data consolidated from FDA website as of August, 2012  
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P450 group of enzymes. However, this is a rapidly 
expanding fi eld, and many university hospital 
clinics have their own genotyping facilities. 

 In the era of NGS, it is now easy to create data 
with low cost, but the real problem still exists in 
terms of storage and analysis of data. Generation 
of RNAseq data from each individual may be 
equally useful as this cannot only detect the 
coding variations but also would give indication 
of expression status of key genes that may be 
involved in drug absorption, drug elimination, 
drug transport, drug receptors, and more. 

 Besides the role of genetic variation in effec-
tiveness of several CVD medications, there may 
be a role of epigenetic alteration in CVD drug 
metabolism. Epigenetics is known to affect the 
genes in drug metabolism and transport and may 
well affect the effi cacy of interindividual varia-
tion of the CVD drugs. A comprehensive review 
of the epigenetic influence of genes required 
for absorption, distribution, metabolism, and 
excretion can be found elsewhere (Kacevska 
et al.  2012 ). Expression of several of these genes 
involved in the CVD pathway can also be infl u-
enced by miRNAs. 

 Given the complexity of the cardiovascular 
drugs, future studies must give strong emphasis 
in selecting a population with very strict clinical 
features for success of large cohorts that may 
be needed to deal with these in the future. The 
National Heart, Lung, and Blood Institute (NHLBI), 
USA, convened a meeting of the working group 
in January 2011 to provide recommendations to 
the NHLBI that would guide informed decisions 
on research directions and priorities in the fi eld 
of cardiovascular pharmacogenomics. The con-
ference brought together leaders from academia, 
industry, and government to (1) discuss personal-
ized medicine’s current and potential impact on 
cardiovascular patient outcomes, (2) review 
emerging technologies and applications that 
may shape the fi eld in the future, (3) discuss the 
results of an American College of Cardiology 
survey examining personalized medicine adop-
tion rates among US cardiologists, (4) identify 
the barriers to adoption of pharmacogenetics- 
based-personalized medicine in cardiovascular 
practice, and (5) develop recommendations for 

next steps with an emphasis on actions and 
evidence generation that are needed for adoption 
and improved quality of cardiovascular patient 
care (Musunuru et al.  2012 ). Guided by the pro-
ceedings of the  New Frontiers in Personalized 
Medicine :  Cardiovascular Research and Clinical 
Care  conference (  http://www.personalizedmedi-
cinecoalition.org/events/highlights/2011-1-6    ), 
the NHLBI working group characterized and dis-
cussed challenges for cardiovascular pharma-
cogenomics in fi ve domains as follows: clinical 
needs, clinical validation, information delivery, 
education and compliance, and cost-effectiveness 
(Musunuru et al.  2012 ). The team sought to iden-
tify and prioritize the most pressing clinical needs 
to focus research and translational efforts. In par-
ticular, three areas of emerging pharmacogenomic 
applications were reviewed: anticoagulation 
(warfarin), antiplatelet therapy (clopidogrel), and 
lipid-lowering therapy (statins). It was noted that 
the gold standard for pharmacogenomic applications 
(as with all clinical interventions) is a prospective 
trial with treatment determined by genotype and 
with a clinical endpoint as the primary outcome. 
One such example was a large warfarin pharma-
cogenomics study, the Medco-Mayo Warfarin 
Effectiveness Study with almost 4,000 individu-
als, which was designed to test whether the use of 
genotype information could reduce the incidence 
of hospitalizations from warfarin-related adverse 
effects (Epstein et al.  2010 ).     
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 Abstract 

   Coumarin    derivates have been considered an ideal target of  personalized 
medicine because of their pharmacological characteristics as vitamin K 
antagonists. Thus, many pharmacogenetic investigators have focused in 
this fi eld, developing numerous warfarin algorithms based on CYP2C9 
and VKORC1 genotypes. These pharmacogenetic algorithms include both 
genetic and nongenetic factors. 

 Coumarin derivates (warfarin in the UK and USA, acenocoumarol and 
phenprocoumon in European countries) are the most prescribed oral anti-
coagulants in the prevention and treatment of thromboembolic events 
associated with atrial fi brillation, prosthetic valves, venous thromboembo-
lism, and orthopedic surgery. 

 Vitamin K antagonists have demonstrated effi cacy in anticoagulation 
although they have a narrow therapeutic window. Patients need frequent 
monitoring by measuring the prothrombin time.    The main challenge for 
physicians is to introduce patients as soon as possible within the therapeu-
tic range (INR 2–3) in the beginning of therapy as the risk of undercoagu-
lation, INR <2 (risk of thrombus), or overanticoagulation, INR> 4 (risk of 
bleeding), is higher in this period. 

 The adjustment of the dose to achieve effective and stable anticoagula-
tion depends on several environmental factors including age, gender, 
weight, concomitant medications and interactions with foods containing 
vitamin K, smoking status and alcohol intake, and genetic factors. 

      Pharmacogenetics of Oral 
Anticoagulants 

                         Enrique     Jiménez-Varo     ,     Marisa     Cañadas-Garre     , 
       Margarita         Aguilera    ,     Desiree     Gonzalez     Callejas    , 
    Cristina     Perez     Ramirez    , 
and     Miguel     A.     Calleja     Hernández   
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1  Introduction 

1.1      Main Indications for 
Anticoagulation Therapy 

    Since the 1950s, coumarin derivates (warfarin, 
acenocoumarol, and phenprocoumon) have been the 
cornerstone for prevention of stroke and systemic 
embolism in patients with atrial fi brillation (AF) 
and for prevention of recurrent venous thrombosis 
in patients with venous thromboembolism (VTE) 
and in patients with prosthetic heart valves (Hirsh 
 1992 ; Hirsh et al.  2001 ; Daly and King  2003 ; Davis 
et al.  2011 ; Dahl  2012 ).  

1.2      Management 
of Antithrombotic Therapy 

1.2.1      Oral Anticoagulation with 
Coumarin Derivates 
in AF Patients 

 Starting long-term oral anticoagulation therapy 
depends on stroke recurrence risk factors 

present in the patient. The AF Investigators and 
Stroke Prevention in Atrial Fibrillation (SPAF) 
group developed a scheme for assessing the risk 
of stroke through the CHADS 2  (congestive heart 
failure, hypertension, age ≥ 65 years, diabetes 
mellitus, stroke) system (Camm et al.  2010 ; 
Furie et al.  2011 ; Skanes et al.  2012 ; You et al. 
 2012 ). This system assigned two points to a 
stroke antecedent and one point to other condi-
tions (congestive heart failure, hypertension, 
age ≥ 65 years, diabetes mellitus). Risk assess-
ment of thromboembolic and hemorrhagic 
events based on CHADS 2  classifi cation is 
described in Table  21.1 .

   Other clinically relevant nonmajor risk factors 
include female sex, age 65–74 years, and vascu-
lar disease (complex aortic plaque and peripheral 
arterial disease). The CHADS 2  classifi cation was 
modifi ed including new parameters to improve 
the evaluation of the embolism risk, especially 
for patients classifi ed with CHADS 2  score < 2, 
creating the CHA 2 DS 2 -VASc (congestive heart 
failure, hypertension, age ≥ 75 [doubled], diabe-
tes mellitus, stroke [doubled], vascular disease, 

 Allelic variants in    CYP2C9*2 (Arg144Cys, rs1799853), CYP2C9*3 
Ile359Leu (rs1057910), and VKORC1 (rs9923231, rs9934438) gene 
 polymorphisms have demonstrated an infl uence of about 40 % on 
coumarin- required dose. 

 Despite of knowledge that pharmacogenetic models can improve dos-
ing recommendations according to CYP2C9 and VKORC1 polymor-
phisms and thus would decrease the risk of thrombus and bleeding events 
during initial phases of anticoagulation, the translation of pharmacoge-
netic algorithms into clinical practice is a challenge to pursue in the 
advancement of personalized medicine. 

 On the other hand, a new wave of oral anticoagulants has been devel-
oped to improve the effi ciency and safety of anticoagulant therapy and 
avoid the several drawbacks of vitamin K antagonists. This new genera-
tion of anticoagulants is expected to be the alternative in prevention of 
stroke and systemic embolism in non-valvular atrial fi brillation patients. 

 In this chapter, we will review the most relevant pharmacogenetic studies 
performed with coumarin derivates, the application of pharmacogenetics in 
predicting the optimal coumarin derivates’ initial dose based on genetic and 
environmental factors, genetic tests available for determination of main gene 
polymorphisms associated to warfarin sensitivity, the development of new 
oral anticoagulants (dabigatran, rivaroxaban, apixaban), and comparison of 
different pharmacological therapies available to use in patients with non-
valvular atrial fi brillation requiring long-term anticoagulation. 
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age 65–74, and sex female). According to this 
new classifi cation, the European Society of 
Cardiology (ESC) recommendations for vitamin K 
antagonists (AVKs) treatment are made in func-
tion of CHA2DS2-VASc scores (Camm et al. 
 2010 ):
 –    CHA2DS2-VASc ≥ 2 (one major risk factor or 
≥2 risk factors not clinically relevant) treat-
ment with oral anticoagulant (OAC) with a 
dose adjusted to INR 2–3  

 –   CHA2DS2-VASc = 1 (1 risk factor for not 
clinically relevant) OAC treatment with a dose 
adjusted to INR 2–3 or aspirin 75–325 mg. 
OAC preferable to aspirin  

 –   CHA2DS2-VASc = 0 (no risk factors) aspirin 
75–325 mg daily or no antithrombotic therapy. 
Preferably aspirin to antithrombotic therapy    
 This modifi cation of CHADS2 is not consid-

ered in other countries like USA and Canada (Furie 
et al.  2011 ; Skanes et al.  2012 ; You et al.  2012 ).  

1.2.2      Oral Anticoagulation with 
Coumarin Derivates in VTE 

 Anticoagulant therapy is effective in prevention 
of recurrent venous thrombosis in patients with 
VTE. This treatment begins with low molecular 
weight heparin (LMWH) or unfractionated hepa-
rin (UFH) and oral anticoagulant therapy one day 
after. Double anticoagulation LMWH + OAC is 
maintained until INR range 2–3 is reached on 
two consecutive days, which happens approxi-
mately in the fi rst 4–5 days (Duran Parrondo 
et al.  2003 ). 

 Anticoagulant therapy is advisable to be main-
tained for 6 weeks to 3 months in patients with 

symptomatic distal or proximal thrombosis after 
surgery and at least 6 months in patients with 
idiopathic proximal thrombosis. OAC is recom-
mended indefi nitely in situations of idiopathic 
recurrent thrombosis or inherited or acquired 
thrombophilia (Duran Parrondo et al.  2003 ).  

1.2.3      Oral Anticoagulation 
with Coumarin Derivates 
in Patients with Prosthetic 
Heart Valve 

 The risk of thromboembolism in the fi rst 
6 months after implantation of a prosthetic valve 
is particularly high (Eitz et al.  2008 ). There are 
three approaches for anticoagulant therapy in 
patients after valve surgery, depending on the 
bleeding risk score:
 –       Subcutaneous UFH prophylactic dose + OAC 

started from the fi rst postoperative day  
 –   Intravenous UFH + OAC from the second 

postoperative day. HNF to reach therapeutic 
INR  

 –   LMWH + OAC since the fi rst postoperative 
day. LMWH to achieve therapeutic INR    
 After the fi rst 6 months, the risk of bleeding 

is greatly reduced if the patient is regular and 
adherent with the treatment and complies with 
the drug dosage regimens; due to these, patients 
must take lifetime oral anticoagulation (Eitz 
et al.  2008 ).   

1.3      Drugs Pharmacology 
and Pharmacokinetics 

1.3.1      Vitamin K Antagonists 
   Warfarin 
 Warfarin is worldwide prescribed. This coumarin 
derivate is administered as a racemic mixture of 
R-warfarin and S-warfarin. The S-enantiomer 
has an anticoagulant activity of 3–5 times greater 
than the enantiomer R-warfarin (Choonara et al. 
 1986 ). S-warfarin is mainly metabolized by 
CYP2C9. Although R-warfarin is also metabo-
lized through the CYP2C9 pathway, there are 
other minor isoenzymes involved in the metabo-
lism of this enantiomer, such as CYP1A1, 
CYP1A2, CYP2C8, CYP2C18, and CYP2C19 
(Rettie et al.  1992 ; Zhang et al.  1995 ; Wienkers 
et al.  1996 ; Ngui et al.  2001 ).  

   Table 21.1    Risk assessment of thromboembolic and 
hemorrhagic events (Camm et al.  2010 ; Furie et al.  2011 ; 
Skanes et al.  2012 ; You et al.  2012 )   

 CHADS 2   Description  Score 

  C  (congestive heart 
failure) 

 Recent history of 
congestive heart failure 

 1 

  H  (hypertension)  History of hypertension  1 
  A  (age ≥ 65 years)  Age ≥ 65 years  1 
  D  (diabetes mellitus)  History of diabetes 

mellitus 
 1 

  S   2   (stroke)  History of stroke  2 
 Transitory ischemic 
accident 

  Total score possible   6 

21 Pharmacogenetics of Oral Anticoagulants



438

   Acenocoumarol 
 Acenocoumarol is the main oral anticoagulant 
prescribed in many European countries (Beinema 
et al.  2008 ; Markatos et al.  2008 ; Spreafi co et al. 
 2008 ; López-Parra et al.  2013 ). It is orally 
administered as a racemic mixture of enantio-
mers (R-) and (S-). Biotransformation is per-
formed in the liver by Cytochrome P450. The 
most important metabolism enzyme of this drug 
is CYP2C9  isoenzyme, which performs a 
hydroxylation at position 6, 7, and 8 of both 
enantiomers. The S-enantiomer is rapidly metab-
olized ( t  1/2  < 2 h); therefore, the anticoagulant 
activity depends on R-acenocoumarol enan-
tiomer. Unlike S-acenocoumarol enantiomer, 
R-acenocoumarol enantiomer is also  metabolized 
by CYP1A2, CYP3A5, and CYP2C19 isoen-
zymes (Thijssen et al.  2000 ).  

   Phenprocoumon 
 Phenprocoumon, like other coumarin derivates, 
is administered as a racemic mixture of the 
S- and R-enantiomers. Bioavailability is over 
90 %, and it is stereoselectively metabolized by 
Cytochrome P-450 to inactive hydroxylated 
metabolites (Alberio  2003 ). Approximately 65 % 
of phenprocoumon dose is eliminated through 
the urinary tract and the remaining 35 % by the 
fecal via (Toon et al.  1985 ). CYP2C9 and CY3A4 
are the main isoenzymes in the metabolism of 
phenprocoumon (Ufer  2005 ). The two enantio-
mers R- and S-phenprocoumon reach their half-
life time around 110–130 h from the fi rst-dose 
administration (Jähnchen et al.  1976 ).   

1.3.2      Mechanism of Action 
of Vitamin K Antagonists 

 Vitamin K antagonists exert their effect by inhib-
iting vitamin K epoxide reductase complex 1 
(VKORC1), decreasing vitamin K. Vitamin K is 
an essential cofactor in the carboxylation of glu-
tamate residues at the N-terminal region of the 
vitamin K-dependent proteins, synthesis of 
 vitamin K–dependent coagulation factors 
 (factors II, VII, IX, and X), and fi brinolytic pro-
teins, such as protein C and S (Fig.  21.1 ). These 
vitamin K–dependent proteins are inhibited by the 
action of coumarin derivates.    When antagonizing 

these vitamin K dependent coagulation factors,  
no interaction between them and the calcium 
present in the vascular subendothelium occurs. 
The inhibition of coagulation factors causes low 
plasma levels of prothrombin, which generates 
the formation of fi brin required to trigger coagu-
lation (DrugBank  2012b ; The Pharmacogenomics 
Knowledge Base  2012 ).

1.3.3         Pharmacokinetic Differences 
Between AVKs 

 The differences between these molecules lie on 
their pharmacokinetics properties. Acenocoumarol 
presents a half-life time of 8–11 h, whereas war-
farin half-life time is fourfold the acenocoumarol 
half-life, from 34 to 42 h, and reaches its maxi-
mum plasma concentration peak at 90 min after 
oral administration, and phenprocoumon has a 
half-life time of 110–130 h after initial oral 
administration (Shirolkar et al.  2010 ). Main dif-
ferences in pharmacokinetics of vitamin K antag-
onists are shown in Table  21.2 .

2           Pharmacogenetics 
of Vitamin K Antagonists 

 Although coumarin derivates are effective, the 
management of oral anticoagulation therapy is 
complicated. The pharmacokinetic and pharma-
codynamic properties lead to a variable, unpre-
dictable, and independent response in each 
individual treatment. 

 The anticoagulant activity is measured by a 
standardized laboratory test, the international 
normalized ratio (INR). The beginning of antico-
agulation therapy is the most problematic period 
due to the risk of thrombi (associated to an 
INR < 2), and the risk of bleeding (associated to 
INR > 4) is higher in the fi rst 3 months (Hylek 
et al.  2003 ; Ufer  2005 ). This risk is high because 
each patient requires individualized doses to 
achieve stability. 

 Currently, clinicians prescribe an initial dose 
of coumarin derivates based on clinical parame-
ters, and dose adjustment is made by titration. The 
fi rst INR monitoring is performed at day 3 or 4 
after beginning anticoagulant therapy. Depending 
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   Table 21.2    Pharmacokinetics    of vitamin K antagonists   

 Drug   t  1/2  (h) 

 Main isoenzyme
metabolism 

 References  R-enantiomer  S-enantiomer 

 Warfarin  34–42  CYP2C9  Choonara et al. ( 1986 ), Rettie et al. ( 1992 ), 
Zhang et al. ( 1995 ), Wienkers et al. ( 1996 ), 
Ngui et al. ( 2001 ) 

 CYP1A1 
 CYP1A2 
 CYP2C18 
 CYP2C19 
 CYP3A4 

 Acenocoumarol  8–11  CYP2C9  Beinema et al. ( 2008 ), Markatos 
et al. ( 2008 ), Spreafi co et al. ( 2008 ), 
López-Parra et al. ( 2013 ) 

 CYP1A2 
 CYP3A5 
 CYP2C19 

 Phenprocoumon  110–130  CYP2C9  Jähnchen et al. ( 1976 ), Alberio ( 2003 ), 
Ufer ( 2005 ), Shirolkar et al. ( 2010 )  CYP3A4 

   CYP1A1  Cytochrome P450 family 1, subfamily A, polypeptide 1;  CYP1A2  Cytochrome P450 family 1, subfamily A, 
polypeptide 2;  CYP2C18  Cytochrome P450 family 2, subfamily C, polypeptide 18;  CYP2C19  Cytochrome P450 family 2, 
subfamily C, polypeptide19;  CYP3A4  Cytochrome P450 family 3, subfamily A, polypeptide 4;  CYP2C9  Cytochrome 
P450 family 2, subfamily C, polypeptide 9;  CYP2C3A5  Cytochrome P450 family 3, subfamily A, polypeptide 5  

  Fig. 21.1    Mechanism of action of coumarin derivates. 
 CYP1A1     Cytochrome P450 family 1, subfamily A, poly-
peptide 1;  CYP1A2  Cytochrome P450 family 1, subfam-
ily A, polypeptide 2;  CYP3A4  Cytochrome P450 family 
3, subfamily A, polypeptide 4;  CYP2C9  Cytochrome 
P450 family 2, subfamily C, polypeptide 9;  CYP2C8  
Cytochrome P450 family 2, subfamily C, polypeptide 8; 
 CYP2C18  Cytochrome P450 family 2, subfamily C, 
polypeptide 18;  CYP2C19  Cytochrome P450 family 2 

subfamily C, polypeptide19;  CYP2C3A5  Cytochrome 
P450 family 3, subfamily A, polypeptide 5;  VKORC1  
vitamin K epoxide reductase complex, subunit 1;  R-W  
enantiomer R-warfarin;  S-W  enantiomer S-warfarin;  R-A  
enantiomer R-acenocoumarol;  S-A  enantiomer 
S-acenocoumarol;  R-P  enantiomer R-phenprocoumon; 
 S-P  enantiomer S-phenprocoumon;  inhibition VKE  
 vitamin K epoxide;  VKH  vitamin K hydroquinone;  CO   2   
carbon dioxide;  O   2   oxygen       
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on the INR value obtained, the initial dose is 
increased, decreased, or maintained until three 
consecutive INR values are obtained within the 
therapeutic range with a dose variation lower than 
10 %, which is considered as a stable anticoagula-
tion status. The main goal of oral anticoagulation 
therapy is to keep the patient in INR therapeutic 
range. Patients treated with oral anticoagulants 
need periodic monitoring of anticoagulant doses 
to maintain a stable anticoagulation status. 

 There are several factors that affect the antico-
agulant activity. Age, sex, weight, concomitant 
drugs (   CYP450 inducers or inhibitors), other asso-
ciated diseases, alcohol and smoking status, vita-
min K intake, and genetic factors are responsible 
for interindividual dose–response variability. 

 For all these reasons, coumarin derivates 
have been considered as an ideal target for 
personalized medicine. Studies have focused 
on fi nding genetic markers that can predict a 
better response to treatment in terms of effi -
cacy and safety. 

2.1      Main Gene Polymorphisms 
Involved in Oral 
Anticoagulant Therapy 

 The most studied genetic variations correspond 
to genes encoding CYP2C9 and vitamin K epox-
ide reductase complex 1 (VKORC1). Genetic 
variations in these two genes are responsible for 
approximately 30 % of the variability in the vari-
ability dose required (Rieder et al.  2005 ; Li et al. 
 2009 ). Table  21.3  shows the main gene polymor-
phisms involved in anticoagulant response and 
the associated effect.

2.1.1        CYP2C9 
    CYP2C9 isoenzyme is important in the liver. It is 
responsible of metabolizing approximately 15 % 
of drugs that undergo phase I metabolism (Evans 
and Relling  1999 ). Two common polymorphisms 
in CYP2C9 have been described. These SNPs 
(single nucleotide polymorphisms) are CYP2C9*2 
(Arg144Cys, rs1799853) and CYP2C9*3 (Ile359-
Leu; rs1057910). These allelic variants encode 

enzymes with reduced activity of 12% and 5% 
respectively compared to the wild-type allele 
(Rettie et al.  1994 ; Haining et al.  1996 ; Takanashi 
et al.  2000 ). Carriers of either allele variant 
CYP2C9*2 or CYP2C9*3 have more overantic-
oagulation risk (risk of bleeding), require lower 
doses, and need more time to achieve stable INR 
than wild-type patients for this gene (Aithal et al. 
 1999 ; Becquemont  2008 ). 

 Allelic variant frequencies differ between 
races, for example, CYP2C9*2 polymorphism is 
extremely rare in Asian population, the other 
allelic variant CYP2C9*3 was not found in this 
population (Rosemary and Adithan  2007 ), and in 
African Americans is around 6 % of the popula-
tion (Limdi et al.  2008 ).    However, 15–30 % of 
white individuals have any allelic variant for this 
gene (Jonas and McLeod  2009 ). 

 CYP2C9*8 (Arg150His, rs7900194) is mani-
fested in 10–12 % of African American individu-
als (Scott et al.  2009 ; Perera et al.  2011 ). This 
allelic variant is responsible for a decrease of 
enzyme activity. Therefore, individuals carrying 
this minor allelic variant needed lower warfarin 
dose to achieve optimal levels of INR compared 
with wild-type individuals (Cavallari et al.  2010 ). 
These data have been corroborated by another 
study conducted with South African individuals 
with similar results (Mitchell et al.  2011 ).  

2.1.2      VKORC1 
 Oral anticoagulants act by inhibiting vitamin K 
regeneration. This effect is performed through 
inhibition of vitamin K epoxide reductase. The 
vitamin K epoxide reductase complex 1 
(VKORC1) gene encodes this protein and is 
located on the short arm of chromosome 16. It 
contains three exons and two introns and encodes 
a membrane protein of 163 amino acid residues 
(D’Andrea et al.  2005 ). It is located in the endo-
plasmic reticulum membrane (Cain et al.  1997 ). 
Several polymorphisms in the VKORC1 gene are 
associated to warfarin dose variability, mainly 
located in the noncoding region (Spreafi co et al. 
 2008 ). Four haplotypes (VKORC1*1,*2,*3,*4) 
have been associated to variability in warfarin 
dose in Caucasian population (Osman et al.  2006 ). 
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VKORC1*1 haplotype corresponds to absence of 
polymorphism; VKORC1*2 haplotype with 
C1173T allelic variation (rs9934438), which is in 
linkage disequilibrium with the G1639A polymor-
phism (rs9923231) in the 5′-upstream region and 
with the C2255T  polymorphism (rs2359612); 
VKORC1*3 haplotype with the G9041A poly-
morphism (rs7294); and VKORC1*4 haplotype 
with C6009T (rs17708472) polymorphism 
(Loebstein et al.  2007 ; Stehle et al.  2008 ). 
According to Geisen et al. ( 2005 ), these haplo-
types cover about 99 % of the genetic variability in 
European population. The VKORC1*2 haplotype 
is associated with coumarin derivate sensitivity, 
and haplotypes *3 and *4 are associated with an 
increase in warfarin dose requirements to achieve 
the same level of anticoagulation than wild-type 
patients for this gene (Rieder et al.  2005 ,  2007 ; 
Wadelius et al.  2005 ; Cini et al.  2012 ). 

 VKORC1 *2 is the most prevalent haplotype 
among Caucasian and Asian population. These 
haplotype alters the binding site of the transcrip-
tion factor, which leads to decreased expression 
of the protein (Wang et al. 2008). According to 
HapMap Project (dbSNP Short Genetic Variation, 
2012), VKORC1*2 haplotype frequency popula-
tion observed in Caucasians is 39.8 % for wild- 
type, 40.7 % for heterozygous mutant, and 
19.5 % homozygous mutant. It has been described 
that this VKORC1 polymorphism has an infl u-
ence of 11–30 % of warfarin dose variability in 
Caucasian and Asian populations (Veenstra et al. 
 2005 ; Carlquist et al.  2006 ; Obayashi et al.  2006 ; 
Borgiani et al.  2007 ; Wadelius et al.  2007 ). 
However, the infl uence of this polymorphism in 
warfarin dose variability in North American 
blacks is 4–10 % (Takahashi et al.  2006 ; Momary 
et al.  2007 ; Schelleman et al.  2007 ).   

2.2      Other Gene Polymorphisms 
Involved in Anticoagulant 
Response 

2.2.1      CYP4F2 
 CYP4F2 catalyzes vitamin K1 hydroxylation in 
the liver. It is reported an allelic variant 
(rs2108622; V433M) in CYP4F2 gene that has 

infl uence on required dose of coumarin derivates. 
The allelic variant CYP4F2*3 is responsible for a 
reduced enzyme activity. Therefore, CYP4F2 
V433M polymorphism has been associated with 
warfarin resistance (Caldwell et al.  2008 ). 
Although there is an association between the 
presence of CYP4F2*3 polymorphism and 
increased dose required, the infl uence of this 
polymorphism on total variability warfarin dose 
is of 1–2 % (Scott et al.  2010 ). However, several 
studies have shown that the presence of the allelic 
variant CYP4F2 V433M is associated to isch-
emic stroke and myocardial infarction (Fava et al. 
 2008 ; Fu et al.  2009 ).  

2.2.2      CYP2C19 
 Acenocoumarol anticoagulant activity lies 
mainly on R-acenocoumarol, which is metabo-
lized mainly by CYP2C9, but other CYP450 
 isoenzymes, including CYP1A2 and CYP2C19, 
are also involved. Although polymorphisms in 
these isoenzymes have not shown infl uence on 
the required dose, taking concomitant drugs 
metabolized by CYP450, such as proton pump 
inhibitors, mainly metabolized by CYP2C19, 
may increase the risk of overanticoagulation in 
long-term oral anticoagulation therapy (Teichert 
et al.  2011b )  

2.2.3      GGCX 
 The gene encoding gamma-glutamyl carboxylase 
has been studied as a potential candidate gene 
that affects the pharmacodynamics of warfarin. 
The gamma-glutamyl carboxylase enzyme cata-
lyzes biosynthesis of vitamin K–dependent coag-
ulation factor. GGCX is an essential cofactor in 
the reduction of vitamin K    epoxide 2–3 to bio-
logically active vitamin K hydroquinone, respon-
sible for synthesizing coagulation factors that 
trigger the coagulation cascade (Stafford  2005    ). 
A Swedish study examined the effect of a poly-
morphism in the GGCX (rs12714145) resulting 
in a small but signifi cant association with the 
dose of warfarin (Wadelius et al.  2005 ). Another 
variant allele in the GGCX gene (rs11676382) is 
associated with a reduction in the required dose 
of warfarin and a total implication of 2 % in the 
dose variability (King et al.  2010 ).  
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2.2.4      CALU 
 Calumenin, encoded by CALU, binds to GGCX 
and inhibits the binding site of vitamin K epox-
ide. It produces an inhibition of the anticoagulant 
effect. An allelic variant (rs339097) in CALU 
gene has been described to predict higher warfa-
rin doses in African-American and in a Egyptian 
population (Wajih et al.  2004 ; Shahin et al.  2011 ).   

2.3      Infl uence of Gene 
Polymorphisms in Oral 
Anticoagulant Response: Drug 
Effi cacy, Prognosis, and 
Adverse Drug Effects 

 Early research focused on the infl uence of 
CYP2C9 polymorphisms on the variability of the 
anticoagulant response. A small study conducted 
in England compared 36 patients with doses of 
≤1.5 mg/day warfarin with 100 individuals from 
a random control group who had started as stan-
dard anticoagulation therapy (Aithal et al.  1999 ). 
The goals were to analyze the effect of CYP2C9*2 
and CYP2C9*3 polymorphisms in the dose and 
the incidence of bleeding complications. In the 
low-dose group, 89 % (29/36) had at least one 
variant allele for CYP2C9. The incidence of 
major bleeding was higher in the low-dose group 
compared with the random controls (ratio 3.68 
[1-43-9.5]  p -value = 0.007). 

 An Italian study was one of the fi rst to mani-
fest that patients carrying CYP2C9*2 and/or 
CYP2C9*3 polymorphisms require lower doses 
of warfarin to achieve therapeutic INR range and 
had a higher rate of bleeding complications than 
wild-type patients for this gene (Margaglione 
et al.  2000 ). The study recruited 180 Caucasian 
patients and concluded that patients with 
CYP2C9*1 (wild-type) required higher dose than 
patients with a variant allele CYP2C9*2 or 
CYP2C9*3 (6.7, 5.2, and 3.8 mg, respectively). 
Fifty-nine bleeding episodes occurred (10 major 
and 49 minor events) in 36 patients;    the incidence 
of bleeding episodes in patients with a variant 
allele CYP2C9*2 and/or CYP2C9*3 haplotypes 
was 27.9 % while only 12.8 % of wild-type 
patients showed some hemorrhagic event. 

 Despite the evidence that some patients 
 carrying *2 or *3 polymorphisms in CYP2C9 
metabolism isoenzyme showed warfarin sensitiv-
ity and increased risk of overanticoagulation, this 
could only explain 10 % of the warfarin dose 
variability (Gage et al.  2004 ). For this reason, 
research efforts focused on polymorphisms in the 
target of coumarin derivates (Li et al.  2004 ; Rost 
et al.  2004 ).    It has been described that the pres-
ence of polymorphisms in the VKORC1 associ-
ated to the required dose of coumarin derivates. 
The identifi cation of polymorphisms in the 
VKORC1 led researchers to study the infl uence 
of genes encoding VKORC1 and variability in 
the warfarin- required dose variability. 

 Several studies showed association between 
the presence of VKORC1 haplotypes and dos-
age requirements and with low required dose 
(sensitivity) warfarin (D’Andrea et al.  2005 ; 
Rieder et al.  2005 ; Wadelius et al.  2005 ; Yuan 
et al.  2005 ) . Rieder et al. ( 2005 ) identifi ed 10 
SNPs and two haplotypes related to variability 
in the dose required. Common haplotypes (H1, 
H2, H7, H8, and H9) were clustered forming 
two distinct evolutionarily distant groups desig-
nated A (H1 and H2) haplotype and B haplotype 
(H7, H8, and H9). The A haplotype was associ-
ated to warfarin sensitivity and B haplotype was 
associated to warfarin resistance. Patients were 
classifi ed according to the haplotypes, being the 
A/A haplotype low dose, A/B haplotype inter-
mediate dose, and B/B haplotype high dose. The 
maintenance dose of warfarin varied from 
2.7 ± 0.2 mg/day for low dose (A/A) to 
4.9 ± 0.2 mg/day for intermediate dose (A/B) 
and 6.2 ± 0.3 mg/day for high dose (B/B) 
( p -value < 0.001). 

 Aquilante et al. ( 2006 ) tested the impact of 
CYP2C9 and VKORC1 polymorphisms on war-
farin response in a cohort of 350 patients with 
stable INR and dose. Patients with the AA genotype 
for VKORC1 3673 SNP received 22.5 mg/week 
less than GG carriers for this gene ( p -value < 0.001). 
On the other hand, patients carrying one allelic 
variant CYP2C9*2 or CYP2C9*3 (*1/*2 or 
*1/*3) required 9.5 mg/week less than wild-type 
patients (*1/*1). In addition, patients carrying 
two allelic variants (CYP2C9*2/*2, CYP2C9*2/*3, 
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or CYP2C9*3/*3) needed a dose of 14.1 mg/
week lower than wild-type patients. 

 The infl uence of GGCX gene polymorphisms 
in addition to VKORC1 polymorphisms was ana-
lyzed in 201 patients, mostly Caucasian, treated 
with long oral anticoagulation therapy (Wadelius 
et al.  2005 ). They found fi ve common SNPs, four 
of them in linkage disequilibrium (rs9923231, 
rs9934438, rs2359612, and rs7294) and a fi fth 
SNP (rs11150606) with lower allele frequency 
(4 %). These SNPs were responsible for approxi-
mately 30 % of the variability in the required 
dose of warfarin. The GGCX gene polymorphism 
(rs12714145) showed a small but signifi cant 
association with the dose of warfarin. 

 Allelic variants in CYP2C9 and VKORC1 and 
clinical factors can explain 54 % of the dose vari-
ability. An allelic variant (rs2108622) in CYP4F2 
gene was identifi ed in a small sample (Caldwell 
et al.  2008 ) which contributes to increase the 
prediction of the required dose of warfarin to 
56 %. CC carriers (wild-type) require lower 
doses than CT or TT patients for this gene. This 
allelic variant is associated to coumarin derivates 
resistance. 

 The main objectives when a patient starts oral 
anticoagulation therapy with coumarin derivates 
are the time necessary to reach the INR therapeutic 
range and time within therapeutic range (TTR). 
Pharmacogenetics aims to improve the achieve-
ment of these goals through genotyping patients. 
Schwarz et al.  2008  evaluated the infl uence of 
CYP2C9 and VKORC1 polymorphisms on war-
farin anticoagulation response in Caucasian pop-
ulations. Patients with A/A haplotype for 
VKORC1 gene reached INR therapeutic range 
and overanticoagulation (INR > 4) before the 
remaining patients. Allelic variants in CYP2C9 
were not decisive in achieving INR therapeutic 
range. However, patients carrying a variant allele 
CYP2C9*2 or CYP2C9*3 reached INR > 4 
before wild-type patients for this gene. These 
fi ndings are consistent with those found by 
Millican et al. ( 2007 ) in which those VKORC1 
allelic variant carriers showed initial sensitivity 
to warfarin in a Caucasian cohort. 

 Personalized medicine and genetic algorithms 
should be useful for multiracial population; 

infl uence of genetic polymorphisms has been 
also evaluated in other populations different from 
Caucasian. Limdi et al. ( 2009 ) studied the infl u-
ence of genetic polymorphisms in CYP2C9 and 
VKORC1 in a cohort of 521 patients that included 
African Americans and European Americans. 
They observed the infl uence of CYP2C9 and 
VKORC1 gene polymorphisms in TTR and risk 
of overanticoagulation (INR > 4). African 
Americans showed other allelic variants in addi-
tion to CYP2C9*2 and CYP2C9*3 allelic vari-
ants, CYP2C9*5, CYP2C9*6, and CYP2C9*11, 
while American European allelic variants showed 
only CYP2C9*2 and CYP2C9*3. Furthermore, 
the genotype frequency of VKORC1 G1639A 
polymorphism was higher among the European 
population than in the African population (60.4 % 
vs. 20.1;  p -value < 0.001).    Carriers of an allelic 
variant in CYP2C9 and VKORC1 reached the 
therapeutic INR range sooner than wild-type 
patients for these genes. On the other hand, 
VKORC1 polymorphism is more decisive than 
CYP2C9 polymorphisms in reaching the INR 
therapeutic range. Patients carrying CYP2C9 
and/or VKORC1 allelic variant showed more 
overanticoagulation incidence ( p -value < 0.0001) 
than patients without allelic variants for these 
genes. Overanticoagulation frequency was lower 
in African American patients (60 episodes in 46 
patients) than European American patients (98 
episodes in 78 patients,  p -value = 0.017), so genetic 
polymorphisms in CYP2C9 and VKORC1 infl u-
ence on the variability of warfarin dose in both 
populations. 

 Prediction of the required warfarin dose before 
starting oral anticoagulation treatment with cou-
marin derivates is based on the determination of 
genetic polymorphisms that alter pharmacoki-
netics (CYP2C9), and pharmacodynamics 
(VKORC1) is more accurate than the dose 
prediction based on clinical parameters. The 
question is whether genetic polymorphisms keep 
their infl uence after the stable dose has been 
established for each patient. A recent study (Lund 
et al.  2012 ) tested the infl uence of VKORC1 
G1639A CYP2C9*2 and CYP2C9*3 polymor-
phisms, during the fi rst 3 months of anticoagula-
tion therapy in 557 patients. The main goal was to 
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assay the prevalence of INR > 5 (risk of bleeding), 
and the secondary aims were to quantify rate of 
bleeding events, time to reach the therapeutic 
range of warfarin stable dose, and time to achieve 
stable anticoagulation. Thirty-two percent of 
patients with genotype AA in VKORC1 had some 
INR > 5 in the fi rst month, while patients with AG 
or GG genotype who showed INR > 5 were 12.4 
and 5.7 %, respectively ( p -value < 0.001). In the 
same analysis, repeated at the third month, 
VKORC1 polymorphisms had no infl uence in 
presenting INR > 5 (AA 2.9 %, AG 3.2 %, and 
GG 5.2 %). Patients with the AA genotype for 
VKORC1 presented more bleeding events than 
wild-type patients for this gene (4.9 % vs. 0.47 %, 
 p -value < 0.009). Allelic variants in CYP2C9 
showed no infl uence on INR > 5 or bleeding rate. 
VKORC1 and CYP2C9*2 polymorphisms also 
showed an infl uence on required stable doses 
between genotypes: (1) AA 2 mg, AG 4 mg, and 
GG 4.5 mg for VKORC1 genotype; (2) 4 mg for 
CYP2C9 wild-type; and (3) 3.6 mg for CYP2C9*2. 
According to these results, the determination of 
CYP2C9 and VKORC1 genotypes prior to therapy 
initiation is positive, but polymorphisms showed 
no infl uence after the fi rst month. 

 In conclusion, polymorphisms in CYP2C9 and 
VKORC1 are responsible for approximately 40 % 
of the variability in dose (Bodin et al.  2005 ; 
Manolopoulos et al.  2010 ; Teichert et al.  2009 , 
 2011a ; Wadelius et al.  2009 ). Environmental fac-
tors together with genetic factors account for at 
least 50 % of the variability in the required dose of 
coumarin derivates (Cadamuro et al.  2010 ; 
D’Andrea et al.  2008 ; Hirsh et al.  2001 ; Limdi 
and Veenstra  2008 ; Schelleman et al.  2008 ). 
Individuals carrying CYP2C9 (*2,*3) and/or 
VKORC1 (*2) allelic variants need lower couma-
rin derivate dose than wild-type patients to achieve 
the same level of anticoagulation (Schalekamp 
et al.  2006 ).    After CYP2C9*2 and CYP2C9*3 
allelic variants, CYP2C9*5, CYP2C9*6, 
CYP2C9*11 allelic variants also show promi-
nent prevalence in African Americans, com-
pared to Caucasian population. The SNP 
G1639A in VKORC1 gene was higher among the 
European population than in the African popula-
tion (Limdi et al.  2008 ). VKORC1 G1639A and 

CYP2C9*2 and CYP2C9*3 polymorphisms 
showed infl uence in the initial required warfarin 
dose (D’Andrea et al. 2005; Rieder et al. 2005; 
Lund et al.  2012 ).  

2.4      Application of CYP2C9 and 
VKORC1 Gene Polymorphisms 
in the Management of 
Anticoagulant Therapy. 
Development of a Treatment 
Protocol: Pharmacogenetic 
Dosing Algorithms 

 Environmental factors together with genetic 
factors account for at least 50 % of the variability 
in the required dose of coumarin derivates 
(Cadamuro et al.  2010 ; D’Andrea et al.  2008 ; 
Hirsh et al.  2001 ; Limdi and Veenstra  2008 ; 
Schelleman et al.  2008 ). In 2007, the FDA (Food 
and Drug Administration) accepted that CYP2C9 
and VKORC1 genotypes may be useful in recom-
mending initial warfarin dosage (FDA News and 
Events  2012c ). In 2010, the determination of poly-
morphisms CYP2C9*2 (rs1799853), CYP2C9*3 
(rs1057910), and VKORC1 (rs9923231, rs9934438) 
was included in a table of recommended starting 
dose of warfarin (FDA. U.S. Food and Drug 
Administration  2012a ). 

 Several dosing algorithms including demo-
graphic, clinical, and genetic variants (CYP2C9 
and VKORC1) as predictors of the required dose 
of coumarin derivates have been proposed. The 
goals of these studies were improving effi ciency 
and reducing adverse events (bleeding and throm-
bosis) that occur during initiation of oral antico-
agulation therapy (Sconce et al.  2005 ; Gage et al. 
 2008 ; International Warfarin Pharmacogenetics 
Consortium et al.  2009 ; Wadelius et al.  2009 ; 
Lenzini et al.  2010 ; Markatos et al.  2008 ). 

 Studies conducted to predict warfarin, aceno-
coumarol, or phenprocoumon dose can be classi-
fi ed according to their particular objectives. 
Many pharmacogenetic studies have focused on 
searching a prediction of warfarin maintenance 
dose. These maintenance doses of warfarin 
include genetic factors (CYP2C9 and VKORC1) 
and also demographic and clinical parameters 
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(age, sex, weight, amiodarone). These studies 
provided a basis for studies focused on developing 
algorithms that could be able to predict the initial 
required dose of warfarin before starting antico-
agulation therapy with coumarin derivates. Other 
type of studies in the prediction of the required 
dose included dose adjustments depending on the 
INR values obtained in the fi rst few days of therapy. 

2.4.1     Pharmacogenetic Warfarin 
Dosing. Online Resources: 
Warfarin Dosing and IWPC 
Algorithms 

 Advances in pharmacogenetics and personalized 
medicine have encouraged researchers to conduct 
numerous investigations looking for warfarin phar-
macogenetic dose algorithms, which include genetic 
and clinical factors in order to improve the manage-
ment of oral anticoagulation therapy. Most of the 
developed algorithms are not powerful enough to 
recommend its use in a clinical setting. Two of the 
best-validated algorithms have been developed 
by Gage et al. and by the International Warfarin 
Pharmacogenetics Consortium (IWPC) (International 
Warfarin Pharmacogenetics Con-sortium (IWPC) 
Algorithm  2012 ) and are available online. 

 Gage et al. ( 2008 ) recruited a diverse multi-
centric cohort of 1,015 patients, 83 % Caucasian 
and 64 % women, to develop this algorithm. 
VKORC1 3673G > A was the most important 
factor in the prediction of warfarin initial dosing. 
CYP2C9*2 and CYP2C9*3 allele variants pre-
dicted 19 and 33 % of reductions in the therapeu-
tic dose of warfarin, respectively. The derivation 
cohort was able to explain a 53–54 % of the vari-
ability in the stable therapeutic dose of warfarin. 

 IWPC algorithm was widely validated by  several 
research groups that collected clinical and genetic 
data from more than 5,000 patients who were under 
warfarin treatment and with INR range of 2–3. This 
study classifi ed patients into three ranges:
 –    Low dose: ≤21 mg/week  
 –   High dose: ≥49 mg/week  
 –   Intermediate dose: 21–49 mg/week    

 The pharmacogenetic algorithm obtained a 
prediction of 35 and 38 % variability in warfarin 
dosing in the low and high dose, respectively. 

In both cases, low-dose (≤21 mg/week) and 
high- dose (≥49 mg/week) pharmacogenetic 
algorithm was more capable to predict the vari-
ability dose than clinical algorithm dose (35 % 
vs. 24 %,  p  < 0.001    and 32.8 % vs. 13.3 %, 
 p -value < 0.001, respectively). Both groups (low 
dose and high dose) represented 46 % of the total 
cohort. This algorithm resulted to be more useful 
for patients who are in one of these groups.    
Thus, the pharmacogenetic algorithm is not 
recommendable for patients who are within the 
middle group. 

 Both algorithms are available online for free 
use and simple application, by inserting patient 
parameters in a calculation table. The algorithm 
developed by Gage and colleagues is available on 
the website   www.warfarindosing.org    , and IWPC 
algorithm is in the    pharmgkb website. These 
pharmacogenetic algorithms have proved to 
be more accurate in predicting warfarin dose 
compared to other pharmacogenetic algorithms 
(Sagreiya et al.  2010 ; Shaw et al.  2010 ; Bazan 
et al.  2012 ). Table  21.4  shows the different algo-
rithms and required parameters to calculate the 
individualized dose warfarin.

2.4.2        CoumaGen-II: A Randomized 
Trial and Clinical Effectiveness 
Comparing Two 
Pharmacogenetic Algorithms 
and Standard Care for 
Individualizing Warfarin Dosing 

 A total of 504 patients were randomized into 
three arms in the CoumaGen-II trial (Anderson 
et al.  2012 ). Recruitment period was 2 years and 
the follow-up was 3 months. The population was 
divided in three groups. Two pharmacogenetic 
(PG) algorithm groups and a control standard 
clinical group were designed. Nomenclature PG-1 
and PG-2 was used to designate the pharmacoge-
netic groups. The algorithm of PG-1 group was 
based on the algorithm developed by the IWPC 
group with slight modifi cations. PG-2 algorithm 
incorporated two modifi cations; the fi rst modifi -
cation was not including CYP2C9 allelic variants 
in the PG algorithm. Considering that this isoen-
zyme exerts its effect on the elimination route of 
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this molecule, i.e., after the third day ( t  ½ : 15–42 h), 
they hypothesized that it should not affect the initial 
sensitivity to this drug (Schwarz et al.  2008 ). 
The second change was a reevaluation of the dose 
after 4 or 5 days (3 or 4 doses), based on INR 
values. They made two kinds of comparisons to 
evaluate clinical effectiveness between groups. 
The fi rst comparison was blind, randomized 
comparison between groups using pharmacoge-
netic algorithm (PG-1 vs. PG-2) and the second 
comparison was between a combined algorithm-
guided group (PG-1 + PG-2) vs. control standard 
clinical group. The main objectives were to 
calculate the percentage of “out of range” (OOR) 
time and the percentage of “in therapeutic range” 
(TTR) time at months one and three after initiation 
of oral anticoagulation therapy with warfarin. 
The groups PG-1 and PG-2 obtained similar 
results for both TTR as OOR (Table  21.5 ). However, 
there were differences between combined phar-
macogenetic subgroups (PG-1 + PG-2) compared 
with the control group. Differences in these 
parameters were found at months one and three 
and are shown in Table  21.5 .

   Despite this study shows some limitations, as 
control group was not randomized and there were 
differences in baseline characteristics, it demon-
strates that it is more accurate to adjust individual-
ized dose using the pharmacogenetic algorithm 
rather than clinical dosage. This study constitutes 
an advance in personalized medicine and serves 
as contrast source to ongoing clinical trials.  

2.4.3     Acenocoumarol 
Pharmacogenetic Algorithms 

 Many studies have been developed for warfarin 
pharmacogenetic algorithms. On the contrary, 
there are only three pharmacogenetic algorithms 
described in patients receiving acenocoumarol. 

 The fi rst study included 193 Caucasian 
Spanish patients with atrial fi brillation, thrombo-
embolic disease, valve replacement, and other 
conditions with stable anticoagulation dose 
adjusted to INR 3–4 for patients with prosthetic 
valves and INR 2–3 for the remaining patients 
(Verde et al.  2010 ). The aim of the study was 
to evaluate the infl uence of allelic variants of 
CYP2C9 (*2 and *3) and VKORC1 (G1639A, 
C497G, and C1173T) on the acenocoumarol dose 
to build an “acenocoumarol-dose genotype 
score” (AGS) in order to predict the dose required 
to achieve a stable and effective anticoagulation. 
Data from this study suggested that the AGS 
algorithm could be used to help in discriminating 
patients requiring high acenocoumarol doses to 
achieve stable anticoagulation. Particularly, the 
mean AGS was higher in the high-dose (>28 mg/
week) compared with the low-dose (<7 mg/
week) group. An AGS > 70 was associated with 
an increased odds ratio (OR) of requiring high 
acenocoumarol dosage (OR: 3.347; 95 % CI: 
1.112–10.075;  p  = 0.032). 

 The second pharmacogenetic study includes 
phenprocoumon-treated patients in addition to 
acenocoumarol-treated patients. They collected 

    Table 21.5    Results of TTR and OOR at month 1 and month 3 of CoumaGen-II trial   

 PG-1 group 
( n  = 245) 

 PG-2 group 
( n  = 232)   p -value 

 Combined PG 
group ( n  = 477) 

 Parallel controls 
( n  = 1,866)   p -value 

 TTR month 1, 
mean CI 

 70.2 (67.2–73.3)  67.5 (64.5–70.6)  Pni = 0.12  68.9 (67.2–70.6)  58.4 (56.8–60.0)  <0.001 
 Ps = 0.22 

 OOR INRs % 
month 1, mean CI 

 30.6 (27.6–33.7)  31.8 (28.8–34.8)  Pni = 0.0025  31.2 (29.2–33.5)  41.5 (39.9–43.2)  <0.001 
 Ps = 0.59 

 TTR month 3, 
mean CI 

 71.7 (68.7–74.6)  70.8 (67.9–73.6)  Pni = 0.019  71.2 (69.2–73.3)  58.6 (57.0–60.2)  <0.001 
 Ps = 0.68 

 OOR INRs % 
month 3, mean CI 

 30.3 (27.3–33.2)  30.3 (27.5–33.1)  Pni = 0.0068  30.3 (28.5–32.6)  42.3 (40.8–43.8)  <0.001 
 Ps = 0.99 

  Data from Anderson et al. ( 2012 ) 
  TTR  indicates time into therapeutic range,  OOR  out of range,  INR  international normalized ratio,  PG  pharmacogenetics, 
 ni  non-inferiority,  s  superiority,  CI  indicates 95 % confi dence interval  

E. Jiménez-Varo et al.
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data from over 1,000 patients with atrial fi brillation, 
thromboembolic disease, valve replacement, and 
other conditions in the Netherlands. They devel-
oped genotype-guided and non-genotype- guided 
algorithms to predict the maintenance dose by 
using genetic information (CYP2C9 and 
VKORC1) and clinical parameters. Their phar-
macogenetic algorithm was validated exter-
nally in 229 patients treated with phenprocoumon 
and 168 with acenocoumarol explaining 59 and 
49 % of the variability in maintenance dose of 
phenprocoumon and acenocoumarol, respec-
tively (Van Schie et al.  2011 ). 

 The third published algorithm is a Spanish 
study that enrolled 147 patients with thromboem-
bolic disease who had stable anticoagulation 
status or within INR 2–3 range. They developed 
an algorithm that included clinical parameters 
(age, weight, and concomitant medications) and 
allelic variations in VKORC1, CYP2C9, CYP4F2, 
and APOE genes. The goal was to evaluate the 
infl uence of clinical and genetic variables in 
acenocoumarol maintenance dose. The pharma-
cogenetic algorithm was able to explain 60.6 % 
of acenocoumarol variability dose. The two different 
allelic variants introduced were CYP4F2 and 
APOE that explain 3.6 and 1.3 % in the variability 
dose, respectively (Borobia et al.  2012 ). 

 Despite the small sample size of these studies, 
which may lead to controversial results and not 
enough statistic power, they have reached similar 
results, demonstrating that acenocoumarol phar-
macogenetic algorithm is useful to predict dose 
requirement and explains variability in antico-
agulant dose response. Currently there are three 
clinical trials ongoing that are expected to be pow-
erful enough to resolve the question of whether it 
is really useful to genotype patients prior to 
coumarin derivative therapy (ClinicalTrials.gov 
identifi er NCT00839657; ClinicalTrials.gov iden-
tifi er NCT01006733; ClinicalTrials.gov identifi er 
NCT01119300 (Warfarin), NCT01119261 (Aceno-
coumarol), NCT01119274 (Phenprocoumon)).  

2.4.4     Ongoing Clinical Trials 
for Coumarin Derivates 

 The COAG trial (Clarifi cation of Optimal Anticoa-
gulation through Genetics) aims to improve 

anticoagulation control for patients by using 
clinical plus genetic information to guide warfa-
rin therapy initiation. This trial is intended to 
enroll 1,238 patients to evaluate time within ther-
apeutic INR range and risk of presenting INR > 4. 
This study is currently recruiting participants diag-
nosed with stroke, venous thrombosis, atrial 
fi brillation, or atrial fl utter. They are comparing 
two approaches (clinical vs. genetic guidance) in 
warfarin dosing to examine the utility of using 
genetic information for warfarin dosing; they 
have designed two different groups, a genotype- 
guided dosing algorithm warfarin group and a 
clinical-guided dosing algorithm warfarin group. 
Each study arm includes a baseline dose-initia-
tion algorithm and a dose-revision algorithm 
applied over the fi rst 4–5 doses of warfarin ther-
apy. The fi rst aim of effi cacy is percentage of 
TTR and the second effi cacy goal is occurrence 
of INR > 4 or serious clinical event. Outcomes are 
expected in 2013 (National Heart, Lung, and 
Blood Institute  2012 ). 

 The GIFT (Genetic Informatics Trial of 
Warfarin to Prevent DVT) plans to recruit 1,600 
patients. They hypothesize that the use of genetics 
to guide warfarin therapy will reduce the risk 
of venous thromboembolism (VTE) postopera-
tively. They further hypothesize that using a target 
INR of 1.8 is non-inferior to using a target INR of 
2.5 in thrombi prevention. The primary endpoint 
is to evaluate nonfatal thromboembolism, nonfatal 
major bleeding, or INR > 4; and the secondary 
endpoint is TTR. Results are expected in 2015 
(Washington University School of Medicine  2012 ). 

 EU-PACT (European Pharmacogenetics of 
Anticoagulant Therapy) trial aims to enroll 970 
patients with venous thromboembolism or atrial 
fi brillation. The main objective of this trial is to 
demonstrate that a dosing algorithm containing 
genetic information is able to increase the time 
within therapeutic INR range during anticoagula-
tion therapy with each of warfarin, acenocoumarol, 
and phenprocoumon compared to a dosing regi-
men that does not contain this information. 
Secondary outcomes of the study include cost- 
effectiveness, number of thromboembolic and 
bleeding events, time to reach stable dose, and 
number of supratherapeutic INR peaks. The design 
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is a two-armed, single-blinded, randomized 
controlled trial. One arm is constituted by a gen-
otype-guided dosing algorithm group starting 
anticoagulation therapy with warfarin, acenocou-
marol, or phenprocoumon and the other group 
of patients is being dosed according to a non-
genotype- guided dosing.    Primary outcome mea-
sures are to assay TTR and INR>4. Secondary 
outcome measures include supratherapeutic or 
undertherapeutic INR range; time to achieve a 
stable dose; quantify number of dose adjustments 
and number of major bleeding events or throm-
boembolic events followed for three months  
(Utrecht Institute for Pharmaceutical Sciences 
 2012 ). This trial is expected to be powerful enough 
to answer questions regarding clinical implemen-
tation of genotype dosing, if genetic dosing 
algorithm increases the TTR-INR range during 
anticoagulation therapy, cost- effectiveness, number 
of thromboembolic and bleeding events, time 
to reach stable dose, and number of suprathera-
peutic INR peaks. Outcomes are expected in 
November 2012 (Johnson et al.  2011 ).   

2.5      Pharmacogenetic Tests 

 The challenge of pharmacogenetic tests is to 
improve effi cacy and safety of anticoagulant 
treatment with coumarin derivates. Several 
genetic tests have been developed, based on per-
forming determination of CYP2C9 and VKORC1 
polymorphisms. Implementation of these tests 
aims to be useful at predicting the individualized 
warfarin-required dose. 

 Currently, there are several available pharma-
cogenetic tests approved by the FDA, such as 
Verigene Warfarin Metabolism, eSensor Warfarin 
Sensitivity, INFINITI Warfarin Assay, eQ-PCR LC 
Warfarin Genotyping kit, and ParagonDx Genetic 
Warfarin Assay, and other genetic tests that have 
been developed but are not authorized by the FDA 
yet, such as Luminex, Invader, and SimpleProbe 
Warfarin Assay (King et al.  2008 ; Babic et al. 
 2009 ; Langley et al.  2009 ; Lefferts et al.  2010 ; 
Maurice et al.  2010 , Infi niti Warfarin Assay  2012 ). 
Table  21.6  shows the main characteristics of a 
selection of the most important pharmacogenetic 

tests available for determination of warfarin 
sensitivity. Test, company, genotyping methodol-
ogy, gene polymorphisms, time after DNA isola-
tion, FDA status, advantages, and limitations are 
detailed, and differences between different 
genetic tests are also described in Table  21.6 .

   Genetic tests are intended to be useful at 
multiracial populations; some genetic tests 
include allelic variants more prevalent in black 
and Asian populations. For example, Infi nity 
performs the determination of CYP2C9*3, *4, 
*5, *6, and *11 allelic variants, and eSensor 
genetic test determines CYP2C9*5, *6,*11,*14, 
*15, and *16 allelic variants, which are more 
common in non- Caucasian populations, in addi-
tion to the common CYP2C9*2 and CYP2C9*3 
allelic variants. 

 One of the most important variables in the 
choice of the genetic test is its cost-effectiveness. 
Maurice et al. ( 2010 ) compared the performance 
of a variety of commercial genotyping assays 
(Verigene, eSensor, Invader, and Luminex), to 
detect variants in the CYP2C9 and VKORC1 
genes, used in genotype-based warfarin dosing 
algorithms (Maurice et al.  2010 ). According to 
their results, Verigene Warfarin Metabolism Test 
offers an acceptable cost per genotyped sample 
when determining from 1 to 24 samples, without 
a great increase in the price. Based on that study, 
Verigene is also the easiest system to operate and 
the least complex to perform, based on pipetting 
steps. Furthermore, it has the shortest turnaround 
time, due to the avoiding of the nucleic acid 
amplifi cation step. Unlike the other systems, 
Verigene does not require separate external con-
trols for each assay run; internal controls are pre-
loaded into the test cartridges, and external 
controls are only run to verify the performance 
of each new batch of cartridges. On the other 
hand, eSensor, Luminex, and Invader have added 
costs and hands-on time because of their require-
ment for 2–3 external controls per run, even for 
single sample analysis. This results in a signifi -
cant cost advantage of Verigene for single sam-
ple analysis that is reduced as the sample run 
size increases, so it has the same price for 1, 8, 
or 24 samples. It is the least expensive system 
for single and eight sample analysis and second, 
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behind Invader test, in cost-effectiveness for 24 
samples. Despite this advantages, Verigene is 
only available for warfarin metabolism, F5/F2/
MTHFR, and CYP2C19 genetics test, so it does 
provide a broad panel of polymorphisms to 
study, unlike, for example, Luminex assay, which 
uses a method based on multiplex PCR, and 
allele-specifi c primer extension, which allows 
determination of more polymorphisms than the 
other systems.    Verigene is therefore a closed sys-
tem that cannot determine other polymorphisms 
outside its genotyping kit, while other genotyp-
ing tests offer the possibility of including gene 
polymorphism determinations chosen by the 
researchers. The versatility of the instrument is 
another factor to take into consideration in the 
cost-effectiveness of the selected genotyping 
platform.    

 The use of genetic testing for warfarin dosing 
may not be useful for the entire population that 
is susceptible of starting coumarin derivative 
treatment. A limitation of these genetic tests is 
that they are based on the identifi cation of war-
farin sensitivity, and therefore, allelic variants 
associated to coumarin derivate resistance can-
not be determined. Furthermore, the use of 
closed genetic testing can signifi cantly increase 
health costs.   

3      New Oral Anticoagulant 
Drugs 

 Chronic treatment with VKAs (warfarin, aceno-
coumarol, and phenprocoumon) has been the treat-
ment of choice for stroke prevention in atrial 
fi brillation patients and prevention and treatment of 
venous thromboembolism during the last 60 years 
(Dezee et al.  2006 ; Kamali and Pirmohamed  2006 ; 
Banerjee et al.  2011 ; Wartak and Bartholomew 
 2011 ). Because of several coumarin derivate draw-
backs (Francis  2008 ), such as narrow therapeutic 
margin, delayed onset of action, many drugs and 
dietary interactions, the high interindividual vari-
ability in the anticoagulant response, and the neces-
sity of periodic monitoring of anticoagulants doses, 

pharmaceutical development has focused on the 
search for new molecules that improve oral 
anticoagulation therapy. 

 The new anticoagulants can be classifi ed in 
function of their mechanism of action into three 
groups (Douketis  2011 ):
    1.    Oral direct thrombin inhibitor. Dabigatran 

etexilate   
   2.    Oral factor Xa inhibitor. Rivaroxaban, apixaban, 

betrixaban, edoxaban, and eribaxaban   
   3.    Parenteral factor Xa inhibitor. Idrabiotaparinux    

     Ximelagatran, the fi rst oral direct thrombin 
inhibitor which was evaluated in a clinical trial 
compared to warfarin in prophylaxis and treat-
ment of VTE and stroke prevention in atrial 
fi brillation patients was not approved by FDA 
because it showed hepatotoxicity (Francis 
et al.  2003 ; Schulman et al.  2003 ; Colwell 
et al.  2005 ). 

 Dabigatran etexilate and rivaroxaban are 
currently available on the market. In 2008, dabi-
gatran etexilate was authorized for the prevention 
of VTE after major orthopedic surgery by the 
European Medicines Agency (EMA). Based on 
the RE-LY study results, the FDA (Food and Drugs 
Administration) approved dabigatran etexilate 
in the prevention of stroke and systemic embolism 
in adult patients with non-valvular atrial fi brillation 
(FDA News and Events  2012a ). After the results 
shown in the ROCKET AF study, in 2010, the 
FDA approved the use of rivaroxaban in the 
prevention of stroke and embolism in adult 
patients with non-valvular atrial fi brillation (FDA 
News and Events  2012b ). 

3.1      Oral Direct Thrombin 
Inhibitors 

3.1.1    Dabigatran Etexilate 
 Dabigatran etexilate is rapidly absorbed and is 
hydrolyzed by plasma and liver esterases to 
active dabigatran (Baetz and Spinler  2008 ). It is 
absorbed in the stomach and intestine and depends 
on an acid environment. Its absorption is dimin-
ished by 30 % when dabigatran etexilate is 
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coadministered with proton pump inhibitors 
(Francis  2008 ). To facilitate the absorption of 
dabigatran etexilate, capsules contain tartaric acid. 
The peak plasma concentration of dabigatran is 
reached within 2–3 h after oral administration. 
The half-life time of dabigatran is around 12–17 h, 
and steady state is attained within 3 days of treat-
ment with this new oral anticoagulant (Liesenfeld 
et al.  2011 ). 

 The oral bioavailability of dabigatran etexilate 
in capsules is 6.5 % and can be increased by up to 
75 % when the active substance is separated 
from the capsule, so it should not be separated. 
It has a low plasma protein binding (35 %). 
Dabigatran is not metabolized by the CYP450 
isoenzymes; microsomal esterases are responsible 
of its metabolism. Pharmacologically active acyl 
glucuronides are formed through conjugation 
metabolism. It is mostly eliminated unmodifi ed 
(80–85 % of the dose) and partially in the form of 
glucuronides through glomerular fi ltration 
(Eriksson et al.  2009 ). 

    There are no known interactions with food, 
and direct interaction with alcohol intake in ani-
mal models has not been described (Liesenfeld 
et al.  2011 ). The prodrug dabigatran etexilate, 
but not the active form dabigatran, is a 
P-glycoprotein (p-pg) substrate (Liesenfeld et al. 
 2011 ). Dabigatran interaction may occur with 
p-pg inhibitors, such as amiodarone (increased 
50–60 % dabigatran area under the curve), quini-
dine, verapamil, or ketoconazole (contraindi-
cated), and p-pg inducers such as rifampicin, 
carbamazepine, and St. John’s wort (Eriksson 
et al.  2009 ; Schulman and Majeed  2012 ). 

 Plasma and liver esterases hydrolyze the 
 biotransformation of dabigatran etexilate into 
dabigatran. Dabigatran binds to thrombin 
reversibly and competitively inhibiting its abil-
ity to convert fi brinogen to fi brin in the coagula-
tion cascade. Since thrombin (serine protease) 
enables the conversion of fi brinogen to fi brin in 
the coagulation cascade, its inhibition prevents 
thrombi formation. Dabigatran also inhibits free 
thrombin, fi brin-bound thrombin, and thrombin-
induced platelet aggregation (Brighton  2010 ). 

   RE-LY (Evaluation of Long-Term 
Anticoagulation Therapy) 
 Dabigatran etexilate was compared to warfarin in 
the RE-LY (Randomized Evaluation of Long- 
Term Anticoagulation Therapy) study in 18,113 
patients with atrial fi brillation (AF) recruited 
during two years. Patients were randomized to 
dabigatran 110 mg twice a day, dabigatran 150 mg 
twice a day, or warfarin INR dose adjusted. The 
main objective of this study was to evaluate the 
effectiveness in the prevention of thromboem-
bolic events, stroke, and hemorrhage of dabiga-
tran, compared with standard warfarin dosing. 
The dose of 110 mg twice daily showed similar 
effi cacy to warfarin in preventing stroke and sys-
temic embolism. The incidence of major, minor, 
and intracranial bleeding was signifi cantly lower 
in dabigatran 110 mg compared with warfarin 
(2.87 % vs. 3.57 % dabigatran warfarin,  p  = 0.003). 
However, the incidence of myocardial infarction 
was higher with dabigatran 110 mg and 150 mg 
twice a day than with warfarin (0.82 %, 0.81 %, 
and 0.64 %, respectively) (Connolly et al.  2011 ). 
A meta-analysis published in January 2012 con-
cluded that dabigatran was associated to 33 % of 
increased myocardial infarction or acute coronary 
syndrome risk (OR 1.33, 95 % CI 1.03–1.71, 
 p  = 0.03) compared to warfarin, enoxaparin, and 
placebo (Uchino and Hernandez  2012 ).    

3.2      Oral Factor Xa Inhibitors 

3.2.1    Rivaroxaban 
 Rivaroxaban is orally administered. It has a nearly 
100 % bioavailability. It has 92–95 % protein 
binding (FDA. U.S. Food and Drug Administration 
 2012b ). Rivaroxaban is a p- glycoprotein substrate 
and is transported through the membrane. About 
2/3 of the dose is metabolized; metabolism is con-
ducted through CYP3A4, CYP2J2, and CYP450-
independent mechanisms (Perzborn et al.  2011 ). 
Approximately one third of the administered dose 
is excreted unmodifi ed by the kidneys, another 
third is metabolized to inactive metabolites and 
eliminated by the kidneys, and the last third of the 
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dose metabolized to inactive metabolites and 
eliminated via fecal. The half-life time in young 
subjects is 5–9 h and in older individuals is 
11–13 h (FDA. U.S. Food and Drug Administration 
 2012b ). Rivaroxaban has a low renal clearance 
(3–4 l/h). Toxicity can be reversed using activated 
charcoal and supportive measures such as 
mechanical compression and hemodynamic sup-
port. If the bleeding does not stop, activated pro-
thrombin complex concentrate, prothrombin 
complex concentrate, and recombinant factor 
VIIa can be administrated. 

 Rivaroxaban is an oral anticoagulant that 
inhibits directly factor Xa. Factor Xa is required 
to perform the conversion of prothrombin (FII) 
into thrombin (FIIa). Thrombin is a serine prote-
ase required for the conversion of fi brinogen to 
fi brin, which is responsible for triggering the 
coagulation cascade. 

 A molecule of factor Xa can generate more 
than 1,000 molecules of thrombin. Therefore, 
rivaroxaban is useful in blocking the coagulation 
cascade; rivaroxaban exerts its effect irreversibly 
(DrugBank  2012a ). 

   ROCKET AF (Rivaroxaban Once-Daily Oral 
Direct Factor Xa Inhibition Compared with 
the Vitamin K Antagonism for Prevention 
of Stroke and Embolism Trial 
in Atrial Fibrillation) 
 Rivaroxaban, a factor Xa inhibitor, was studied 
in the prevention of stroke and systemic embo-
lism in patients with non-valvular atrial fi brilla-
tion. The ROCKET AF study compared the 
effi cacy of rivaroxaban versus warfarin in 14,264 
patients with non-valvular atrial fi brillation with 
moderate to high risk of stroke (Patel et al. 
 2011 ). Patients were randomized to rivaroxaban 
20 mg or warfarin dose adjustment. The results 
of this study showed that rivaroxaban was not 
inferior to warfarin in preventing stroke and sys-
temic embolism. The incidence of stroke or sys-
temic embolism was 1.7 % in the rivaroxaban 
group and 2.2 % in the warfarin group. Moreover, 
the incidence of bleeding was 14.9 and 14.5 % in 
warfarin and rivaroxaban groups, respectively. 
The incidence of intracranial hemorrhage in a 
year was lower in the rivaroxaban group (0.5 % 

vs. 0.7 %). The incidence of gastrointestinal 
bleeding was higher in the rivaroxaban group 
compared to warfarin (3.2 % vs. 2.2 %).   

3.2.2    Apixaban 
    Apixaban is the latest highly selective and 
reversible inhibitor oral direct factor Xa. It is 
orally administered twice daily, and like the 
other new oral anticoagulants (dabigatran and 
rivaroxaban), it does not require dose monitor-
ing routine laboratory. It has a high oral bio-
availability, reaching peak plasma concentration 
at 3 h after oral administration, with a half-life 
time of 9–14 h (Raghavan et al.  2009 ; Weitz 
 2010 ). It is metabolized by hepatic metabolism 
via CYP3A4, CYP3A5, and sulfotransferase 
1A1 and by kidney and intestinal metabolism. 
It is eliminated through multiple pathways, 
renal and intestinal routes. It has a renal elimi-
nation of 25 % and the remaining 75 % through 
the hepatobiliary system (Deedwania and Huang 
 2012 ; Eriksson et al.  2009 ). 

 Two phase III randomized trials have been 
performed to evaluate the effi cacy and safety of 
apixaban in prevention of stroke and systemic 
embolism in AF patients. The fi rst trial was 
“Apixaban Versus Acetylsalicylic Acid to Prevent 
Stroke in Atrial Fibrillation Patients who 
have Failed or are Unsuitable for Vitamin K 
Antagonist Treatment” (AVERROES trial) and the 
second was “the Apixaban for Reduction in Stroke 
and Other Events in Atrial Thromboembolic 
Fibrillation” (ARISTOTLE trial) (Diener et al. 
 2012 ; Granger et al.  2011 ). 

   AVERROES Trial 
 AVERROES trial was a randomized study which 
included 5599 AF patients with increased risk of 
stroke and intolerance to therapy with vitamin K 
antagonists. Patients were randomized into two 
groups: the fi rst group to apixaban 5 mg twice 
daily or 2.5 mg twice daily if the patient was 
≥80 years, ≤60 kg body weight, or serum creati-
nine of ≥1.5 mg/dl plus aspirin placebo and the 
other group to aspirin (81–324 mg daily) plus 
placebo apixaban. The aims were effi cacy 
(preventing stroke or systemic embolism) and 
safety (major bleeding). Major bleeding was 
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defi ned as the overbleeding with one or more of 
the following clinical parameters: drop in 
hemoglobin level of ≥2 g/dl over 24-h period or 
transfusion of ≥2 units packed cells and critical 
bleeding or fatal bleeding. Patients treated with 
apixaban obtained lower incidence of stroke and 
embolic system compared to the aspirin group 
(1.6 % vs. 3.7 % per year,  p -value < 0.001). 
Ischemic stroke was lower in apixaban group 
compared to aspirin (1.1 % vs. 3.0 % per year, 
 p -value < 0.001), and hemorrhages were also 
lower in the apixaban group compared to aspirin 
(6 vs. 9).    No signifi cant differences in the rate of 
death per year were found (3.5% apixaban group 
vs 4.4% aspirin group,  p -value < 0.07). This study 
concludes that apixaban is more effective than 
aspirin in preventing stroke and systemic embo-
lism in patients who are not eligible for oral anti-
coagulation therapy with vitamin K antagonists 
(Eikelboom et al.  2010 ; Connolly et al.  2011 ).  

   ARISTOTLE Trial 
 ARISTOTLE trial was a double-blind, ran-
domized study that included 18,201 patients 
with atrial fi brillation and at least one risk fac-
tor for stroke. Patients were randomized into 
two groups: apixaban group (5 mg daily or 
5 mg twice daily if the patient was ≥80 years 
with body weight ≤60 kg or creatinine concen-
tration ≥1.5 mg/dl) and warfarin group with 
dose adjusted to INR 2–3. The fi rst effi cacy 
objective was to evaluate the incidence of sys-
temic embolism and stroke, and the fi rst safety 
aim was bleeding and death from any cause. 
The result of the fi rst effi cacy endpoint was 
1.7 % in the apixaban group vs. 1.60 % per 
year in the warfarin group ( p  < 0.001 for non-
inferiority and  p  < 0.01 for superiority). 
Bleeding rate was lower in apixaban group 
compared with warfarin group in a year 
(2.13 % vs. 3.09 %,  p  < 0.001), and the rates of 
death from any cause were 3.52 % in the apixa-
ban group compared to 3.94 % in the warfarin 
group ( p  = 0.047). ARISTOTLE trial concluded 
that apixaban was superior to warfarin in the 
prevention of stroke or systemic embolism 
results with less bleeding and death in both 
cases (Granger et al.  2011 ). 

 Apixaban has been approved in Europe for the 
prevention of venous thromboembolic events VTE 
in adults following a hip or knee replacement 
operation in 2011 (European Medicine Agency 
 2012a ). Apixaban showed greater effi cacy to 
warfarin in the prevention of stroke and systemic 
embolism in AF patients in the ARISTOTLE 
study. Apixaban is currently being evaluated by 
the FDA to obtain approval for the prevention of 
stroke and systemic embolism in AF patients.    

3.3      Strengths and Limitations of 
the New Oral Anticoagulants 

 The new oral anticoagulants dabigatran, rivarox-
aban (approved by the FDA for the prevention of 
stroke and systemic embolism in patients with 
AF), and apixaban (currently under review by the 
FDA for authorized for prevention of stroke and 
systemic embolism in AF patients) have showed 
to be not inferior in effi cacy and safety compared 
to warfarin in preventing stroke and systemic 
embolism in AF patients in Phase III studies 
(Connolly et al.  2011 ; Diener et al.  2012 ; Granger 
et al.  2011 ; Patel et al.  2011 ). They are consid-
ered as the alternative to coumarin derivates in 
long-term oral anticoagulation therapy. 

 They have a rapid onset of action compared to 
coumarin derivates. This feature could allow 
avoiding bridge therapy with parenteral antico-
agulants (UHF or LWMH). Figure  21.2  shows 
the comparison of action mechanisms of VKA 
vs. new oral anticoagulants.

   One of the main limitations of VKA is that 
they present a high variability interindividual 
dose response. The new oral anticoagulants have 
a predictable anticoagulant response, and there-
fore a daily fi xed dose can be given, and routine 
laboratory monitoring is not required in patients 
without severe renal impairment (Kubitza et al. 
 2005 ,  2008 ; Connolly et al.  2009 ; Schulman et al. 
 2009 ). No routine laboratory monitoring is a 
priori an advantage because it can increase the 
number of patients receiving long-term oral 
anticoagulation therapy. However, the daily fi xed 
dose can cause a potential decrease of treatment 
adherence with consequent therapeutic failure. 
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To avoid this potential poor adherence, education 
is needed in patients who start anticoagulation 
therapy with the new oral anticoagulants. In the 
case of dabigatran and apixaban, they are admin-
istrated in a twice-daily dose, while daily dose of 
rivaroxaban can be administrated once after the 
fi rst weeks (European Medicine Agency  2012b ). 

 New oral anticoagulants are less dependent of 
CYP450 metabolism compared to VKA; there-
fore, drug and dietary interactions are reduced. 
The presence of food increases the time to reach 
peak plasma concentration (≈4 h) and decreases 
30 % in plasma levels of rivaroxaban (Kubitza 
et al.  2006 ). 

 Dabigatran is metabolized by CYP450- 
independent mechanisms. The prodrug dabiga-
tran etexilate and rivaroxaban are substrates of 
p-glycoprotein and transported through the mem-
brane. Pg-p inductor drugs (rifampicin, carbam-
azepine, or St. John’s wort) or Pg-p inhibitor 
drugs (ketoconazole, verapamil, amiodarone, or 
quinidine) may decrease or increase the antico-
agulant response, respectively. Ketoconazole is 
contraindicated in patients taking dabigatran 
(Schulman and Majeed  2012 ). Factor Xa inhibi-

tors (rivaroxaban and apixaban) are metabolized 
by CYP3A4, and therefore, concomitant drugs 
that are inhibitors (ketoconazole, ritonavir, 
erythromycin, or clarithromycin) or inducers 
(rifampicin) of this isoenzyme can infl uence the 
plasma drug concentration (Giorgi and Miguel 
 2012 ). Table  21.7  shows the molecular structures 
involved in pharmacodynamics and pharmacoki-
netics of new oral anticoagulants (dabigatran, 
rivaroxaban, and apixaban).

   In the RE-LY study, dabigatran group showed a 
higher incidence of myocardial infarction com-
pared to warfarin group. A recent analysis suggests 
that warfarin may be protective against myocardial 
infarction (Lip and Lane  2010 ). However, in the 
Phase III studies conducted with other new oral 
anticoagulants (rivaroxaban and apixaban), the rate 
of myocardial infarction was lower compared to 
warfarin group (Lip et al.  2010 ). 

 Although new oral anticoagulants have a 
shorter duration of the anticoagulant effect 
 compared to VKA, there is no antidote available 
to reverse the anticoagulant effects if toxicity 
occurs (Schulman and Bijsterveld  2007 ; 
Wittkowsky  2010 ). 

  Fig. 21.2    Comparison of action mechanisms of VKA vs. new oral anticoagulants in the inhibition of coagulation 
cascade factors       
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 Because of the relevance of renal elimination 
in new anticoagulants (dabigatran and rivaroxa-
ban), creatinine clearance (CL CR ) of each patient 
has to be analyzed before starting anticoagulant 
therapy. Patients with moderate renal clearance 
(CL CR < 50 ml/min) or severe renal impair-
ment (CL CR < 30 ml/min) can exhibit pro-
longed time excretion and increased drug 
concentrations in plasma (Stangier et al.  2010 , 
(European Medicine Agency  2012b ). Dabigatran 
is contraindicated in patients with severe renal 
impairment (CL CR < 30 ml/min) (European 
Medicines Agency  2012c )). 

 Dabigatran absorption is favored by an acidic 
environment, so the capsules contain tartaric 
acid. In the RE-LY study, dabigatran showed a 
higher rate of dyspepsia compared to warfarin 
patients, which contributed to a discontinuation 
in the dabigatran anticoagulation therapy in 2 % 
of patients (Connolly et al.  2009 ). 

 One of the most important limitations is the 
cost of the new oral anticoagulants, which is far 
superior to the known coumarin derivates. 
According to Freeman (AÑO), dabigatran may be 
cost-effective in patients with age ≥ 65 years with 
non-valvular atrial fi brillation and an increased 
risk of CHADS2 ≥ 1 (Reeman et al.  2011 ). 

 Although they are not ideal oral anticoagu-
lants, dabigatran, rivaroxaban, and apixaban have 

suitable properties to become real alternatives to 
traditional anticoagulation therapy with coumarin 
derivates.   

4      Future Perspectives 

 Prediction of the initial dose of coumarin deri-
vates using CYP2C9 and VKORC1 polymor-
phisms increases effi cacy and minimizes the 
toxicity of VKA in the fi rst months of treat-
ment. The inclusion of genotyping in the clini-
cal setting reduces the risk of hospitalization 
for bleeding or thrombosis by approximately 
30 % in outpatients treated with warfarin 
(Epstein et al.  2010 ). These results are consis-
tent with the conclusions reached by Eckman 
et al. ( 2009 ), when evaluating the cost-effec-
tiveness of genotype- guided dosing of warfarin 
versus standard induction therapy for non-val-
vular atrial fi brillation patients. The genotype-
guided dosing resulted cost-effective in patients 
at high risk of bleeding but not for typical non-
valvular atrial fi brillation patients, except for 
when the following conditions were complied: 
the genotyping was capable of reducing 32 % 
the rate of bleeding events, and it was available 
in 24 h and costs less than 200 dollars. Currently, 
PCR real-time techniques allow performing 

   Table 21.7    Molecular structures involved in pharmacodynamics and pharmacokinetics of new oral anticoagulants   

 Genes  Drugs  Effects  References 

 ABCB1 
(P-glycoprotein) 

 Dabigatran  Transport through 
the membrane 

 Eriksson et al. ( 2009 ), 
Liesenfeld et al. ( 2011 ), 
Schulman and Majeed ( 2012 )  Rivaroxaban  Interaction with p-gp 

inductors and inhibitors 
 CYP3A4  Rivaroxaban  Hepatic metabolism. 

Interactions with 
CYP3A4 inductors 
or inhibitors 

 Perzborn et al. ( 2011 ), 
Giorgi and Miguel ( 2012 )  Apixaban 

 CYP2J2  Rivaroxaban  Hepatic metabolism 
of rivaroxaban 

 Perzborn et al. ( 2011 ) 

 CYP3A5  Apixaban  Hepatic metabolism 
of apixaban 

 Eriksson et al. ( 2009 ), 
Deedwania and Huang ( 2012 )  SULT1A1 

   ABCB1  indicates ATP-binding cassette, subfamily B;  CYP3A4  Cytochrome P450 family 3, subfamily A, polypeptide 4; 
 CYP2J2  Cytochrome P450 family 2, subfamily J, polypeptide 2;  CYP3A5  Cytochrome P450 family 3, subfamily A, 
polypeptide 5;  SULT1A1  sulfotransferase 1A1  
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genotyping of CYP2C9 and VKORC1 within 
24 h, and the cost of the genotyping method can 
be available for less than $40 per patient if it is 
performed “in-house,” at the hospital laboratory 
facilities. If genotyping- guided dose is implemented 
in clinical anticoagulant therapy, it can reach a 
30 % reduction of thromboembolism or bleed-
ing events in typical non-valvular atrial fi brilla-
tion patients. 

 Furthermore, VKAs still remain a recom-
mended option for anticoagulation therapy in 
patients who are already on anticoagulant ther-
apy with VKAs and with good INR control, for 
new patients with non-valvular atrial fi brillation 
except if there are any criteria that justify initiat-
ing treatment with the new oral anticoagulants, 
and also for atrial fi brillation patients with val-
vular involvement. Thereby, VKAs will keep 
being a real possibility for anticoagulant therapy 
despite of the increasing trend of using new oral 
anticoagulants in prevention of stroke and sys-
temic embolism for patients with atrial fi brilla-
tion. However, there are some situations in which 
the new oral anticoagulants may have a benefi t 
compared with the VKAs, such as patients with 
known hypersensitivity or contraindication to 
the use of VKA, patients with antecedents of 
intracranial hemorrhage or ischemic stroke 
patients with high-risk clinical and neuroimag-
ing criteria for intracranial hemorrhage, and 
fi nally in patients treated with VKAs which have 
been presented thromboembolic and/or major 
bleeding episodes despite a good control of INR 
(Spanish Agency of Medicines and Health 
Products  2012 ). 

 Dabigatran has demonstrated to be cost effec-
tive compared to warfarin in preventing stroke 
and systemic embolism in patients with non-valvular 
atrial fi brillation (Davidson et al.  2013 ; González-
Juanatey et al.  2012 ). Although the new mole-
cules are presented as the future in the prevention 
of thrombotic events in patients requiring long-
term oral anticoagulation, the high cost of these 
molecules is a limitation in the clinical imple-
mentation, especially for some countries. In those 
countries, if new molecules cannot be introduced 
in their hospitals, routine genotyping of patients 
with a high bleeding risk starting long-term oral 

anticoagulation with coumarin derivates or poor 
INR control remains a real possibility to be con-
sidered to improve the effi ciency and safety of 
treatment.     
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1             Introduction 

 Platelet activation and aggregation play a central 
role in the initiation and development of throm-
bus formation, to which the stimulation of 
platelet ADP receptor P2Y12 makes a greater 
contribution (Dorsam and Kunapuli  2004 ) 
than other components involved. In addition to 
ADP, thrombin is the most potent activator of 
platelets. Human platelets express two thrombin 
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 Abstract 

   Platelet activation and aggregation play a critical role in hemostasis and 
thrombosis. There is a fast-growing list of the antiplatelet drugs that are 
either marketed or under development, of which combination of aspirin 
and clopidogrel is now the standard of care for acute coronary syndromes 
or percutaneous coronary intervention for stenting. Overwhelming data 
have well demonstrated that aspirin monotherapy can greatly improve 
patient outcomes by irreversible suppression of the cyclooxygenase-1 
enzyme responsible for the arachidonic acid pathway, that clopidogrel can 
exert its well-documented platelet inhibition through irreversible blockade 
of the platelet ADP receptor P2Y12, and that dual antiplatelet therapy 
(aspirin plus clopidogrel) is clinically more effective than either of the two 
for the secondary prevention of the recurrence of myocardial infarction, 
in-stent thrombosis, ischemic stroke, or even death. However, individuals 
may vary in their response to the drug, characterized by less or no response 
to either one or both in some patients when taking the same doses. It is 
well known that almost all genetic and nongenetic factors may contribute 
to that variation as summarized in this book chapter, and that DNA or 
pharmacogenomics is not the whole story about personalized medicine. 
The future landscape of optimal drug therapy would be much clearer over 
time and thus more attractive. 

      Pharmacogenomics 
and Personalized Medicine 
of the Antiplatelet Drugs 

                         Hong-Guang     Xie      and     Ying-Dong     Zhang    
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receptors – protease-activated receptor (PAR)-1 
and PAR4, both of which signal platelet activa-
tion (Kahn et al.  1998 ). Activation of the platelet 
P2Y12 receptors is only partially required for 
PAR1- and glycoprotein (GP) IIb/IIIa-mediated 
platelet activation, and thus the P2Y12 antago-
nists (such as clopidogrel) can partially inhibit 
PAR1- rather than PAR4-mediated platelet 
aggregation (Holinstat et al.  2006 ). Therefore, 
for patients treated with clopidogrel or aspirin, 
thrombin still maintains the ability to signal 
platelet aggregation, in particular at the site of a 
local thrombus or at the late (irreversible) phase 
of platelet activation and aggregation, which is 
mediated by PAR4 (Holinstat et al.  2006 ), and 
residual platelet reactivity after clopidogrel is, at 
least in part, the result of PAR-mediated response 
(Badr et al.  2012 ). Based on this concept, PAR1 
antagonists represent a new class of oral anti-
platelet agents (Capodanno et al.  2012 ). 

 Acetylsalicylic acid (also known as aspirin) 
acts through irreversible suppression of cycloox-
ygenase 1 (COX1) activity, thus inhibiting the 
synthesis of proaggregatory thromboxane A2 (or 
TXA2) and exerting its strong antiplatelet effect. 
Aspirin monotherapy can improve patient out-
comes. The subsequently developed thienopyri-
dines further enhance platelet inhibition and 
improve ischemic outcomes in patients with acute 
coronary syndromes (also known as ACS) or those 
undergoing percutaneous coronary intervention 
(also known as PCI) for coronary stenting through 
irreversible blockade of ADP binding to the 
platelet ADP receptor P2Y12. In clinical prac-
tice, dual antiplatelet therapy (DAT) with aspirin 
and clopidogrel has been thought to be the “good 
standard” antiplatelet regimen for their shared 
indications. 

 Platelet GP IIb/IIIa is the integrin receptor 
thought to play a crucial role in hemostasis and 
thus is the antithrombotic target (Armstrong and 
Peter  2012 ). The GPIIb/IIIa receptor antagonists 
suppress fi brinogen-mediated platelet aggrega-
tion (Rivera et al.  2009 ) as an adjunctive therapy 
concomitant for the triple antiplatelet therapy (or 
TAT) (Valgimigli and Minarelli  2011 ; Schneider 
 2011 ). In addition, other adjunct drugs (such as 
cilostazol and ketanserin) are being evaluated for 
triple antiplatelet therapy (Angiolillo  2012 ). 

 In this chapter, clinical pharmacogenomics 
and personalized medicine of the antiplatelet 
drugs are detailed with the major focus on aspirin 
and clopidogrel in patient care. In addition, other 
antiplatelet drugs that have been summarized 
in Table  22.1  are shown just for the whole 
landscape.

2         Aspirin 

 Aspirin, a highly lipophilic molecule, is the fi rst 
clinically effective antiplatelet drug, acting 
through an irreversible modifi cation of its main 
target COX1 and consequently blocking the 
 generation of TXA2. Up to date, low-dose aspi-
rin, routinely combined with clopidogrel, has 
become the standard of care for secondary pre-
vention of the recurrence of atherothrombotic 
events in ACS patients or those undergoing PCI 

   Table 22.1    Classifi cation of the antiplatelet drugs   

 Class of drugs  Example 

 COX1 inhibitor  Aspirin 
  P2Y12 receptor antagonist  
 Indirect acting or 
irreversible a  

 Ticlopidine, clopidogrel, 
prasugrel 

 Direct acting or reversible  Ticagrelor, cangrelor, 
elinogrel 

  Adjunctive or new drug  
 PDE3 inhibitor  Cilostazol, K-134 
 GP IIb/IIIa blocker/
inhibitor 

 Abciximab, tirofi ban, 
eptifi batide 

 GP Ib receptor antagonist  Agkistin 
 PAR1 receptor antagonist  Atopaxar, vorapaxar, 

SCH530348, E-5555 
 PAR4 receptor antagonist  YD-3 
 P2Y1 receptor antagonist  MRS2179, MRS2500 
 P2Y12 inverse agonist  AR-C78511 
 TXA2 receptor antagonist  Ifetroban, ramatroban, 

S18886, SQ29548, BM-144, 
GR32191B, Z-335 

 TXA2 synthase inhibitor  BM-573, BM-613 
 PI3Kβ inhibitor  AZD6482 
 Anti-vWF drug  ARC1779 
 5-HT receptor antagonist  Ketanserin 
 Miscellaneous  Dipyridamole, citalopram, 

NO donors 

    a Thienopyridine; PDE3, phosphodiesterase 3; 5-HT, sero-
tonin. NO, nitric oxide, such as nitroglycerin and sodium 

nitroprusside  
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for coronary stenting (Patrono et al.  2004a ; Collet 
et al.  2009 ; Malek et al.  2008 ; Shuldiner et al. 
 2009 ; Sibbing et al.  2010 ; Simon et al.  2009 ; 
Harmsze et al.  2010 ; Wallentin et al.  2010 ; 
Anderson et al.  2007 ; Antman et al.  2008b ; Smith 
et al.  2006a ; Wurtz et al.  2012 ) and also for 
secondary prevention of ischemic stroke (Ansara 
et al.  2010 ). Although the dose of aspirin varies 
greatly worldwide (Peters et al.  2003 ), high-dose 
aspirin (>300 mg/day) does not confer a further 
reduced risk of ischemic events compared with 
low-dose aspirin (75–100 mg/day) but might 
be associated with an increased risk of major 
bleeding (Mehta et al.  2010 ; Topol et al.  2003 ; 
Peters et al.  2003 ). 

 Despite a wide range of daily effective doses 
(30–1,500 mg) (Patrono et al.  2005 ), aspirin 
completely abrogates the production of TXA2 
from platelets even at its low doses in humans 
(Patrono et al.  2004b ,  2005 ), partially inhibiting 
TXA2-mediated platelet aggregation (Patrono 
et al.  2004b ). 

 Combination of aspirin and clopidogrel can 
result in simultaneous inhibition of two affected 
pathways involved in platelet aggregation 
(Shuldiner et al.  2009 ), producing greater anti-
platelet effects than either of the two. On the 
other hand, the major bleeding complications 
(notably in the upper GI tract) are associated 
with the use of low-dose aspirin or clopidogrel 
(Patrono et al.  2004b ; Pirmohamed et al.  2004 ), 
and thus concurrent use of aspirin and clopido-
grel may have a higher risk of bleeding than each 
agent alone. Clinically, aspirin 75–325 mg once 
daily has been found to be optimal with no addi-
tional benefi t from increasing doses (Jacobson 
 2004 ), since limiting aspirin dose to less than 
100 mg daily could reduce the risk of major 
bleeding complications but could not compro-
mise the effi cacy of dual antiplatelet therapy 
(Peters et al.  2003 ). 

 In addition, platelets are also potent infl amma-
tory cells, in turn, inducing infl ammatory response 
in adjacent cells (such as leukocytes and endothe-
lial cells) and leading to infl ammatory processes in 
the vessel wall and consequently ACS (Hansson 
 2005 ) and atherogenesis (Aukrust et al.  2010 ). For 
instance, consistent with previous studies 
(Debrunner et al.  2008 ; Mockel et al.  2007 ), the 

levels of serum TNFα (a proinfl ammatory cytokine) 
are signifi cantly higher in ACS patients than 
in age- and gender-matched healthy subjects 
(Bergandi et al.  2010 ), confi rming that there is an 
increased infl ammatory state in ACS patients, and 
that TNFα is indeed involved in platelet aggrega-
tion (Pignatelli et al.  2005 ). Furthermore, in a pilot 
study of 157 patients with coronary artery disease 
(CAD) undergoing PCI and receiving clopidogrel 
and aspirin, levels of interleukin-6 and C-reactive 
protein correlated well with ADP- and arachidonic 
acid-induced platelet aggregation (Muller et al. 
 2010 ). A retrospective study of a cohort of 903 
PCI patients taking dual antiplatelet therapy 
revealed that recurrent ischemic events, such as 
death, myocardial infarction (MI), and stent 
thrombosis, were associated with a signifi cantly 
high level of C-reactive protein and high on-
treatment residual platelet aggregation (Muller 
et al.  2010 ). Moreover, in a cohort of 1,223 patients 
on aspirin and clopidogrel for a prior coronary 
stenting, greater ADP-induced platelet aggrega-
tion was associated with elevated levels of 
C-reactive protein and also with elevated white 
blood cell count and fi brinogen levels (Bernlochner 
et al.  2010 ), suggesting a cross-link between 
platelet activation and infl ammatory pathways. 

 The term “aspirin resistance” is defi ned as less 
or no responsiveness to aspirin as measured by 
arachidonic acid-induced platelet aggregation 
in some individuals compared with others. The 
frequency of aspirin resistance varies by platelet 
function testing assay and patient profiling. 
An attenuated antiplatelet effect of aspirin can be 
explained by several mechanisms that are largely 
determined with unique clinical, pharmacody-
namic (PD), biological, and genetic profi ling 
(Wurtz et al.  2012 ). Isolated nonresponsiveness 
to aspirin or in combination with clopidogrel can 
strongly predict therapy failure of an antiplatelet 
agent, a need for dose adjustment or switching 
from one drug to another (Siller-Matula et al. 
 2013 ; Collet et al.  2012 ; Sambu et al.  2012 ). Some 
genetic polymorphisms identifi ed in the genes 
encoding COX1 and thromboxane A synthase 
(which is responsible for the generation of TXA2) 
may be associated with impaired response to 
aspirin or aspirin resistance (Chen et al.  2012 ; 
Li et al.  2012a ,  b ; Verschuren et al.  2012 ).  
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3      Clopidogrel 

 Clopidogrel (Plavix ® ), a prodrug, exerts its 
antiplatelet effect through its active metabolite 
generated in the liver, where two-step bioacti-
vation of clopidogrel occurs as illustrated in 
Figs.  22.1  and  22.2 . Accumulating evidence has 
demonstrated that clopidogrel active metabolite 
binds to platelet ADP receptor P2Y12 specifi cally 
and irreversibly, blocking ADP binding to that 
receptor and inhibiting platelet activation and 
aggregation (Savi et al.  1992 , 199 4   a,   b ,  2000 ; 
Geiger et al.  1999 ; Sharis et al.  1998 ; Quinn and 
Fitzgerald  1999 ; Savi and Herbert  2005 ; Herbert 
and Savi  2003 ; Ding et al.  2003 ). Moreover, clop-
idogrel can suppress thrombin-induced TXA2 gen-
eration (Shankar et al.  2006 ) and induce platelet 
apoptosis through increased Bak/Bax activation 
(   Zhang et al.  2013 ), suggesting that in addition to 
irreversible blockade of platelet P2Y12 receptor, 
multiple other mechanisms are also involved.

    Since approval in 1997 by the US FDA, clopi-
dogrel has been widely used to prevent MI, 
stroke, or vascular death in patients with recent 
MI, stroke, or established peripheral arterial 
disease (Anonymous  2010c ) according to its 
superiority over aspirin for reduction of such 

  Fig. 22.1    The metabolites of clopidogrel in humans (Modifi ed from Xie et al.  2011 )       
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  Fig. 22.2    The bioactivation of clopidogrel in the liver. 
The relative contribution of each human P450 isoform 
responsible for the two sequential P450-dependent oxida-
tive steps in the bioactivation of clopidogrel (Data used 
are from the literature Kazui et al.  2010 )       
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events (CAPRIE Steering Committee  1996 ). 
Furthermore, dual antiplatelet therapy (clopidogrel 
plus aspirin) was approved in 2002 by the US 
FDA for ACS patients or those undergoing PCI 
for stenting based on further clinical trial data 
(The CURE Trial Investigators  2001 ). In addi-
tion, pretreatment with a loading dose of clopido-
grel alone or in combination with aspirin has 
become standard intervention in the setting of 
coronary stenting, because antiplatelet therapy 
can signifi cantly improve clinical outcomes and 
prevent in-stent thrombosis in PCI patients 
(Bertrand et al.  2000 ; Mehta et al.  2001 ; 
Steinhubl et al.  2002 ; Petersen et al.  2003 ; Gurbel 
et al.  2003 ; Gurbel and Anderson  1997 ) or for 
patients with atrial fi brillation and without candi-
dates for warfarin (Helton et al.  2007 ; Connolly 
et al.  2009 ). 

 Dual antiplatelet therapy inhibits platelet 
function, prevents recurrent ischemic events, and 
improves clinical outcomes following ACS or 
PCI (Antman et al.  2008a ,  b ; King et al.  2008 ; 
Sabatine et al.  2005 ; Anderson et al.  2007 ). 
However, individuals may vary in their response 
to drugs. Fast-growing evidence has demon-
strated that the pharmacological and clinical 
response to clopidogrel has substantial interindi-
vidual variability (Angiolillo et al.  2005a ,  2007 ; 
Geisler et al.  2006 ,  2008b ; Gurbel et al.  2003 , 
 2005b ; Gurbel and Tantry  2006 ; Matetzky et al. 
 2004 ; Mobley et al.  2004 ; Muller et al.  2003 ; 
Nguyen et al.  2005 ; O’Donoghue and Wiviott 
 2006 ; Schroeder et al.  2006 ; Snoep et al.  2007 ; 
Wang et al.  2006b ) and that patients with impaired 
antiplatelet effect after receiving clopidogrel 
therapy would be at increased risk for subsequent 
adverse cardiovascular outcomes, such as 
death, recurrent MI, stroke, or stent thrombosis 
associated with coronary stenting (Collet et al. 
 2009 ; Gurbel et al.  2005c ; Hochholzer et al. 
 2006 ; Matetzky et al.  2004 ; Mega et al.  2009a ; 
Simon et al.  2009 ). 

 Similar to aspirin resistance, the individual 
response to clopidogrel is highly variable, and 
up to 20–50 % of patients would not achieve an 
optimal antiplatelet effect (as measured by low 
or no ex vivo inhibition of ADP-induced platelet 

aggregation) after receiving a loading dose of 
clopidogrel. Based on this trait, some patients 
can be categorized as nonresponders, poor 
responders, or resistant to clopidogrel (Angiolillo 
et al.  2005a ,  2007 ; Gurbel et al.  2003 ,  2005b ; 
   Gurbel and Tantry  2006 ; Matetzky et al.  2004 ; 
Mobley et al.  2004 ; Muller et al.  2003 ; Snoep 
et al.  2007 ; Geisler et al.  2006 ,  2008b ). The poor 
response to clopidogrel is associated with an 
increased risk for recurrent thrombotic events 
(such as death, MI, or stroke) during clopidogrel 
therapy (Gurbel et al.  2003 ,  2005a ; Matetzky 
et al.  2004 ; Snoep et al.  2007 ; Cuisset et al.  2006 ; 
Geisler et al.  2008a ), and is also an independent 
predictor of stent thrombosis in PCI patients 
(Buonamici et al.  2007 ; Price et al.  2008 ; 
Wenaweser et al.  2005 ; Zou et al.  2013 ). 

 Mechanisms underlying clopidogrel resistance 
are most likely multifactorial, although they are 
not fully elucidated (Anderson et al.  2007 ; 
Antman et al.  2008b ; Nguyen et al.  2005 ; Wang 
et al.  2006b ; Angiolillo et al.  2007 ; Schroeder 
et al.  2006 ). More importantly, the pharmacody-
namic response of poor responders to clopidogrel 
would be greatly improved after ex vivo addition 
of an adequate amount of clopidogrel active 
metabolite (Wallentin et al.  2008 ). Such solid 
evidence suggests that impaired metabolic bioac-
tivation of clopidogrel may be the major cause 
of poor response to that drug. 

3.1      Absorption, Distribution, 
and Transport of Clopidogrel 

 The recently clarifi ed metabolic bioactivation of 
clopidogrel has revealed the relative contribution 
of several cytochrome P450s (also known as 
CYP or P450) in the formation of clopidogrel 
active metabolite (Kazui et al.  2010 ; Hochholzer 
et al.  2010 ; Zahno et al.  2010 ). The data showed 
that clopidogrel exerted its antiplatelet effect 
only after the formation of its active metabolite 
(R-130964, see Fig.  22.1 ) in the liver (Mega et al. 
 2009b ). Thus, the amount of circulating clopido-
grel active metabolite is chemical basis for its 
antiplatelet effect. 
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 The large interindividual difference in the 
formation of clopidogrel active metabolite and its 
antiplatelet effect may be the result of pronounced 
variability in clopidogrel absorption and bioavail-
ability (Taubert et al.  2004 ). In humans, the plasma 
peak concentrations ( C  max ) of unchanged clopido-
grel correlate well with the levels of the active 
metabolite (Taubert et al.  2004 ). Furthermore, 
the concentrations of clopidogrel and its active 
metabolite, respectively, correlate strongly with the 
degree of platelet inhibition induced by clopido-
grel (Taubert et al.  2004 ; von Beckerath et al. 
 2005a ; Ganesan et al.  2013 ). Similarly, there is a 
signifi cant but negative correlation between clopi-
dogrel bioavailability, as measured by the area 
under the plasma drug concentration- time curve 
(AUC) or  C  max , and platelet inhibition, as measured 
by maximal antiplatelet effect or area under the 
antiplatelet effect- time curve in healthy subjects 
after taking a 300-mg loading dose of clopidogrel 
on day 1, followed by a 75-mg daily maintenance 
dose taken on days 2–7 (Kim et al.  2008a ,  b ). 
Therefore, interindividual variation in clopidogrel 
intestinal absorption and bioavailability may con-
tribute to variable response to clopidogrel. 

 As for the mechanisms underlying that varia-
tion, the absorptive apical-to-basolateral (A-to-B) 
fl ux of clopidogrel across intact Caco-2 monolayer 
was increased in a dose-dependent manner in the 
presence of well-characterized P-glycoprotein 
(P-gp) inhibitors (Taubert et al.  2006 ), suggesting 
that clopidogrel is a substrate of P-gp. However, 
relevant evidence demonstrated that the role of 
P-gp in limiting intestinal absorption of clopido-
grel may not be the major cause of remarkable 
interindividual variation in the formation of clop-
idogrel active metabolite and its antiplatelet 
activity (Taubert et al.  2006 ). 

 In terms of the fact that intracellular clopido-
grel accumulation was increased in the Caco-2 
cells lacking P-gp, other effl ux transporters – 
MRP2 and BCRP – may be involved in decreased 
clopidogrel absorption in the intestine. However, 
use of indomethacin (a subtype-unspecifi c MRP 
inhibitor) or MK-571 (a subtype 1- and 2-specifi c 
MRP inhibitor) did not increase clopidogrel 
absorption as anticipated (Taubert et al.  2006 ). 
Moreover, cyclosporine or elacridar – a dual 

inhibitor of P-gp and BCRP – was not more 
potent than verapamil (a P-gp inhibitor not inhib-
iting BCRP) to increase intracellular clopidogrel 
accumulation (Taubert et al.  2006 ), indicating 
that MRP2 and BCRP may not play an important 
role in active luminal secretion of clopidogrel. 

 More recently, in a cohort of 26 male CAD 
patients treated with clopidogrel (75 mg/day) for 
at least 5 days, increased expression of MRP3 (or 
ABCC3) was associated with impaired response 
to clopidogrel and vice versa, indicating that 
altered MRP3 expression and function may affect 
clopidogrel response (Luchessi et al.  2012 ). 

 According to the fact that clopidogrel and its 
active thiol metabolite and inactive carboxyl 
metabolite all are highly protein bound (Bhindi 
et al.  2008 ), high concentrations of inactive clopi-
dogrel carboxylate in plasma could displace clop-
idogrel active metabolite from protein binding 
sites. In a cohort of female patients with stable 
CAD not taking clopidogrel, there was a signifi -
cant correlation between VASP (a measure of 
inhibition of platelet aggregation) and both free 
and total concentrations of clopidogrel active 
metabolite and also between VASP and both free 
and total concentrations of clopidogrel inactive 
carboxylate (Ganesan et al.  2013 ). Moreover, free 
fractions of clopidogrel active metabolite could 
increase with protein binding of clopidogrel inac-
tive carboxylate (Ganesan et al.  2013 ). Not sur-
prisingly, clopidogrel inactive carboxylate might 
be a useful surrogate marker that could predict the 
effect of clopidogrel active metabolite in vivo.  

3.2      Metabolism and Bioactivation 
of Clopidogrel 

3.2.1      Carboxylesterase 1 (CES1) 
and Clopidogrel Carboxylate 

 Clopidogrel, an enantiopure carboxylic ester of 
 S -confi guration (Mullangi and Srinivas  2009 ; 
Savi et al.  2000 ; Reist et al.  2000 ), is a substrate 
of CES1 (Yang et al.  2007 ; Mao et al.  2011 ; 
Sato et al.  2012a ,  b ). Oral clopidogrel is rapidly 
and predominantly hydrolyzed by hepatic CES1 
to its inactive carboxylate (or SR26334, see 
Fig.  22.1 ), which represents some 85 % of the 
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clopidogrel- related compounds in plasma (Caplain 
et al.  1999 ; Lins et al.  1999 ). More recently, 
in vitro evidence has indicated that clopidogrel 
carboxylate is not a P450 substrate (Maseneni 
et al.  2012 ; Zahno et al.  2010 ) and has no effect on 
platelet aggregation (Zahno et al.  2010 ). However, 
such an inactive metabolite can serve as a surro-
gate endpoint to obtain information on either 
absorption/elimination of that drug (Caplain 
et al.  1999 ) or compliance of patients to drug use 
(Mani et al.  2008 ). In addition, CES1-mediated 
clopidogrel inactive metabolite may increase the 
free concentrations of clopidogrel active metabo-
lite, leading to amplifi ed inhibition of platelet 
aggregation (Ganesan et al.  2013 ). However, the 
formation of further metabolites from clopidogrel 
carboxylate by myeloperoxidase (MPO) may 
contribute to myelotoxicity (Maseneni et al.  2012 ). 

 Clopidogrel active thiol metabolite (R-130964) 
contains a methylester function at carbon 10 as 
does its parent drug as shown in Fig.  22.1 , whose 
hydrolysis by CES1 would lead to inactive 
carboxylic acid derivative (Reist et al.  2000 ). 
As mentioned above, in a competitive metabolic 
reaction, approximately 85 % of ingested clopi-
dogrel is rapidly hydrolyzed to such an inactive 
carboxylic acid derivative by CES1 (Lins et al. 
 1999 ; Mega et al.  2009b ; Sangkuhl et al.  2010 ; 
Simon et al.  2009 ; Reist et al.  2000 ). Thus, 
increased amount of clopidogrel would be 
switched preferentially into CES1-mediated met-
abolic pathway of clopidogrel (resulting in bioin-
activation) in carriers with reduced-function 
P450s responsible for the fi rst P450-mediated 
oxidative step of clopidogrel as compared with 
noncarriers (Mega et al.  2009b ; Sangkuhl et al. 
 2010 ). Similar results would also occur when 
CES1 activity was increased due to its induction 
or increased transcription. Conversely, due to 
inhibition, drug interactions, or genetic polymor-
phism (Zhu et al.  2008 ; Sai et al.  2010 ), impaired 
activity of CES1 could lead to an increase in the 
proportion of clopidogrel that would be diverted 
to its metabolic bioactivation pathway. 

 CES1, a phase I drug-metabolizing enzyme, is 
independent of P450s but is expressed just in 
human liver microsomes and, to a less extent, 
cytosol, rather than in intestinal microsomes 

(Zhu et al.  2008 ). There is wide interindividual 
variation in the CES1 activity (Sato et al.  2012a ). 
A nonsynonymous mutation in exon 4 of the 
human  CES1  gene (c. G428A) results in a cata-
lytic site glycine (or G) to glutamic acid (or E) 
substitution at amino acid residual position 143, 
with the 143E variant leading to a 20–100 % loss 
of function (varying by the substrate) (Zhu et al. 
 2008 ). Because CES1 is responsible for the 
hydrolysis of clopidogrel, and its intermediate 
metabolite (2-oxo-clopidogrel) as well as the 
fi nal bioactive thiol metabolite into the pharma-
cologically inactive carboxylate (Lewis et al.  2013 ; 
Bouman et al.  2011 ), there were signifi cantly 
greater levels of plasma clopidogrel active metab-
olite and greater response to clopidogrel (as 
measured by ADP-induced platelet aggregation) 
in the  CES1  143E carriers than noncarriers in a 
cohort of 566 apparently healthy white subjects 
or 350 clopidogrel-treated CAD patients, respec-
tively (Lewis et al.  2013 ). Although the  CES1  
143E variant allele is relatively uncommon, it 
appears to exert a large effect on both clopidogrel 
metabolism and ADP-stimulated platelet aggre-
gation as indicated with the absolute  β  value of 
11.6 for the effect of  CES1  143E on ADP-induced 
platelet aggregation (vs. 7.4 for the magnitude 
of effect of  CYP2C19 *2 on the same trait). 
Moreover, carriers of the  CES1A2  -816C variant 
allele had markedly lower antiplatelet response 
to clopidogrel (as measured by VASP phosphory-
lation) compared with noncarriers (i.e.,  CES1A2  
-816A/A), and this polymorphism may explain 
6.4 % of overall individual variation in response 
to clopidogrel in CAD patients (Ding et al.  2012 ).  

3.2.2      Paraoxonase-1 (PON1) 
 PON1 was fi rst identifi ed as a rate-limiting 
enzyme responsible for the conversion of 2-oxo- 
clopidogrel to clopidogrel active metabolite, with 
 PON1  Q192R being an important genetic variant 
that could affect the formation of clopidogrel 
active metabolite and the antiplatelet effect in 
clinical practice (Bouman et al.  2011 ). Subsequent 
results were confl icting. However, convincing 
evidence is that the PON1 pathway is not a major 
bioactivation pathway of clopidogrel in vitro and 
in vivo (Gong et al.  2012 ; Ohmori et al.  2012 ; 
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Ancrenaz et al.  2012 ), and that the role of PON1 
in the clopidogrel bioactivation now appears to 
be less important than we previously thought.  

3.2.3      Cytochrome P450s 
 Via another series of metabolic pathways, some 
15 % of absorbed clopidogrel is metabolized in 
the liver by several P450 enzymes to generate its 
pharmacologically active metabolite (R-130964, 
see Fig.  22.1 ), which irreversibly blocks the bind-
ing of ADP to platelet P2Y12 receptor, inhibiting 
platelet aggregation induced by exogenous and 
released ADP (Savi et al.  1994a ,  b ,  2000 ; Pereillo 
et al.  2002 ). Attempts to identify certain a P450 
responsible for clopidogrel metabolic activation 
in humans would help establish the pharmaco-
logical basis to further improve the prediction of 
interindividual variation in drug response and the 
potential drug interactions. 

 Although CYP1A was identifi ed as the major 
P450 responsible for clopidogrel oxidation (as 
measured by the disappearance of the C 14 -labeled 
clopidogrel in rat liver microsomes) in an earlier 
study (Savi et al.  1994a ,  b ), subsequent evidence 
demonstrated that CYP1A2 was less important 
for clopidogrel metabolism than assumed, and 
that CYP3A activity was essential for the oxi-
dative metabolism of clopidogrel (Clarke and 
Waskell  2003 ). 

 More recent data demonstrated that the formation 
rate of 2-oxo-clopidogrel (an intermediate metab-
olite of clopidogrel, see Fig.  22.1 ) in human liver 
microsomes (called the step I oxidative pathway 
as shown in the top panel of Fig.  22.2 ) exhibited 
the biphasic pattern in the Eadie-Hofstee plot, 
indicating that multiple enzymes – high-affi nity 
and low-affi nity components – were involved in 
that process (Kazui et al.  2010 ). When using 
monoclonal antibodies to specifi cally inhibit 
the production of 2-oxo- clopidogrel from clopi-
dogrel in human liver microsomes, monoclonal 
antibody displayed their inhibitory effects as 
ranked in the descending order like CYP2C19 >
 CYP1A2 > CYP2B6 (Kazui et al.  2010 ), consis-
tent with the results of the contribution of each 
P450 involved in the same step with the same 
descending order of CYP2C19 > CYP1A2 > 
CYP2B6 (Kazui et al.  2010 ). Furthermore, chemical 

inhibitors, such as furafylline (against CYP1A2) 
and omeprazole (against CYP2C19), suppressed 
the formation of 2-oxo-clopidogrel from clopido-
grel by 35 and 27 %, respectively, consistent with 
the results of the anti-P450 antibody experiments 
(Kazui et al.  2010 ). Similar to the step I oxida-
tion, the formation rate of clopidogrel active 
metabolite from 2-oxo-clopidogrel in human 
liver microsomes (called step II oxidative 
pathway) also exhibited the biphasic pattern in 
Eadie-Hofstee plots, suggesting the involvement 
of multiple enzymes with high-affi nity and low-
affi nity components (Kazui et al.  2010 ). Similar 
inhibition studies (anti-P450 antibodies) were 
performed in human liver microsomes to deter-
mine their inhibitory effects on the formation of 
clopidogrel active metabolite from 2-oxo-clopi-
dogrel in the step II process with a descending 
ranked order: CYP2B6 > CYP3A4 > CYP2C19 > 
CYP2C9, concordant with the contribution of 
each P450 responsible for clopidogrel active 
metabolite formation – CYP3A4 > CYP2B6 > 
CYP2C19 > CYP2C9 (Kazui et al.  2010 ). 
Moreover, ketoconazole (a nonselective, strong 
CYP3A inhibitor), sulfaphenazole (a CYP2C9 
inhibitor), and omeprazole (a potent, mechanism-
based CYP2C19 inhibitor) suppressed the gene-
ration of clopidogrel active metabolite by 38, 36, 
and 31 %, respectively (Kazui et al.  2010 ). Taken 
together, both CYP2C19 and CYP2B6 are 
involved in the whole process of clopidogrel 
active meta bolite formation as shown in 
Fig.  22.2 . Current data have well demonstrated 
that CYP2C19  contributes substantially to the 
whole process of clopidogrel oxidative metabo-
lism (Kazui et al.  2010 ) as shown by several 
recent clinical studies (Brandt et al.  2007a ,  b ; 
Mega et al.  2009a ; Sugidachi et al.  2007 ; Umemura 
et al.  2008 ; Hochholzer et al.  2010 ; Zou et al.  2013 ). 

 CYP3A4 is involved in the only step II oxidative 
pathway of clopidogrel, contributing to the formation 
of the active metabolite from 2-oxo- clopidogrel 
(Kazui et al.  2010 ). When clopidogrel concen-
trations are greater than 10 µM, CYP2C19 is 
suppressed by clopidogrel itself, and CYP3A4 is 
primarily responsible for clopidogrel biotransfor-
mation in vitro (Zahno et al.  2010 ). This notion is 
strongly supported by the fact that either rifampin 
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(a well-known CYP3A inducer) or St. John’s 
wort (also a CYP3A4 inducer as determined by 
the erythromycin breath test) can further increase 
antiplatelet effect of clopidogrel, whereas con-
comitant use of clopidogrel and pravastatin (not a 
substrate of CYP3A) does not result in attenuated 
antiplatelet effect of clopidogrel (Lau et al.  2003 , 
 2011 ), suggesting the involvement of CYP3A in 
the bioactivation of clopidogrel.    

4      Platelet Pharmacogenomics 

 The platelets play a central role in the physiologic 
hemostasis and thrombotic disorders. It has long 
been well known that aspirin targets COX1, sup-
pressing the generation of TXA2 and arachidonic 
acid-induced platelet aggregation. By contrast, 
clopidogrel targets the platelet ADP receptor 
P2Y12, inhibiting platelet aggregation ex vivo 
induced by ADP, collagen, and low concentra-
tions of thrombin (Feliste et al.  1987 ). There is 
great interindividual, rather than intraindividual, 
variation in response to platelet aggregation, 
implying strong heritability (Jones et al.  2009 ). 
The highly variable platelet function could be 
regulated by a large number of genes that encode 
platelet membrane receptors and intracellular 
signaling networks, each exerting a small effect. 

 In the case of clopidogrel, the ADP signaling 
pathway is of importance. Initial evidence has 
demonstrated that 44 % of the variation in platelet 
response to ADP is inherited (O’Donnell et al. 
 2001 ). A total of 1,327 SNPs were identifi ed in 
97 candidate genes from 500 healthy subjects 
(predominantly whites) recruited for the platelet 
phenotype-genotype correlation studies, of which 
8 genes were highly specifi c for platelet ADP sig-
naling pathways (Jones et al.  2009 ). These SNPs 
represent 13 and 16 % of variation in P2Y12- 
associated P-selectin expression and fi brinogen 
binding in response to ADP, and 30–36 % of the 
total hereditable variation in the ADP signaling 
pathway central to platelet function, respectively 
(Jones et al.  2009 ). For example, the variant 
rs1472122 in the  P2Y12  gene was associated 
with increased P-selectin expression in response 
to ADP, whereas another one rs10935839 had a 

decreased P-selectin expression (Jones et al.  2009 ). 
Moreover, a common  ITGA2  gene variant rs246406 
was associated with P-selectin expression and 
two rare variants (rs41305896 and rs6450105) 
with fi brinogen binding in response to ADP 
(Jones et al.  2009 ). In addition, the other variants 
in the  PEAR1  gene (rs11264579),  VAV3  gene 
(rs17229705, rs12410842, and rs2769668), and 
 ITPR1  gene (rs17786144) were all associated 
with fi brinogen binding, increased P-selectin 
expression, or both in response to ADP (Jones 
et al.  2009 ). 

 Human platelet P2Y12 receptor, a Gi-coupled 
receptor whose activation can reduce the 
platelet cAMP level through the suppression 
of adenyl cyclase, has been identifi ed as the 
target of clopidogrel (Hollopeter et al.  2001 ; Savi 
et al.  2000 ). Two nonsynonymous mutations – 
Agr256Gln and Arg265Trp – were identifi ed 
in a patient with congenital bleeding, which led 
to impaired Gi signaling in response to P2Y12 
stimulation (Cattaneo et al.  2003 ). A haplotype 
(termed H2) in the  P2Y12  gene was identifi ed 
in healthy subjects to be associated with the 
maximum aggregation response to ADP and 
more marked downregulation of the intra-platelet 
cAMP levels by ADP compared with noncarriers 
(Fontana et al.  2003 ), but these variants were 
unlikely to have a marked effect on clopidogrel 
response (Angiolillo et al.  2005b ; von Beckerath 
et al.  2005b ; Cuisset et al.  2007 ; Lev et al.  2007 ; 
Smith et al.  2006a ,  b ). In 2,208 consecutive acute 
MI patients receiving clopidogrel, three variants 
in the  P2Y12  gene – rs6785930, rs6809699, and 
rs16846673 – were not associated with the risk of 
the major adverse cardiovascular events (called 
MACE, such as death, MI, stent thrombosis, or 
stroke) in 12 months after taking the drug (Simon 
et al.  2009 ).    Clearly, genetic variants in platelet 
P2Y12 receptors were neither consistently asso-
ciated with altered platelet function and drug 
response nor linked to subsequent clinical out-
comes after taking clopidogrel. Since cangrelor is 
a direct- acting P2Y12 antagonist without the need 
of metabolic bioactivation as required for clopi-
dogrel, one could directly determine whether 
genetic polymorphisms in  P2Y12  receptor could 
affect cangrelor-induced inhibition of platelet 

22 Pharmacogenomics and Personalized Medicine of the Antiplatelet Drugs



478

aggregation ex vivo and clinical outcomes in 
cangrelor- treated patients. 

 Although P2Y1 platelet ADP receptor is not 
the target of clopidogrel, it may play an important 
role in platelet aggregation as ADP initiates 
platelet aggregation via P2Y1 receptor (Storey 
 2009 ) and its activation causes an increase in the 
intracellular Ca 2+  level (Davi and Patrono  2007 ). 
Moreover, P2Y1-defi cient mice and mice treated 
with the P2Y1 antagonist MRS2179 had signifi -
cantly less arterial thrombosis than their respective 
control mice (Lenain et al.  2003 ). After blockade 
of P2Y12 receptor, P2Y1-defi cient mice had a 
signifi cant additive effect on the localized throm-
bosis in the mouse model (Lenain et al.  2003 ). 
Furthermore, over-expression of platelet P2Y1 
receptor can induce platelet hyper- reactivity 
in transgenic mice (Hechler et al.  2003 ). This 
strongly demonstrates that platelet P2Y1 receptor 
is also a potential target for antithrombotic drugs. 
As anticipated, in healthy subjects, a common 
A1622G transition was associated with a signifi cant 
platelet response to ADP in a dose-dependent 
manner, with the G-allele carriers conferring a 
greater response than noncarriers (Hetherington 
et al.  2005 ). These results suggest that polymorphism 
in the  P2Y1  gene or altered density of P2Y1 
receptor on the platelet surface may partly explain 
why platelet response to ADP varies among 
individuals in the absence of clopidogrel. However, 
this variant was not associated with altered res-
ponse to clopidogrel in patients (Lev et al.  2007 ; 
Harmsze et al.  2010 ; Sibbing et al.  2006 ). 

 Clopidogrel active metabolite directly blocks 
ADP binding to platelet P2Y12 receptor, inhibiting 
ADP-mediated activation of the GPIIb/IIIa (or 
called platelet integrin αIIbβ3) complex (Humbert 
et al.  1996 ), which is the main membrane receptor 
for platelet adhesion and aggregation (Kulkarni 
et al.  2000 ). The activation of GP IIb/IIIa is the 
fi nal pathway for all known platelet agonists 
(Davi and Patrono  2007 ). The integrin αIIb can 
induce platelet granule secretion and TXA2 pro-
duction through PI3K/Akt activation (or outside-
 in signaling pathway) (Niu et al.  2012 ). The β3 
subunit of GP IIb/IIIa receptor (also known as 
fi brinogen receptor) is encoded by the  ITGB3  
gene, in which a nonsynonymous polymorphism 

(Leu33Pro) has been widely studied. For example, 
in 500 healthy subjects (predominantly whites) 
recruited for platelet functional testing, the  ITGB3  
variants (including rs5918) showed no associa-
tion with any of the markers of platelet response 
(Jones et al.  2009 ). In 38 stented patients receiving 
a 300-mg loading dose of clopidogrel, this variant 
had a modulatory effect on clopidogrel response 
as seen with a higher degree of GP IIb/IIIa activa-
tion and P-selectin expression in carriers of the 
Pro33 and a lower antiplatelet effect to a 300-mg 
loading dose of clopidogrel up to 24 h following 
intervention (Angiolillo et al.  2004a ). However, 
in the 2,208 consecutive acute MI patients taking 
clopidogrel, this variant had no effect on the risk 
of the MACE in the fi rst year (Simon et al.  2009 ). 
These data have demonstrated that  ITGB3  
polymorphism may not contribute to variation in 
platelet response to clopidogrel. 

 Platelet integrin α2β1 (also known as GP Ia/IIa), 
a major platelet collagen receptor, plays a key 
role in thrombosis following collagen exposure. 
In the  ITGA2  gene (which encodes the α2 
integrin or called GPIa), a C807T transition 
(rs1126643) may be of clinical relevance, with 
807T carriers having increased receptor density 
and thrombotic risk (Kunicki et al.  1997 ; 
Ajzenberg et al.  2005 ). In 289 MI patients under-
going PCI and receiving dual antiplatelet therapy, 
carriers of the 807T/873A allele had signifi cantly 
higher platelet aggregation than noncarriers 
(Giusti et al.  2008 ). Interestingly, clopidogrel- 
induced platelet inhibition in carriers of the 807T 
allele was not different from that in noncarriers 
in response to ADP stimuli among 44 stented 
patients receiving a 300-mg loading dose of clop-
idogrel, but clopidogrel response was seen with 
collagen stimuli only in noncarriers of the 807T 
allele (Angiolillo et al.  2004b ), implying an 
increased platelet reactivity to collagen in carriers 
of the 807T allele due to increased exposure to 
collagen during coronary stenting. A more recent 
functional genomics study of 500 healthy sub-
jects showed that  ITGA2  C807T polymorphism 
(rs1126643) was not in association with platelet 
function testing, and that other  ITGA2  variants 
(rs246406 and rs41305896) were linked to altered 
P-selectin expression and fi brinogen binding in 
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response to ADP in addition to another variant 
(rs41315906) linked to fi brinogen binding in 
response to collagen (Jones et al.  2009 ). 

 GPIbα (also known as platelet adhesion recep-
tor) mediates the initial adhesion of platelets to 
the blood vessel wall following injury, and thus 
its genetic polymorphisms may affect individual 
predisposition to platelet response in PCI 
patients. The  GPIbα  gene often contains several 
perfect tandem repeats of a mucin-like sequence, 
with four length variants differing in the number 
of tandem repeats of a 39-bp sequence encoding 
13 amino acid residues (Ser399 to Thr411) cor-
responding to the heavily  O -glycosylated region 
(Lopez et al.  1992 ; Ishida et al.  1995 ). 

 Platelet membrane GPIb is the primary platelet 
receptor for von Willebrand factor (vWF) that is 
responsible for shear-induced platelet activation. 
The addition of tandem repeats could increase 
the length of this elongated glycosylated region 
and extend the distance between the ligand-binding 
domain of GPIb and the platelet plasma 
membrane and may alter the susceptibility of 
platelets to shear-induced activation (Lopez et al. 
 1992 ). In addition, a C-to-T transition at the 
position 434 of the coding region, resulting in a 
Thr (ACG) to Met (ATG) dimorphism at residue 
145, was in complete linkage disequilibrium with 
this repeats variant (Ishida et al.  1995 ; Kuijpers 
et al.  1992 ). Moreover, a T-to-C transition at 
position -5 upstream of the ATG start codon in 
the  GPIbα  gene was associated with increased 
expression of GPIbα protein (Afshar-Kharghan 
et al.  1999 ), suggesting a determinant of the 
surface levels of a cell adhesion receptor. 

 vWF mediates vWF-dependent platelet adhe-
sion and aggregation at sites of vascular injury 
through binding to platelet membrane glycopro-
tein receptor GPIbα, since patients with vWF 
defects are at increased risk for excessive bleeding 
with invasive procedure. For example, a common 
vWF exon 28 variant (D1472H) was associated 
with decreased and delayed platelet aggregation 
induced by ristocetin, a withdrawn antibiotic 
that can cause profound thrombocytopenia by 
binding to vWF and promoting vWF- dependent 
platelet aggregation (Sadler  2010 ), as compared 
with its wild-type allele (Flood et al.  2010 ), 

conferring genetic risk for bleeding. Interestingly, 
63 % of black Americans carry the  vWF  D1472H 
versus 17 % of whites (Flood et al.  2010 ). 

 It has been recognized that ADP plays a major 
role in platelet activation and is the fi nal common 
agonist for platelet recruitment and thrombus 
formation. As a constitutively expressed potent 
inhibitor of platelet reactivity, ecto-ADPase (also 
known as CD39/ENTPD1) on the surface of 
endothelial cells effi ciently hydrolyzes ATP 
and ADP released from red cells and activated 
platelets to AMP and drastically reduces or even 
abrogates platelet aggregation and recruitment 
(Marcus et al.  1997 ,  2003 ). Thus, platelets 
become unresponsive to most agonists (including 
ADP) when they are in motion and in proximity 
to endothelial cells (Marcus et al.  1991 ; Davi 
and Patrono  2007 ). Altered CD39 activity due to 
genetic polymorphisms (Friedman et al.  2009 ) 
may be one of the endogenous mechanisms (Jin 
et al.  2005 ), by which increased intrinsic platelet 
reactivity may occur persistently in some indi-
viduals rather than others, irrespective of the 
presence of clopidogrel therapy. 

 Endothelial nitric oxide synthase (eNOS) 
expressed in platelets is an upstream signaling 
protein of nitric oxide (NO)/cyclic GMP (cGMP) 
signaling pathway. Compared with age- and 
gender- matched healthy subjects, ACS patients 
had signifi cantly high basal levels of cGMP and 
enhanced serine phosphorylation in basal eNOS 
and VASP (Bergandi et al.  2010 ), suggesting 
that increased platelet activation at baseline (as 
measured by increased levels of serum soluble 
P-selectin) in ACS patients may result in decreased 
platelet responsiveness to the antiaggregatory 
effects of endogenous NO and exogenous NO 
donors (such as nitroglycerin and sodium nitro-
prusside). Several SNPs have been identifi ed in 
the  eNOS  gene, such as -786T/C in the promoter, 
894G/T in exon 7 (causing Glu298Asp), 4a/4b in 
intron 4, and more. For example, carriers of 
 eNOS  -786C variant and 4a variant (the 27-bp 
variable number of tandem repeats in intron 4) 
had a signifi cantly higher maximal platelet 
aggression value and increased residual platelet 
reaction induced by arachidonic acid (Fatini et al. 
 2009 ), whereas the variant 894T (or 298Asp) was 
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an independent risk factor for MI after multiple 
logistic regression analysis (Shimasaki et al. 
 1998 ). In addition, the 4a variant was associated 
with a decreased risk for upper GI bleeding in 
patients taking low-dose aspirin for secondary 
prevention (Piazuelo et al.  2008 ).  

5      Nongenetic Factors that 
Could Affect the Disposition 
of and Response to Aspirin 
or Clopidogrel 

5.1      Age 

 It is well known that the elderly are underrepre-
sented in the majority of clinical trials, resulting 
in much uncertainty and less optimal medical 
care. A prospective analysis of adverse drug reac-
tions (ADRs) as cause of 18,820 admissions to 
hospitals in the UK has documented that patients 
admitted with ADRs were signifi cantly older 
than those without ADRs (Pirmohamed et al. 
 2004 ). Older age is an important covariate that 
could be used to predict poor platelet response to 
clopidogrel, persistently high residual platelet 
reactivity, worsening clinical outcomes, and 
increased risk of bleeding complications in ACS 
patients. For example, poorer response to clopi-
dogrel (as defi ned by ADP-induced platelet 
aggregation after 7 days of clopidogrel dosing) 
was associated with increased age (Shuldiner 
et al.  2009 ). Consistent with an observation of a 
cohort of 237 PCI patients loading with 600 mg 
of clopidogrel (Geisler et al.  2008b ), age over 
65 years was identifi ed as a signifi cant nonge-
netic factor that would better predict patients 
with persistently high residual platelet reactivity 
after coronary stenting, and dual antiplatelet therapy 
in another cohort of 1,092 consecutively enrolled 
patients (Geisler et al.  2008a ), possibly because 
elderly subjects (aged >65 years) have decreased 
CYP2C19 activity as compared with young people 
(Kimura et al.  1999 ). Furthermore, in 2,208 
consecutive acute MI patients receiving clopido-
grel, 294 patients who had an outcome event 
were older than those without any outcome event 
(Simon et al.  2009 ). In 760 stented patients 

loading with 600 mg of clopidogrel, age was 
associated with high on-clopidogrel residual 
platelet aggregation, and effect of age on on- 
clopidogrel residual platelet aggregation was 
prominent in nondiabetic patients than diabetic 
patients (Hochholzer et al.  2010 ), indicating an 
interaction with diabetes mellitus. However, 
the relative contribution of age to the observed 
variation in on-clopidogrel residual platelet 
aggregation was estimated to be 1 % (Hochholzer 
et al.  2010 ), suggesting that age (>65 years) is a 
possible but not strong predictor for a low 
response to clopidogrel. 

 As a rare but serious thrombotic event, MI in 
young patients is routinely treated with PCI and 
stenting as well as chronic antiplatelet therapy. In 
259 young (aged <45 years) survivors with acute 
MI who were initially treated with clopidogrel 
for at least 1 month, followed by the median 
drug exposure period of 1.07 (IQR 0.28–3.0) 
years with the maximum follow-up of 8 years, 
either a composite of a recurrent episode of isch-
emic events (death, recurrent MI, urgent PCI or 
CABG) or secondary stent thrombosis occurred 
more frequently in carriers versus noncarriers of 
 CYP2C19 * 2 , suggesting the  CYP2C19 * 2  variant 
is a major determinant of prognosis in this clinical 
setting (Collet et al.  2009 ). Moreover, the frequency 
of secondary stent thrombosis varied by the 
length of therapy and the type of stents used, with 
67 % of stent thrombosis events occurring late 
(30 days to 1 year) or very late (>1 year) and 
80 % of very late stent thrombosis events linked 
to drug-eluting stents (Collet et al.  2009 ). However, 
whether CYP2C19 activity has a more important 
role in the response to clopidogrel in young 
patients than older patients with ACS needs 
further studies (Storey  2009 ). 

 In addition, in a cohort of 1,524 PCI patients 
after pretreatment of 600-mg clopidogrel, age 
(per 10-year increment) was a signifi cant risk 
factor for TIMI (Thrombolysis in Myocardial 
Infarction) major or minor bleeding complications 
as assessed by a multivariable logistic regression 
model (Sibbing et al.  2010 ). Similarly, patients 
with major bleeding are older than those with 
minor or no bleeding, and thus old age (in 
particular > 80 years) is a strong predictor for 
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major bleeding in PCI patients (Iijima et al.  2009 ; 
Kinnaird et al.  2003 ; Feit et al.  2007 ). 

 Compared with the middle-aged adults, the 
elderly have lower aspirin esterase activity and 
thus have increased response to aspirin when 
taking the recommended doses. In addition, the 
elderly may have a lower CES1 activity than 
young adults, because CES1 induction may 
decrease with the age (Xiao et al.  2012 ).  

5.2      Gender 

 Women are also underrepresented in the majority 
of clinical trials. Compared with men, women 
undergo coronary intervention less frequently, 
and a lower proportion of women receive evidence- 
based drug therapy (Ostadal and Ostadal  2012 ). 
As for the baseline platelet reactivity (as mea-
sured by VerifyNow P2Y12 assay), female 
patients had a signifi cantly higher mean value 
than males (Lin et al.  2012 ). Although there was 
no gender difference in arachidonic acid- or 
ADP-induced platelet aggregation, postmeno-
pausal women had a signifi cantly higher throm-
bin receptor-activating peptide (TRAP)-induced 
platelet reactivity (as measured by impedance 
aggregometry) than men and thus had a signifi cantly 
increased maximal platelet reactivity (Bobbert 
et al.  2012 ). Multivariate linear regression further 
revealed female sex to be an independent risk 
factor for clopidogrel nonresponse (Lin et al. 
 2012 ) and a signifi cant prognostic risk for 
increased TRAP-induced platelet aggregation 
(Bobbert et al.  2012 ). Consistent with the above 
fi ndings, female gender was an independent pre-
dictor of higher on-treatment platelet reactivity in 
patients treated with dual antiplatelet agents 
alone or in combination with cilostazol (Park 
et al.  2011 ). In other words, patients with high 
on-treatment platelet reactivity are more likely 
to be women (Price et al.  2011 ). In addition, 
women may benefi t less than men from therapy 
with fi brinolytic or glycoprotein IIb/IIIa antago-
nists (Ostadal and Ostadal  2012 ). 

 Opposite to the above, gender could affect 
CYP2C19 catalytic activity to a certain extent, 
with females having a higher activity than males 

(Ramsjo et al.  2010 ; Xie et al.  1997 ). In addition, 
females have higher CYP3A4 activity than males 
(Wolbold et al.  2003 ; Chen et al.  2006 ). The addi-
tive or synergic role of CYP2C19 and CYP3A4 
in the generation of clopidogrel active metabolite 
may lead to higher levels of clopidogrel active 
metabolite in females than males and thus to 
greater clopidogrel-induced antiplatelet effects in 
women. As anticipated, in 2,208 consecutively 
recruited acute MI patients receiving clopidogrel, 
females had a signifi cantly lower risk for an 
adverse cardiovascular event (death, recurrent 
MI, or stroke) than males (5.0 % vs. 8.3 %; 
 P  = 0.001) during the period of the fi rst-year 
follow- up (Simon et al.  2009 ). Similarly, in a 
cohort of 1,524 PCI patients pretreated with 
600-mg clopidogrel, gender was a signifi cant 
covariate determining ADP-induced platelet 
aggregation ( P  = 0.01) as assessed by a multivari-
able linear regression model (Sibbing et al.  2010 ). 
Furthermore, female sex was also an independent 
predictor of increased risk of bleeding in PCI- 
treated patients (Iijima et al.  2009 ; Feit et al.  2007 ). 

 Other relevant evidence is given below. In a 
megakaryocytic DAMI cell line, testosterone 
could induce P2Y12 mRNA and protein expres-
sion and suppress VASP phosphorylation; these 
effects of testosterone on P2Y12 could be 
reversed by the androgen receptor antagonist 
bicalutamide (Lee et al.  2012 ). In addition, 
testosterone also induced TXA2 synthase protein 
levels and increased TXA2-mediated function 
in rats (Gonzales et al.  2005 ). In contrast, 
17β-oestradiol had no effect on P2Y12 expres-
sion (Lee et al.  2012 ). Induction of hepatic MRP3 
(which is involved in altered platelet response 
to clopidogrel) by ethynylestradiol was mediated 
by estrogen receptor (Ruiz et al.  2013 ). The 
net effects from the opposite effects of each 
other would be predicted on the basis of the 
complex model.  

5.3      Body Weight 

 Body weight may affect the PK profile of 
clopidogrel and its active metabolite and subse-
quent antiplatelet effect. For instance, decreased 
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CYP3A4 activity could contribute to high on- 
clopidogrel platelet reactivity in overweight 
patients (Bonello-Palot et al.  2009 ; Kotlyar and 
Carson  1999 ). Human adipose tissue can upregu-
late CES1 expression and activity (Jernas et al. 
 2009 ), leading to faster bioinactivation of clopi-
dogrel and aspirin. Moreover, high body weight 
or greater BMI (body mass index) has been iden-
tifi ed as a risk factor for clopidogrel nonresponder 
(Lin et al.  2012 ) or failed dose adjustment 
(Bonello et al.  2012 ). A multivariate analysis 
indicated that  CYP2C19  loss-of-function 
polymorphisms and high body weight were two 
independent predictors of clopidogrel resistance, 
because the body weight was signifi cantly 
greater in poor responders genotyped with 
 CYP2C19 * 1 /* 1  than in responders carrying the 
 CYP2C19 * 2  variant (Aleil et al.  2009 ). A similar 
effect of greater body weight or BMI on the 
response to clopidogrel was reported elsewhere 
(Shuldiner et al.  2009 ; Feher et al.  2007 ; 
Hochholzer et al.  2010 ). Furthermore, an 
increased risk of bleeding was seen in patients 
with low body weight when taking prasugrel 
(a new clopidogrel alternative less dependent on 
CYP2C19) (Wiviott et al.  2007 ), and persistent 
platelet activation was often seen in obese women 
who were otherwise healthy and relatively young 
(Davi et al.  2002 ). In addition, in a cohort of 
1,524 PCI patients pretreated with 600-mg clopi-
dogrel, BMI was a signifi cant covariate deter-
mining ADP-induced platelet aggregation as 
assessed by a multivariable linear regression 
model (Sibbing et al.  2010 ). On the other hand, 
low body weight is an independent predictor of 
increased risk of bleeding and recurrent MI in 
4,570 PCI patients receiving antithrombotic 
therapy (Iijima et al.  2009 ). Furthermore, in a 
prospective clinical study of 73 PCI patients, the 
only independent predictor of failed dose adjust-
ment of clopidogrel in about 10 % patients with 
high on-clopidogrel platelet reactivity was a 
higher BMI, although ACS, type II diabetes 
mellitus, and  CYP2C19 * 2  were all associated 
with high on-clopidogrel platelet reactivity after 
a 600-mg loading dose. These studies strongly 
suggest that body weight may be an infl uential 
covariate that could affect platelet response to 

clopidogrel, and that higher dose requirements 
of clopidogrel would be needed for patients with 
high on-treatment platelet reactivity (Bonello- 
Palot et al.  2009 ). Therefore, the use of more than 
one weight-adjusted loading dose of clopidogrel 
tailored according to platelet reactivity monitor-
ing would achieve an optimal level of platelet 
inhibition. 

 Obesity has a marked effect on the pharmacoki-
netics (PK) of lipophilic drugs, like aspirin (Hanley 
et al.  2010 ). For example, higher body weight is 
associated with lower biochemical responsiveness 
to aspirin as assessed by TXB2 or platelet function 
testing assays (Bordeaux et al.  2010 ; Maree et al. 
 2005 ; Peace et al.  2010 ), suggesting a possible 
lower clinical effi cacy (Fontana et al.  2010 ).  

5.4      Ethnicity or Racial 
Background 

 Ethnicity of the patient may be one of the impor-
tant demographic covariates that could affect the 
disposition of and response to some drugs across 
a wide spectrum of patients in clinical practice 
(Xie et al.  2001 ; Xie  2010 ; Yasuda et al.  2008 ; 
Ozdemir et al.  2008 ; Yang et al.  2012 ; Jang et al. 
 2012 ). Emerging data have well demonstrated 
that the median values of intrinsic clearance of 
CYP1A2 and CYP2C19 present in Chinese liver 
microsomes were observed to be only 54 % and 
26 % of the corresponding values of the subjects 
of European descent, and that the median Km 
(Michaelis constant) value in the Chinese liver 
microsomes (76 µM) was signifi cantly higher 
than that of the white subjects (32 µM), indicating 
that activity levels of CYP2C19, CYP2B6, and 
CYP1A2 (all of which catalyze the formation of 
clopidogrel active metabolite) are signifi cantly 
lower in Chinese subjects than in white subjects 
(Yang et al.  2012 ). Consistent with the above 
fi ndings,  CYP2C19 * 2  is reproducibly associated 
with a marked decrease in active metabolite 
bioavailability and antiplatelet effect and an 
increased risk for recurrent ischemic events or 
stent thrombosis. Although  CYP2C19 * 2  variant 
is common across many ethnic populations, its 
allelic and genotypic frequencies vary considerably 
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by ethnicity as assessed by a series of meta-analysis 
(Xie  1997 ,  2000 ; Xie et al.  1999a ,  b ). For instance, 
in healthy unrelated white subjects of European 
descent worldwide, the population frequency of 
the  CYP2C19 - genotyped  PM (predominantly 
* 2 /* 2 ) is 2.1 %, highly consistent with its PM 
frequency as determined by phenotyping (2.8 %) 
(Xie et al.  1999b ). Similarly, in 922 healthy unre-
lated black subjects of African ancestry, the 
CYP2C19-phenotyped PM frequency is 3.9 %, 
consistent with its genotyped PM frequency of 
3.7 % (Xie et al.  1999a ). By contrast, in native 
and overseas healthy Chinese populations, the 
CYP2C19 PM frequency is 13.6 % by phenotyping 
and 13.8 % by genotyping (Xie  2000 ), showing 
that an estimated 182 million Chinese subjects 
could lack CYP2C19 activity due to loss-of-
function genetic variations of  CYP2C19  based on 
a total of 1.3 billion Chinese individuals derived 
from the National Census of China in 2005. 
Similarly, the frequencies of  CYP2C19  PM 
alleles are common in the other Eastern Asian 
populations, such as Japanese (Jinnai et al.  2009 ) 
and Korean (Lee et al.  2009 ; Ramsjo et al.  2010 ). 
Therefore, the East Asian populations require 
special attention on clopidogrel resistance (Hasan 
et al.  2013 ). Clearly, genotyping of  CYP2C19  is 
clinically more interesting for patients of Eastern 
Asian origin than those of other ethnic backgrounds 
(Bhatt  2009 ; Geisler et al.  2008b ), since the allele 
frequency of  CYP2C19 * 2  variant in the Chinese 
population (30 %) is twice that in whites (14.7 %) 
and blacks (17.3 %) (Xie et al.  2001 ). It is of 
interest to answer to what extent cardiovascular 
events in Asian patients receiving clopidogrel 
refl ect the prevalence of  CYP2C19  * 2  and * 3  
(Roden and Stein  2009 ). If just based on the 
ethnic diversity of  CYP2C19  nonfunctional 
polymorphism, less exposure to the active drug 
metabolite, less platelet inhibition, and less pre-
vention from recurrent ischemic cardiovascular 
events would be expected for Eastern Asian 
patients than black and white patients when 
they all receive the same doses of clopidogrel. 
For Eastern Asians, such reduced benefi ts from 
clopidogrel in preventing recurrent ischemic 
events may be overcome actually by increasing the 
loading dose of clopidogrel to improve platelet 

inhibition or extending the duration they take the 
drug. On the other hand, genotyping of  CYP2C19  
has proven helpful for clinicians to choose the 
most effective antiplatelet drug and doses for a 
given individual patient as suggested by the more 
recently released black box warning of clopido-
grel by the US FDA (Anonymous  2010a ; Holmes 
et al.  2010 ). 

 In addition, altered P-gp activity is responsible 
for the interindividual variation in intestinal 
absorption and bioavailability of clopidogrel, 
carriers of  P-gp  3435T variant having signifi cantly 
reduced bioavailability of that drug compared 
with noncarriers (Taubert et al.  2006 ). Furthermore, 
patients with the 3435T/T genotype had signifi -
cantly higher rates of cardiovascular events 
(death, MI or stroke) at 1 year than those with the 
3435C/C genotype (Simon et al.  2009 ). Similar 
to the case of CYP2C19, there are marked ethnic 
differences in P-gp transport activity (Kim et al. 
 2001 ) and at the allele frequency of the  P-gp  
3435T (Ameyaw et al.  2001 ; Schaeffeler et al. 
 2001 ; Marzolini et al.  2004 ; Balram et al.  2003 ). 

 The population frequencies of the loss-of- 
function variants  CYP2C9  * 2  and * 3  (Xie et al. 
 2002 ) and  CYP3A5 * 3  (Xie et al.  2004 ) vary by 
ethnicity. For CYP2C9, its altered enzymatic activ-
ity (due to the presence of  CYP2C9  nonfunctional 
variant) would play a less role in the formation of 
clopidogrel active metabolite since it is responsible 
for clopidogrel active metabolite formation from 
2-oxo-clopidogrel with a relative contribution of 
7 % (Kazui et al.  2010 ). On the other hand, 
 CYP3A5 * 3  allele (resulting in a truncated, non-
functional enzyme) (Wang et al.  2006a ; Xie et al. 
 2004 ) is common across all the major ethnic pop-
ulations (Xie et al.  2004 ), but the contribution of 
CYP3A5 to the formation of clopidogrel active 
metabolite remains to be identifi ed in the future. 

 Interestingly, a retrospective analysis of 7,236 
consecutive patients (who underwent PCI of 
13,135 lesions and received more than one drug- 
eluting stent) revealed that clopidogrel compli-
ance at the time of the stent thrombosis event was 
higher in the black than non-black population, 
but that black race is an independent predictor 
of defi nite stent thrombosis after implantation of 
drug-eluting stent (Collins et al.  2010 ).  
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5.5      Cigarette Smoking 

 An earlier study indicated that CYP1A2 catalyzes 
biotransformation of clopidogrel in rats (Savi 
et al.  1994a ,  b ). More recent in vitro study has 
well confi rmed that CYP1A2 is one of the three 
identifi ed P450s involved in the fi rst oxidative 
step of clopidogrel to generate 2-oxo- clopidogrel 
(Kazui et al.  2010 ) as shown in Fig.  22.2 . Previous 
studies have indicated that cigarette smoking can 
signifi cantly induce the expression of CYP1A2 
(Schrenk et al.  1998 ). More importantly, some 
patients who were receiving clopidogrel were 
also active or heavy cigarette smokers. Therefore, 
it is of interest to determine the PK/PD profi le of 
clopidogrel in patients who are cigarette smoking. 
As expected, in 26 healthy subjects, there were 
lower levels of clopidogrel carboxyl metabolite 
in smokers than in nonsmokers, suggesting an 
increase in in vivo bioactivation of clopidogrel 
in the smoking cohort of subjects (Yousef et al. 
 2008 ). Moreover, in 259 consecutive stented 
patients (104 current smokers vs. 155 nonsmokers) 
and receiving 600-mg loading dose of clopidogrel 
or on chronic clopidogrel therapy, current smokers 
had signifi cantly lower ADP-induced platelet 
aggregation and active GP IIb/IIIa expression 
than nonsmokers (Bliden et al.  2008 ). Moreover, 
the antiplatelet response of clopidogrel increased 
with the levels of serum cotinine (the major 
metabolite of nicotine) in a dose-dependent man-
ner (Ueno et al.  2012 ), and enhanced clopidogrel 
response in smokers was reversed after smoking 
cessation (Park et al.  2012 ), further suggesting 
a cause- effect relationship. In a cohort of 722 
stented Chinese, smokers had lower rate of poor 
response to clopidogrel than nonsmokers, with 
smokers homozygous for the  CYP2C19 * 1 /* 1  
having the lowest rate of clopidogrel resistance 
and nonsmokers carrying the  CYP2C19 * 2  being 
at highest risk for clopidogrel resistance (Liu 
et al.  2010 ). Furthermore, in a total of 1,213 
consecutive patients with acute ST-segment 
elevation MI (588 smokers vs. 625 nonsmokers), 
the rate of cardiac death was signifi cantly lower 
in the smoke group than in the nonsmoke group 
(Sun et al.  2012 ). All above evidence suggests 
that smoking appears to increase clopidogrel 
response as compared with nonsmoking. However, 

a logistic regression analysis indicated that 
current smoking is not a major determinant of 
the platelet reactivity index (VASP assay) when 
clopidogrel is given (Aleil et al.  2009 ). In terms 
of reversal of enhanced clopidogrel response 
after smoking discontinuation, the recommenda-
tion for patients who are receiving clopidogrel 
to stop smoking (Wijns et al.  2010 ) should be 
reevaluated in the future clinical practice (Sibbing 
et al.  2012 ).   

6      Clinical Pharmacogenomics 
of Clopidogrel 

 There is considerable interindividual variability 
in ADP-induced platelet aggregation before and 
after dosing of clopidogrel. The heritability of 
ADP-stimulated platelet aggregation at baseline 
and in response to clopidogrel was estimated 
to be 0.33 and 0.73, respectively, indicating a 
substantial genetic component (Shuldiner et al. 
 2009 ). The variation explained by all known 
covariates is less than 10 %, including increased 
age (accounting for 3.8 % of variance), BMI 
(2.3 %), triglyceride level (1.3 %), and decreased 
levels of HDL (high-density lipoprotein) choles-
terol (1 %) as assessed by multivariate analysis of 
clinical study of clopidogrel response (Shuldiner 
et al.  2009 ). These results have well revealed that 
genetic factor is the major determinant of vari-
able clopidogrel response. 

 A candidate gene testing approach (CGTA) 
has been widely used to identify and examine 
SNPs in the genes encoding the P450s responsible 
for the bioactivation of clopidogrel to an active 
metabolite, with the major focus on  CYP2C19  
(Aleil et al.  2009 ; Brandt et al.  2007a ; Collet 
et al.  2009 ; Giusti et al.  2007 ,  2009 ; Hulot et al. 
 2006 ; Kim et al.  2008a ,  b ; Malek et al.  2008 ; 
Mega et al.  2009a ; Sibbing et al.  2009 ,  2010 ; 
Trenk et al.  2008 ; Umemura et al.  2008 ). More 
recently, a genome-wide association study (GWAS) 
of ADP-induced platelet aggregation in response 
to clopidogrel was performed in 429 healthy, 
drug-naïve, related white subjects recruited 
from a relatively homozygous population (which 
minimized the potential for confounding factors), 
further confi rming that  CYP2C19 * 2  variant is 
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associated with impaired antiplatelet effect of 
clopidogrel. In addition to revealing a cluster of 
13 SNPs (all of which were in strong linkage 
disequilibrium with each other) spanning 1.5 
megabases on chromosome 10q24 that was most 
signifi cantly associated with clopidogrel- induced 
platelet inhibition (Shuldiner et al.  2009 ), a well-
designed GWAS study demonstrated that this  
cluster is localized within the  CYP2C18 - CYP2C19 -
 CYP2C9 - CYP2C8  gene cluster, which encodes 
corresponding P450s that play an important 
role in the metabolism of drugs, including the 
bioactivation of clopidogrel. Further analysis 
would reveal that the loss-of- function  CYP2C19 * 2  
accounts for almost the original 10q24 association 
signal (Shuldiner et al.  2009 ). 

6.1      CYP2C19 

 CYP2C19 has a major effect on the formation of 
active metabolite from clopidogrel as it contributes 
substantially to the whole process of clopidogrel 
bioactivation (Kazui et al.  2010 ; Fontana et al. 
 2007 ). Therefore, the loss-of-function poly-
morphisms in the  CYP2C19  may contribute to 
decreased formation of clopidogrel active metab-
olite, reduced antiplatelet effects, and increased 
risk for recurrent ischemic events in patients 
receiving clopidogrel. 

 For the healthy subjects who were drug naïve, 
CYP2C19 catalytic activity (as assessed by 
omeprazole hydroxylation) correlated strongly 
with clopidogrel-induced inhibition of platelet 
aggregation, and the antiplatelet effect of clopi-
dogrel was significantly lower in carriers of 
 CYP2C19 * 2 /* 2  or * 2 /* 3  than carriers of 
 CYP2C19 * 1  (homozygotes or heterozygotes) 
(Kim et al.  2008a ,  b ), suggesting that impaired 
CYP2C19 activity (due to its genetic polymor-
phisms) may be one of the causes that could 
result in “clopidogrel resistance.” In 162 healthy 
subjects taking clopidogrel, carriers of at least 
one  CYP2C19  nonfunctional allele had a 32 % 
reduction in plasma exposure to clopidogrel 
active metabolite and also had a 25 % reduction 
in response to clopidogrel-induced inhibition of 
platelet aggregation as compared with noncarriers 
(Mega et al.  2009a ). Furthermore, heterozygotes 

of the  CYP2C19 * 2  had intermediate value of 
platelet inhibition after taking clopidogrel com-
pared with homozygotes of this variant and non-
carriers, suggesting a gene-dose effect (Geisler 
et al.  2008b ; Shuldiner et al.  2009 ). Moreover, 
carriers of  CYP2C19 * 2  did not have difference in 
baseline platelet aggregation but showed greater 
residual platelet aggregation after dosing of clop-
idogrel as compared with noncarriers (Shuldiner 
et al.  2009 ). In 74 healthy subjects (free from 
concomitant medications and predominantly 
whites) receiving a 300-mg loading dose of clop-
idogrel, the presence of the  CYP2C19 * 2  variant 
was signifi cantly associated with lower exposure 
to clopidogrel active metabolite (as measured by 
AUC 0–24  and  C  max ), lower inhibition of platelet 
aggregation at 4 h, and poor responder status 
(defi ned as less than 20 % of inhibition of platelet 
aggregation to 20 µM ADP at a given time  t ) than 
the absence of this variant allele (Brandt et al. 
 2007a ), suggesting that an attenuated inhibition 
of platelet aggregation is associated with dec-
reased formation of clopidogrel active metabo-
lite. Moreover, in 47 healthy Japanese subjects, 
the mean AUC 0–8  and  C  max  of clopidogrel active 
metabolite differed signifi cantly between carriers 
with or without the loss-of- function  CYP2C19  * 2  
and * 3 , and the lower response to clopidogrel 
was observed in homozygotes of  CYP2C19 * 2  or 
carriers of the compound genotype  CYP2C19 * 2 /* 3  
than noncarriers (Umemura et al.  2008 ). More 
importantly, AUC 0– 8    and  C  max  of clopidogrel active 
metabolite correlated well with inhibition of 
platelet aggregation at 4 h postdose (Umemura 
et al.  2008 ), further confi rming that decreased 
production of clopidogrel active metabolite would 
result in less or no responsiveness to clopidogrel. 

 In addition, a series of clopidogrel clinical trials 
have been performed in patients (Collet et al.  2009 ; 
Mega et al.  2009a ; Simon et al.  2009 ; Trenk 
et al.  2008 ; Aleil et al.  2009 ; Giusti et al.  2007 , 
 2009 ; Frere et al.  2008 ; Wallentin et al.  2010 ), 
further reproducibly and reliably confi rming the 
previous fi ndings obtained in healthy subjects 
(Brandt et al.  2007a ; Hulot et al.  2006 ; Umemura 
et al.  2008 ; Fontana et al.  2007 ; Kim et al.  2008a , 
 b ; Angiolillo et al.  2006b ; Mega et al.  2009a ). For 
example, in 5,148 ACS patients receiving clopi-
dogrel of 75 mg daily, the rate of MACE was 
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higher in carriers of any  CYP2C19  loss-of-function 
variants than in those without during the fi rst 
30 days after start of clopidogrel treatment; 
however, that difference was not signifi cant when 
the full follow-up period (up to 12 months) was 
considered (Wallentin et al.  2010 ). Moreover, in 
2,485 stented patients pretreated with 600 mg of 
clopidogrel, the cumulative 30-day incidence 
of defi nite stent thrombosis following PCI was 
signifi cantly higher in  CYP2C19 * 2  carriers than 
noncarriers, with  CYP2C19 * 2 /* 2  carriers having 
the highest risk of stent thrombosis (Sibbing et al. 
 2009 ). In a large cohort of consecutively recruited 
acute MI patients receiving clopidogrel, a wors-
ening clinical outcome (such as death, MI or 
stroke) was frequently seen in patients harboring 
 CYP2C19  loss-of-function variant alleles (* 2 , * 3 , 
* 4 , or * 5 ), particularly in the subgroup of patients 
undergoing PCI (Simon et al.  2009 ). Interestingly, 
a more signifi cant association was found between 
high residual platelet aggregation and the combi-
nation of  CYP2C19 * 2  genotype and fi ve known 
nongenetic risk factors, suggesting that addition 
of  CYP2C19 * 2  variant to nongenetic risk factors 
may improve the prediction of poor clopidogrel 
response in patients (Geisler et al.  2008b ). 

 However, the existence of either poor responders 
not carrying nonfunctional variant  CYP2C19 * 2  
or responders carrying this variant seen in healthy 
subjects (Hulot et al.  2006 ) and in patients (Aleil 
et al.  2009 ) indicates that other factors also affect 
the decreased response to clopidogrel, because 
the  CYP2C19 * 2  variant has accounted for just 
10–12 % of the variation in clopidogrel response 
as estimated by two independent clinical studies 
(Shuldiner et al.  2009 ; Fontana et al.  2007 ). For 
carriers of  CYP2C19 * 2  variant, clopidogrel-
induced inhibition of ADP- triggered platelet 
aggregation would be improved with high-
dose clopidogrel therapy in healthy subjects 
(Anonymous  2010a ), but this strategy is not well 
supported by currently available data (Pena et al. 
 2009 ) although it seems rational. 

  CYP2C19 *3 is another loss-of-function variant, 
relatively common in Chinese subjects at an allele 
frequency of 5 % but is very rare in blacks and 
whites (<0.5 %) (Xie et al.  2001 ). In Korean patients 
with CAD who underwent PCI with drug-eluting 

stents and received clopidogrel,  CYP2C19 * 3  
variant was signifi cantly more prevalent in the 
clopidogrel-resistant group (28.9 % of the patients 
tested) than the clopidogrel- responsive groups, and 
multiple logistic regression analysis revealed that 
 CYP2C19 * 3  was an independent predictor of 
clopidogrel resistance (Lee et al.  2009 ). 

 In contrast, the gain-of-function variant 
 CYP2C19 * 17  (due to an increased transcription of 
 CYP2C19 ) is expected to lead to an enhanced 
response to antiplatelet treatment with clopidogrel 
and consequently improved prevention of throm-
botic events. On the other hand, it may increase the 
risk of bleeding complications. Current results are 
confl icting to each other, and thus a meta-analysis 
was performed accordingly to solve these issues 
(Li et al.  2012a ,  b ). The  CYP2C19 * 17  seems to be 
a double-edged sword in thrombosis and bleeding, 
and thus genotyping of  CYP2C19 * 17  may be 
clinically helpful in better predicting bleeding 
complications in clopidogrel- treated patients 
undergoing PCI (Li et al.  2012a ,  b ).  

6.2      CYP2B6 

 CYP2B6 is responsible, at least in part, for the 
production of clopidogrel active metabolite 
(Hagihara et al.  2008 ; Kazui et al.  2010 ; Nishiya 
et al.  2009 ; Richter et al.  2004 ; Turpeinen et al. 
 2005 ; Mega et al.  2009a ). However, variable 
CYP2B6 activity (due to its genetic polymor-
phisms) may not be clinically relevant, because 
no signifi cant associations between  CYP2B6  
polymorphisms and the primary effi cacy and 
safety outcomes (such as death, nonfatal MI, 
stroke, or stent thrombosis) at 15 months were 
observed in a cohort of 1,477 ACS patients 
treated with clopidogrel (Mega et al.  2009a ).  

6.3      CYP3A4/3A5 

 CYP3A4 is the major P450 responsible for the 
formation of clopidogrel active metabolite in vitro 
(Kazui et al.  2010 ; Zahno et al.  2010 ), in particular 
at clopidogrel concentrations >10 µM, which 
leads to the inhibition of CYP2C19 by clopidogrel 
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itself (Zahno et al.  2010 ). So far, there are no or 
rare  CYP3A4  variant alleles identifi ed that appear 
at high allele frequencies among diverse ethnic 
populations and that may alter CYP3A4 catalytic 
activity to a clinically relevant extent as determined 
in subjects taking clopidogrel (Mega et al.  2009a ). 

 In PCI patients treated with clopidogrel, loss-
of- function variant  CYP3A5 * 3  was associated 
with attenuated response to clopidogrel and an 
increased risk for thrombotic events when itra-
conazole (a selective CYP3A4 inhibitor) was 
taken concurrently (Suh et al.  2006 ), indicating 
that CYP3A5 may be involved in clopidogrel 
active metabolite formation. However, decreased 
function of CYP3A5 (due to the presence of 
 CYP3A5 * 3 ) (Wang et al.  2006a ; Xie et al.  2004 ) 
did not affect the formation of the active metabolite 
of and response to clopidogrel in healthy subjects 
(Brandt et al.  2007a ; Kim et al.  2008a ,  b ; Mega 
et al.  2009a ), had no infl uence on residual plate-
let aggregation in patients taking clopidogrel 
(Geisler et al.  2008b ; Smith et al.  2006a ,  b ), and 
was not associated with a risk of subsequent 
cardiovascular events (such as death from any 
cause, nonfatal MI, or stroke) during 1-year follow-
 up in 2,208 acute MI patients (Simon et al.  2009 ), 
suggesting that the contribution of CYP3A5 to 
the bioactivation of clopidogrel may be less 
important than assumed.  

6.4      CYP1A2 

 CYP1A2 is responsible for the formation of 
2-oxo-clopidogrel from clopidogrel with a corre-
sponding contribution of 36 % but does not cata-
lyze the formation of clopidogrel active metabolite 
directly (Kazui et al.  2010 ). However, in subjects 
taking clopidogrel, carriers of reduced-function 
CYP1A2 allele variants were not associated with 
a consistent reduction of the PK and PD response 
to clopidogrel (Mega et al.  2009a ).  

6.5      P-Glycoprotein (P-gp) 

 Clopidogrel is a P-gp substrate (Taubert et al. 
 2006 ). After oral administration of a loading dose 

(300 or 600 mg), the  C  max  and AUC levels of 
clopidogrel and its active metabolite were lower 
in PCI patients carrying the  P-gp  3435T/T geno-
type than in carriers of the 3435C (Taubert et al. 
 2006 ), suggesting that carriers of the genotype 
3435T/T exhibit a greater P-gp activity as demon-
strated elsewhere (Kim et al.  2001 ). When the 
loading dose was increased to 900 mg, the  C  max  
and AUC levels of clopidogrel and its active 
metabolite were increased in carriers of the 
3435T/T compared with the 3435C carriers due 
to the marked downregulation of P-gp expression 
and decreased function in the former (Taubert 
et al.  2006 ). Furthermore, the  C  max  and AUC 
levels of clopidogrel and its active metabolite 
were lower in the  MDR1 * 2  homozygotes (haplo-
type: 1236T-2677T-3435T) than in the  MDR1 * 1  
homozygotes (haplotype: 1236C-2677G-3435C) 
for all three dosage groups (Taubert et al.  2006 ). 
In 321 healthy subjects treated with clopidogrel, 
as compared with  P-gp  3435C carriage,  P-gp  
3435T/T had a signifi cantly reduced platelet 
inhibition in response to a clopidogrel loading 
dose (300 mg) but not to maintenance dosing 
(Mega et al.  2010 ). Similarly, in 1,471 PCI 
patients treated with clopidogrel,  P-gp  3435C/T 
polymorphism was signifi cantly associated with 
the risk of cardiovascular death, MI, or stroke 
until 15 months, the 3435T/T homozygotes 
(approximately 27 % of the patient population) 
having a 72 % increased risk of the primary 
efficacy endpoints as compared with 3435C 
carriers (Mega et al.  2010 ). Inconsistent with a 
previous fi nding (Taubert et al.  2006 ),  P-gp  
3435T/T did not have reduced exposure to 
clopidogrel active metabolite, and the other two 
common P-gp polymorphisms – 2677G/T(A) or 
1236C/T – did not add additional signifi cance to 
the role of  P-gp  3435C/T (Mega et al.  2010 ). 
Simon et al. observed that patients homozygous 
for  P-gp  3435T had a higher rate of subsequent 
cardiovascular events at 1 year than homozygotes 
of 3435C (15.5 % vs. 10.7 %) in 2,208 acute MI 
patients receiving clopidogrel therapy (Simon 
et al.  2009 ), but a further subgroup analysis indi-
cated that  P-gp  3435T variant did not have a 
signifi cantly independent infl uence on the adjusted 
risk of death, MI, or stroke in the 1,535 acute 
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MI patients undergoing PCI (Simon et al.  2009 ). 
However, these results will need to be confi rmed 
in prospective, large-scale patient populations of 
diversely ethnic backgrounds.  

6.6      CYP2C9 

 CYP2C9 is responsible for clopidogrel active 
metabolite formation from 2-oxo-clopidogrel with 
a relative contribution of 7 % (Kazui et al.  2010 ), 
indicating a less important role in the formation 
of clopidogrel active metabolite. For example, in 
162 healthy subjects taking clopidogrel, carriers 
of reduced-function  CYP2C9  variants were not 
associated with a consistent reduction of the 
PK and PD response to clopidogrel (Mega et al. 
 2009a ). 

 On the other hand,  CYP2C9  expressed in 
vascular endothelium is responsible for the 
generation of signifi cant amounts of reactive 
oxygen species (e.g., O 2  − ) (Fichtlscherer et al. 
 2004 ), indirectly enhancing platelet recruitment 
most likely by inactivating a platelet ecto-ADPase 
(thereby increasing the bioavailability of ADP) 
and also by scavenging nitric oxide (NO) (thereby 
impairing the antiplatelet activity of NO due to a 
decrease in NO bioavailability) (Davi and Patrono 
 2007 ). Therefore, impaired CYP2C9 activity 
(due to loss-of-function genetic polymorphisms) 
may exhibit two opposite effects: one is reduced 
formation of clopidogrel active metabolite (Kazui 
et al.  2010 ) and the other is reduced intrinsic 
platelet activation and recruitment due to a 
decrease in the CYP2C9-mediated formation of 
reactive oxygen species (Davi and Patrono  2007 ). 
The net effect during a dynamic process would 
be more complicated than we previously thought. 
Inconsistent results on the effects of  CYP2C9  
polymorphisms on platelet response to clopido-
grel are not surprising accordingly.   

7      Comorbidities 

 The liver is the most important organ responsible 
for the metabolic conversion of clopidogrel to its 
active metabolite (Savi et al.  1992 ). In addition, 

both the parent drug and its active metabolite 
were found to be highly protein bound (>94 %) 
(Lins et al.  1999 ). Moreover, hepatic CYP2C19 
is involved in clopidogrel bioactivation (Kazui 
et al.  2010 ), and there is a marked decrease in 
enzymatic activity of CYP 2C19, 3A4, and 1A2 
in patients with severe liver disease (Kimura 
et al.  1999 ; Adedoyin et al.  1998 ; d’Esposito 
et al.  2010 ; George et al.  1995 ), and, thus, severe 
liver disease might impair the metabolism of and 
response to clopidogrel. 

 In addition to  CYP2C19 * 2 , type II diabetes 
mellitus, obesity, ACS, PCI, and stenting all can 
increase platelet aggregability (Bhatt  2008 ; 
Bonello-Palot et al.  2009 ). For example, diabetes 
mellitus was associated with low response to 
clopidogrel in patients after coronary intervention 
(Angiolillo et al.  2006a ; Geisler et al.  2008a ; 
Hochholzer et al.  2010 ), and patients with high 
on-treatment platelet reactivity after a clopidogrel 
loading dose were more often diabetics than good 
responders (44 % vs. 20 %) (Bonello-Palot et al. 
 2009 ). That may be because diabetic patients had 
a less generation of clopidogrel active metabolite 
(Erlinge et al.  2008 ), were more likely to have 
high on-clopidogrel residual platelet aggregation, 
and exhibited less prominent interaction with age 
and BMI than nondiabetic patients (Hochholzer 
et al.  2010 ). Moreover, in a large-scale study 
of 1,092 consecutively enrolled patients, type II 
diabetes mellitus, ACS, renal failure, and decreased 
left ventricular function were identifi ed as signifi -
cant nongenetic factors that would better predict 
patients with persistent high residual platelet 
reactivity after coronary stenting and dual anti-
platelet therapy with clopidogrel and aspirin 
(Geisler et al.  2008a ). Moreover, elevated residual 
platelet aggregation after PCI for symptomatic 
CAD is an independent predictor for adverse 
coronary events in acute MI patients (Geisler 
et al.  2008b ). In addition, increased triglyceride 
levels and decreased levels of HDL cholesterol 
were used to explain 1.3 and 1 % of the variation 
of clopidogrel response, respectively (Shuldiner 
et al.  2009 ). In the 2,208 consecutively enrolled 
patients with acute MI and receiving clopidogrel, 
319 patients who had an outcome event (such 
as death, nonfatal MI, or stroke) more frequently 
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had a history of hypertension, diabetes, MI, PCI, 
stroke, or heart failure compared with those who 
did not (Simon et al.  2009 ). 

 In addition, impaired creatinine clearance is 
an independent baseline predictor of the major 
bleeding complications in 6,001 PCI patients 
(Feit et al.  2007 ). Patients with chronic kidney 
disease (CKD) undergoing hemodialysis have 
signifi cantly higher baseline platelet aggregation 
than those with normal renal function, and CKD 
is an important predictor of low response to clop-
idogrel (Woo et al.  2011 ). Diabetic patients with 
impaired renal function are also characterized by 
attenuated antiplatelet response to clopidogrel. 
However, in nondiabetic patients with CAD, 
the presence of impaired renal function (defi ned 
as an estimated glomerular fi ltration rate or 
eGFR < 60 ml/min) is not associated with differ-
ences in clopidogrel-induced antiplatelet effects 
when compared with those with preserved renal 
function (Tello-Montoliu et al.  2013 ). However, 
eGFR < 15 ml/min is associated with signifi cantly 
increased residual platelet reactivity, regardless 
of the presence of diabetes mellitus in patients 
who are receiving a maintenance dose of clopido-
grel (Muller et al.  2012 ). As the most important 
predictor of CKD, diabetes mellitus may con-
tribute predominantly to attenuated response to 
clopidogrel when impairment of renal function is 
not too severe.  

8      Concurrent Medications 
and Drug-Drug Interactions 

 Concomitant drug use is frequently seen in patients 
who are required to take clopidogrel, and, thus, 
drug-drug interactions could lead to different 
clinical outcomes in a variety of clinical settings. 
For example, when co-prescribed with potent 
inhibitors of CYP2C19 (such as omeprazole, 
esomeprazole, cimetidine, ranitidine, and fl uox-
etine), clopidogrel-induced inhibition of platelet 
aggregation would be attenuated, especially in 
carriers of the loss-of-function  CYP2C19  variants 
(Gilard et al.  2006 ; Gurbel et al.  2008 ; Ho et al. 
 2009 ; Small et al.  2008 ) or when treated also with 
strong CYP3A4 inhibitors (Zahno et al.  2010 ). 

Moreover, in the 2,208 consecutively enrolled 
patients with acute MI and receiving clopidogrel, 
319 patients who had an outcome event (such as 
death, recurrent MI, or stroke) were less likely to 
receive statins, beta-blockers, ACEI (angiotensin-
converting enzyme inhibitors), GP IIb/IIIa inhib-
itors, and heparin as compared with those who 
did not (Simon et al.  2009 ). In addition, com-
bined use of abciximab (a GP IIb/IIIa inhibitor) 
was a signifi cant predictor of bleeding complica-
tions in 1,524 PCI patients receiving a loading 
dose of clopidogrel (600 mg) (Sibbing et al.  2010 ). 
In a multicenter, prospective, observational study 
of 11,823 consecutive hospital survivors of acute 
MI, concurrent administration of aspirin, clopi-
dogrel, beta-blocker, ACEI/sartan, and statin was 
an effective guideline- adherent secondary pre-
vention drug therapy strategy with an improved 
1-year survival as compared with some cases 
with less combined drugs (Bauer et al.  2010 ). 

 Clinical relevance of the drug interactions 
may vary from patient to patient, from drug to 
drug, and even from disease to disease. Thus, the 
extent of the drug interactions, the site of the 
interaction, the mechanism of the interaction, and 
the therapeutic margin of the interacting drugs 
must be taken into account (Abernethy  1997 ), 
since clinical implications of drug-drug interac-
tions may vary case by case. 

 Clopidogrel and statins (such as atorvastatin, 
cerivastatin, fl uvastatin, lovastatin, pravastatin, and 
simvastatin) are frequently prescribed concomi-
tantly in some patients (Michelson et al.  2007 ; Aleil 
et al.  2009 ; Collet et al.  2009 ; Giusti et al.  2009 ; 
Malek et al.  2008 ; Sibbing et al.  2010 ; Simon 
et al.  2009 ; Harmsze et al.  2010 ; Wallentin et al. 
 2010 ). Because the transport and biotransforma-
tion of clopidogrel in the body are mediated 
by P-gp and certain P450 isozymes that are also 
responsible for the disposition of statins, the 
potential drug-drug interactions may exist in 
various clinical settings. For example, drug inter-
actions between clopidogrel and atorvastatin 
(a substrate of CYP3A4 and P-gp) or pravastatin 
(not a substrate of CYP3A4) were investigated in 
44 stented patients and results indicated that clopi-
dogrel was less effective in inhibition of platelet 
aggregation in patients who were concurrently 
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taking atorvastatin rather than pravastatin (Lau 
et al.  2003 ). However, in a randomized clinical 
trial with 75 mg/day clopidogrel versus placebo 
in 15,603 patients, there was no interaction 
between randomized treatment and the type of 
statins used (CYP3A4-metabolized vs. non-
CYP3A4-metabolized statins) for the rates of 
MACE (e.g., death, MI, or stroke) at the median 
follow-up of 28 months (Saw et al.  2007 ). Such 
evidence obtained from randomized clinical tri-
als has well demonstrated no clinical interactions 
between concomitant use of clopidogrel and 
CYP3A4-metabolized statins (such as atorvastatin, 
lovastatin, and simvastatin). Most of published 
evidence has consistently demonstrated that the 
antiplatelet activity of clopidogrel is not affected 
by a statin whose metabolism is predominantly 
catalyzed by CYP3A4 or CYP2C9 or not, and 
that no dosage adjustment is required when a 
statin is co-administrated with clopidogrel. 

 Clopidogrel is a typical substrate of CYP3A 
(Clarke and Waskell  2003 ). The metabolism of an 
estimated half of all marketed drugs, including 
some statins, is catalyzed by CYP3A4. In clinical 
practice, CYP3A4 substrates, inducers, and inhib-
itors are often administrated with clopidogrel 
simultaneously, and it is of interest to determine 
whether there could be potential drug-drug 
interactions that should be avoided. For example, 
co- administration of ketoconazole (a potent 
noncompetitive CYP3A inhibitor) can result in a 
30 % decrease in exposure to clopidogrel active 
metabolite and hence reduced inhibition of plate-
let aggregation (Farid et al.  2007 ). Similar results 
have been observed in the presence of erythro-
mycin (a CYP3A4 substrate/suicide inhibitor) 
or troleandomycin (a CYP3A4 substrate/suicide 
inhibitor) (Lau et al.  2003 ). As expected, the 
presence of rifampin (a CYP3A4 inducer) can 
promote the formation of clopidogrel active 
metabolite and hence increase its antiplatelet 
activity (Lau et al.  2003 ), and increased CYP3A4 
activity induced by St John’s wort is associated 
with enhanced antiplatelet effect of clopidogrel 
in healthy subjects and patients who had a low 
platelet response to clopidogrel (Lau et al.  2011 ). 

 Warfarin is often associated with GI bleeding 
and high INR (Pirmohamed et al.  2004 ).    In acute 

MI (with ST-elevation) patients, dual antiplatelet 
therapy and anticoagulant treatment regimens are 
routinely used to reduce the risk of thrombotic 
complications (Chen et al.  2005 ), since many 
patients on dual antiplatelet therapy still have 
thrombotic events. Therefore, combination of triple 
antithrombotic drugs (aspirin, clopidogrel, and 
warfarin) would be given carefully according to the 
balance on the benefi ts and risks patients might 
have (Hermosillo and Spinler  2008 ). If needed, the 
doses of aspirin should be reduced, since bleeding 
risk of aspirin is dose dependent (Hirschowitz and 
Hawkey  2001 ; Hirsh et al.  1995 ; Jacobson  2004 ). 
In addition to warfarin and fl uvastatin, the sulfonyl-
urea antidiabetics tolbutamide is also a substrate 
of CYP2C9 (Xie et al.  2002 ). In a cohort of 158 
PCI patients with type II diabetes mellitus treated 
with clopidogrel and aspirin, 53 patients were on 
sulfonylurea antidiabetics, whereas the remaining 
105 patients were taking other oral hypoglycemic 
drugs and insulin. Mean ADP-induced on-
clopidogrel platelet reactivity was signifi cantly 
higher in the users of sulfonylurea antidiabetics 
than nonusers. Such differences remained signifi -
cant after the confounding factors (such as age, 
gender, body weight, use of insulin) were adjusted, 
suggesting that concurrent use of sulfonylurea 
antidiabetics would attenuate clopidogrel-induced 
platelet inhibition (Harmsze et al.  2009 ). 

 Bleeding is an extension of the antiplatelet 
effect and thus is more common with combined 
antiplatelet therapy than monotherapy alone. 
As anticipated, one of the major side effects of 
clopidogrel is GI bleeding (Pirmohamed et al. 
 2004 ), in particular when combined with aspirin. 
To avoid the bleeding, proton pump inhibitors 
(Aleil et al.  2009 ; Collet et al.  2009 ; Giusti et al. 
 2009 ; Sibbing et al.  2010 ; Simon et al.  2009 ; 
Harmsze et al.  2010 ; Wallentin et al.  2010 ) are 
frequently co-prescribed with clopidogrel and 
aspirin to prevent their GI bleeding complications 
(Ray et al.  2010 ; Bhatt et al.  2008 ). On the other 
hand, proton pump inhibitors (PPI) with a strong 
inhibition of CYP2C19 should best be avoided in 
patients treated with clopidogrel, in particular 
when treated with CYP3A4 inhibitors concomi-
tantly due to a double hit of clopidogrel metabolic 
activation (Zahno et al.  2010 ). 
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 Although clopidogrel is a substrate of 
CYP2C19 (Kazui et al.  2010 ; Zahno et al.  2010 ), 
it is also an inhibitor of CYP2C19 at higher 
concentrations (>10 µM) in vitro (Zahno et al. 
 2010 ). In healthy subjects, inhibition of CYP2C19 
by clopidogrel (as measured by decreased formation 
of 5-hydroxyomeprazole) occurred only in carriers 
of  CYP2C19*1 / *1 , not in carriers of  CYP2C19 
*2 / *2  or  *2 / *3  (Chen et al.  2009 ), indicating an 
attenuated inhibition of CYP2C19 when enzyme 
activity is impaired due to genetic polymorphism. 
Conversely, an obvious possibility raised by the 
above clopidogrel fi ndings is that comedication of 
potent inhibitors of CYP2C19 (such as omeprazole, 
esomeprazole, cimetidine, ranitidine, and fl uox-
etine) may attenuate clopidogrel- induced inhibition 
of platelet aggregation, especially in carriers of the 
loss-of-function  CYP2C19  variants (Gilard et al. 
 2006 ; Gurbel et al.  2008 ; Ho et al.  2009 ; Small 
et al.  2008 ), strongly indicating a double impair-
ment of CYP2C19 (Roden and Stein  2009 ). 

 ACEI is frequently administrated in most 
patients receiving clopidogrel (Aleil et al.  2009 ; 
Chen et al.  2005 ; Collet et al.  2009 ; Giusti et al. 
 2009 ; Malek et al.  2008 ; Sibbing et al.  2010 ; 
Simon et al.  2009 ; Harmsze et al.  2010 ). Some 
ACEI prodrug may be the substrate of CES1, such 
as trandolapril and temocapril (Zhu et al.  2008 , 
 2009 ; Vistoli et al.  2009 ), and thus competitive 
drug-drug interactions may occur between such 
ACEI prodrugs and clopidogrel. 

 The metabolism of calcium channel blockers 
(CCB) of the non-dihydropyridine class (such as 
verapamil and diltiazem) is catalyzed by CYP3A4 
(Liu et al.  2007 ; Chen et al.  2005 ; Collet et al. 
 2009 ; Giusti et al.  2009 ; Simon et al.  2009 ). 
Therefore, concurrent intake of clopidogrel and 
these CCBs could impair the formation of clopido-
grel active metabolite due to a competitively meta-
bolic inhibition and consequently reduce 
clopidogrel-induced platelet inhibition. For exam-
ple, in 200 CAD patients undergoing PCI, ADP-
stimulated platelet aggregation was 30 % higher in 
patients on concomitant intake of clopidogrel and 
CCB than in patients receiving clopidogrel alone, 
and decreased platelet inhibition by clopidogrel 
was seen in 40 % of patients on combined use of 
clopidogrel and CCB versus 20 % in patients tak-
ing clopidogrel alone (Siller-Matula et al.  2008 ). 

Furthermore, in 760 stented patients loading with 
600 mg of clopidogrel, concomitant administration 
of a non-dihydropyridine CCB (verapamil or 
diltiazem) was associated with a statistically sig-
nifi cant high on-clopidogrel residual platelet 
aggregation (Hochholzer et al.  2010 ), resulting in 
a low response to clopidogrel (Hochholzer et al. 
 2010 ; Siller-Matula et al.  2008 ). Therefore, it has 
been suggested that CCBs (at least non-dihydro-
pyridines) should be avoided in patients required 
to take clopidogrel (Hochholzer et al.  2010 ). 

 The angiotensin II type 1-receptor blockers 
(also known as ARB or the sartans) are a class of 
antihypertensive drugs that are frequently co- 
administrated with clopidogrel in patients (Aleil 
et al.  2009 ; Sibbing et al.  2010 ; Simon et al.  2009 ), 
some of which are substrates of CYP2C9 (Xie 
et al.  2002 ). CYP2C9 plays a less important role in 
the metabolic bioactivation of clopidogrel (Kazui 
et al.  2010 ), and thus sartan-clopidogrel interac-
tions could be less clinically signifi cant. On the 
other hand, losartan and its active metabolite 
EXP3174, irbesartan, valsartan, and telmisartan all 
dose-depedently suppressed TXA2-dependent 
human platelet activation (independent of angio-
tensin II involvement), whereas candesartan failed 
(Schwemmer et al.  2001 ; Monton et al.  2000 ), 
indicating that certain sartans may exert their 
antiplatelet effects through the blockade of TXA2 
receptor-dependent signaling rather than acting at 
the AT1 receptor itself and that concomitant use of 
DAT and a certain sartan may have an additive 
effect on platelet inhibition. However, for the ACS 
or PCI patients with impaired renal function, 
concurrent use of clopidogrel and a sartan should 
be avoided, because such a drug interaction 
could result in further impairment of renal func-
tion, in particular switching of clopidogrel to 
ticagrelor for the patients with eGFR < 30 ml/min    
(Dinicolantonio and Serebruany  2012 ).  

9      Food, Drink, and Dietary 
Supplementation 

 Despite increased unchanged clopidogrel and 
slightly decreased exposure of clopidogrel active 
metabolite after administration of the drug, 
the numerical increase in maximum platelet 
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aggregation in the fed versus fasted state was 
within the prespecifi ed equipotency range of 
±15 %, indicating that clopidogrel can be taken 
with or without food (Hurbin et al.  2012 ). 

    Grapefruit juice (GJ) is a popular drink, and 
thus GJ-drug interactions often occur (Anonymous 
 2010b ), in particular its interaction with cardio-
vascular drugs (Bailey and Dresser  2004 ). GJ 
can irreversibly inactivate intestinal CYP3A4 
(reducing presystemic metabolism of affected 
drugs), inhibit P-gp activity (reducing excretion 
of affected drugs to bile or intestinal lumen) and 
also inhibit OATP activity (reducing intestinal 
absorption of affected drugs) (Bailey and Dresser 
 2004 ). In terms of the fact that GJ decreases 
intestinal CYP3A protein expression (Lown et al. 
 1997 ) and that the formation of clopidogrel active 
metabolite occurs predominantly in the liver 
(Savi et al.  1992 ), the effect of GJ on clopidogrel 
metabolic activation seems to be limited, although 
an attenuated antiplatelet effect of clopidogrel was 
noted (Bailey and Dresser  2004 ). Of importance 
is GJ interacting with other concurrent drugs in 
patients given clopidogrel with concomitant GJ 
ingestion, such as statins, the CCB, the antidiabetic 
drugs, β-receptor antagonists, and angiotensin II 
type 1 receptor blockers, which are more frequently 
co-administrated with clopidogrel (Collet et al. 
 2009 ; Giusti et al.  2009 ; Malek et al.  2008 ; Sibbing 
et al.  2010 ; Simon et al.  2009 ). Thus, avoiding 
GJ entirely should be required in order to avoid 
GJ-drug interactions during the drug therapy. 

 A large number of clinical studies and case 
reports have well documented that  Hypericum 
perforatum  (also known as St. John’s wort, or 
SJW) can induce the expression and function 
of CYP2C19, CYP3A4, CYP2B6, CYP1A2, 
CYP2C9, and P-gp (Xie and Kim  2005 ; Lei et al. 
 2010 ; Rahimi and Abdollahi  2012 ), which all are 
responsible for metabolic bioactivation (Kazui 
et al.  2010 ) and transport (Taubert et al.  2006 ) of 
clopidogrel. As expected, in 10 healthy subjects 
hyporesponsive to clopidogrel, SJW (300 mg, 
tid, 14 days) signifi cantly induced hepatic 
CYP3A4 activity as measured by erythromycin 
breath test ( 14 CO 2  exhaled per hour) and decreased 
platelet aggregation after a 300-mg clopidogrel 
as compared with baseline testing in a prospective, 

open-labeled, control study with a 7-day washout 
period apart (Lau et al.  2011 ). Furthermore, SJW 
or placebo each was given to 10 post-coronary 
stent patients (less responsive to clopidogrel) in a 
randomized, double-blind manner; all patients 
had a lower clopidogrel response and received 
chronic clopidogrel therapy (75 mg daily mainte-
nance dose) concomitantly for 14 days. SJW 
signifi cantly decreased platelet reactivity (as 
measured by platelet receptor P2Y12 reaction 
units) and platelet aggregation (Lau et al.  2011 ), 
demonstrating an enhanced platelet inhibition 
in patients with a low platelet response to clopi-
dogrel. On the other hand, the risk of bleeding 
would be increased in patients taking clopidogrel 
and SJW simultaneously. However, further studies 
are still needed to clarify such a preliminary fi nding 
in patient care.  

10      Patient Adherence 
or Compliance 

 Poor or no compliance (or termed as nonadherence) 
to clopidogrel therapy may be one of the causes 
that could account for clopidogrel resistance 
(Serebruany et al.  2005 ; Latry et al.  2012 ), since 
noncompliance or under-dosing can result in 
poor bioavailability of clopidogrel. Although the 
main carboxylic metabolite of clopidogrel is 
pharmacologically inactive, determination of this 
metabolite can be used for the therapeutic drug 
monitoring to evaluate compliance of patients to 
clopidogrel treatment because it may exist in 
the body for 1–2 days after cessation of drug 
intake (Mani et al.  2008 ). In addition, adherence 
may be assessed by using the proportion of days 
covered by the treatment and persistence of the 
reimbursement form of medication from the health 
insurance reimbursement database as described 
elsewhere (Latry et al.  2012 ). The importance of 
adherence is well supported by a large, prospec-
tive, multicenter, observational study, in which 
guideline-adherent secondary prevention drug 
therapy resulted in an improved 1-year survival 
(Bauer et al.  2010 ). For the patients who received 
DAT, the treatment is often stopped within 1 year 
after discharge (Latry et al.  2012 ), and there were 
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higher incidence rates of adverse cardiovascular 
events (e.g., MI, stent thrombosis, stroke, or 
death) observed in the initial 0–90 days after 
clopidogrel cessation in PCI patients compared 
with other time durations (Sachdeva et al.  2012 ).  

11      Summary and Future 
Perspectives 

 Clopidogrel is one of the most extensively studied 
drugs in clinical practice. Based on currently 
available data and clinical concerns about the 
effi cacy and safety of clopidogrel, the US FDA 
consecutively released the black box warnings 
for the three clopidogrel labels in 2010 
(Anonymous  2010a ; Holmes et al.  2010 ; Roden 
and Shuldiner  2010 ), alerting clinicians and 
patients of the role of  CYP2C19 *2 and *3 variants 
in response to clopidogrel in various clinical 
settings, in particular ACS patients undergoing 
PCI for stenting (Collet et al.  2009 ; Mega et al. 
 2009a ; Pare et al.  2010 ; Johnson et al.  2012 ; Scott 
et al.  2011 ) with a special concern about the fi rst 
30 days after start of clopidogrel treatment (Hulot 
et al.  2010 ; Mega et al.  2009a ; Sofi  et al.  2011 ; 
Wallentin et al.  2010 ). Thus, all relevant informa-
tion summarized in the chapter and elsewhere 
would help physicians how to make a better 
choice of the drug and the dose on the basis of 
patient-specifi c profi ling. 

 Individuals vary in their response to drugs due 
to huge patient heterogeneity. In addition to 
 CYP2C19  genetic polymorphisms involved, 
other unknown genetic factors and nongenetic 
factors may be contributory, such as ethnicity, 
gender, increased age and BMI, drug-drug inter-
actions, coexisting diseases (such as diabetes, 
and infl ammation), microRNA, gene promoter 
methylation, and other factors to be determined. 
In clinical practice, the recurrence of ischemic 
episodes or thrombotic events after DAT is a 
complex process, in which gene makeup and 
functional expression, platelets, procoagulant 
and fi brinolytic systems, ethnicity, gender, aging, 
disease heterogeneity, and environment factors 
all play a role. Thus, DNA or pharmacogenomics is 
not the whole story about personalized medicine, 

and the simple view of directing drug therapy 
on the basis of genetic makeup is probably too 
simple (Xie et al.  2011 ; Longo  2012 ). However, 
identifying a subgroup of patients genetically 
unable to generate clopidogrel active thiol metab-
olite would be the fi rst step to help identify 
those at high risk for therapy failure, and thus 
genotyping the pieces of the puzzle would help 
personalize clopidogrel therapy (Roberts et al. 
 2012 ; Shahabi et al.  2012 ; Guzauskas et al.  2012 ; 
Scott et al.  2011 ; Xie  2011 ; Pulley et al.  2012 ) 
as shown in Figs.  22.3  and  22.4  for  CYP2C19  
genotyping. A more individualized approach 
may be to prescribe clopidogrel for patients 
without high-risk genotypes and to adjust the 
doses or duration of clopidogrel therapy, or to 
switch from clopidogrel to an alternative drug 
(such as prasugrel less dependent on CYP2C19) 
for patients with at-risk genotypes (such as 
 CYP2C19 * 2 /* 2 ), since genotyping rather than 
multiple repeated platelet function monitoring 
could be a cost-effective strategy to identify 
patients at high risk for atherothrombotic events 
(O’Donoghue and Wiviott  2006 ).

  Fig. 22.3    The P450 assay chip for  CYP2C19  genotyping 
(Reproduced with permission from Roche)       
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    In summary, multiple genetic and nongenetic 
factors contribute, to a varying extent, to platelet 
aggregation and clopidogrel resistance and 
thereby to wide interindividual variability in 
pharmacological response to clopidogrel and 
consequently clinical outcomes. Integration of all 
known factors into the decision-making would be 
helpful to maximize the likelihood of drug safety 
and effi cacy after the drug and dose are tailored 
individually (Xie and Frueh  2005 ).     
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 Abstract 

   The identifi cation of variations or mutations in genes encoding proteins 
that are involved in drug processing or metabolism can provide key infor-
mation relevant to differential responses to therapeutic agents in specifi c 
genetic populations groups. It is well accepted that genetic variability 
(functional polymorphisms) may explain the failure of therapies and/or 
serious adverse side effects during and after treatment. Therefore, there is 
enormous interest in identifying these variants and determining their clini-
cal relevance. In this regard, the main focus of pharmacogenomics is the 
study of inherited variations in genes that modulate drug response and 
their infl uence in predicting patient response to a specifi c treatment. For 
this purpose, pharmacogenomics integrates genomic information and 
technologies driving drug discovery and developing large-scale genomic 
studies to identify genetic variations. These fi ndings may provide benefi ts 
in designing therapies more targeted to specifi c diseases, maximizing ther-
apeutic effects, decreasing adverse reactions, and developing better meth-
ods to determine effective drug dosages. In addition to the anticipated 
benefi t of personalized medicine, the identifi cation of genetic markers 
may also infl uence the lifestyle, environment, and diet of those individuals 
with high susceptibility to develop a particular disease(s) and to prevent or 
delay the development of diseases. This chapter will focus on mutations 
and the variety of polymorphisms that may be associated with therapy 
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1              Introduction 

1.1          Pharmacogenomics 

 The completion of the Human Genome Project 
allowed the discovery of millions of variants 
(polymorphisms) in the human genome. 
Consequently, the principal goal of current 
human genetics and genomics studies is to identify 
the small portion of these variants that are rele-
vant to the biomedical basis of cellular function 
and disease processes and how they may also 
have a clinical impact by measuring the impact of 
new and existing therapies. There is no doubt that 
the application of new technologies and genomic 
information has opened new possibilities for 
the design of innovative therapeutics and the 
development of large-scale genomic testing for 
genetic variations in some chronic diseases of the 
airway, such as chronic obstructive pulmonary 
disease (COPD). Most of these variants are single- 
nucleotide polymorphisms (SNPs) with more than 
15 million reported in public databases ( 2010b ). 
Copy number variations (CNVs) are another type 
of polymorphisms that are critically important in 
determining biomedical analyses, including 
pharmacogenetic traits (Redon et al.  2006 ). In the 
case of some genes, for example, the cytochrome 
P450 2D6 ( CYP2D6 ), the pharmacogenetic com-
munity has recognized the functional importance 
of CNVs for this gene in a series of diseases, and, 
therefore, the genomics community has recognized 
that CNV polymorphism is probably a major con-
tributor in determining the impact of gene variations 
in rare and common clinically relevant outcomes 
such as pulmonary disorders (He et al.  2011 ).  

1.2       Genetic Variability in Lung 
Diseases 

1.2.1       Chronic Obstructive Pulmonary 
Disease (COPD) 

 This heterogeneous pulmonary disease is charac-
terized by shortness of breath, cough, and sputum 
production. There is multiple disease subtypes 
associated with COPD, which may comprise 
overlapping disorders such as emphysema or 
chronic bronchitis (Snider  1985a ,  b ). The emphy-
sema destroys the alveoli, which lose elasticity 
and enlarge, making diffi cult for the lungs to 
move air both in and out and, consequently, 
making hard the absorption of enough oxygen or 
expelling enough carbon dioxide (Hogg  2004 ; 
Hogg et al.  2004 ). Meanwhile, the symptoms of 
emphysema are the shortness of breath, which 
gradually becomes more severe over many years 
(Hogg and Timens  2009 ). The chronic bronchitis 
causes scarring on the walls of airways, swelling 
in the lining, partial blockage of the air passages 
by mucus, and spasm from time to time. 

 Although many factors have been indicated to 
cause emphysema and chronic bronchitis, different 
environmental factors such as respiratory 
infections (Metz and Kraft  2010 ), exposure to 
allergens (Kennedy et al.  2012 ) and air pollutants 
(Jacquemin et al.  2012 ), defi ciency of the alpha-
1- protease inhibitor (Bachmann and Laurell 
 1963 ), and active or passive cigarette smoke in 
different age groups (   Polosa and Thomson  2013 ; 
Sadof and Kaslovsky  2011 ) are also important 
determinants in developing COPD. Most of these 
environment-related diseases are, however, not eas-
ily detected and may be acquired during childhood 

resistance for people with different types of lung diseases such as chronic 
obstructive pulmonary disease (COPD), tuberculosis (TB), idiopathic 
pulmonary fi brosis (IPF), pulmonary arterial hypertension (PAH), and 
interstitial lung damage (ILD). In fact, insights from recent evidences 
strongly support the notion that pharmacogenomics will be essential 
in improving innovative genomic-based therapies based on the genomic 
profi les of patients. 
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and manifested later in adulthood. In addition, 
more than half of the world’s population live in 
cities, a trend that is rapidly accelerating, especially 
in developing countries, which generate large 
quantities of waste products and pollutants that 
result in unsustainable environment damage that 
potentially can cause the development of asthma 
(Balmes et al.  2009 ; Meng et al.  2007 ). 

 At the moment, the main problem in treating 
COPD is the lack of evidence on how all the 
different mechanisms interplay and lead to the 
heterogeneous clinical symptoms observed in 
patients suffering from this lung disorder. Accor-
dingly, diagnostic markers are the main priority in 
order to achieve a more accurate diagnosis that 
sometimes is diffi cult to determine, essentially 
because COPD is a complex infl ammatory dis-
ease that involves many different types of cells. 
Although environmental variability may also 
contribute to the interindividual response, the 
intraindividual variability is highly consistent. 
Even when cigarette smoking is the most impor-
tant risk factor associated with these  diseases and 
some predictions have been made on who will 
get COPD, still it is diffi cult to predict who is a 
higher risk. Therefore, genetic variability was 
pointed out as the major reason why patients with 
similar clinical phenotype respond differently to 
the same drug treatment (Drazen et al.  2000 ). 

 Thus, for example, tobacco smoking is the 
largest cause of premature morbidity and mortality 
throughout the world, including chronic respiratory 
diseases such as asthma and chronic obstructive 
pulmonary disease. Smoking cessation is the most 
effective way to reduce the risk of developing 
COPD, which has high morbidity and mortality 
worldwide. Furthermore, chronic exposure to 
tobacco has been identifi ed as a heritable association 
(interindividual variation) with the cytochrome 
P450 2A6 ( CYP2A6 ) activity (Minematsu et al. 
 2003 ; Mwenifumbo et al.  2007 ; Schoedel et al. 
 2004 ). This enzyme is responsible for over 90 % 
of the metabolic activation of nicotine to cotinine, 
which has been attributed to variations in the 
 CYP2A6  gene, which have fast metabolizer 
genotype being linked to an increased number of 
cigarettes smoked per day. Consequently, individu-
als with the impaired function of this gene appear 
to not only reduce signifi cantly the consumption 

of cigarettes (Pianezza et al.  1998 ), but variants 
on the gene also seem to provide a protective 
effect against the development of pulmonary 
emphysema independent of the smoking habit 
(Minematsu et al.  2003 ). Large differences in the 
frequency of slow metabolizers are also evident 
among ethnic populations, which were associated 
with ethnic differences and may affect the rate of 
smoking and the incidence of tobacco-related 
diseases. For that reason, genotyping for  CYP2A6  
could improve and individualize smoking cessa-
tion pharmacotherapy in the future to determine 
the most effective treatment for an individual 
smoker. 

 The utilization of expression array and linked 
analyses allowed the identifi cation of serpin 
peptidase inhibitor, clade E ( SERPINE2 ), a gene 
that is located within the region of chromosome 
2q. This extracellular serine protease    inhibitor 
toward trypsin, thrombin, plasmin, uPA, and 
other serine proteases is consistently expressed in 
the vascular adventitia. In family-based association 
with COPD pedigrees, it was observed that 18 
SNPs in the gene  SERPINE2  showed signifi cant 
association with spirometric phenotypes. Further-
more, a consistent association identifi ed a group 
of SNPs ( rs1438831 ,  rs7579646 ,  rs840088 , 
 rs7562213 ,  rs920251 ,  rs3795877 ,  rs6747096 , 
and  rs3795879 ) after the replication of the data 
described above in a case–control association 
analysis that included individuals with severe 
smoking-related COPD (DeMeo et al.  2006 ). 
Noteworthy in this respect, the robust association 
was exclusive in the male population. These fi ndings 
lead the authors to suggest that  SERPINE2  
may defi ne susceptibility phenotypes of COPD 
by regulating infl ammatory responses through 
gene-smoking interactions. The association of 
variants in the gene  SERPINE2  with this condition 
was supported by another study that conducted a 
robust analysis in which the SNP  rs3795875  
appears to contribute to the development of this 
lung condition in smokers (Young et al.  2006 ). 
However, using the same methods, a different 
study was unable to fi nd an association between 
 SERPINE2  SNPs and this pulmonary disease in 
a large cohort (Chappell et al.  2006 ). The differ-
ence in the disease phenotype of the patients 
evaluated was pointed as the fi rst explanation for 

23 Pharmacogenomics of Pulmonary and Respiratory Diseases
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this inconsistence. It was also suggested that the 
fi ndings described by    DeMeo et al. may represent 
false positives (Chappell et al.  2006 ). As a matter 
of fact, different associations indicated to SNPs 
appeared to be in linkage disequilibrium with one 
another. 

 In addition to  SERPINE2  variants, SNPs from 
other four candidate genes, such as epoxide 
hydrolase 1 ( EPHX1 ), glutathione S-transferase 
pi ( GSTP1 ), surfactant protein B ( SFTPB ), and 
the transformer growth factor beta 1 ( TGFB1 ) ,  
evidenced strong association with bronchodilator 
responsiveness phenotypes in individuals from 
the National Emphysema Treatment Trial (NETT) 
(Kim et al.  2009a ). A different study in the NETT 
cohort found that the fast variant (His139Arg) 
provides protection against emphysema (Hersh 
et al.  2006 ), while the slow variant (Tyr113His) 
has been associated with COPD. These fi ndings 
supported a previous report in which SNPs in 
 EPHX1  were associated with COPD-related phe-
notypes. In this last study, it was also suggested 
that SNPs in  TGFB1 , latent transforming growth 
factor beta binding protein 2 ( LTBP ), and  SFTPB  
may contribute in varying combinations to several 
of the phenotypes related to COPD (Hersh et al. 
 2006 ). The wild-type Ile105Val  GSTP1  variant 
has a higher effi ciency in metabolizing aromatic 
epoxides of polycyclic aromatic hydrocarbons 
and has been associated with emphysema and 
upper lobe-predominant disease (DeMeo et al. 
 2007 ). The Ile105 variant is predominant in 
Japanese patients with COPD (Ishii et al.  1999 ) 
and it was also associated with the rapid decline 
of lung function in smokers (He et al.  2002 ). It 
has been proposed that genetic variants in  GSTP1  
and  EPHX1  play relevant roles in the process of 
COPD susceptibility and they are determinant in 
for the distribution and severity of this disease 
(DeMeo et al.  2007 ). 

 There is no doubt that variations in 308 NETT 
subjects, the nonsynonymous Leu10-Pro  TGFB1  
SNP rs1800470 showed association with those 
suffering from emphysema (Cho et al.  2010 ). 
This is in agreement with a previous report 
indicating that  TGFB1  is associated with the 
emphysema phenotype (Ito et al.  2008 ). The fre-
quency of this polymorphism has an interesting 

functional effect by infl uencing the higher levels 
of TFGB1 protein that may facilitate its own 
transcription (Suthanthiran et al.  2000 ). The sig-
nifi cant association of two SNPs in the promoter 
region of  TGFB1  ( rs2241712  and  rs1800469 ) 
and another one in exon 1 of  TGFB1  ( rs1982073 ) 
with former and current smokers suffering from 
the critical COPD phenotype, FEV 1 , indicates 
that individuals carrying  TGFB1  variations are 
more likely to develop this pulmonary condition 
(Celedon et al.  2004 ). Indeed, two  TGFB1  SNPs 
( rs1800469  and  rs1982073 ) have shown strong 
association with the emphysema phenotype in 
Japanese subjects with COPD (Ito et al.  2008 ), 
and a new SNP ( rs6957 ) was associated with 
development of this lung disease. However, these 
variants on  TGFB1  do not affect lung function 
decline in the general population (van Diemen 
et al.  2006 ). Also, some  TGFB1  variants appear 
to have no specifi c association with the pathogen-
esis of COPD. As a matter of fact, the  TGFB1  
polymorphisms C-509T and T869C did not show 
any type of association in a Chinese population 
(Mak et al.  2009 ). Similar results were reported 
in a Korean population (Yoon et al.  2006 ) indicating 
the existence of signifi cant ethnic differences in 
susceptibility to COPD. 

 The association between the corticotropin- 
releasing hormone receptor 1 ( CRHR1 ) polymor-
phism and improved lung function in response to 
inhaled corticosteroid and β 2 -agonist inhalers in 
patients suffering from COPD was only evident 
in those individuals carrying the SNP  rs242941  
and at age over 60 years (Kim et al.  2009b ). 
 CRHR1  encodes a G-protein receptor that binds 
neuropeptides of the corticotropin-releasing 
hormone family that is a critical factor in mediat-
ing corticotropin-releasing hormone expression 
into the hypothalamic-pituitary-adrenal axis 
(Kokkotou et al.  2006 ). The authors proposed that 
utilization of both corticosteroid and β 2 - agonist 
may account for the improved effect than the 
monotherapy with corticosteroid alone. 

 Since environmental pollutants are associated 
with COPD, it is well accepted that increased 
oxidative stress occurs in the lungs of individuals 
suffering from this deadly disease. Several reports 
have proposed that the superoxide dismutase 
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enzyme 3 ( SOD3 ), which is exclusively expressed 
in the lung by alveolar type II cells and alveolar 
macrophages (Folz et al.  1997 ; Loenders et al. 
 1998 ), catalyzes the conversion of superoxide 
anions to hydrogen peroxide and oxygen and 
appears to be a critical component in regulating 
the presence of oxidants species that may pro-
mote COPD development. It was reported that 
the SNP R213G ( rs1799895 ) that causes substi-
tution of arginine for glycine at position 213 in 
the heparin domain of the enzyme might protect 
against the development of COPD in different 
populations of smokers (Juul et al.  2006 ; 
Siedlinski et al.  2009 ; Young et al.  2006 ). In addi-
tion, two other polymorphisms E1 ( rs8192287 ) 
and I1 ( rs8192288 ) were also identifi ed in the 
conserved region of  SOD3  of individuals that 
have reduced forced vital capacity (FVC) %, and, 
therefore, they probably will have a higher risk in 
COPD exacerbation requiring hospitalization 
(Dahl et al.  2008 ). A more recent study reported 
that the two SNPs described by Dahl et al. as well 
as the SNP R213G ( rs1799895 ) evidenced strong 
correlation with emphysema but were not associ-
ated with COPD susceptibility (Sorheim et al. 
 2010 ). These fi ndings suggested that  SOD3  may 
have an explicit role in the emphysema subtype 
of COPD.  

1.2.2       Genetic Variability 
in Tuberculosis (TB) 

 Tuberculosis is a major health problem worldwide 
and its therapy is in most of the cases based on a 
set of fi rst-line medications that include isoniazid 
(INH), pyrazinamide, and rifampin ( 2010a ). This 
therapy is usually cheap and effective (  http://
www.who.int    ). However, adverse drug reactions 
such as hepatotoxicity can occur, leading to 
decreased medication adherence and to drug 
resistance. Whether the incidence of hepatotoxic-
ity differs among phenotypes known as slow and 
fast acetylators is a controversial topic, some 
studies have suggested that slow acetylator status 
is a risk factor for adverse drug reactions. Indeed, 
a series of epidemiological studies had deter-
mined that approximately 10 % of individuals 
infected with  Mycobacterium tuberculosis  (MTB) 
develop active TB disease, which manifest as 

pulmonary disease (Philips and Ernst  2012 ). 
In contrast, there are individuals that have non-
contagious latent TB in which the bacteria remain 
inactive in their bodies. These differences sug-
gest that genetic differences may strongly con-
tribute to TB pathogenesis in different populations 
(Bellamy et al.  2000 ; Chaussabel et al.  2003 ). 

 Drug labels of isoniazid, pyrazinamide, and 
rifampin report that “slow acetylation may lead 
to higher blood levels of the drug, and thus, an 
increase in toxic reactions” (  http://www.phar-
mgkb.org/drug/PA451182?tabType=tabDrugLab
els#tabview=tab0&subtab=32    ). The NAT2 
protein is encoded by the N-acetyltransferase 2 
( NAT2 ) gene (OMIM 243400), located at 8p22. 
 NAT2  has two exons, the second of which 
includes a single open reading frame of 870 bp. 
In addition to the wild-type reference haplotype 
NAT2*4 (GenBank NM_000015), more than 40 
variants have been described, most of which 
have been associated with impaired metabolic 
activity. The most common polymorphisms are 
191G > A (Arg64Gln), ̂ 341T > C (Ile114Thr), 590G > A 
(Arg197Gln), 803A > G (Lys268Arg), 857G > A 
(Lys286Glu), 282C > T, and 481C > T, which are 
unevenly distributed across ethnically diverse 
human populations (Fuselli et al.  2007 ). 

 Polymorphisms in the  NAT2  gene are responsible 
for variation in the acetylator phenotypes. 
Individuals can be classifi ed as slow or fast 
acetylators (or metabolizers) on the basis of their 
 NAT2  genotype, although some authors have 
considered a third intermediate category for this 
gene (Kuznetsov et al.  2009 ). Slow, intermediate, 
and fast acetylators are defi ned as carriers of 
zero, one, or two full functioning  NAT2  haplo-
types, respectively, although exceptions have 
been reported, in particular in tuberculosis HIV- 
infected patients (Fuselli et al.  2007 ). Subjects 
carrying the slow acetylator status of  NAT2  
have signifi cant susceptible risk factor for anti- 
tuberculosis drug-induced hepatotoxicity when 
taking drugs concomitantly with isoniazid. An 
unbalance in the drug metabolism process during 
the coadministration of drugs was suggested as a 
possible explanation for this phenomenon, 
although other events affecting this dysfunction 
may also be involved (Lee et al.  2010 ). 
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 The solute carrier family 11 (proton-coupled 
divalent metal ion transporters), member 1 
( SLC11A1 ), located on 2q35 has several poly-
morphisms and has been associated with the risk 
of TB in different ethnic groups (Ates et al.  2009 ; 
Jin et al.  2009 ; Taype et al.  2006 ). However, other 
reports have provided inconclusive results about 
the potential involvement of this gene in TB 
development (Png et al.  2012 ). A meta-analysis 
that tested ethnic and TB form differences identi-
fi ed four polymorphisms (D543N, 3′UTR TGTG 
ins/del, INT4, and [GT]n) that showed a strong 
association with increased risk of TB, particularly 
in individuals of Asian origin, but not in Europeans 
(Meilang et al.  2012 ). 

 Among 702 TB patients, the SNPs  rs3809849  
in the MYB-binding protein (P160) 1a ( MYBBP1A ) 
and the  rs9061  in the SP110 nuclear body protein 
( SP110 ) genes were found to be  signifi cantly 
associated with TB. These two genes may be poten-
tially gene candidates for determining the risk of 
developing pulmonary TB in Chinese subjects 
(Cai et al.  2013 ). These fi ndings also suggested 
that the interaction between MYBBP1A and 
SP110 is critical for the regulation of the patho-
genesis of TB. In support of this statement, others 
have shown that the SP110 protein is necessary to 
integrate intracellular signals to control innate 
immunity and cell death in infected cells with 
MTB (Pan et al.  2005 ). Additionally, the interaction 
of MYBBP1A with SP110 is critical for apoptosis 
induction in macrophages. Also, MYBBP1 itself 
is an important corepressor of NF-κB (Owen et al. 
 2007 ). In contrast, a systematic review and meta-
analysis in a wide range of populations that 
included African, European, and Asian individuals 
found that the  SP110  variants  rs113579 1,  rs9061 , 
 rs11556887 ,  rs3948464,  and  rs1346311  had no 
statistically signifi cant association with TB. The 
combination of results after overall, sensitivity, 
and stratifi ed analyses showed that these SNPs 
might not be signifi cantly related with the devel-
opment of pulmonary TB (Lei et al.  2012 ). 

 On the other side, the examination of human 
samples (alveolar macrophages) with different 
clinical types of TB by a combination of microarray 
and DNA polymorphisms approaches identifi ed 
   seven SNPs ( rs10491110 ,  rs159319 ,  rs3138031 , 

 rs159290 ,  rs159291 ,  rs159294 , and  rs210837 ) in 
the chemokine (C-C motif) ligand 1 ( CCL1 ) 
gene, an infl ammatory mediator, that are signifi -
cantly associated with pulmonary TB (Thuong 
et al.  2008 ). Of interest, its receptor, CCR8 plays 
critical roles modulating the development of Th2 
type T cell response in vivo (Chensue et al.  2001 ), 
and it is essential for the migration of dendritic 
cells to lymph nodes as well as in the stimulation 
of peritoneal macrophages that may account for 
cell aggregation at a tissue damage (Qu et al. 
 2004 ). However, the study performed by Thuong 
et al. was not able to confi rm a previous report 
(Mistry et al.  2007 ) in which a panel of genes that 
include Ras and Rab interactor 3 ( RIN3 ) ,  lym-
phocyte antigen 6 complex, locus G6D ( LY6G6D ) ,  
testis expressed 264 ( TEX264 ) ,  chromosome 14 
open reading frame 2 ( C14orf2 ) ,  suppressor of 
cytokine signaling 3 ( SOCS3 ) , KIAA2013,  arsA 
arsenite transporter, ATP-binding ( ASNA1 ) ,  ATP 
synthase, H + transporting, mitochondrial Fo 
complex, subunit C1 ( ATP5G1 ), and NOP10 
ribonucleoprotein homolog (yeast) ( NOLA3 ) 
were able to discriminate between individuals 
with active, latent, and recurrent tuberculosis. 
Differences in the study design between the two 
studies have been considered as the major reason 
for this divergence. 

 Genetic polymorphisms were also identifi ed 
in other chemokines such as the chemokine (C-C 
motif) ligand 2 ( CCL2 ), the chemokine (C-C motif) 
ligand 5 ( CCL5 ), the chemokine (C-C motif) 
receptor 2 ( CCR 2), and the chemokine (C-C 
motif) receptor 5 ( CCR5 ) in the ethnic Sahariya 
population, a primitive tribe in the North Central 
India. These variants showed a strong association 
with either susceptibility or resistance to TB 
(Mishra et al.  2012 ). It has to be emphasized that 
there was a variation in the impact of each SNP. 
Indeed, the -403G/A variant for  CCL5  evidenced 
a major susceptibility to TB, while the V64I 
( CCR2 ) variant showed an increased protection 
against the disease.  

1.2.3       Genetic Variability in Idiopathic 
Pulmonary Fibrosis (IPF) 

 IPF is a progressive diffuse interstitial lung disor-
der, characterized by epithelial cell hyperplasia, 
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extracellular matrix deposition, and myofi broblast 
foci formation, which are indicators of poor 
prognosis. The effective treatments against IPF 
are extremely limited and in most of cases, IPF 
patients are unresponsive to corticosteroid and 
immunosuppressive therapy and even worse, 
they may acquire resistance to steroid therapy. In 
this regard, rituximab, a chimeric monoclonal 
antibody against the protein CD20 used to treat 
rheumatoid arthritis and B cell non-Hodgkin’s 
lymphoma, has been utilized as an alternative 
approach in patients with the steroid-resistant 
nephrotic syndrome (Bagga et al.  2007 ). A report 
showing that administration of this monoclonal 
anti-CD20 antibody worsened the condition of 
a patient leading to the development of acute 
respiratory insuffi ciency with hypoxemia and 
death from diffuse pulmonary fi brosis appears to 
 indicate that rituximab may lead to the devel-
opment of a serious and potentially fatal toxic 
complication in this high-risk group of patients 
(Chaumais et al.  2009 ). 

 The enzyme thiopurine S-methyltransferase 
( TPMT ) metabolizes thiopurine drugs via 
S-adenosyl- L -methionine as the S-methyl donor 
and S-adenosyl- L -homocysteine as a by-product 
(Perri et al.  2007 ). The activity of TPMT associated 
with genetic polymorphisms has been indicated 
as an effi cient genotypic analysis before the ini-
tiation of azathioprine treatment in combination 
with N-acetylcysteine (NAC) and steroids in 
patients with IPF. Azathioprine is an immuno-
suppressant that if frequently limited due to its 
bone marrow toxicity and other side effects such 
as diarrhea, nausea, and vomiting (Launay et al. 
 2006 ).  TMPT  is located on chromosome 6 (6p22.3) 
and defi cient, intermediate, or high activity of 
the enzyme has been associated with variation in 
the nine introns and ten exons as well as in the 
5′-fl anking promoter region of this gene 
(Gisbert et al.  2007 ; Krynetski et al.  1995 ; Yates 
et al.  1997 ). 

 Alterations at the  TPMT  locus have identifi ed 
the *2, *3A, *3B, *3C, and *7 polymorphisms, 
which are the most common variants in TPMT- 
defi cient patients (Yates et al.  1997 ). Although 
rare variants corresponding to the nonfunctional 
 TPMT  alleles involving *3D, *4, *5, and *6 have 

also been reported in this group of patients 
(Spire-Vayron de la Moureyre et al.  1998 ), these 
polymorphisms were omitted in this genotyping 
study. Polymorphisms were also identifi ed in the 
promoter; however, they are usually not consid-
ered in the toxicity and therapeutic effi cacy of 
thiopurine drugs because of their minor effect on 
the modulation of TPMT activity compared with 
SNPs in the open reading frame (Spire-Vayron de 
la Moureyre et al.  1999 ). Considering that poly-
morphisms in the TPMT gene vary among ethnic 
groups, the screening for  TPMT  polymorphisms 
would considerably reduce the negative treat-
ment effects (  http://clinicaltrials.gov/ct2/show/
NCT00650091    ) of azathioprine (Hagaman et al. 
 2010 ). 

 The interleukin 1 receptor antagonist ( IL1RN ) 
gene encodes a protein that is a member of the 
interleukin 1 cytokine family and inhibits the 
activities of interleukin 1, alpha ( IL1A ), and 
interleukin 1, beta ( IL1B ), as well as modulates a 
variety of interleukin 1 related immune and infl am-
matory responses (Barlo et al.  2011 ). A predis-
posing of a genetic polymorphism ( rs2637988 ) 
in  IL1RN  has been linked with susceptibility to 
IPF and reduced ratios of IL-1Ra/IL-1β ratios in 
bronchoalveolar lavage fl uid of patients with IPF 
(Barlo et al.  2011 ). However, multiple reports 
have provided variable results about the association 
of the SNPs  rs408392 ,  rs419598 , and  rs2637988  
in  IL1RN  and risk of IPF. For example, increased 
risk of fi brosing alveolitis was associated with 
the variant  rs419598  in English subjects (Whyte 
et al.  2000 ) and the rs2637988 variant were seen 
as key contributors to proinfl ammatory and 
pro-fi brotic phenotypes in the lungs (Barlo et al. 
 2011 ). Also, no association was established 
between a variable number tandem repeat 
(VNTR),  rs408392 , or  rs2637988  and increased 
risk of developing this disease in Australian and 
Czech subjects with IPF (Hutyrova et al.  2002 ; 
Riha et al.  2004 ). In contrast, a meta-analysis 
that combined all the studies discussed above 
and also investigated different polymorphisms 
affecting  IL1RN  found a strong association 
between VNTR,  rs408392 , and  rs419598  with 
increased susceptibility to develop IPF (Korthagen 
et al.  2012 ). 
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 The frequency of distribution of the major 
histocompatibility complex, class I, A and B 
( HLA- A, B ), located at chromosome 6p21.31 
(Volz et al.  1994 ), plays an important role in the 
generation of immune responses. Variations 
involving these genes may vary from one ethnic 
to another or even at members of the same ethnic 
group living in different geographic areas (Shen 
et al.  2010 ) and have been associated with sus-
ceptibility to several immune-related disorders 
(de Bakker et al.  2006 ; Voorter et al.  2005 ). The 
HLA polymorphisms (DRB1*1501) in patients 
with end-stage pulmonary disease showed a con-
sistent involvement in IPF pathogenesis (Xue 
et al.  2011 ). This unique variant was observed 
Caucasian IPF subjects with highly variable 
disease severities and also appeared to be associ-
ated with greater magnitudes of gas exchange 
impairment. 

 An attempt to associate HLA-A, B gene poly-
morphisms with IPF, peripheral blood samples 
from Chinese individuals diagnosed with this 
pulmonary disease were evaluated using a PCR- 
SSP grouping method (Zhang et al.  2012 ). The 
comparison of IPF samples with the control 
group identifi ed the haplotype frequency of 
HLA-A03, B15, B40, as well as the linked gene 
frequency of A2B15, A2B40, A11B15, and 
A24B58, which are signifi cantly increased in 
patients suffering from IPF. These variants are in 
agreement with previous reports indicating the 
high prevalence of HLA-B15 in patients suffer-
ing from cryptogenic fi brosing alveolitis (Varpela 
et al.  1979 ) and also a strong association between 
the increased frequency of HLA-A03 and IPF 
in Caucasian patients (Libby et al.  1983 ). 
Furthermore, a small-scale study found that the 
variants  rs1801198  and  rs7286680  in the gene 
 TCN2  (transcobalamin II) showed signifi cant 
association with IPF in Italian patients (Martinelli 
et al.  2013 ). Since these SNPs are part of the 
folate pathway, the authors suggested that these 
polymorphisms might interfere in the process of 
folate absorption in pulmonary macrophages. 
This assumption is based in evidence showing 
that activated macrophages into injured lung tis-
sue expressed high levels of the folate receptor 
beta (FRβ), which appeared to increase the rate in 

folate uptake as observed recently in cells with 
accelerated proliferation (Feng et al.  2011 ).  

1.2.4       Genetic Variability in 
Pulmonary Arterial 
Hypertension (PAH) 

 The PAH is an abnormal high pulmonary vascular 
resistance and mean pulmonary vascular resistance 
that lead to cardiac death or death from progres-
sive right ventricular failure (Table  23.1 ). This 
disorder is much common in females than in 
males and can occur at any age (Loyd et al.  1984 ). 
In the familial (inherited) FPAH, there is an alter-
ation in the gene bone morphogenetic protein 
receptor, type II ( BMPR2 ). The BMPR2 protein 

   Table 23.1    The clinical classifi cation of pulmonary 
hypertension   

 Group 1  Pulmonary arterial hypertension (PAH) 
  Associated with APAH 
  Drug- and toxin-associated 
  Heritable (HPAH) 
  Idiopathic (IPAH) 
  Persistent pulmonary hypertension of the 

newborn (PPHN) 
  Pulmonary veno-occlusive disease (PVOD) 

and/or pulmonary capillary 
hemangiomatosis (PCH) 

 Group 2  Pulmonary hypertension due to left heart 
diseases 
  Diastolic dysfunction 
  Systolic dysfunction 
  Valvular disease 

 Group 3  Pulmonary hypertension due to lung diseases 
and/or hypoxemia 
  Alveolar hypoventilation disorders 
  Chronic exposures to high altitude 
  Chronic obstructive pulmonary disease 

(COPD) 
  Developmental abnormalities 
  Interstitial lung disease 
  Other pulmonary diseases with mixed 

restrictive and obstructive partner 
  Sleep-disorder breathing 

 Group 4  Chronic thromboembolic pulmonary 
hypertension (CTEPH) 

 Group 5  PH with unclear multifactorial mechanisms 
  Hematological disorders 
  Metabolic disorders 
  Systemic disorders 
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helps regulate the growth of cells in the walls of 
the small arteries of the lungs. Other factors, 
probably genetic and/or environmental, are also 
necessary to initiate the disease because approxi-
mately 20 % of all individuals with a BMPR2 
mutation ever develop IPAH (Machado et al. 
 2009 ). Therefore, a molecular classifi cation of 
PAH, based upon the presence or absence of 
 BMPR2  mutations, has important implications 
for patient management and screening of relatives 
(Thomson et al.  2000 ).    Some individuals in 
families with a different genetic condition called 
hereditary hemorrhagic telangiectasia (HHT), 
may also develop idiopathic PAH (IPAH), due to 
a mutation in the activin A receptor type II-like 1 
( ALK1 ), a membrane-bound receptor member of 
the TGFβ signaling superfamily (Harrison et al. 
 2003 ; Shi and Massague  2003 ).

   Although numerous mutations have been 
identifi ed at the  BMPR2  locus in most families 
affected with PAH, no mutations were detected in 
approximately 30 % of the probands screened 
(Machado et al.  2006 ). Of interest, most of the 
mutations identifi ed were deletions or insertions. 
In addition, different groups also reported point 
mutations and modifi cations of large fragments 
in  BMPR2  (Souza et al.  2008 ; Thomson et al. 
 2000 ). The characterization of the  BMPR2  
5′-untranslated region in subjects with PAH that 
are negative for mutations within the coding 
region and intron-exon junctions identifi ed a 
GC > AT double-substitution mutation 944 bp 
upstream of the translation start site. This variation 
designed as c.*-944/5gc > AT was indicated as a 
pathogenic variant that may lead to an abnormal 
mRNA decay rate (Aldred et al.  2007 ). The utili-
zation of additional experimental techniques also 
allowed the identifi cation of deletions and dupli-
cations in different exons of  BMPR2  mutation- 
negative PPH families that were undetected by 
standard screening tests (Cogan et al.  2005 ). 

 In an earlier study, evidence was obtained, 
suggesting that individuals with a family history 
of PAH having  BMPR2  variations may develop 
the disease earlier and with more severe symp-
toms (Loyd et al.  1995 ); however, these data have 
not yet been confi rmed in registry studies. 
Additional studies had shown that individuals 

carrying rare mutations on  BMPR2  and exposed 
to appetite suppressants aminorex such as fenfl u-
ramine derivatives evidenced an increased risk 
of developing severe PAH (Humbert et al.  2002 ). 
In addition, the utilization of new experimental 
approaches has demonstrated that  BMPR2  
genetic variations lead to haploinsuffi ciency of 
its protein, which affects the stoichiometric 
imbalance of the receptor complex, a phenome-
non that causes negative effects on the signaling 
pathway regulated by the receptor in PAH (Nasim 
et al.  2008 ). Knowledge about genes that cause 
IPAH is still growing, so it is possible that other 
genes may also contribute to the development 
of this lung disease and hopefully will be dis-
covered in the near future. In fact, in a recent 
report, the identifi cation of novel mutations in 
the  BMPR2  gene was indicated as key player in the 
initiation and progression stages of pathological 
lesions associated with primary pulmonary hyper-
tension (PPH) (Machado et al.  2001 ). Altogether, 
this evidence suggested that haploinsuffi ciency 
appears to contribute to the molecular events 
underlying  BMPR2  susceptibility to the develop-
ment of PAH. 

 Finally, a recent experimental in vivo study 
attempted to apply the concept of pharmacoge-
nomics and clinical applications to PAH. This 
target-based approach examined two animal 
models of the disease in which the histologic 
features are similar: the vasoactive intestinal 
peptide knockout (VIP −/− ) and rats injected with 
monocrotaline (MCT). Treatment with vasoactive 
intestinal peptide was able to correct the phenotypic 
and genotypic alterations of mice VIP −/− ; how-
ever, this therapeutic approach was not effective 
in the rat MCT model, which develops a more 
severe PAH (Said and Hamidi  2011 ). These fi ndings 
suggested that effective therapy against complex 
and mixed abnormalities affecting the airways 
may require multiple therapeutic approaches.  

1.2.5       Genetic Variability in 
Interstitial Lung Damage (ILD) 

 Interstitial lung disease occurs when an injury to 
the lungs triggers an abnormal healing response, 
forming progressive scarring, which affects the 
ability to breathe. The common feature in this 
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group of lung diseases is the appearance of diffuse 
alveolar damage manifested by infl ammation 
and fi brosis, which may also affect airways and 
arteries (Crystal et al.  1981 ; Travis et al.  2008 ). 
Although different types of ILD have been identi-
fi ed on the basis of clinical signs and symptoms, 
here we will discuss the correlation between 
cocaine abuse and ILD development. This illicit 
drug acts as stimulant of the central nervous system 
and its addiction is a major health and social 
problem. Cocaine absorption through nasal tissues 
makes snorting cocaine nearly as fast-acting. 
Addiction to this drug causes different types 
of interstitial lung damage, including acute pul-
monary hemorrhage, diffuse alveolar infi ltrates, 
and eosinophilic infi ltrates (Drent et al.  2012 ). 

 In the lung cells, cytochrome P450 (CYP) 
enzymes metabolize many drugs. Polymorphisms 
affecting these microsomal enzymes cause 
response variation among individuals (Weinshil-
boum  2003 ; Wilkinson  2005 ). The altered meta-
bolic capacities associated to CYP polymorphisms 
can result in drugs inadequately metabolized. 
This can cause serious adverse respiratory reactions 
that in long term may lead to the development of 
drug-induced ILD. This was evident in samples 
of individuals diagnosed with a noninfectious 
or infectious disorder that has one or more  CYP  
genetic variants and inadequately metabolized 
drugs, which appear to be at a substantially greater 
risk of developing a drug- induced ILD (DI-ILD) 
when exposed to multiple medications (Wijnen 
et al.  2008 ). 

 The development of ILD in individuals with 
cocaine abuse was associated with allelic variants 
in  CYP2C9 ,  CYP2C19,  and vitamin K epoxide 
( VKORC1 ) genes. Considering that CYP enzymes 
are critical    for the metabolization of drugs in the 
lung (Wijnen et al.  2010 ), the heterozygous 
subjects for either  CYP2C9*1/*2  or  CYP2C19*1/*3  
were intermediate metabolizers of cocaine (Wijnen 
et al.  2011 ). These patients also displayed a vari-
ant allele for the  VKORC1  (-1639 GA and 113CT) 
enzyme. Since  VKORC1  encodes the enzyme that 
is responsible for reducing vitamin K 2,3-epoxide 
to the enzymatically activated form, variants 
affecting this gene may have a negative impact on 
the functional vitamin K-dependent proteins 

(Wallin et al.  2008 ).    A previous report has shown 
that patients with the functionally defective *2 
(430T) and *3 (1075C) allelic variants of the 
 CYP2C9  gene prescribed with the anticoagulant 
Coumadin required lower maintenance doses and 
took longer to achieve dose stabilization. These 
subjects are also at higher risk of serious and life-
threatening bleeding in response to this antico-
agulant when compared to patients without these 
variants. Therefore, vitamin K supplementation 
has been suggested as an alternative approach to 
prevent adverse effects associated with cocaine 
addiction (Wijnen et al.  2011 ).   

1.3       Clinical Applications 
of Pharmacogenomics 
in Lung Diseases 

 Variations in drug response are critical in determin-
ing the response between different ethnic groups 
and in determining the most appropriate doses, so 
patients do not experience any treatment side 
effects. A series of studies have reported genetic 
polymorphisms in drug metabolism, particularly 
affecting CY2C9, CYP2D6, and CYP2C19 
(Bauer et al.  2011 ; Lam and Cheung  2012 ; Mega 
et al.  2010 ). Thus, for example, approximately 
15–30 % of Asians are poor metabolizers of 
CYP2C19, while only 3–6 % of Caucasians and 
2–4 % of Africans have low to absent metabolic 
activity for this gene (Chen et al.  2008 ,  2012 ; 
Dandara et al.  2011 ). A similar pattern is observed 
in the CYP2D6 gene for which only 5–10 % of 
Caucasians and 1–2 % of Asians are poor metab-
olizers (Armstrong et al.  1994 ; Zhou et al.  2009 ), 
while polymorphisms for these genes are present 
in almost 50 % of Asian subjects. Because of 
these ethnic differences, new pharmacogenomic 
tests are now available for some of them. 

 The fi rst test approved by the FDA for the anal-
ysis of variations on genes, the AmpliChip CYP450 
from Roche, is narrow in scope (Table  23.2 ). 
It was designed to identify gene variations 
only for the CYP2D6 and CYP2C19 genes 
(  http://molecular.roche.com/assays/Pages/
AmpliChipCYP450Test.aspx    ). Considering that 
the number of CYP families is continuously 
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growing (Flockhart  2007 ), this test has serious 
limitations to be performed in individuals suffer-
ing from pulmonary disorders, basically due to 
the higher number of CYP enzymes that are 
expressed in human pulmonary tissues. On the 
other side, the DMET TM  (drug metabolism 
enzymes and transporters) Plus Solution from 
Affymetrix (Table  23.3 ) can genotype up to 1,936 
genes based in deletions, insertions, rare SNPs, 
trialleles, and copy number variants (Burmester 
et al.  2010 ). These genes are mainly involved in 
the absorption, distribution, metabolism, and drug 
disposition (  http://www.affymetrix.com/estore/
browse/products.jsp?productId=131412#1_3    ). 
Although this platform target genes that are 
impacted by environmental pollutants and may 
be important for the screening in patients suffer-
ing from lung diseases, the FDA has not yet 
approved it and because of that, it is basically 
utilized for standardization of exploratory studies 
and for the improvement of clinical pilot studies 
(Mijatovic et al.  2012 ).

    Alpha-1 antitrypsin defi ciency is the most 
commonly known genetic risk factor for COPD. 
Although no symptoms are associated with this 
defi ciency for some individuals, in others the 
enzyme defi ciency causes alveoli injury, which 
limits the expansion and contraction of the chest, 
increasing the development of pulmonary dys-
function associated with COPD (Larsson and 
Eriksson  1977 ). Tobacco consumption worsens 
this condition by increasing secretion of neutro-
phil elastase and inhibiting alpha-1 antitrypsin. 
Therefore, testing the activity of this enzyme in 
the blood is recommended to identify a rare liver 
disease (cirrhosis) in children and adults, a disorder 
that accelerates lung damage and development of 
COPD; however, approximately 3 % of individuals 
with COPD do not have alpha-1 antitrypsin 

defi ciency and not all smokers develop COPD 
(Table  23.4 ). In addition, studies that focused on 
the association of the β 2 -adrenergic receptor 
( ADRB2 ), which is extensively studied in asthma, 
and a series of other genes with COPD exacerba-
tion have provided confl ictive data (Hersh  2010 ; 
Hersh et al.  2005 ). Therefore, more studies are 
necessary to identify additional markers in COPD 
that allow a better association with the risk of 
COPD development. It is also important to deter-
mine the levels of markers, genetic functions, and 
clinical impact. In this regard, a genetic epidemi-
ology study is being conducted at the Brigham 
and Women’s Hospital in Boston, Massachusetts, 
to identify novel determinants of COPD in the 
US population. This study will analyze differences 
in nucleotides at over 500,000 selected positions 
across the entire human genome to identify the 
primary gene variations that make certain indi-
viduals more susceptible to developing COPD 
than others.

   The use of corticosteroids and azathioprine 
for the treatment of IPF in patients with genetic 
polymorphisms of thiopurine methyltransferases 
( TPMT ) may lead to severe azathioprine myelo-
toxicity (Perri et al.  2007 ). Therefore, a pretreatment 
screening for  TMPT  (Table  23.5 ) in patients with 
interstitial lung disease prior to treatment with 
mercaptopurines has provided safe prescription 
doses of this immunosuppressive drug in subjects 
with normal or defi cient TMPT levels (Bakker 
et al.  2007 ). Nevertheless, the frequent use of aza-
thioprine in combination with NAC and steroids 
(Table  23.6 ), which is one of the few treatment 
regimens with minimal adverse reactions, has, in 
certain way, restricted the testing for TPMT 
activity (Collard et al.  2007 ; Jang et al.  1996 ). A 
comparative study found that TPMT testing 
could reduce the risk of developing azathioprine 

   Table 23.2    AmpliChip CYP450 (Roche) test   

 Methodology  Markers  CYP alterations  Amount of sample  Benefi ts 

 Microarray  CYP2D6  33 CYP2D6 alleles 
 3 CYP2C19 alleles 

 3 mL of whole blood  There is no cross- 
contamination of samples 

 CYP2C19  Provide a customized 
genotype and predicted 
genotype information 

 CYP2D6 gene 
duplications and deletions 

  Patent: CE-IVD; Japan-IVD; US-IVD  
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toxicity to almost 2 % (Hagaman et al.  2010 ), and 
determining the activity levels of this enzyme 
over the determination of allelic polymorphism 
may reduce the overall cost of treatment (Booth 
et al.  2010 ), supporting the hope that this test 
may be a common practice in patients with IPF. 
However, there are some gaps that preclude of 

the massive application of this test: fi rst, the rate 
of abnormal TPMT activity  differs signifi cantly 
between ethnic groups (Oh et al.  2004 ), and second, 
clinical trials describing the impact of these 
differences are not yet available. Still, there is 
hope that this test may be a common practice in 
the clinic in the near future.

   Table 23.3    DMET TM  Plus Solution (Affymetrix) assay   

 Methodology  Markers  Amount of sample  Cost  Benefi ts 

 Microarray  CYP450 genes (478)  1 µg of genomic 
DNA 

 $2,450.00/7 Rx  Genotypes 1,936 markers in 225 
high-value genes 

  CYP1B1 
 High quality of positive assay 
controls 

  CYP1A1  Detect signals from rare alleles 

  CYP2C9 
 Compare alleles across multiple 
cohorts receiving the same drug(s) 

  CYP2D6  Detect polymorphisms associated 
with PK/PD in phase I   CYP2C19 

  Others 
 Drug transporter genes (64) 
  ABCB2 
  ABCG2 
  MDR1 
  SLCO1A2 
  SULT1A1 
  SULT4A1 
  Others 
 Phase II enzymes (408) 
  DPYD 
  GSTM1 
  GSTT1 
  NAT1 
  NAT2 
  UGT1A1 
  UGT1A9 
  UGT2B17 
  Others 
 Transcription regulators 
and other enzymes (413) 
  AHR 
  ARNT 
  NR1/2 
  PPARD 
  PPARG 
  RXRA 
  Others 

  Patent: Products may be covered by one or more of the following patents and/or sold under license from Oxford Gene 
Technology: US patent Nos. 5,445,934; 5,700,637; 5,744,305; 5,945,334; 6,054,270; 6,140,044; 6,261,776; 6,291,183; 

6,346,413; 6,399,365; 6,420,169; 6,551,817; 6,610,482; 6,733,977; and EP 619 321; 373 203 and other US or foreign patents  

L.B. Crotti et al.



519

   Table 23.4    Impact of variations on genes in therapies for COPD   

 Therapeutic  Type  Variations on genes 

 Symbicort  Monotherapy  AAT 
 Cilomilast  Monotherapy  PDE4 

  Diarrhea 
  Nausea 
  Vomiting 

 Infl iximab  Monotherapy  TNFA 
  Back pain 
  COPD exacerbation 
  Diarrhea 
  Headache 
  Sinusitis 
  Upper respiratory tract infection 

  N- acetylcysteine  Monotherapy  EPHX1, GSTP1, GSTM1, HMOX1, SOD3 
  Constipation 
  Diarrhea 
  Epigastric pain 
  Flushing 
  Nausea 
  Transient king rush 
  Vomiting 

 Salmeterol + fl uticasone  Polytherapy  HDAC2 
  Risk of pneumonia 

 Other glucocorti-costeroids  Polytherapy  HDAC2 
  Oral short-term use  
  Increased blood sugar level 
  Mood changes 
  Weight gain and fl uid retention 
  Oral long-term use  
  Osteoporosis 
  Recurrent infection 
  Cataracts 
  Ulcers 
  Sore throat 
  Heavy growth of a fungus in the mouth, throat, or esophagus 

   Table 23.5    TMPT test   

 Methodology  Markers  TPMT activity  Amount of sample  Costs  Benefi ts 

 Enzymatic/high- 
performance liquid 
chromatography 

 TPMT  Normal  3 mL of whole blood  $300 per assay  Identifi es risk of developing 
severe side effects 

 Abnormal  Subjects with prescription 
to thiopurines  High 

  Patent: US patent numbers: 6576438; 7138250; 8188067  

    The current practice in the diagnosis of 
 individuals affected with PAH shows that it is 
mostly diagnosed late in the course of the disease, 
with patients displaying severe functional and 

hemodynamic compromise (Badesch et al.  2010 ; 
Humbert et al.  2006 ). Therefore, the early diagnosis 
for the presence of PAH in high-risk groups defi -
nitely may improve diagnosis and therapeutic 
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interventions (Benza et al.  2012 ). Familial PAH 
results from mutations on BMPR2 and hereditary 
transmission occurs in approximately 6–10 % of 
individuals with PAH (Lane et al.  2000 ). Genetic 
alteration on BMPR2 was also detected in 
approximately 25 % of patients with IPAH, in 
15 % of subjects suffering of PAR related to 
fenfl uramine use, and in some patients with 
other forms of associated PAH. Therefore, the 
American College of Chest Physicians has indi-
cated a periodic screening for this gene in indi-
viduals affected by portal hypertension and 
scleroderma spectrum disorders (McLaughlin 
et al.  2009 ). However, the high cost of the genetic 
testing for BMPR2 mutations has limited the 
application of this test in the clinic. In addition, 
alterations in other genes are also involved in the 
heterogeneous response of subject with PAH to 
specifi c therapies (Table  23.7 ), and, hence, the 
genetic screening for this disease cannot be limited 
to only one gene (Smith et al.  2012 ).

1.4          The Future 
of Pharmacogenomics 
in Lung Diseases 

 Numerous evidences have demonstrated the criti-
cal role of basic science approaches in interpret-
ing the mechanistic events to identify the most 
effective treatments. The recent reports are very 
encouraging; however, the identifi cation of 
mutation(s) that drives a particular disease is still 
challenging. Although there is an enormous 
amount of evidence indicating that genetic poly-
morphism is associated with poor response to 
drug treatment, there are no clear explanations on 

how to translate this information into clinical 
application (Kirchheiner et al.  2005 ). In this 
regard, it is imperative to determine the impact of 
all the available pharmacogenomic data show-
ing consistent and reproducible results for an 
 increasing number of genetic markers that may 
have potential applicability in clinical practice 
(Table  23.8 ). Therefore, the close interaction 
between basic and clinical research is critical and 
is expected to enhance the fundamental genomic 
fi ndings for the clinical settings.

   The explosion of new methodologies and 
design approaches for analysis in pharmacoge-
nomics is now able to integrate a large and 
complex amount of data produced by high-
throughput assays in samples of patients with 
lung disorders. This information is contribut-
ing to our understanding of how the genetic 
differences in the expression and function of 

   Table 23.6    Impact of variations on metabolic genes in 
therapies for IPF   

 Therapeutic  Type 
 Variations 
on metabolic genes 

 NAC  Polytherapy  TPMT 
 Steroids   Bone marrow toxicity 
 Azathioprine    Fatigue 

  Nausea 
  Skin rashes 
  Vomiting 

   Table 23.7    Impact of variations on metabolic genes in 
therapies for PAH   

 Therapeutic  Type 
 Variations on metabolic 
genes 

 Calcium channel 
blockers 

 Monotherapy  BMPR2 
  Poor prognosis 

 Warfarin  Adjuvant  CYP2C9 
  Reduced enzymatic 

of warfarin 
  Low dose requirement

 for warfarin 
 VKORC1 
   Variable doses 

of warfarin 

   Table 23.8    Impact of pharmacogenomics into clinical 
applications in pulmonary diseases   

 Improved diagnosis accuracy 
 Identifi cation of the genetic risk factors associated with 
disease 
 Combination of family history and genomic data 
 Development of more effi cient therapeutics 
 Integration of genomic data to support clinic application 
 Availability of genomic data to patients 
 Effectiveness on therapy using individual genomic data 
 Promotion of education and research in 
pharmacogenomics 
 Increased access to genomic medicine 
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gene products affect drug responses of patients 
to medication and how those responses may be 
translated into new concepts for clinical appli-
cation (Manolio and Green  2011 ). However, 
the whole-genome analysis still is not able to 
reveal the causes of rare genetic diseases, basi-
cally due to the many variants involved on dif-
ferent intracellular signaling pathways that 
modulate drug metabolism, drug receptors, and 
drug transporters as well as the different routes 
of excretion that may restrict the actions of 
drugs (Stingl et al.  2010 ). All this information 
is  raising concerns regarding the selection of 
the most appropriate experimental approaches 
to determine the effi cacy of a drug and the risk 
of adverse drug reactions. 

 Due to the gene and environmental interac-
tion, in most cases it is diffi cult to correlate 
 diagnosis of a disease with a specifi c polymor-
phism. Even though the current research pro-
grams in pharmacogenomics have increased 
substantially in the last decade, at the present 
time medications are not much safer and worse, 
many of the state-of- the-art medications 
are expensive. Taking into consideration that 
genetic variability can account for approxi-
mately 50–60 % of interindividual variability, 
pharmacogenomics holds great promise for 
elucidating the role of genetic variants respon-
sible for the development of a particular pul-
monary disease as well as for designing more 
effective therapies to minimize the chance of 
developing any adverse drug reactions. 

 The effect of single genes and their effects on 
specifi c individuals in the response to specifi c 
therapies may also be a consequence of the inter-
action of all genes in the genome in which the 
pharmacokinetics and/or pharmacodynamics 
may play key roles. In this regard, genetic testing 
may be an effective approach to reduce serious 
adverse reactions and events to current medica-
tions. However, still there are some remarkable 
challenges that need to be overcome such as 
the lack of consensus in selecting the appropriate 
controls, choosing the most suitable experimen-
tal approaches to validate the new target, and 
consistent evidence about the specifi c role of the 
target in the airways. 

 There is no doubt that pharmacogenomics 
can improve the effi cacy of drugs that are cur-
rently used for the treatment of asthma symp-
toms. Furthermore, the identifi cation of novel 
targets may be particular important to develop 
more effective strategies for therapeutic inter-
vention against lung diseases. However, a few 
drug therapies available in accordance with 
genetic variations appear to indicate that most 
pharmaceutical companies are reluctant to 
invest in the development of this type of diag-
nostic and therapeutic agents. This is probably 
a big concern because of the great expectation 
with the promise of personalized medicine. To 
reach this goal, the identifi cation of genes that 
drive disease development and progression in 
the lung is imperative. However, this is a chal-
lenging task, mainly due to the limited dataset 
used in the studies, which exhibit low power 
and have no consistency to determine whether 
genetic variants are associated with different 
respiratory disorders. Therefore, it was suggested 
that groups should participate in consortium 
working groups, so they can have access to 
different databases to study the pharmacoge-
nomics of pulmonary diseases.  

2       Conclusions 

 In this chapter we have summarized the evidence 
for a genetic contribution to asthma as well as 
the recent advances in pharmacogenomics for 
identifying the location and function of genes 
that cause complex diseases. There is no doubt 
that understanding the impact of genetic varia-
tion on predisposition to respiratory disorders 
could have major implications for diagnostic 
and therapeutic approaches. Giving the hetero-
geneous condition of the pulmonary diseases 
 discussed in this chapter and the fact that patho-
logical conditions vary greatly from patient to 
patient, several independent studies are required 
to validate the impact of SNPs in the susceptibil-
ity to the development of a particular disease. 
One of the main limitations in most of the  studies 
is the sample size, which is widely recognized as 
not large enough to predict the relevance of 
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SNPs on outcomes in specifi c ethnic patient 
group. Understanding the effects of gene-gene 
and gene-environment interactions is critical to 
identify the events associated with the evolution 
of diseases in the lung. We have also reviewed 
how these techniques have been applied to the 
study of a series of lung disorders. It is likely that 
rapid additional advances will yield high-impact 
data and new avenues of investigation for novel 
therapeutic interventions that will have the 
potential to change the way patients are treated. 
In this regard, pharmacogenomics is critical for 
the development of personalized medicine to 
improve effi cacy, tolerability, and drug safety.      
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 Abstract 

   Allergy and asthma are the diseases of multifactorial etiologies increasing 
dramatically all over the world. Numerous factors (e.g., aeroallergen, 
toxin, pathogen, food, chemical insect debris, and drugs) play a key role in 
the pathophysiology of allergy and asthma. Recent advances in the fi eld of 
genetics have led to the identifi cation of genetic factors which are involved 
not only in the pathogenesis of asthma and allergy but also signifi cantly 
(60–70 %) contribute toward the interindividual variability to drug 
response and adverse drug reactions. There are several common categories 
of medications for treating asthma and allergy. Signifi cant heterogeneity 
in the effi cacy and adverse drug reactions of anti-allergic and anti- 
asthmatic drugs have been observed and efforts have been made to study 
the role of genetic determinants in the variable interindividual response to 
medication. Armed with the knowledge of a patient’s pharmacogenomic 
information, a clinician could predict the response to certain drugs and 
adverse drug reactions to improve the effi cacy and tolerability of the thera-
peutic interventions. 
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     Abbreviations 

   ABP    Diamine oxidase   
  ADAM-33    A disintegrin and metalloprotein-

ase domain-containing protein 33   
  ADRB2    Beta adrenergic receptors   
  ADRB-2    Beta-2 adrenergic receptor   
  ADRs    Adverse Drug Reactions   
  ALOX5    Arachidonate 5 lipoxygenase   
  ATP    Adenosine triphosphate   
  BALF    Bronchoalveolar lavage fl uid   
  cAMP    Cyclic adenosine monophosphate   
  CCL11    Chemokine (C-C motif) ligand 11   
  CD-14    Cluster of differentiation 14 (CD14)   
  CFTR    Cystic fi brosis transmembrane 

conductance regulator   
  CHRM2    Cholinergic receptor muscarinic 2   
  CLCA1    Calcium-activated chloride chan-

nel regulator 1   
  COX-2    Cycloxygenase-2   
  CRDCP15    Caspase recruitment domain- 

containing protein 15   
  CRHR1    Corticotrophin-releasing hormone 

receptor 1   
  CYF1P2    Cytoplasmic FMR1-interacting 

protein   
  CYP1A2    Cytochrome P450 family 1 sub-

family A, polypeptide 2   
  CYP2E1    Cytochrome P450 family 2 sub-

family E, polypeptide 1   
  CysLTR1    Cysteinyl leukotriene receptor   
  DEFB1    Defensin beta 1   
  DNA    Deoxyribonucleic acid   
  DPP10    Dipeptidyl-peptidase 10   
  FCER1B    Fc epsilon receptor I beta-chain   
  FDA    Food and Drug Administration   
  FKB51    FK506-binding protein 51   
  FLG    Flaggrin   
  GATA3    Trans-acting T-Cell-specifi c tran-

scription factor   
  GC-R    Glucocorticoid resistant   
  GC-S    Glucocorticoid sensitive   
  GM-CSF    Granulocyte-macrophage colony-

stimulating factor   
  GMCSF    Granulocyte-monocyte colony- 

stimulating factor   

  GPRA    G protein-coupled receptor for 
asthma   

  GSNOR     S -Nitrosoglutathione reductase   
  GST    Glutathione S-transferase   
  GWAS    Genome-wide association study   
  HDC    Histidine decarboxylase   
  hGR    Human glucocorticoid receptor   
  HLA    Human leukocyte antigen   
  HNM    Histamine  N -methyl transferase   
  HRH    Histamine receptor   
  IFNG    Interferon γ   
  IFNGR1    Interferon gamma receptor-1   
  IgE    Immunoglobulin E   
  IL    Interleukin   
  IL-1β    Interleukin-1β   
  ISSAC    The International Study of Asthma 

and Allergies in Childhood   
  JAK1    Janus kinase 1   
  Km    Michaelis-Menton Constant   
  LABA    Long-acting beta-2 agonists   
  LT    Leukotriene   
  LTC4S    Leukotriene C4 synthase   
  mRNA    Messenger ribonucleic acid   
  NAD +     Nicotinamide adenine dinucleotide   
  NF-κB    Nuclear factor kappa B   
  PARP-1    Poly (ADP-ribose) polymerase 1   
  PBMC    Peripheral blood mononuclear cells   
  PDE4D    phosphodiesterase-4D   
  PHF-11    Plant homeodomain fi nger protein 11   
  POSTN    Periostin osteoblast-specifi c factor   
  RNA    Ribonucleic acid   
  SABA    Short-acting beta-2 agonists   
  Serpin B2    Serpin peptidase inhibitor clade B2   
  SLE    Systemic Lupus Erythematous   
  SNPs    Single nucleotide polymorphisms   
  SPINK5    Serine protease inhibitor kazal type 5   
  STAT6    Signal transducer and activator of 

transcription   
  TBX2    T-box transcription factor   
  TCγ    T cell antigen receptor γ chain   
  TGF-β    Transforming growth factor Β   
  TH1    T helper 1   
  TH2    T helper 2   
  TLR    Toll-like receptors   
  TNF-α    Tumor necrosis factor-α   
  Vmax    Maximum rate of the enzyme cata-

lyzed reaction   
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1            Introduction 

 Allergy and asthma are the diseases of complex eti-
ologies which are dramatically increasing all over 
the world. Allergic diseases are the most common 
causes of chronic illnesses in developed countries. 
The rates may appear to be lower in developing 
countries but there is an evidence of a steady 
increase over time in the proportion of the popula-
tion suffering from allergies (ISSAC Steering 
Committee  1998 ; European Community 
Respiratory Health Survey  1996 ;    Sheikh and Alves 
 2000 ; Garabrant and Schweitzer  2002 ; Demoly 
and Bousquet  2001 ; Bousquet  2000 ). Allergic reac-
tions occur when an individual reacts abnormally 
to its surrounding environment. There is a world-
wide epidemic of allergic diseases because of the 
changing environment and improved general 
health, superimposed on a range of genetic sus-
ceptibilities (Evans and McLeod  2003 ; Silverman 
et al.  2001 ). Allergic diseases include a wide range 
of immunological responses which may occur on 
exposure to aeroallergens, food, chemicals, 
microbes, parasites, insect debris, dust mites, 
smoking, and drugs. Up to 30 % of the general 
population suffers from various forms of allergies 
during a normal life span (Marshall  2004 ). 

 The common examples of allergies are food 
allergy, chemical energy, allergy due to poisons or 
environmental changes, and drug allergy (idio-
syncratic reactions). Idiosyncratic reactions or 
adverse drug effects (ADRs) are the set of allergic 
reactions which occur when the usual therapeutic 
dose of a drug affects the patient having another 
underlying condition (Dolen  2004 ). ADRs are one 
the major causes of hospitalization and death in 
the United States and other  developed countries. 
Approximately, 2,000,000 patients suffer from 
ADRs each year (Dolen  2004 ). There are four 
types of allergic/hypersensitivity  reactions: type I, 
type II, type III, and type IV reactions. Type I 
reactions are mediated via immunoglobulin E 
(IgE) and are immediate anaphylactic shock reac-
tions. The examples of type I allergic or hypersen-
sitivity reactions are allergic rhinitis, food allergy, 
drug allergy, insect venom allergy, and allergic 
asthma. Type II reactions are cytotoxic type and 
involve IgG and IgM, e.g., pernicious anemia, 

acute rheumatic fever, and transplant rejections. 
Type III reactions are immune complex-mediated 
reactions where an antibody binds to an antigen 
leading to abnormal activation of complement 
system, e.g., glomerulonephritis and systemic 
lupus erythematous (SLE). Type IV are the 
delayed or cell-mediated reactions mediated via T 
cell lymphocytes, e.g., contact dermatitis such as 
poison ivy rashes (Gell and Coombs  1963 ). 

 Asthma is a multifactorial disease of the respi-
ratory tract. It might develop due to exposure to 
an allergen, infection, exercise, obesity, smoking, 
and interaction of environment and genetic fac-
tors (Kumari and Rana  2012 ). It results on account 
of intermittent narrowing of the small airways of 
the lung with subsequent airfl ow obstruction, 
increased bronchial responsiveness, mucus pro-
duction to a variety of stimuli accompanied by 
symptoms like wheeze, cough, and breathlessness 
(Szalai et al.  2006 ). Asthma is classifi ed into two 
main types, intermittent or persistent. If persis-
tent, it is assessed in terms of severity: mild, mod-
erate, or severe. Atopic (allergic) asthma is the 
most common disease of childhood and has been 
reported to be strongly genetic in origin. 

 Evidence suggests that the prevalence of 
asthma increases globally by 50 % every decade 
(Masoli et al.  2004 ). Incidences of asthma have 
substantially increased in last two decades, but 
the reasons are unknown (Keller and Lowenstein 
 2002 ). In the United States, the prevalence of 
asthma is 7.7 % among adults and 9.6 % in chil-
dren. It has been documented as 2–4 % among 
Asians, 15–20 % in the United Kingdom, Canada, 
Australia, New Zealand, and other developed 
countries (ISSAC  1998 ; Janson et al.  2001 ; Asher 
et al.  2006 ; Zock et al.  2006 ). A survey conducted 
in India showed that approximately 20–30 % of 
the population suffer from allergy and more than 
15 % develop asthma (Singh and Kumar  2003 ).  

2      Genetic Contribution 
to Asthma and Allergy 

 Genome-wide linkage screens reported in 
 different populations investigating chromosomal 
regions linked to asthma and atopy or related 
phenotypes like elevated IgE levels, wheezing, 
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and bronchial hyperresponsiveness have identifi ed 
genes of biological relevance to these diseases on 
chromosome 5q [containing interleukin-3 (IL-3), IL-5, 
and granulocyte-macrophage colony-stimulating 
factor (GM-CSF)], 11q[FCER1B], 12q [IFNG 
(interferon γ) and STAT6], and 16p [IL-4R (the 
IL-4Rα chain, also part of the IL-13R)] (March 
et al.  2011 ). 

 Linkage studies followed by positional cloning 
approaches have identifi ed novel susceptibility 
genes including cytoplasmic FMR1-interacting 
protein 2 (CYFIP2), dipeptidyl-peptidase 10 
(DPP10), human leukocyte antigen (HLAG), plant 
homeodomain fi nger protein 11 (PHF11), G 
 protein-coupled receptor for asthma (GPRA), and a 
disintegrin and metalloproteinase domain-containing 
protein 33 (ADAM33) suggesting their role in the 
pathophysiology of asthma and pulmonary allergic 
diseases (Van Eerdewegh et al.  2002 ; Allen et al. 
 2003 ; Zhang et al.  2003 ; Nicolae et al.  2005 ; 
Noguchi et al.  2005 ; Laitinen et al.  2004 ). 

 Candidate gene association studies have identi-
fi ed more than 100 genes in association with 
asthma and related phenotypes. These include 
receptors for detection of microbial products [toll-
like receptors (TLR), cluster of differentiation 14 
(CD14), caspase recruitment domain- containing 
protein 15 (CRDCP15)]; various cytokines and 
cytokine signaling proteins involved in T cell sur-
vival, proliferation, and differentiation; genes 
involved in lung function, development, and 
response to stimuli [beta-2 adrenergic receptor 
(ADRB-2), cystic fi brosis transmembrane conduc-
tance regulator (CFTR), serine protease inhibitor 
kazal-type 5 (SPINK5)]; genes involved in epithe-
lial barrier function and innate immunity [Flaggrin 
(FLG) and Defensin beta 1 (DEFB1)]; and genes 
involved in the responses to environmental expo-
sures, e.g., glutathione S-transferase (GSTM1, 
GSTP1, and GSTT1) (Halapi and Hakonarson 
 2004 ; Hoffjan et al.  2003 ; Kabesch  2005 ; Levy 
et al.  2005 ; Palmer et al.  2007 ; Vercelli  2008 ). 
However, these associations could not be estab-
lished in subsequent replication studies. The genes 
which have been replicated extensively include 
ADRB2; the cytokines, receptors, signaling pro-
teins, and transcription factors involved in T helper 
1 (TH1) and T helper 2 (TH2) differentiation of T 

cells, like interleukin-4 and interleukin receptor 
4R alpha (IL-4, IL-4RA), interferon G and inter-
feron G receptor 1(IFNG, IFNGR1), signal trans-
ducer and activator of transcription(STAT6), 
trans- acting T-cell-specifi c transcription factor 
(GATA3), and T-box transcription factor (TBX21), 
and genes involved in cellular responses that char-
acterize atopic disease, such as interleukin-13 
 (IL-13) and its receptor and the Fc epsilon receptor 
I beta-chain (FCER1B) gene (Liggett  1995 ; 
Martinez et al.  1997 ; Potter et al.  1993 ; Howard 
et al.  2002 ; Kabesch et al.  2006 ; Potaczek et al. 
 2009 ; Vladich et al.  2005 ; Wu et al.  2010 ; Basehore 
et al.  2004 ; Haller et al.  2009 ; Munthe-Kaas et al. 
 2008 ; Pykalainen et al.  2005 ; Randolph et al. 
 2004 ; Suttner et al.  2009 ; Zhou et al.  2009a ). 

 The fi rst genome-wide association study 
(GWAS) focusing on bronchial asthma was car-
ried out in  2007  by Moffatt et al. Multiple mark-
ers on 17q21 were identifi ed which reproducibly 
associated with childhood asthma. Independent 
replication studies in population of diverse ethnic 
backgrounds also confi rmed the 17q21 associa-
tion (March et al.  2011 ). Some of the genetic 
variants associated with asthma and allergy have 
been described in detail in the following 
subsections: 

2.1      Interleukin-4 Receptor 
α-Chain (IL-4Rα) 

 The cytokines IL-4, IL-5, IL-9, and IL-13 are 
derived from T helper type 2 (Th2) (Renauld 
 2001 ) and induce structural changes in the air-
ways and lung parenchyma, which are associated 
with asthma symptoms. These proinfl ammatory 
factors also contribute to a variety of clinically 
manifestations caused by reversible airway 
obstruction, involving diffi culty in breathing with 
wheezing and coughing (Busse and Lemanske 
 2001 ). Multiple evidences support the concept 
that IL-4 and IL-13 are associated with the initia-
tion and progression of asthma, through binding 
to a receptor complex in lung tissues and promot-
ing many of the pathological features of asthma 
(Corry et al.  1998 ). Although epidemiological 
data and experimental evidence have fi rmly 
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established a key role for the IL-4R axis in asthma 
pathogenesis, the relative dominance of IL-13 in 
asthma pathogenesis still remains unanswered. 
The new genomic information providing an 
understanding about the role of IL-4Rα in the 
lung in response to insults is very valuable; how-
ever, more information is required to defi ne its 
role in those signaling pathways that are 
 modulated in acute versus chronic pathophysio-
logical changes in asthma. Of particular interest 
is the identifi cation of polymorphisms in compo-
nents of the IL-4 and IL-13 cytokine receptor that 
added important evidences about the requisite of 
these cytokines for asthma development. Also 
important is the relevant information of how IL-4 
signaling is conferred to the effector cells by a 
series of phosphorylation events through binding 
to one of the variants of the IL-4Rα, a transmem-
brane receptor that recruits a second chain, the 
gamma common chain (yc), when activated by its 
ligand (Kondo et al.  1993 ). IL-4 can also activate 
a second form, the IL-4 type II receptor com-
posed by the IL-4Rα and the IL-13 receptor alpha 
chain (IL-13Rα) (Cosman et al.  1990 ). Other 
important indicators of the events in which this 
cytokine is involved in modulating allergy 
responses are the IL-4 role in regulating immuno-
globulin E (IgE) production, isotype switching 
from IgM to IgE production by B lymphocytes, 
stimulating B-cell proliferation, and modulating 
differentiation of T cells to the Th2 phenotype 
(Bloemen et al.  2007 ). The fact that these effects 
were not detected in IL-4 and IL-13 knockout 
mice (Kips et al.  1995 ; Leigh et al.  2004 ) and 
were also signifi cantly inhibited in animals 
treated with IL-2 during initial antigen exposure 
(Kips et al.  1995 ) suggested that these IL-4 and 
IL-13 are participants in the multiple physiologi-
cal processes that lead to asthmatic symptoms. 

 The identifi cation of polymorphisms in 
IL-4Rα, which are more common in African 
Americans (Wenzel et al.  2007 ), has been associ-
ated with severe asthma exacerbations, lower 
lung function, and increased mast cell-related tis-
sue infl ammation. This was also evident in tissue 
biopsies of individuals with IL-4Rα polymor-
phisms in which increased mast cell numbers and 
a more specifi c increase in IgE+ were detected 

(Wenzel et al.  2007 ). These fi ndings support the 
association of alleles at E375A with a gain in 
function of the receptor, which may have a causal 
role in promoting severe asthma exacerbations 
(Balzar et al.  2007 ; Busse et al.  2001 ). A meta- 
analyses of data from reports of case–control 
studies for associations of I50V and Q551R 
IL-4R variants and asthma proved that the R551 
IL-4R variant had a highly signifi cant association 
for a modest risk of atopic asthma, whereas the 
150 V variants did not have any consistent 
involvement (Loza and Chang  2007 ). It was 
noted that the racial differences in the incidence 
of the Arg551 IL-4R (African Americans) and 
the Q551R (whites) impacted host defenses 
against parasites in tropical populations com-
pared with temperate and cold regions, a strong 
environmental factor that appears to have strong 
infl uence on these mutations (Wenzel et al.  2007 ). 

 A signifi cantly lower frequency of allele 
Arg551 of IL-4RA Q551R polymorphism was 
found in Slovenian children with nonatopic 
asthma, but it was absent in atopic asthmatics 
(Berce and Potocnik  2010 ). A similar approach 
was made in Asian populations in which the low 
prevalence of IleA 50/Ile50 was also identifi ed 
in a Chinese group and Ile50/Q576 in Malay 
populations (Zhang et al.  2007 ). Moreover, the 
identifi cation of polymorphisms of IL-4Rα asso-
ciated with different ethnicities was indicated as 
a consequence of human population history and 
structure (Ober et al.  1998 ). Indeed, the increased 
eosinophil fraction and the enhanced bronchial 
hyperresponsiveness, markers of asthma patho-
genesis Korean children carrying the IL-4Rα 
Arg551 allele, was linked to increased suscepti-
bility to atopic asthma (Lee et al.  2004 ). This 
confi rmed the fi ndings in a Chinese population 
in which Arg551 was signifi cantly higher in chil-
dren with asthma (Zhang et al.  2006 ). In con-
trast, studies in Hawaiian, English, and Italian 
populations found no associations between 
Q551R and susceptibility to develop asthma 
(Bottini et al.  2002 ; Patuzzo et al.  2000 ; Tam 
et al.  2003 ). However, a recent phase 2b clinical 
trial data testing pitrakinra, a IL-4R receptor 
antagonist, in patients with moderate and severe 
asthma has reported a signifi cant reduction in 
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asthma exacerbations on those patients carrying 
the SNP res8832 (Slager et al.  2012 ). There is 
no doubt that these exciting fi ndings indicate 
the existence of a subgroup of subjects with 
moderate to severe persistent asthma that 
showed, after treatment, an evident reduction in 
asthma exacerbations and symptoms.  

2.2      Cluster of Differentiation 14 

 The cluster of differentiation 14 (CD14) is a 
 multifunctional receptor found in two distinct 
forms, the membrane-bound (mCD14) and the 
soluble (sCD14). Of all forms, the CD14 has 
genetic variations that affect the structure of the 
CD14 molecule or the amount of CD14 available. 
Also, a functional C-159T polymorphism located 
in the promoter region of the gene has been 
 associated with asthma and allergies (Martinez 
 2005 ), occupational lung disease (LeVan et al. 
 2005 ), and post lung transplantation response. 
CD14 was also associated with the recognition of 
pathogens by cells and with potential involve-
ment in triggering the activation of defense 
responses. In fact, a clinical study determined 
that the soluble CD14 was increased in the bron-
choalveolar lavage fl uid (BALF) of smokers and 
COPD patients. Complementary in vitro studies 
using human bronchial epithelial cells lines 
treated either with interleukins or pathogens con-
fi rmed that CD14 levels were consistently 
increased in supernatants of stimulated cells 
(Regueiro et al.  2009 ). This research group also 
implied that CD14 might modulate a cellular 
effector mechanism to prevent overwhelming the 
infl ammatory response caused by smoking or by 
the pathogen- associated molecular patterns. 

 With respect to the second type of response, 
CD14 may act by limiting the internalization of 
pathogens by airway cells. Later, it was also 
observed that smokers who had the TT homozy-
gote genotype for the C-159T nucleotide poly-
morphism for the CD14 gene promoter have 
greater obstructive impairment of lung function 
and increased disease severity relative to those 
with the CC or CT genotypes. While the increased 
effect on lung dysfunction in the CC genotype 

was strongly correlated with the increased 
amount of cigarettes consumed for the subjects 
involved in the study, the lower lung function on 
the TT genotype was associated with a moderate 
smoking history (Zhou et al.  2009b ). These fi nd-
ings suggested that C-159T SNP of the CD14 
gene promoter might be a marker of susceptibil-
ity to tobacco smoke exposure as well as to the 
pathophysiology of COPD. The same group also 
proposed that tobacco smoke might be able to 
alter the interaction of genes with the environ-
ment; consequently, these events may induce in 
some way, changes in the innate immune path-
ways, promoting chronic lung disease. 

 The link between CD14 and asthma is still a 
confl ictive issue. Indeed, this relationship was 
not present in Australian, Korean, and Polish 
children as well as in adults with moderate and 
severe persistent asthma (Hong et al.  2007 ; 
Kedda et al.  2005 ; Lis et al.  2001 ). Recently, in a 
more rigorous study using asthma patients sepa-
rated by groups according to disease sub- 
phenotype (Perin et al.  2011 ), it was confi rmed 
that CD14 gene polymorphism did not show any 
association with asthma in Slovenian children, 
but rather with bronchial obstruction and hyper-
reactivity in Slovenian patients with nonatopic 
asthma. These fi ndings suggest the heterogeneity 
in genetic risk factors for asthma and asthma 
traits among different populations.  

2.3      Poly (ADP-Ribose) Polymerase 
1 (PARP-1) 

 PARP-1 is a nuclear protein that catalyzes the 
covalent long chain poly(ADP-ribosylation) of a 
variety of nuclear proteins utilizing nicotinamide 
adenine dinucleotide (NAD + ) as a substrate, with 
PARP-1 itself being the major target of modifi ca-
tions (Alkhatib et al.  1987 ; Cherney et al.  1987 ). 
This nuclear protein is only activated when 
 binding to single- or double-stranded DNA ends 
via its two zinc fi ngers, which recognize DNA 
breaks independent of the DNA sequence 
(Cherney et al.  1987 ; Gradwohl et al.  1990 ; 
Menissier-de Murcia et al.  1989 ). Since PARP-1 
activation is strictly proportional to the number 

A. Munshi et al.



535

of DNA breaks, its activity is strictly proportional 
to the number of DNA breaks in vivo or in vitro, 
and it is particularly inactive in the absence of 
DNA breaks (Cherney et al.  1987 ; Menissier-de 
Murcia et al.  1989 ; Schreiber et al.  2006 ). The 
covalent poly(ADP-ribosyl)ation of nuclear 
DNA-binding proteins in eukaryotes is a phe-
nomenon that contributes to various physiologic 
and pathophysiologic events associated with 
DNA strand breakage, repair of DNA damage, 
and apoptosis (Bhatia et al.  1990 ; Hassa and 
Hottiger  2002 ; Kidwell and Mage  1976 ; 
Menissier-de Murcia et al.  1989 ; Simbulan-
Rosenthal et al.  2003 ). Multiple lines of evidence 
have demonstrated that in addition to its acces-
sory role in DNA repair, PARP-1 also plays regu-
latory roles in other nuclear processes, including 
DNA replication and the regulation of transcrip-
tion, as a longevity assurance factor associated 
with genome stability, and in redox signaling 
(Schreiber et al.  2006 ). 

 PARP-1 gene knockout reduced in an asthma 
model allergen-induced IL-5 expression without 
affecting expression or activation of IL-4- 
associated kinases, but absence of PARP-1 
doesn’t alter the expression of janus kinase 1 
(JAK1) and JAK3 and their catalytic activity. In 
contrast, signaling transducers and degradation 
of the activator of transcription 6 were observed 
in spleens in an allergen-dependent manner, a 
phenomenon that was linked to a severe reduc-
tion in GATA binding protein 3 transcripts (Datta 
et al.  2011 ). The authors suggested that media-
tion of STA-6 expression by PARP-1 is essential 
to IL-5 production and that modulation of NF-κB 
by this nuclear protein may also be a critical 
event. This alternative mechanism may provide 
an alternative therapeutic strategy to inhibit 
PARP-1 that strongly reduces the production of 
IL-5 as well as subsequent eosinophilia upon 
allergen exposure. Additional studies have found 
that PARP-1 inhibition prevented infi ltration of 
infl ammatory cells into the lungs upon allergen 
exposure (Boulares et al.  2003 ) and eosinophil 
recruitment as well as the production of IL-5 in 
a murine model of allergic airway infl amma-
tion (Naura et al.  2008 ; Oumouna et al.  2006 ). 
This suggested that PARP-1 depletion displays 

therapeutic potential for the treatment of disor-
ders and diseases affecting the lung. 

 Genetic variants or SNPs of PARP-1 have 
been pointed out as the major contributions to 
dissect the events associated with its catalytic 
activity (Yadollahi-Farsani et al.  1999 ), modifi -
cation of protein function during aging (Cottet 
et al.  2000 ), and understanding of the pathology 
of human breast cancers (Cao et al.  2007 ). 
Indeed, 20 rare variants of PARP-1 have been 
identifi ed so far, suggesting that some of them 
may alter PARP-1 protein interaction through its 
BRCA1 C Terminus domain and contribute to an 
increased risk for some pathological conditions 
(Jiang et al.  2009 ; Lockett et al.  2004 ). Among 
these polymorphisms, the codon 762 variant 
(exon 17, 2444T to C, V to A) is present in about 
5–33 % of the general population with an allelic 
frequency of 0.2, 0.4, and 0.6 in Caucasians, 
Asians, and African Americans. The 762 variant 
has also been indicated as the main cause of 
about a 40 % decrease of PARP-1 activity (Jiang 
et al.  2009 ). 

 In vitro and in vivo experiments have provided 
evidence that the PARP-1Val762Ala polymor-
phism reduces the enzymatic activity of PARP-1 
(Lockett et al.  2004 ; Wang et al.  2007 ), depend-
ing on substrate condition by increasing Km 
(Wang et al.  2007 ). Indeed, an interesting report 
showed that the PARP-1 Val762Ala polymor-
phism was associated with a decreased risk of 
asthma in a Turkish population when compared 
with their wild-type homozygotes (Tezcan et al. 
 2009 ). This protective effect of PARP-1 
Val762Ala polymorphism is the fi rst one reported 
to have a protective effect against asthma. 
PARP-1 is also required for the transcriptional 
activity of transcription factors involved in 
infl ammatory processes (Espinoza et al.  2007 ), 
and its depletion suppresses the expression of 
IL-12 and tumor necrosis factor-α (Boulares 
et al.  2003 ). These fi ndings suggest that the 
protective effect of the PARP-1 Val762Ala 
polymorphism may be directly associated with 
decreased PARP-1 enzymatic activity, which in 
turn  regulates the expression of genes involved 
in infl ammatory responses in the lung tissue 
from stressors.  
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2.4      β 2 -Adrenergic Receptor 

 The β 2 -adrenergic receptor is an important regu-
lator of airway smooth muscle tone. Agonists 
against this receptor are very effi cient in the treat-
ment of asthma. The β 2 -adrenergic receptor con-
tains at least 17 SNPs within a 3 kilobase region 
in which is also included its regulatory regions 
and coding region, which have been associated 
with altered expression of the receptor (Reihsaus 
et al.  1993 ; Scott et al.  1999 ). Five of the nine 
polymorphisms in the coding region are degener-
ated, while four of them result in amino acid sub-
stitutions within the protein (Reihsaus et al. 
 1993 ). These variations have been associated 
with altered expression, downregulation, or cou-
pling of the receptor response to β2-adrenoeceptors 
agonists (Liggett  2000 ). The polymorphisms 
Arg16Gly and Glu27Gln have been related with 
reduced lung function (Green et al.  1994 ) and 
increased risk of asthma or COPD in African 
Americans (Matheson et al.  2006 ). These poly-
morphisms are also the main targets in  modulating 
response to β-agonist treatment. However, some 
recent studies in large populations have indicated 
that the Ile164 variant seems to be associated 
with reduced lung function and increased risk of 
COPD, and that Ile164, Arg16, and Glu27 poly-
morphisms are not necessarily related to risk of 
asthma (Thomsen et al.  2012 ). 

 On the other hand, studies in Latin American 
populations with asthma found that those patients 
carrying the Gly16 variant are less likely to 
respond to a single dose of albuterol than carriers 
of the Arg16 (Martinez et al.  1997 ), suggesting 
the signifi cant role of this polymorphism in mod-
ulating responses to β2-agonists. However, dif-
ferent responses are observed in two Latin 
American populations. As a matter of fact, Puerto 
Rican individuals with the Arg16had have lower 
bronchodilator response than Mexican subjects 
(Choudhry et al.  2005 ). These fi ndings suggest 
the existence of ethnic-specifi c pharmacogenetic 
differences in the effect of Arg16 with asthma 
severity and bronchodilator response. Although 
the two polymorphisms at β 2 -adrenergic receptor 
gene: one at codon 16 (arginine to glycine) and 
the other at the codon 27 (glutamine to gluta-

mate) affect individual airway responses or 
response to acute or chronic β 2 -agonist; they 
are not considered risk factors for asthma. 
Interestingly, an interactive effect on asthma 
between the Gly-16 homozygotes and cigarette 
smoking was observed in a group of smokers’ 
individuals when compared with a never smok-
ing population (Wang et al.  2001 ). 

 An interesting observation was the identi-
fi cation of the genetic variants of the enzyme 
S-nitrosoglutathione reductase (GSNOR), an 
enzyme that regulates the response to β2-agonists 
and β2-AR (Que et al.  2009 ). This variant has 
shown a strong correlation with  airway hyperreac-
tivity in bronchoalveolar fl uid of asthmatic Latino 
subjects. Indeed, a consistent association was 
observed between altered GSNOR activity and 
increased risk of asthma in Puerto Rican  individuals. 
Also of great interest was the predictive potential of 
GSNOR in the response to the bronchodilator alb-
uterol in Mexicans and Puerto Rican individuals 
with asthma (Choudhry et al.  2010 ). Promising 
data has also indicated that the gain of function 
mutation of this enzyme is critical for the protec-
tion of lung tissues against allergen challenge and 
from β 2 -adrenergic receptor desensitization under 
basal conditions (Whalen et al.  2007 ). 

 A study conducted to determine the effects of 
polymorphisms of the β 2 -adrenergic receptor at 
codons 16 and 27 on agonist-induced vasodilata-
tion and desensitization in the human vasculature 
found that individuals carrying β 2 -adrenergic 
receptor polymorphisms homozygous for Arg16 
and Gln27 have enhanced agonist-mediated 
desensitization (Dishy et al.  2001 ). In addition, 
subjects homozygous for Gly16 have resistance 
to agonist-mediated desensitization. These fi nd-
ings are in agreement with previous reports 
showing that variants for Gly16 had signifi cantly 
greater bronchodilative desensitization compared 
to variants homozygous for Arg16 (Tan et al. 
 1997 ), or individuals with asthma who were 
homozygous for Arg16 had signifi cantly lower 
response to an inhaled β 2 -adrenergic agonist than 
individuals homozygous for Gly16 (Israel et al. 
 2000 ). Similarly, it was also reported that homo-
zygous Arg16 patients had a higher incidence of 
exacerbation of asthma compared to individuals 
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that are heterozygous or homozygous for Gly16 
in response to β 2 -adrenergic agonists (Taylor 
et al.  2000 ). 

 The evidence showing that albuterol-evoked 
FEV1 is higher and the response is more rapid 
in asthmatic individuals Arg16 homozygotes 
compared with the cohort of carriers of patients 
with Gly16 variant, indicated that genetic 
polymorphisms of β 2 -adrenergic receptors 
infl uence bronchodilator responsiveness (Lima 
et al.  1999 ). In contrast, Arg16 homozygote 
patients who use albuterol for a long period of 
time had a decline in the morning peak expira-
tory fl ow, which increased during the  following 
weeks out of treatment. Considering that 
individuals heterozygous and homozygous for 
Gly16 did not show that decline, the authors 
postulated that the Arg/Arg group might be 
at risk for adverse, or less salutary, effects, 
especially as they discontinue the high-dose 
therapy. It was also suggested that alternative 
schedules of therapies including earlier initia-
tion of anti-infl ammatory agents or both may 
produce better outcomes for patients that are 
homozygous for Arg16 (Evans and McLeod 
 2003 ). 

 The above-described fi ndings were the basis 
for a regularly genotype-stratifi ed, randomized 
placebo-controlled trial that included patients 
with mild asthma that were regularly treated 
with albuterol or placebo for 16 weeks or 
ipratropium bromide as needed. Patients with 
Arg/Arg phenotype had lower peak expiratory 
fl ow rate (PEFR) during treatment, while those 
Gly/Gly patients had an increase in morning 
PEFR during treatment albuterol. Different pat-
terns were observed in responses from patients 
who discontinued albuterol and used ipratro-
pium bromide. Indeed, Arg/Arg patients had an 
increase in morning PEFR, while no changes 
were detected in those individuals having the 
Gly/Gly genotype. These results led the authors 
to the interpretation that bronchodilators pro-
vide a long-term response to albuterol, while 
Arg/Arg patients should use a different 
bronchodilator. 

 Although the enhanced vasodilative response 
to isoproterenol in subjects who are homozygous 

for Glu27 was associated to the relative resistance 
to agonist-mediated desensitization (Cockcroft 
et al.  2006 ), others have indicated that it is the allele 
encoding Arg16 that determines vascular desensi-
tization and that individuals homozygous for 
Gly16, whether they are homozygous for Gln27 or 
for Glu27, have a resistance to desensitization 
(Dishy et al.  2001 ). This group also highlighted 
that haplotypes and not a single polymorphism are 
probably the most valuable criteria for defi ning the 
functional signifi cance in vivo. In support to this 
notion, another report showed that a polymorphism 
in the promoter region of the gene encoding the 
β 2 -adrenergic receptor, which is associated with 
increased receptor expression under base-line 
conditions, was in strong linkage disequilibrium 
with the Glu27 polymorphism. Unique interactions 
of multiple polymorphisms within a haplotype 
ultimately can affect biologic and therapeutic 
phenotypes. Consequently, this individual pheno-
type may have poor predictive power as pharma-
cogenetic loci. 

 The predicting model to short-acting broncho-
dilators was built using Bayesian networks, which 
may allow the process of simultaneous associa-
tions and interactions among variables simultane-
ously in acute bronchodilator response. This 
analytical method is very signifi cant because it 
will allow more prediction of drug responses and 
the characterization of the complex biological 
pathways involved. Even the bronchodilator 
response Bayesian network has the potential to 
provide accurate prediction models in pharmaco-
genetics; the authors recognized the limitations 
regarding its applicability in the clinical setting. 
The main two reasons discussed were the no 
inclusion of ADRB2 polymorphisms due to the 
contradictory evidences regarding associations 
with different phenotypes and populations (Israel 
et al.  2000 ) and the selection bias of restricted 
candidate genes (15 SNPs from 15 candidate 
genes), which may have low power to detect 
genetic effects as well as the genetic data. It is 
therefore necessary to point out that function of 
many of the genes within the human genome 
whose function remains unknown may have 
 signifi cant relevance for drug development and 
clinical medicine.  
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2.5      Glucocorticoid Receptor 

 Glucocorticoids (GCs) are routinely used by inha-
lation as an effective anti-infl ammatory approach 
in patients with asthma. Although inhaled GCs 
(ICS) are very effi cient in preventing the progres-
sion to asthma exacerbation and reducing asthma 
mortality, its chronic use has been associated with 
signifi cant long-term side effects (Barnes and 
Woolcock  1998 ). These steroids inhibit expres-
sion of a series of proinfl ammatory mediators 
such as interleukins IL-3, IL-5, and IL-6, which 
modulate infl ammatory cell proliferation and 
eosinophil regulation and enhance the production 
of the cytokines IL-10 and IL-12 (John et al. 
 1998 ; Naseer et al.  1997 ). These factors drive the 
suppression of macrophage activation and differ-
entiation of T cells to the Th1 subtype, which are 
critical events in alleviating airway infl ammation 
in asthma (Fu et al.  2013 ). 

 GR modulates in asthma many important 
proinfl ammatory genes by binding to and inhib-
iting key transcription factors, like the nuclear 
factor kappa B (NF-κB) or the activator protein 
1 (AP- 1), which are important regulators of the 
infl ammation process associated with this dis-
ease (De Bosscher et al.  2003 ). Indeed, inhibi-
tion of the tumor necrosis factor α, IL-1β, and 
granulocyte- monocyte colony-stimulating fac-
tor (GMCSF) by GR is an effi cient treatment 
against the pathophysiology of airway infl am-
mation in asthma, including vasodilation, 
increased vascular permeability, and infl amma-
tory cell recruitment (Boulares et al.  2003 ; 
Hamid and Tulic  2009 ). NF-κB also induces 
the expression of nitric oxide synthase (NOS), 
which generates the production of nitric oxide 
(NO), a molecule that contributes to many of the 
infl ammatory manifestations of asthma, includ-
ing vasodilation and infl ammatory cell recruit-
ment (Ashutosh  2000 ). 

 Asthmatic subjects that inhaled GC repress 
NF-κB with the concomitant gene expression 
reduction of both the inducible NOS and cyclox-
ygenase- 2 (COX-2) with the consequent sup-
pression of nitric oxide and peroxynitrite 
formation in neutrophils, eosinophils, and mac-
rophages (Redington et al.  2001 ; Saleh et al. 

 1998 ). In addition, inhibition of AP-1 may target 
collagenase, stromelysin, and other metallopro-
teinases (Revollo and Cidlowski  2009 ), which 
are important players in the process of remodel-
ing observed in the airways of asthmatic patients 
(Bergeron et al.  2009 ). The secondary signaling 
events associated with GCs action can also affect 
mRNA levels or promote changes in the compo-
sition of other signaling pathways. Indeed, GCs 
targeted the transcriptional activation function of 
Smad3, both in vivo and in vitro, which is down-
stream from the transforming growth factor β 
(TGF-β) receptor (Song et al.  1999 ). 

 An early study identifi ed polymorphisms in 
the glucocorticoid receptor gene, which was 
located at position 1220 (AAT to AGT) and was 
associated with increased sensitivity to GCs in 
elderly individuals that exhibited heterozygous 
for this polymorphism (Huizenga et al.  1998 ). It 
was also noted that sensitivity to GCs may pro-
mote some severe side effects such as increased 
body mass index and reduced bone mineral den-
sity. These fi ndings were later confi rmed by oth-
ers in two different groups of populations (Italians 
and Dutch) in which heterozygous carriers of the 
glucocorticoid receptor were more susceptible to 
becoming more obese with a slightly unfavorable 
cardiovascular profi le (Di Blasio et al.  2003 ). 
Since the glucocorticoids receptor is part of a 
large heterocomplex of proteins that coopera-
tively regulate GC-mediated signaling, polymor-
phisms affect genes that encode heterocomplex 
components that may lead to a different type 
of pharmacogenetic interactions. The stress-
induced- phosphoprotein 1 genetic variation was 
identifi ed in asthmatic subjects with reduced lung 
function (Hawkins et al.  2009 ). This study also 
identifi ed haplotypes and haplotype pairs that 
correlate with baseline function measures and 
improvement in chronic airfl ow limitation after 
corticosteroid therapy. In addition, variation in 
FCER2, the gene that encodes for the low- affi nity 
IgE receptor, was associated with severe exacer-
bations in asthmatic children who inhaled corti-
costeroids (Tantisira et al.  2007 ). Although this 
association was valid across multiple ethnic 
groups, African Americans showed a greater fre-
quency of the allele T2206C SNP, which in turn 
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was associated with the higher asthma prevalence 
in this racial group. More recent studies con-
fi rmed the pharmacogenetic association of the 
rs28364072 SNP (T2206C) in the FCER2 gene 
(Koster et al.  2011 ). Interestingly, this report also 
found that homozygous carriers for this allele 
have a higher risk of developing severe exacer-
bations and asthma-related hospitalization as 
well as a need for the increased inhaled cortico-
steroids dose. 

 A region that includes the intron 1 and intron 5 
of STIP1 appears to be highly relevant in con-
trolling STIP1 expression (Hawkins et al.  2009 ). 
However, pharmacogenetic associations may infl u-
ence the interaction of many genes, which may also 
have a considerable impact in the response to glu-
cocorticoids therapy. Indeed, the TBX21 gene that 
encodes for the T-box expressed in T cells is a tran-
scription factor that modulates airways responsive-
ness within asthmatic individuals treated with GCs 
(Tantisira et al.  2004a ). A compared gene expres-
sion profi le study found a high number of genes 
(923) that were modulated by treatment with IL-1β/
TNF-α. These results obtained in an in vitro experi-
mental approach were reversed by GCs in the 
GC-sensitive (GC- S) patients. Additional stringent 
analysis of the molecular signatures allowed the 
identifi cation of a reduced number of genes (15) 
that were differentially expressed in GC-S from 
GC-insensitive (GC-R) patients. The authors indi-
cated that these genes may be potential markers of 
GC responsiveness and therefore could be used as 
a predictor to distinguish GC responders from non-
responders (Hakonarson et al.  2005 ). 

 The association of longitudinal changes in 
lung function in response to corticosteroids iden-
tifi ed a genetic variation in CRHR1 (rs242941), 
which is directly associated with enhanced 
 pulmonary function response to 8 weeks of 
inhaled corticosteroid in three different asthmatic 
populations, involving both pediatric and adult 
patients (Tantisira et al.  2004b ). The screen of 
131 SNPs in 14 genes found four SNPs (rs242941, 
rs1990975, rs889182, and rs6191) from three 
genes, corticotrophin-releasing hormone recep-
tor (CRHR1), FCER2, and the nuclear receptor 
subfamily 3, group C, member 1 (NR3C1) that 
showed strong association with the response to 

inhaled corticosteroids. Additional information 
on the haplotypes affecting CRHR1 distinguished 
three haplotypes. The most common of these, the 
haplotype termed GAT, showed a signifi cantly 
enhanced response to treatment. The estimated 
improvement in FEV1 for those subjects carrying 
homozygous GAT/GAT haplotype was more than 
twice that for those homozygous for non-GAT 
haplotypes after treatment. Similar results were 
also observed in a Korean population with COPD 
in which improved FEV1 following inhaled cor-
ticosteroid together with a long-acting β2-agonist 
was evident in individuals homozygous for the 
variant rs2429419 (Kim et al.  2007 ). 

 Another similar study, however, did not fi nd 
any correlation between the three CRHR1 poly-
morphisms with long-term function decrease in 
treated and untreated individuals, suggesting that 
polymorphisms affecting CRHR1 genes are not 
necessarily associated with immediate or long- 
term improvement in FEV1 treated with GCs or 
with prevention of accelerated FEV1 decrease in 
adult (Dijkstra et al. 2008). The authors also 
ruled out the possibility that other SNPs in 
CRHR1 or neighboring genes may be involved 
with treatment responses on lung function 
improvement. Another possible explanation for 
these contradictory results was that a large inver-
sion region on chromosome 17, with which 
CRHR1 is in strong linkage disequilibrium, may 
infl uence the enhanced corticosteroid response as 
well as the duration of protective response to 
CRHR1 to treatment (Tantisira et al.  2008 ).   

3      Treatment Strategies in 
Allergy and Asthma 

 A comprehensive treatment plan for allergic dis-
eases including asthma is to avoid exposure to 
allergens that provoke immediate hypersensitivity 
reaction. It has to be coupled with appropriate 
pharmacotherapy which involves drug therapy 
(antihistamines, anticholinergics,  bronchodilators, 
anti-leukotriene and steroidal drugs) and allergen 
immunotherapy treatment strategies for allergic 
diseases including asthma (Marshall  2004 ). 
Pharmacological agents especially used to treat 
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asthma have been classifi ed as controllers and 
relievers. Controllers are the anti- infl ammatory 
medications to control the asthma on long-term 
basis (Cho  2010 ). These are corticosteroids 
(for systemic and inhalation purpose),  long-acting 
beta-2 agonists or (LABA), leukotriene antago-
nists, methylxanthines, and anti- immunoglobulin 
(IgE) antibody, e.g., omalizumab. Relievers are 
used on an as needed basis, which act quickly to 
reverse bronchoconstriction. A few examples of 
relievers are short- acting beta-2 agonists, sys-
temic glucocorticoids, and short-acting anticho-
linergic drugs (Cho  2010 ). 

 Signifi cant heterogeneity in the effi cacy and 
adverse drug reactions of anti-allergic and anti- 
asthmatic drugs have been observed, and efforts 
have been made to study the role of genetic 
determinants in the variable interindividual 
response to medication (Weinshilboum  2003 ). 
Pharmacogenomics links the genomic back-
ground of individual patients suffering from 
complex diseases like asthma and allergy with 
effi cacy and tolerability of the therapeutic inter-
ventions to develop optimal individualized ther-
apies. There are many examples of heritable 
differences in drug distribution and metabolism 
(pharmacokinetics) in individuals resulting in 
varied clinical response to medication. Other 
mechanisms underlying the genetic response to 
drugs include changes in the drug target (phar-
macodynamics) and unidentifi ed side effects in 
predisposed individuals (idiosyncratic reactions) 
(Silverman et al.  2003 ; Weinshilboum  2003 ; 
Evans and McLeod  2003 ). It has been estimated 
that genetic variation can account for 20–95 % 
of variability in drug disposition and effect. 
After the publication of human genome project, 
the idea that genetic variation will allow predic-
tion of treatment response has been seen as an 
important goal (Lander et al.  2001 ; Venter et al. 
 2001 ; Sherrid  2001 ; Elmer-Dewitt  2001 ; Begley 
 2001 ). The proper guidelines have been drafted 
by the Food and Drug Administration (FDA) for 
drug development companies to submit pharma-
cogenetic information when reporting clinical 
trial results (Weiss et al.  2006 ). This will allow 
tailoring of individualized therapy according to 
an individual’s genetic makeup. 

 In this chapter we have highlighted genetic 
variation accounting for the altered therapeutic 
response of prescribed pharmacological agents in 
asthma and allergy with the help of few examples.  

4      Pharmacogenomics of 
Asthma and Allergy 

 Several genetic variants and haplotypes have 
been recently reported in genes that play a role in 
pharmacokinetics and pharmacodynamics of 
asthma drugs. In asthma, pharmacogenetic stud-
ies have been focused on the study of beta-2 
adrenergic receptor antagonists and anti- 
leukotrienes. However, the fi eld of allergy has 
been less fortunate on this trend because of 
involvement of multiple genes and also potential 
for multiple gene environment interactions 
(Dolen  2004 ). Some of the examples have been 
discussed below, but it is likely that many, as yet 
undiscovered genetic variants exist, given the 
many genes involved in pharmacokinetics and 
pharmacodynamics of the drugs used in the treat-
ment of allergic reactions including asthma. 

4.1      Antihistaminic Drugs 

 Histamine is a bronchoconstrictor, biogenic 
amine which plays a key role in the pathogenesis 
of allergic diseases (Dolen  2004 ). Histamine 
receptor antagonists, i.e., antihistaminics are 
mainly prescribed and have been used clinically 
for more than 50 years. The patients’ response to 
these receptor antagonists has been reported to be 
remarkably heterogenous in terms of effi cacy and 
side effects (Dolen  2004 ). Histamine has four 
main receptors: HRH1, HRH2, HRH3, and 
HRH4. HRH1 receptor is involved in the produc-
tion of pain, smooth muscle contraction, and 
reduced contractility of the heart via release of 
histamine (Dolen  2004 ). HRH2 receptor stimula-
tion results in acid secretion in stomach, smooth 
muscle relaxation, and increased cardiac con-
tractility. Both the receptors HRH1 and HRH2 
affect the vascular permeability leading to vaso-
dilation. HRH3 is involved in modulation of 
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neurotransmission, and HRH4 has been found to 
be involved in chemotaxis and infl ammatory 
mediator release (García-Martín 2009). 

 Histamine is synthesized from its precursor 
histidine by decarboxylation reaction, catalyzed 
by the enzyme  l -histidine decarboxylase (HDC). 
Further it is metabolized by histamine N-methyl 
transferase (HNMT) to tele-methylhistamine and 
domain oxidase (ABP1) to imidazole acetalde-
hyde (García-Martín et al.  2009 ). The clinical 
heterogeneity in response to histamine receptor 
antagonists could be explained by the genetic 
variations of the synthetic and metabolic path-
ways and the receptors (Igaz et al.  2002 ). Multiple 
variants in these genes have been found among 
individuals of different ethnicities. The polymor-
phisms of the enzymes involved in the metabolic 
pathway of histamine could either enhance or 
delay degradation (Dolen  2004 ). 

 HDC is a homodimeric enzyme composed of 
two 55-kDa subunits, with 12 exons, and is 
located on chromosome 15q21-22 (Garcia- Martin 
 2009 ). HDC is decarboxylase pyridoxal phos-
phate dependent and highly specifi c for substrate 
histidine. HDC is stimulated by cAMP- dependent 
protein kinase and calcium calmodulin-dependent 
protein kinase II pathways (Garcia-Martin  2009 ). 
It has been found that increased HDC expression 
levels are associated with allergic skin disorders, 
e.g., chronic urticaria (Papadopoulou et al.  2005 ). 
The most relevant nonsynonymous polymor-
phisms which have been identifi ed in the HDC 
gene are Met31Thr (rs17740607), Leu553Phe 
(rs16963486), and Asp644Glu (rs2073440) 
(Garcia-Martin 2009). However, it remains to be 
elucidated whether HDC expression levels corre-
late with local histamine concentration and infl u-
encing the metabolization of antihistaminic drugs 
(Garcia-Martin 2009). 

 Diamine oxidase or amiloride binding protein 
(ABP1) is located on chromosome 7q34-q36. The 
enzyme catalyzes the degradation of histamine 
and some other compounds like spermidine, 
putrescine, and spermine, substances involved in 
allergic and immune response (Garcia-Martin 
2009). The determination of enzyme activity is a 
useful marker of gut mucosal integrity (Garcia-
Martin 2009). The enzyme activity has been 

reported to be modifi ed by certain disorders 
including severe burns, gut injury, divorce enter-
opathies, abdominal surgery, chemotherapy, and 
kidney injury (Peng et al.  2004 ; DiSilvestro et al. 
 1997 ; Stein et al.  1994 ). 

 Several nonsynonymous polymorphisms have 
been reported in ABP1 gene, and among these 3 
common nonsynonymous SNPs which bring 
about the amino acid substitution, Thr16Met, 
Ser332Phe, and His645Asp have been detected 
in Caucasians (Ayuso et al.  2007 ; Garcia-Martin 
2009). In addition to this, two more SNPs caus-
ing the amino acid changes, i.e., Ile479Met and 
His659Asn, have been reported to occur in low 
frequency among Asians and African, respec-
tively (Ayuso et al.  2007 ). 

 The functional effect of common ABP1 gene 
variants has been studied, and it was found that 
the variants Thr16Met and His645Asp cause 
changes in enzyme kinetics by increasing the Km 
of the enzyme (Ayuso et al.  2007 ). His645Asp 
gene variant of ABP1 has also been studied in 
patients with asthma and allergic rhinitis (Garcia- 
Martin 2007). It was found that patients who 
were carriers for Asp 645 allele might infl uence 
the clinical presentation of asthma and allergic 
rhinitis. Individuals bearing 645Asp allele in het-
erozygous and homozygous condition have 
Vmax/Km values of 66 and 51 %, respectively, in 
comparison with the carriers of His645 allele. 
The effect of 16 Met variant allele is similar with 
Vmax/Km values of 79 and 42 % for heterozy-
gous and homozygous individuals, respectively, 
in comparison with the noncarriers of the variant 
allele (Garcia-Martin 2009). A study analyzing 
the role of Thr16Met, Ser332Phe, and His645Asp 
polymorphisms of ABP1 gene in intestinal 
biopsy samples of patients with food allergy did 
not fi nd any major differences in enzyme activity 
with these variants (Peterson et al. 2005). 
However, this study did not investigate the effect 
of these variants on Km of the enzyme or putative 
differences in intestinal enzyme activity between 
individuals with food allergy in comparison with 
healthy subjects; therefore, this topic deserves 
further investigation (Garcia-Martin 2009). 

 The individuals carrying 645Asp allele tend to 
develop clinical symptoms even though IgE levels 
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did not alter severely. This suggests that individu-
als with an altered histamine predisposition may 
display atopic symptom even in the absence of 
high release of histamine (Garcia-Martin 2007). 
The number of studies on the effect of ABP1 vari-
ation is still low, but overall fi ndings are promis-
ing and suggestive that the clinical course of 
allergic and other diseases infl uenced by high his-
tamine levels may be altered in patients with 
genetically determined impaired histamine 
metabolism. Therefore, ABP1 genetic variants 
could be a determinant in predicting the clinical 
outcome in such diseases (Garcia-Martin 2009). 

 HNMT gene is located on chromosome 
2q22.1. Studies have reported that the only prod-
uct of the 50 kb human HNMT gene was a single 
mRNA of approximately 1.6 kb with six exons 
(Aksoy et al.  1996 ). However, recent reports have 
revealed a new 1.0 kb mRNA encoded by this 
gene. Only two nonsynonymous SNPs have been 
described in HNMT gene, i.e., Thr105Ile and 
Ile99Val. Of these Ile105 is the most common 
variant allele (Preuss et al.  1998 ). This allele has 
been associated with the variant enzyme having 
reduced thermal stability and decreased HNMT 
activity. In addition to these nonsynonymous 
SNPs, a number of mutations in the 5 /  fl anking 
region of the HNMT gene have been described, 
but none of these seem to have a relevant effect 
on HNMT enzyme activity (Wang et al.  2002 ). 

 Since histamine is an important mediator of 
asthma and HNMT is the primary enzyme for 
histamine metabolism in bronchial epithelium, 
the studies have been carried out to understand 
the role of HNMT gene polymorphisms in the 
pathogenesis of asthma. Initially promising fi nd-
ings indicating the association of Thr105Ile allele 
with asthma were reported (Yan et al.  2000 ). 

 However, further independent studies failed to 
identify such an association either for patients 
with asthma or with bronchial hyperresponsive-
ness (Garcia-Martin 2007; Yan et al.  2000 ; 
Deindl et al.  2005 ; Sharma et al.  2005 ). These 
fi ndings suggest that this polymorphism is not a 
relevant factor per se in the development of aller-
gic diseases (Garcia-Martin 2009). However, a 
recent study suggested that the variant allele of 
this polymorphism may confer increased risk of 

developing atopic dermatitis. This needs further 
confi rmation. 

 Studies involving SNPs in histamine recep-
tors HRH1, HRH2, HRH3, and HRH4 are 
scarce and controversial, although few genetic 
polymorphisms have been described. No rela-
tionship between these polymorphisms and 
receptor function has yet been found. The 
genetic variants reported in these receptors 
have been reviewed by Garcia-Martin (2009). 

 HRH1 and HRH2 polymorphisms were inves-
tigated in association with allergy. Two studies 
carried out independently on a Japanese and 
Korean population have reported a lack of associa-
tion between these polymorphisms and salicylate- 
induced urticaria/angioedema (Chen et al.  2004 ). 

 However, the clinical signifi cance of these 
genetic polymorphisms is underway and yet to be 
explored in prospective studies including large 
sample size. Therefore, in case of histamine mol-
ecule, there are multiple variants of potential 
clinical signifi cance considering the complex 
pathogenesis of allergy, asthma, and other related 
phenotypes as well as all the mediators involved 
a pharmacogenomic approach for treating these 
diseases would require development of a stagger-
ingly large number of specifi c therapeutic agents 
(Dolen  2004 ). 

 Although some relevant information on his-
tamine pharmacogenomics has evolved in the 
last few years, the knowledge of the clinical 
implication of the pharmacogenomics is still in 
its infancy.  

4.2      Beta-2 Agonists 

 Beta-2 agonists represent the most important class 
of bronchodilator drugs which is used in the treat-
ment of asthma. Beta-2 agonists, e.g., albuterol 
and salmeterol, target the beta adrenergic recep-
tors (ADRB2) expressed in the bronchial smooth 
muscles and cause bronchodilation. There are two 
types of beta-2 agonists, one with shorter duration 
(4–6 h) of action (SABA) and the other with lon-
ger duration of action (LABA). The potential 
safety concerns with this drug class has increased 
the interest in the pharmacogenomics of this drug 
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class. With the introduction of higher dose formu-
lations of SABA isogriaterenol, an increase in 
asthma mortality was observed in the UK in the 
1960s (Bleecker  2008 ). Similar observations were 
made in New Zealand with high-dose formulation 
of phenoterol (Holgate  2008 ). These increases in 
mortality rate subsided with the withdrawal of 
these drugs (Pearce et al.  1995 ). 

 Beta-2 agonists, e.g., albuterol and salmeterol, 
target the ADRB2 expressed in the bronchial 
smooth muscles and cause bronchodilation. 
ADRB2 receptor is a 65 kDa glycoprotein com-
prised of 413 amino acids, and the gene encoding 
is located on chromosome 5q31-32. It is a mem-
ber of the large family of G protein-coupled 
receptors for histamine, adenosine, platelet- 
activating factor, and bradykinin (Dolen  2004 ). 

 The main mechanism involved in the process 
of bronchodilation is activation of beta-2 adren-
ergic receptors with agonist drug which uncou-
ples stimulatory G proteins, followed by 
generation of increased amount of cyclic adenos-
ine monophosphate (cAMP) from adenosine tri-
phosphate or ATP, and thus relaxing the bronchial 
smooth muscles during an asthmatic attack (Cho 
 2010 ). The receptor mutations have been associ-
ated with susceptibility to nocturnal asthma and 
variable response to beta-2 agonists as well as 
subsensitivity in some individuals. Around 13 
mutations have been reported either in the recep-
tor itself or in the gene regulating the transcrip-
tion of receptor gene (Cho  2010 ; Lipworth et al. 
 2002 ). Out of these, rs1042713, rs1042714, and 
rs1800888 are relatively common and have some 
functional signifi cance (Cho  2010 ). Theses SNPs 
result in substitution of arginine for glycine at 
position 16 (Arg16Gly), glutamine for glutamic 
acid at position 27 (Gln27Glu), and threonine for 
isoleucine at position 164 (Thr164Ile), respec-
tively. Studies have revealed the positive asso-
ciation of some ADRB2 gene variants with 
adverse clinical outcome in asthmatic patients in 
beta-2 agonists. The frequency of these variants 
varies between populations of different racial 
groups (Maxwell et al.  2005 ). The frequency 
of SNPs, Arg16Gly, and Gln27Glu has been 
found to be high in Asian population. Thr164Ile 
rarely observed only in European Americans 

(Malmstorm et al.  1999 ). The estimated fre-
quency of the Arg16 variant has been found to be 
39.3 % in White Americans, 49.2 % in Black 
Americans, and 51.0 % among Chinese (Maxwell 
et al.  2005 ; Litonjua et al.  2010 ). 

 The Gly16 variants produce a receptor which 
exhibits enhanced downregulation on agonist 
exposure in comparison with Arg16 allele in an 
in vitro model. A greater concentration of beta-2 
agonist was needed to down-regulate the Glu 27 
than Gln27 (Green et al.  1994 ). In case of poly-
morphism at 16th position, the frequency of 
Arg16 has been found to be 39.3 % in White 
Americans, 49.2 % in Black Americans, and 
51 % in Chinese population (Maxwell et al.  2005 ; 
Litonjua et al.  2010 ). 

 In a clinical study including 195 children, it 
was observed that bronchodilating response was 
signifi cantly higher among subjects homozygous 
for Arg16 as compared to subjects bearing Gly16 
genotype. It was also found that patients with 
homozygous Arg16Gln27 haplotype pairs and 
heterozygous for Arg16Gln27/Gly16Glu 27 were 
found to have highest bronchodilating response 
(62.8 and 61.6 %, respectively) as compared with 
patients having homozygous Gly16Gln27 haplo-
type pairs who showed lowest response (43.2 %) 
(Cho et al. 2005). 

 Similarly it has been shown that albuterol- 
evoked forced expiratory volume in one second 
was higher and the response was more rapid in 
Arg 16 homozygotes in comparison with carriers 
of Gly16 (Lima et al.  1999 ). 

 The response to chronic doses with beta-2 
agonists was observed by Israel et al. In a retro-
spective study including 190 subjects with mild 
asthma, randomized to albuterol drug as needed 
or two puffs four times daily (Israel et al.  2000 ). 
It was found that asthmatic patients bearing 
Arg16 homozygous genotype and taking regular 
albuterol for 16 weeks had reduced morning peak 
expiratory fl ow rates from baseline than the 
patients bearing same polymorphism but on alb-
uterol as and when needed doses ( p  = 0.012) 
(Israel et al.  2000 ; Cho  2010 ). The patients hav-
ing Gly16 polymorphism were found not to be 
benefi tted even when on the regular treatment of 
albuterol. 
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 Wechsler et al. showed that homozygous for 
Arg16 associated with the reduced response to 
LABA as well (Wechsler et al.  2006 ). This 
observation has led to the use of combined 
inhaled corticosteroids. LABA medication might 
result in a poor clinical outcome in patients with 
this polymorphism. However, another study sug-
gested that this polymorphism does not predict 
the worst outcome in moderate to severe asth-
matic patients treated with this combined medi-
cation (Bleecker et al.  2008 ). 

 Currently there is no evidence that routine 
genotyping of asthmatic patients would be clini-
cally useful. However, in patients with more 
severe disease and a suboptimal response to 
beta-2 agonist therapy, genotyping might provide 
an impetus for the early use of other therapies. In 
a study by Yelensky et al. indacaterol-treated 
patients were analyzed in two large randomized 
phase III studies and were genotyped for the most 
commonly studied polymorphisms in the ADRB2 
gene: Gly16Arg, Gln27Glu, Thr164Ile, and a 
variant in the 5′ untranslated region (rs1042711). 
The analysis showed a little evidence for the 
association between these ADRB2 variants and 
indacaterol response, suggesting that ADRB2 
genetic variation is unlikely to have a major role 
in differential response to indacaterol treatment 
in COPD patients (Yelensky et al.  2012 ).  

4.3      Anti-leukotrienes 

 Anti-leukotriene drugs or leukotriene antagonists 
are the pharmacological agents mainly used in 
the treatment of asthma. Anti-leukotriene thera-
pies include cysteinyl leukotriene receptor 
(CysLTR) blockers (e.g., montelukast,  zafi rlukast, 
and pranlukast) and inhibitors of 5- lipoxygenase 
enzyme (e.g., zileuton) (Tse et al.  2011 ). 
Leukotrienes are released from mast cells, eosin-
ophils, and from other infl ammatory cells in 
patients with asthma and some allergic diseases 
(Joos and Sandford  2002 ). 

 The leukotriene pathway starts with the con-
version of arachidonic acid (derived from 
phospholipids) into leukotriene A4 (LTA4). 
This reaction is catalyzed by the enzyme 

5- lipoxygenase (ALOX-5), a rate limiting step 
in the synthesis of leukotrienes (Tse et al. 
 2011 ). LTA4 is rapidly converted to LTC4 
which is transported extracellular and stepwise 
removal of amino acids results in the formation 
of other leukotrienes such as LTE4 and LTD4 
(Klotsman et al.  2007 ). 

 The ALOX-5 gene is located on chromosome 
10q11.12 (Funk et al.  1989 ). Mutations in the 
promoter region of ALOX gene have been found 
to be associated with heterogenous response to 
anti-leukotrienes (Dolen  2004 ). The activity of 
the promoter region of the ALOX5 gene has been 
reported to be infl uenced by tandem repeat poly-
morphisms (Sp1 transcription factor-binding 
motifs present), and this varies between individu-
als with three, four, and six repeats (mutant type) 
and fi ve repeats (wild type) (In et al.  1997 ). 

 In a retrospective pharmacogenetic study, the 
association of ALOX-5 gene, Sp1/Egr1 polymor-
phism, was studied in patients who were resistant 
to ALOX-5 inhibitor, ABT-761. In this study the 
mean forced expiratory volume (FEV1) was 
found to be improved in homozygous normal 
(18.8 ± 3.6 %) and heterozygous individuals 
(23.3 ± 6 %) as compared to homozygous mutant 
(Drazen et al.  1999 ). It was found that about 6 % 
of patients had mutated genotype and showed 
poor response to therapy (Dolen  2004 ; Drazen 
et al.  1999 ). 

 In another study, signifi cantly higher FEV1 
response to anti-leukotriene drug, montelukast was 
observed in patients homozygous (GG) for ALOX5 
rs2115819 in comparison with patients having AA 
and AG genotypes (Lima et al.  2006 ). In this study, 
asthma exacerbation rates in participants after 
6 months of placebo, montelukast, and theophyl-
line treatment were found to be 6.1, 3.7, and 5.2 
events/person-year, respectively. 

 Another enzyme of leukotriene pathway leu-
kotriene C4 synthase (LTC4S) is responsible for 
the conjugation of glutathione with LTA4 to 
form LTC4, a potent bronchoconstrictor. Single 
nucleotide polymorphism in LTC4S promoter 
A444C has been reported to be associated with 
severe asthma (Sayers et al.  2003 ). The 444C 
allele variant has been found to create an activa-
tor protein-2 binding sequence and appears to be 
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associated with enhanced cysteinyl leukotriene 
production (Sayers et al.  2003 ). Sampson et al. 
found that asthmatic patients treated with zafi rlu-
kast (20 mg twice daily), and bearing “A” allele for 
A444C polymorphism had a lower FEV1 response 
as compared to those having CC and AC geno-
types (Sampson et al.  2000 ). The above examples 
indicate that genetic variation in the enzymes of 
leukotriene synthesis pathway can signifi cantly 
infl uence the effi cacy of anti-leukotriene drugs.  

4.4      Theophylline 

 Theophylline is a methylxanthine used in the 
treatment of asthma and chronic obstructive pul-
monary disease. It has both anti-infl ammatory 
and bronchodilating effect. The drug exerts 
bronchodilating effect via inhibiting phosphodi-
esterase (PDE4D) enzyme. PDE4D is involved 
in the hydrolysis of cyclic adenosine monophos-
phate (cAMP) in airway smooth muscle cells 
and is the main target of theophylline. Studies 
have found that polymorphisms in PDE4D can 
signifi cantly infl uence the response to theophyl-
line. Some of the genetic variants of PDE4D 
have been found to alter the response of the the-
ophylline, although it is not clear that whether 
the in vitro inhibitory response of theophylline 
also occurs in vivo (Polson et al.  1978 ; Bergstrand 
 1980 ; Fenechand Ellul-Micallef 2005). However, 
the development of second-generation theophyl-
lines specifi cally inhibiting PDE4D in vivo is 
underway in phase III clinical trials (Schmidt 
et al.  1999 ; Fenech and Ellul-Micallef  2005 ). 

 Theophylline is metabolized to 1, 
3- dimethyluric acid, 3 methylxanthine, and 1 
methylxanthine mainly by cytochrome P450 1A2 
(CYP1A2) and partly by CYP2E1 enzymes. 
Asthmatic patients have been found to differ in 
terms of their rate of drug metabolism and its 
serum concentration. One of the genetic variant 
-2964G/A (rs2069514) of CYP1A2 has been 
studied and was found to be associated with 
reduced theophylline clearance. Due to its poten-
tial side effects such as toxicity, tachycardia, 
headache, nausea, and seizures, theophylline 
may need to be used with care in patients bearing 

the “A” allele at the site -2964(G/A) in the 
CYP1A2 gene, because theophylline metabolism 
levels have been found to be very low in such 
patients, especially in young asthmatic individu-
als (Obase et al.  2003 ). Therefore, patients bear-
ing “A” allele for -2964G/A polymorphism in the 
CYP1A2 gene may require less dose in order to 
avoid drug toxicity (Pignatti  2004 ).  

4.5      Steroids 

 Glucocorticoids are the potent anti-infl ammatory 
agents commonly prescribed in the treatment of 
asthma (Weiss et al.  2004 ). Glucocorticoids have 
been found to work by activation of anti- 
infl ammatory genes and they repress expression 
of proinfl ammatory genes (Weiss et al.  2004 ). 
Inhaled corticosteroids have been found to be 
effective in asthmatics, but in few patients receiv-
ing higher doses, side effects such as growth 
retardation in children, adrenal suppression, bone 
demineralization, skin changes, and cataract for-
mation have been observed (Paltiel et al.  2001 ; 
Sharek and Bergman  2000 ; Patel et al.  2001 ; 
Casale et al.  2001 ; Banerjee et al.  2001 ; Isaksson 
 2001 ). Moreover, there is a subset of the popula-
tion which shows glucocorticoid resistance and 
adverse drug effects (Szefl er and Leung  1997 ). 

 Two types of steroid-resistant asthma have 
been identifi ed: type I and type II. Type I (>95 % 
of cases) is induced by cytokine and is associ-
ated with increased expression of glucocorticoid 
β (a less reactive glucocorticoid receptor). Type 
II (<5 % of cases) is because of less number of 
 glucocorticoid receptors (Morrow  2007 ). 
Clinically type I steroid-resistant, asthmatic 
patients show severe side effects such as adrenal 
gland  suppression and cushingoid features. Type 
II steroid- resistant patients develop a general-
ized cortisol resistance and do not develop ste-
roid-induced side effects. Some of the genetic 
variants of the human glucocorticoids receptor 
have been identifi ed to affect the response of ste-
roidal drugs in asthma. For instance, single 
nucleotide polymorphism involving substitution 
of Val641Asp in human glucocorticoid receptor 
gene (hGR) leads to reduced binding affi nity for 
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dexamethasone. Another variant Val729Ile in the 
same gene confers a fourfold decrease in 
 dexamethasone  activity (Hurley et al.  1991 ). In 
another study a novel, nucleotide (T to C) substi-
tution at position 2209 (exon 9α) of the hGR 
gene, or hGRF737L, within helix 11 of the 
ligand-binding domain of the protein has been 
identifi ed which results into glucocorticoid resis-
tance due to decreased affi nity binding (2-fold) 
to the ligand (Charmandari et al.  2007 ). It has 
been found that subjects harboring Asn363Ser 
polymorphism in hGR gene were found to have 
a higher sensitivity to dexamethasone leading to 
increased body mass index and decreased bone 
mineral density as compared to subjects having 
normal allele (Huizenga et al.  1998 ). 

 Another important candidate gene corti-
cotrophin- releasing hormone receptor (CRHR1) 
gene, located on chromosome 17q21- 22, has 
been investigated for the presence of several sin-
gle nucleotide polymorphisms in association 
with heterogeneity in response to corticosteroids 
(Weiss et al.  2004 ). These studies indicated that 
there exists a rationale for predicting therapeutic 
response in asthma and other corticosteroid-
treated diseases. 

 Therefore, the genetic variants of CRHR1 
have strong infl uence on response to corticoste-
roids in asthmatic patients and may provide new 
insights in the development of more effi cacious 
corticosteroids with a targeted approach. 

 Recently genomic studies have focused on dif-
ferential expression of genes associated with 
inhaled corticosteroid treatment response, e.g., 
corticosteroid treatment downregulated expres-
sion of calcium-activated chloride channel regu-
lator (CLCA1), periostin, and serpin B2 while 
upregulating FK506-binding protein 51(FKBP51) 
expression of in epithelial cells of respiratory 
tract of patients with asthma (Woodruff et al. 
 2007 ; Tse et al.  2011 ). In a study involving 
4 weeks of treatment with inhaled corticoste-
roids, high baseline expression of CLCA1, peri-
ostin osteoblast-specifi c factor (POSTN) and 
serine peptidase inhibitor clad B2 (serpin B2) 
genes were correlated with improvement in 
FEV1 in asthmatic patients, whereas high expres-
sion of FKBP51 was associated with poor 
response to treatment (Woodruff et al.  2007 ). 

 Hakonarson et al. ( 2005 ) examined gene 
expression profi le in freshly isolated peripheral 
blood mononuclear cells (PBMC) from two inde-
pendent cohorts (training and test sets) of 
 glucocorticoid sensitivity (GC-S) and glucocorti-
coid-resistant (GC-R) asthma patients to search 
the gene that predicted responders and nonre-
sponders to inhaled corticosteroids (Hakonarson 
et al.  2005 ). 11,812 genes were examined using 
high-density oligonucleotide microarrays in both 
resting PBMC and cells treated in vitro with 
interleukin-Iβ (IL-1β) and tumor necrosis factor-α 
(TNF-α) combined. 5,011 genes expressed at sig-
nifi cant levels in PBMS and out of these 1,334 
were notably up- or downregulated by IL-1β/
TNF-α. 923 genes were reversed by glucocorti-
coid treatment in GC-S group. The expression 
pattern of 15 of these 923 genes accurately 
separated from the nonresponders. This study 
uncovered gene expression profi le in PBMC 
that predicts clinical response to inhaled gluco-
corticoid therapy with meaningful accuracy. The 
results of this study suggest that a pharmacoge-
nomic approach may lead to the development of 
novel therapeutic strategies and diagnostic tests 
in asthma patients. 

 A very recent study that tested the associa-
tion of the highest-powered SNPs in four inde-
pendent patients with asthma was able to 
identify 13 SNPs that showed strong association 
with changes in FEV1 after ICS treatment. Of 
all these genes, GLCCI1 SNP, rs37972 was 
present in those asthmatic patients with the 
same phenotype that showed attenuation in 
response to the treatment with steroids. Since 
this SNP is in complete linkage disequilibrium 
with the functional rs37973, it appears that 
the decremental response to ICS may occur 
by decreasing the expression of GLCCI1. In 
another report, the same research team 
described the strong association of the SNPs 
rs37973 in GLCCI1 and rs1876828 in CRHR1 
with good response to ICS treatment from 
very poor responders. Although these findings 
used a quite large dataset from four existing 
clinical trials of asthmatics and the findings 
are exciting, the main limitation was the 
 utilization of adult individuals from only one 
 population (Caucasian), which restricts the 
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 generalization of the results to children or other 
ethnic groups. Finally, using similar approaches, 
others have identified the T gene as a novel 
pharmacogenetic locus for ICS response in a 
large proportion of asthmatic individuals. Two 
top SNPs showed correlation with three known 
variants in the T gene, which also evidenced 
association with T gene variant maps to a 
potentially functional region of the gene in 
which rs2305089 encodes for an amino acid 
change (GLy177Asp) within the T protein. The 
three T variants also showed strong association 
with ICS response and two- to threefold differ-
ences in FEV1 response for patients homozy-
gous for the wild type when compared with 
mutant alleles for each T gene SNP.  

4.6      Cross Talk Between 
Corticosteroids and Beta-2 
Agonists 

 A cross talk between signaling of beta-2 agonists 
and corticosteroids has been suggested to infl u-
ence the therapeutic effi cacy of both classes of 
drugs. LABA, e.g., salmeterol and formoterol, 
have been found to increase the nuclear localiza-
tion of glucocorticoid receptors and can also 
enhance the function of receptors (Barnes  2002 ). 
The cross talk between these two classes of drugs 
may be linked with beta-2 agonists phenotypic 
outcomes, and genetic variation in ADRB2 might 
lead to the modulation of responses to corticoste-
roids (Bleecker  2008 ). This interaction has formed 
the basis for the approval of combination of 
inhaled corticosteroids and beta-2 agonists and 
guideline recommendation that these drugs should 
be used to treat the asthmatics who are not controlled 
with low to medium doses of inhaled corticoste-
roids alone (Kavuru et al.  2000 ; Palmqvist et al. 
 2001 ; Zetterstrom et al.  2001 ; GINA  2006 ; 
NAEPP  2007 ).  

4.7      Anticholinergics 

 Anticholinergic drugs are the one which block 
the actions of acetylcholine exerted through 

 muscarinic receptors. Polymorphic variants in 
muscarinic receptors M1 and M2 have been 
found to alter the response of anticholinergic 
drugs e.g. ipratropium bromide (Fenech and 
Ellul-Micallef  2005 ). A variable tandem repeat 
(CA) in the M2 receptor gene (CHRM2) located 
on chromosome 7q35-36, has been found to 
infl uence the responsiveness to muscarinic 
 receptor antagonists (Fenech and Ellul-Micallef 
 2005 ). Several polymorphisms (-708A/G, -627G/C, 
-513C/A, 492C/T, a CTTT repeat and a GT 
repeat) have been reported in the CHRM2 recep-
tor gene but the role of these SNPs affecting the 
anticholinergic drug effi cacy remains yet to be 
unresolved (Donfack et al.  2003 ).  

4.8      Anti-IgE Drugs 

 Omalizumab is a recombinant anti- 
immunoglobulin E (anti-IgE) antibody therapy 
for asthma-targeted patients with high levels of 
IgE. Eotaxin, a chemokine (CCL11motif), is a 
potent eosinophil chemoattractant which plays an 
important role in the pathophysiology of asthma. 
Studies have indicated that genetic variation in 
CCL11 locus is an important determinant of 
serum IgE levels among asthmatic patients (Raby 
et al.  2006 ). The genetic variation in CCL11 
might predict the response to omalizumab in 
asthma patients. Genetic variants affecting drug 
response in asthma and allergy have been 
summed up in Table  24.1 .

5          Future Directions 

 The clinical phenotypes of patients and causes of 
asthma and allergy are heterogenous. Allergy and 
asthma are multifactorial complex diseases which 
develop due to a combined interaction of genetic 
and environmental interactions. The variation in 
the genes involved in the biological pathways 
which are the targets of many anti-asthmatic and 
anti-allergic drugs should be evaluated and con-
sidered carefully along with the consideration of 
environmental factors to predict the clinical out-
come of these diseases. Several pharmacogenetic 
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   Table 24.1    Genes and pharmacogenetic effects on current asthma therapy   

 Gene  Position  Polymorphism  Pharmacogenetic effect in asthma 

  β   2   -Adrenergic receptor agonists  
 ADRB2 (β 2 -adrenergic 
receptor) 

 5q31.32  Arg16GLy  Associated with enhanced acute response 
for bronchoprotection (controversial 
results) 

 Gln27Glu  Association with terbutaline nebulizer 
response 

 PolyC (3′UTR)  Counteracts ADRB2 downregulation 
 ARG I (Arginase 1)  6q23  rs2781659 (5′region)  Increase ARG1 transcription, improved 

response to β 2 AR agonist 
 GSNOR (alcohol 
dehydrogenase) 

 4q23  rs1154400 (5′region)  Differential response to β 2 AR agonist 
 Different haplotypes determine GSNOR 
transcription 
 Decreased response to salbutamol 

  Leukotriene modifi ers  
 ALOX5 (5-lipoxygenase)  10q11.2  rs2115189 (intronic)  Differential response to zileuton and 

montelukast therapy (FEV 1  change) 
 rs4987105 (Thr120Thr)  Differential response to montelukast 

therapy (FEV 1  change)  rs4986832 (5′ region) 
 LTC4S (leukotriene C 4  
synthase) 

 5q35  A-444C (rs730012)  Associated with increased production 
and expression of LTC 4  by blood 
eosinophils 

 rs272431 (intronic)  Causes a differential response to zileuton 
therapy (FEV 1  change) 

 CYSLTR2 (cysteinyl 
leukotriene receptor 2) 

 13q14  rs91227 (3′UTR)  Associated with morning PEF in subjects 
taking montelukast  rs912278 (3′UTR) 

 MRP1 (Multidrug resistance- 
associated protein-1) 

 16p13.1  rs119774 (intronic)  Causes a differential response to zileuton 
and montelukast therapy (FEV 1  change) 

 OATP2B1 (organic anion 
transporters SB1) 

 11q13  rs12422149 (Arg312Gln)  Reduced morning plasma concentrations 
of montelukast, resulting in lack of 
clinical benefi t 

  Corticosteroids  
 CRHR1 (corticotrophin- 
releasing hormone receptor 1) 

 17q12-q22  rs242941 (intronic)  Associated with corticosteroid response 
(FEV 1  change) 

 TBX21 (T-box 21)  17q21.32  rs224001 (His33Gln)  Improvements in BHR with 
corticosteroid treatment 

 NK2R (Neurokinin 2 receptor)  10q22.1  rs7703891 (Gly231Glu)  Improved asthma control with 
corticosteroid treatment 

 STIP1 (stress-induced 
phosphoprotein 1) 

 11q13  rs4980524 (intron 1)  Associated with corticosteroid response 
(FEV 1  change)  rs6591838 (intron 1) 

 rs2236647 (intron 5) 
 DUSP1 (dual-specifi city 
phosphatase 1) 

 5q34  rs881152 (5′region)  Associated with bronchodilator response 
and asthma control in the presence of 
corticosteroids 

 FCER2 (Fc fragment of IgE, 
low affi nity II, receptor for 
(CD23)) 

 19p13.3  rs28364072 (intronic)  Associated with asthma exacerbations in 
the presence of corticosteroids 

 GLCCI1 (glucocorticoid 
induced transcript 1) 

 7p21.3  rs37972 (5′region)  Associated with corticosteroid response 
(FEV 1  change); potential transcriptional 
mechanism 

   FEV  forced expiratory volume,  UTR  untranslated region  
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studies have already set the stage for this 
approach. However, current pharmacogenomic 
studies in the fi eld of asthma and allergy are 
 limited by their small sample size, population 
stratifi cation issues, imprecise phenotypic defi ni-
tion, and lack of replication of results in prospec-
tive studies. The current approach in asthma 
pharmacogenomics is to include epigenetics and 
copy number variation. Epigenetics studies the 
changes in gene expression pattern that are 
caused by mechanisms other than changes in 
nucleotide sequences of the genetic code itself. 
These include DNA methylation, transcription 
regulation, small interfering RNAs or microRNA, 
and posttranslational histone modifi cations 
(Kabesch et al.  2010 ). Although the fi eld of 
asthma epigenetics is still in its infancy, a study 
of human bronchial biopsies demonstrated that 
histone deacetylation activity was decreased in 
untreated asthmatics (Ito et al.  2002 ). Asthmatics 
on inhaled corticosteroids treatment had a higher 
level but still lower than control subjects. These 
results suggest a role for epigenetics in asthma 
therapy, focusing on histone deacetylates as a 
potential pharmacogenomic target. 

 In addition to this copy number variation has 
also been implicated in the pathogenesis of child-
hood asthma. In a genome-wide analysis, chil-
dren with allergic asthma were found to have 
decreased copy number variations at TCRγ gene. 
TCRγ gene encodes for a T cell surface protein, 
mainly involved in cell-mediated immunity 
(Walsh et al.  2010 ). However, further studies are 
required to replicate these fi ndings. 

 Inclusion of epigenetics and copy number vari-
ations in planning the pharmacogenomic studies 
of asthma and allergy could prove more benefi cial 
in detecting the novel genomic variations predict-
ing the response to drugs. Understanding the 
impact of genomic information to determine the 
response to medication in the form of personal-
ized medicine has the potential to improve the 
health care, decrease the adverse drug effects, and 
to improve the clinical outcome. The translation 
of pharmacogenomic information into clinical 
practice would improve the quality of life of 
patients with asthma and allergy.     
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 Abstract 

   Pharmacogenomics, a newly growing branch of medicine, makes use of 
an individual’s genetic information to guide therapy and has become an 
important tool in achieving ‘personalised medicine’. The discovery of 
novel genetic polymorphisms in drug transporters, targets and metabo-
lising enzymes has given an insight into the biological phenomena of 
drug effi cacy and toxicity. Type 2 diabetes mellitus has been on the rise 
in both developed and developing countries owing to increase in life 
span as well as change in lifestyle. The advances in the fi eld of pharma-
cogenomics has revealed diverse issues associated with onset of type 2 
diabetes and genetic variants associated with varied responses to com-
monly prescribed antidiabetic drugs. Genetic polymorphisms like  A1369  
variant increasing MgATPase activity of K ATP  channel have been found 
to provide a plausible molecular mechanism by which the K23/A1369 
haplotype increases susceptibility to type 2 diabetes in humans homozy-
gous for these variants. The oral hypoglycaemic drugs sulfonylureas act 
through K ATP  channel blockade resulting in stimulation of insulin release 
from pancreatic β-cells and have been a basis of type 2 diabetes pharma-
cotherapy since long time. However, sulfonylureas have been found to 
have interindividual  variability in drug response and adverse effects. 
Interindividual variations in effi cacy and adverse events are also recog-
nised with metformin, a biguanide which improves insulin resistance in 
type 2 diabetes. Genetic polymorphisms in  OCT1  and  OCT2,  two 
organic cation transporters, have been found to be associated with 
changes in responses to metformin. Similarly, the  regulatory and glucose 
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1             Introduction 

 Pharmacogenomics (PGx) is the study of varia-
tions in an individual’s drug response related to 
DNA and RNA characteristics. The advances 
in molecular biology and bioinformatics have 
brought out mounting evidence towards the 
application of pharmacogenomics in assessing 
the effi cacy as well as adverse drug reactions 
of a drug. Thus, pharmacogenomics plays a 
vital role in paving the way for personalised 
medicine as well as drug development (del 
Barrio  2010 ; Kalow  2002 ,  2004 ). The identifi -
cation of disease-related genes by genome-
wide association studies has led to the better 
perception of the underlying pathogenesis of 
many common  diseases. Moreover these fi nd-
ings have paved the way for novel pharma-
cogenomic targets like genes encoding recep-
tors, transporters, ion channels, growth factors 
and transcription  factors (Wang et al.  2013 ). 
The spreading of genome-based epidemiologi-
cal research in health care for early detection 
of illness and individualisation of therapy will 
help in the discovery of a promising drugs with 
better response (Schork and Topol  2010 ). 
Furthermore, the clinical test for evaluating 
interindividual pharmacogenomic variants to 
drug response has become available to the 
 physicians with the  introduction of US Food 
and Drug Administration- mediated product 

insert revisions that include pharmacogenetic 
 information for selected drugs. Thus, the prog-
ress in genomic research has a major role in 
drug discovery, drug development, drug 
approval and clinical application, thus enabling 
earlier launch of the drug with lesser cost 
(Nebert et al.  2008 ). 

 The commonly occurring diseases like diabe-
tes mellitus, hypertension and coronary artery 
disease are considered as complex disorders 
with multiple aetiological factors (Ezzati and 
Riboli  2012 ). The association between genetic 
variations and diseases like diabetes, cardiovas-
cular diseases and obesity can be used to caution 
high- risk population to follow lifestyle modifi ca-
tions. Among these disorders, diabetes mellitus, 
a metabolic disease is considered as coronary 
artery disease risk equivalent (Whiteley et al. 
 2005 ). The incidence of diabetes has been 
increasing all over the world owing to the seden-
tary lifestyle, dietary habits and prolonged life 
span. Currently the disease is being treated with 
drugs like  insulin, sulfonylureas, biguanides, 
thiazolidinediones, glucagon- like peptide 
(GLP)-1 analogues, dipeptidyl peptidase-4 
inhibitors, glinides, amylinomimetics and 
α-glucosidase inhibitors. The selection of drugs 
in the treatment of diabetes is based on the effi -
cacy, safety, tolerability, cost-effectiveness of 
drug and patient’s disease status. With multifac-
torial and polygenic aetiologies as well as with 

homeostasis-related single nucleotide polymorphisms (SNPs) in peroxisome 
 proliferator-activated receptor (PPAR) agonist-modulated genes can be 
used to explain the interindividual variability in response to thiazolidin-
ediones. In addition, the identifi cation of genetic defects responsible for 
inherited metabolic disorders like phenylketonuria, urea cycle disorder 
and Niemann–Pick disease has opened a promising approach to promote 
drug development in enzyme-defi cient diseases. The detection of asso-
ciation of Niemann–Pick disease, type C1, gene-like 1 (NPC1L1) varia-
tion with response to ezetimibe, a cholesterol uptake inhibitor, has 
confi rmed the role of pharmacogenomics in drug therapy of metabolic 
disorders. Hence, this chapter will discuss in detail the application of 
pharmacogenomics in drug response pertaining to type 2 diabetes mel-
litus and other metabolic disorders. 
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the availability of many drugs,  personalised ther-
apy for metabolic disorders like diabetes melli-
tus could be achieved only with the help of 
personalised medicine through tools like phar-
macogenomics (Aquilante  2010 ). Further, the 
identifi cation of genetic defects responsible for 
inherited metabolic disorders like phenylketon-
uria, urea cycle disorder and Niemann–Pick dis-
ease has opened a promising approach to 
promote drug development in such enzyme-defi -
cient  diseases. The credentials of association of 
Niemann–Pick disease, type C1, gene-like 1 
(NPC1L1) variation with response to ezetimibe, 
a cholesterol uptake inhibitor, have further con-
fi rmed the role of pharmacogenomics in drug 
therapy of metabolic disorders. Hence, this 
chapter explains the application of pharmacoge-
nomics in drug response pertaining to diabetes 
mellitus and other metabolic disorders.  

2      Metabolic Disorders 

 Metabolism refers to the biochemical processes 
involved in the breakdown of substrates like 
carbohydrates, proteins and fat in the body. 
Since enzymes play a major role in metabolic 
processes, any alteration in their function due 
to genetic polymorphisms can result in altered 
metabolism leading to metabolic disorders. 
These metabolic disorders may be either 
acquired or congenital and can be classifi ed as 
shown in Table  25.1 . The incidence of meta-
bolic disorders can vary in different popula-
tions from either very rare to relatively more 
common. The inherited metabolic diseases are 
usually treated either by induction of enzyme 
activity, diet, drug or combination therapy 
(Pearce  2011 ). The treatment of metabolic 
 disorders mainly focuses on supportive care 
as well as suppression and elimination of 
toxic products. The newer advances in clini-
cal research including recombinant DNA 
 technology have led to further advances in the 
treatment of metabolic disorders through 
replacement of defi cient enzymes (Trefz et al. 
 2005 ; Hjiej et al.  2008 ).

3         Diabetes Mellitus 

 Diabetes mellitus is a complex disease infl uenced 
by both environmental and genetic factors. It may 
either be due to insulin defi ciency as in type 1 
 diabetes or insulin resistance as in type 2 diabe-
tes mellitus. However, type 2 diabetes mellitus 
(T2DM) is one of the major public health concerns 
of the world as the prevalence is increasing over 
the years owing to sedentary lifestyle. Nearly 250 
million people worldwide are suffering from type 2 
diabetes mellitus and are usually diagnosed only 
after the patient becomes symptomatic. In addi-
tion, microvascular complications occurring in 
type 2 diabetes can result in nephropathy, retinop-
athy, neuropathy and gangrene. The available ther-
apies for type 2 diabetes mellitus include lifestyle 
modifi cations with dietary restrictions and exer-
cise in the early stage. This is followed by treat-
ment with oral antidiabetic drugs and injectable 

   Table 25.1    Classifi cation of congenital metabolic 
disorders   

 Group  Metabolic disorders  Examples 

 I  Disorders that 
disrupt the synthesis 
or catabolism of 
complex molecules 
resulting in 
permanent and 
progressive 
symptoms, 
independent of food 
intake 

 Lysosomal disorders, 
peroxisomal disorders, 
disorders of intracellular 
transport and processing 

 II  Disorders that lead 
to an acute or 
progressive 
accumulation of 
toxic compounds 
due to blockade in 
metabolic pathway 

 Blockade in amino acid 
metabolism, e.g. 
phenylketonuria, 
homocystinuria, maple 
syrup urine disease, 
organic blockade acidurias, 
congenital urea cycle 
defects and carbohydrate 
intolerances, e.g. 
galactosaemia 

 III  Disorders due to 
defi ciency of energy 
production or 
utilisation of 
substrates in the 
liver, myocardium 
muscle or brain 

 Congenital lactic 
acidaemias, fatty acid 
oxidation defects, 
gluconeogenesis defects, 
mitochondrial respiratory 
chain disorders 
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insulin depending on the patient’s glycaemic 
 status. Maintenance of near-normal glycaemic sta-
tus has been proven to reduce the risk for the 
occurrence and progression of microvascular com-
plications (Holman et al.  2008 ). Majority of the 
patients with T2DM respond to antihyperglycae-
mic drugs during the initial stages. Later as the 
duration of disease progresses, monotherapy fails, 
and either addition of a second antidiabetic agent 
or transition to insulin becomes necessary to rein-
state acceptable glycaemic control. However, 
approximately 40 % of the patients with type 2 
diabetes do not achieve the desired glycated hae-
moglobin (HbA1c) level of less than 7 % follow-
ing treatment (Hoerger et al.  2008 ). A study done 
on long-term glycaemic control in type 2 diabetes 
found a cumulative incidence of monotherapy fail-
ure of 15 % with rosiglitazone, 21 % with metfor-
min and 34 % with glyburide at the end of 5 years 
(Kahn et al.  2006 ). Hence, the treatment of diabe-
tes mellitus favours combination therapy to con-
trol blood glucose levels. As the treatment of 
diabetes has a huge impact on both health-care 
system and the individual patient’s quality of life, 
better understanding of genetic basis of the disease 
would help in both prevention and therapy. 

 Diabetes being a complex disease with 
 multiple genetic variants, the predictive test 
based on genetic variations coupled with the 
possibility of occurrence of type 2 diabetes 
could potentially be used for prediction and 
early treatment of the disease (Li et al.  2012 ). 
The genome-wide association (GWA) studies 
have lead to the rapid replication of the com-
mon genetic variants associated with type 2 
diabetes (Mooyaart et al.  2011 ). 

 Insulin resistance (IR) in diabetes mellitus 
may be a complex phenomenon due to interac-
tion between genetic and environmental factors. 
Meta-Analysis of Glucose and Insulin-related 
traits Consortium (MAGIC) has documented 16 
genetic variants associated with fasting glucose 
in nondiabetic Europeans. However, some of 
these SNPs were associated with type 2 diabetes 
while other variants were just associated with 
physiological changes in glycaemic status 
(Dupuis et al.  2010 ). A meta-analysis done in 
1,028 individuals showed evidence for  signifi cant 

interaction between body mass index (BMI) and 
rs1800795 polymorphism of the interleukin- 6 
gene on infl uencing both insulin resistance and 
onset of type 2 diabetes mellitus in obese indi-
viduals homozygous for the C allele. Thus, 
rs1800795 polymorphism of the interleukin-6 
gene may be used as a marker for insulin resis-
tance in obese people (Underwood et al.  2012 ). 

 Common variants of  MTNR1B, G6PC2  and 
 GCK  were found to be associated with elevated 
fasting plasma glucose and impaired insulin 
secretion, both individually and in combination, 
suggesting the role of these alleles on the precipi-
tation of hyperglycaemia in individuals predis-
posed to the risk of developing diabetes mellitus 
(Tam et al.  2010 ). Several SNPs in genes associ-
ated with risk for diabetes were found to be asso-
ciated with reduction in glucose and 
incretin-induced insulin secretion. In a study, the 
SNP rs7903146 in TCF7L2 (transcription factor 
7-like 2) was shown to have a signifi cant interac-
tion between baseline glucose tolerance and 
change in insulin secretion. This study showed 
that higher glucose levels at baseline predicted an 
increase in insulin secretion following glycaemic 
improvement in those carrying the risk alleles 
following lifestyle changes. In addition to 
TCF7L2 the other diabetic risk gene WFS1 has 
also been found to be associated with impaired 
incretin signalling. Such fi ndings show the rele-
vance of these SNPs in the progression of predia-
betic stage towards clinically apparent type 2 
diabetes (Heni et al.  2010 ). A study done to eval-
uate the hepatic Wnt activity in TOPGAL trans-
genic mouse found that both Wnt signalling and 
TCF7L2 are negative regulators of hepatic gluco-
neogenesis, while TCF7L2 is involved in the 
downstream effector pathway of insulin in hepa-
tocytes (Ip et al.  2012 ).    Similarly in another study 
done by the Japanese, the clusterin (CLU) gene 
was found to be associated with diabetes, through 
an increase in insulin resistance as well as 
impairment of insulin secretion (Daimon et al. 
 2011 ). A study done to investigate the association 
of nicotinamide phosphoribosyltransferase 
(NAMPT)-3186 C/T and (NAMPT)-948G/T 
polymorphisms with the risk of type 2 diabetes 
mellitus (T2DM) and their impact on the effi cacy 
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of repaglinide in 170 Chinese Han T2DM patients 
showed signifi cant association between plasma 
levels of postprandial serum insulin and choles-
terol following repaglinide monotherapy for 
8 weeks (Sheng et al.  2011 ). 

 A large meta-analysis of 36 studies examining 
the association of type 2 diabetes mellitus (T2DM) 
with polymorphisms in the  TCF7L2  gene in vari-
ous ethnicities to evaluate the size of gene effect 
and the possible genetic mode of action showed 
an association between four variants of  TCF7L2  
gene and T2DM. This indicates that the TCF7L2 
gene may be involved in gene–gene as well as 
gene–environmental interactions in infl uencing 
the risk of T2DM (Tong et al.  2009 ). Thus, phar-
macogenomic studies, assessing the role of 
genetic determinants of drug response, promise 
useful information for improving personalised 
treatment strategies and help to reduce the risk of 
adverse drug reactions in susceptible individuals. 

3.1      Genetic Polymorphisms in 
Type 2 Diabetes Mellitus 
(T2DM) 

 The genetic variations play vital role in any dis-
ease as they are either responsible for the occur-
rence of the disease or for the individual variations 
in drug response. The genetic polymorphisms may 
alter the individual response to antidiabetic drugs 
either through variations in genes involved in the 
drug transport, metabolism and drug targets. 
   Genetic variations in organic anion- transporting 
polypeptide [OATP], organic cation transporter 
[OCT], peroxisome proliferator- activated receptor 
gamma [PPARG], adenosine triphosphate [ATP]-
sensitive potassium channel [K(ATP)], incretin 
receptors, adipokines, transcription factor 7-like 
2 [TCF7L2], insulin receptor substrate 1 [IRS1], 
nitric oxide synthase 1 adaptor protein [NOS1AP] 
and solute carrier family 30 member 8 [SLC30A8] 
CDK5 regulatory subunit associated protein 
1-like 1 [CDKAL1], insulin-like growth factor 2 
mRNA binding protein 2 [IGF2BP2], potassium 
voltage- gated channel, KQT-like subfamily, 
member 1 [KCNQ1], paired box 4 [PAX4] and neu-
ronal differentiation 1 [NEUROD1] transcription 

 factors, ataxia telangiectasia mutated [ATM] and 
serine racemase [SRR] have been found to be 
associated with the occurrence of diabetes 
(Mannino and Sesti  2012 ). It has been shown that 
type 2 diabetes mellitus is associated with the vari-
ants in genes like HHEX, KIF11, IDE, CDKN2A/B 
and IFG2BP2 (Grarup et al.  2007 ). Moreover vari-
ations in DGKB/TMEM195, ADRA2A, GLIS3 
and C2CD4B loci were found to be associated 
with decreased glucose- stimulated insulin secre-
tion explaining the signifi cance of pancreatic beta-
cell dysfunction on genetic predisposition to type 
2 diabetes (Boesgaard et al.  2010 ). The defect in 
guanine nucleotide binding 3 (GNB3) gene, cod-
ing for G-protein has been associated with the 
occurrence of type 2 diabetes along with other dis-
eases like hypertension and obesity (Kiani et al. 
 2005 ). Studies in Chinese Hans, with common 
variants in  CDKAL1, CDKN2A/B, IGF2BP2  and 
 SLC30A8  loci, have shown the association of these 
variations in causing type 2 diabetes either inde-
pendently or in combination with other risk factors 
(Wu et al.  2008 ). The genetic variations associated 
with diabetes mellitus are shown in Table  25.2 .

3.2         Genetic Polymorphisms 
in Maturity-Onset Diabetes 
Mellitus (MODY) 

 A rare, autosomal dominant form of diabetes 
mellitus known as maturity-onset diabetes of 
the young (MODY) has six primary forms, each 

   Table 25.2    Various genes associated with the pathogenesis 
of type 2 diabetes mellitus   

 SL no 
 Genes associated with 
type 2 diabetes mellitus 

 Outcome of the 
genetic variations 

 1   ADCY5, PROX1, GCK, 
GCKR, DGKB, TMEM195  
(Dupuis et al.  2010 ) 

 Modest increase in 
glucose levels 

 2   DGKB, TMEM195, 
ADRA2A, GLIS3, C2CD4B  
(Boesgaard et al.  2010 ) 

 Decreased 
glucose- stimulated 
insulin response 

 3   HHEX, KIF11, IDE  
and  CDKN2A/B l  
(Grarup et al.  2007 ) 

 Pancreatic beta-cell 
dysfunction 

 4   CDKAL1, CDKN2A/B, 
IGF2BP2 and SLC30A8  

 Pancreatic beta-cell 
dysfunction 
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occurring as a result of mutations in six different 
genes (Capuano et al.  2012 ). Currently MODY is 
also classifi ed as other specifi c types of diabetes 
mellitus. It is characterised by β-cell dysfunction 
in the absence of insulin resistance or obesity as 
well as the onset of diabetes before 25 years of 
age. Among the various forms of MODY, those 
with MODY3 due to mutations in the hepatocyte 
nuclear factor 1 homeobox A gene ( HNF1A ) has 
been shown to be more sensitive to the hypogly-
caemic effects of sulfonylureas. In a study, three 
MODY3 patients with ( HNF1A ) mutations were 
found to have dramatic change in HbA1c levels 
with severe hypoglycaemia following cessation 
and reintroduction of sulfonylureas, respectively. 
In another study MODY3 patients showed a 
5.2- fold higher response to gliclazide compared 
to metformin. Similarly compared to patients 
with type 2 diabetes, gliclazide showed 3.9-fold 
greater response in MODY3 (Pearson et al.  2000 ; 
Ellard  2000 ). In 30–58 % of cases with diabetes 
diagnosed in less than 6 months of age, a rare 
 heterozygous mutation was detected in the potas-
sium inwardly rectifying channel, subfamily J, 
member 11 ( KCNJ11 ). These mutations result in 
continuous activation of ATP-dependent K +  channel 
and prevention of insulin secretion by pancreatic 
β-cells leading to the misdiagnosis of type 1 diabetes. 
Study by Pearson et al. demonstrated that patients 
with mutations in  KCNJ11  could be successfully 
treated with sulfonylureas, instead of insulin 
(Pearson et al.  2000 ). Such mutations mislead the 
physician resulting in improper treatment with 
insulin resulting in poor glycaemic response. 
   Similarly studies have identifi ed mutations in 
the ATP-binding cassette, subfamily C, member 
8 gene ( ABCC8 ), have resulted in neonatal diabe-
tes. In this disease, only those patients carrying 
 F132V  mutation have shown positive response to 
sulfonylureas apart from having to be maintained 
on insulin therapy (Oztekin et al.  2012 ). Such 
fi ndings reveal that the genetic aetiology of hyper-
glycaemia may modulate response to hypogly-
caemic agents and may have strong implications 
on patient  management. Moreover, these fi nding 
pave the way for explaining additional genetic 
factors that might infl uence drug response in the 
treatment of T2DM.  

3.3      Genetic Variations and 
Response to Sulfonylureas 

 Sulfonylureas like gliclazide, glibenclamide and 
glimepiride are the most commonly used oral 
hypoglycaemic agents in patients with type 2 dia-
betes mellitus. However, studies have found that 
10–20 % of treated individuals do not achieve 
adequate glycaemic control even while on the 
highest recommended dose and are known as 
‘primary sulfonylurea failure’ cases. On the con-
trary, 5–10 % of diabetic patients initially respond-
ing to sulfonylurea treatment are subsequently 
unable to maintain normal glycaemic levels 
with the same drug and are known as ‘secondary 
sulfonylurea failure’. Diabetic patients with 
 TCF7L2  genetic polymorphism have been found 
to develop secondary failure at an earlier stage 
and need a higher dose of sulfonylurea or combi-
nation therapy with other antidiabetic drugs 
(Holstein et al.  2011 ).  

3.4      Genetic Variations and 
Response to Metformin 

 Metformin, a biguanide used in the treatment of 
type 2 diabetes mellitus, acts by suppressing 
hepatic glucose production through activation 
of AMP-activated protein kinase (AMPK). 
Metformin apart from reducing blood glucose 
levels has an added advantage of reduction in 
weight as well as insulin resistance with little or 
no risk of inducing hypoglycaemia. Metformin, 
being a hydrophilic organic cation, serves as a 
substrate for organic cation transporters (OCTs), 
including OCT1 in the liver and OCT2, expressed 
abundantly in the kidney. Both OCT1 and OCT2 
transport metformin into the hepatocytes and 
renal epithelium, respectively. The elimination of 
metformin from liver and kidney into bile and 
urine, respectively, is taken care of by the multi-
drug and toxin extrusion 1 protein (MATE1). OCT1 
and OCT2 belonging to the SLC22A family of 
solute carriers are encoded by  SLC22A1  and 
 SLC22A2  genes, respectively, while MATE1 is 
encoded by the  SLC47A1  gene. Gene polymor-
phisms in drug transporters could be a cause of 
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individual variations in drug response, and studies 
have focused on the genes encoding OCTs 
(Tarasova et al.  2012 ; Becker et al.  2009 ,  2010 ). 

 Metformin uptake into hepatocytes through 
OCT1 is a critical step for achieving its effects, 
and variations in  SLC22A1  may result in altered 
glycaemic response to the drug (Tkac et al.  2013 ). 
Following metformin administration, volunteers 
carrying  SLC22A1  risk alleles were found to have 
signifi cantly higher plasma glucose levels and 
greater area under the curve (AUC) for most of 
the sampling time points compared to those of 
wild-type alleles. Insulin levels in individuals 
carrying risk alleles were found to be higher even 
2 h following glucose administration compared 
to those with wild-type alleles (Shu et al.  2008 ). 
These fi ndings have been further supported by in 
vitro characterisation of the variant alleles, espe-
cially with 420del allele, showing reduced activ-
ity for metformin. 

 Wang et al. showed the role OCT1 in the 
transport of metformin by demonstrating lesser 
levels of metformin in the liver and intestine of 
OCT1 −/− mice (Wang et al.  2002 ). Metformin 
concentration in the blood was found to be 
higher in OCT1 −/− mice, although 24-h 
plasma concentration- time profi les were simi-
lar between knockout and control animals. In 
hepatocytes isolated from OCT1−/− mice, met-
formin effects on AMPK activation and gluco-
neogenesis were found to be less compared to 
cells cultured from OCT1+/+ mice. In contrary, 
in a study done by Shikata et al. to evaluate the 
role of OCT1 on patients receiving metformin 
for more than 3 months, no remarkable varia-
tions were observed between responder and 
nonresponders in the frequency of  OCT1  poly-
morphisms (Shikata et al.  2007 ). However, the 
result could be attributed to lesser sample, and 
a study in large population is needed to confi rm 
the results. 

 OCT2 expressed in the basolateral membrane 
of the renal epithelium and involved in the trans-
portation of metformin is critical for the regula-
tion of metformin accumulation in the kidney. 
Hence, OCT2 plays an extensive role in the phar-
macokinetic profi le of metformin than OCT1. A 
study done in 15 healthy Chinese volunteers 

showed association between variant T allele in 
 SLC22A2  and reduced renal clearance of 
 metformin in the presence of the OCT2 inhibitor 
cimetidine. Similarly, a study done in Chinese 
Hans with T2DM demonstrated 808G > T vari-
ance in the  SLC22A2  gene to be associated with 
an increased incidence of hyperlactacidaemia in 
patients receiving metformin (Li et al.  2010 ). 
Another study conducted by Song et al. found 
that three  SLCA22A2  variants (596C > T, 602C > T 
and 808G > T) were associated with reduced 
renal excretion and enhanced plasma concentra-
tion of metformin (Song et al.  2008 ). In spite of 
the changes in volume of distribution and clear-
ance of metformin in OCT1-/OCT2-knockout 
mice, there was no signifi cant change in pharma-
codynamic effects. These fi ndings may challenge 
the hypothesis that inhibition of OCT affects effi -
cacy of metformin (Higgins et al.  2012 ). 
Similarly, in a study done in 23 healthy volun-
teers of Caucasian and African American ethnici-
ties, the G/T genotype at the  SLC22A2  808G > T 
locus showed lower renal clearance compared to 
carriers of the wild-type G/G genotype. However, 
a study done by Tzvetkov et al. in 103 healthy 
participants did not report statistically signifi cant 
evidence for association between 14  SLC22A2  
markers, including 808G > T and renal clearance 
of metformin (Tzvetkov et al.  2009 ). Hence, it 
may be possible that  SLC22A2  markers are essen-
tial for the renal elimination of metformin in 
Asians alone. Regardless of these differences, 
fi ndings have supported the clinical relevance  of 
SLC22A2  polymorphisms. However, a larger pro-
spective study in type 2 diabetic patients is 
required before the clinical application of these 
markers.  SLC47A1  gene encoding the  MATE1  
protein located in the bile canalicular membrane 
in the hepatocyte and the brush border of the 
renal epithelium serves in the clearance of met-
formin through bile and urine.  MATE1  is colocal-
ised with OCT1 and OCT2 in the hepatocyte and 
renal epithelium, respectively. Due to its role in 
metformin excretion, the variations in  MATE1  
gene may contribute to individual variations 
in drug response. However, the association 
between  SLC47A1  genetic variants with metfor-
min response has not been established so far.  
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3.5      Genetic Variations and 
Response to 
Thiazolidinediones 

 Thiazolidinediones (TZD), like troglitazone, 
 rosiglitazone and pioglitazone, are peroxisome 
proliferator-activated receptor (PPAR)-gamma 
agonists and are used as insulin sensitisers in 
type 2 diabetes mellitus. These drugs are banned 
due to member-specifi c, PPAR gamma-indepen-
dent toxicity like troglitazone- induced hepatotox-
icity, rosiglitazone-induced QT prolongation and 
pioglitazone for bladder carcinoma as well as car-
diovascular complications. Thiazolidinediones 
may be infl uencing the expression of multiple 
genes involved in carbohydrate and lipid metabo-
lism to enhance insulin sensitivity. Although many 
genes and metabolic pathways are likely to be 
involved in the insulin-sensitising action of PPARγ 
ligands, it has been proposed that the effect of thia-
zolidinediones on genes regulating free fatty acid 
(FFA) transport and metabolism may be playing a 
major role in the antidiabetic effects of these drugs. 
Studies have suggested that thiazolidinediones 
may attenuate insulin resistance by increasing the 
metabolic clearance of free fatty acids (FFA). The 
fatty acid transporter CD36, a target for PPARγ 
ligands, is supposed to mediate the uptake of FFA 
through adipocytes and myocytes. In both human 
and animal studies, mutations in  Cd36  have been 
found to be associated with impaired carbohydrate 
and lipid metabolism. Studies done to evaluate the 
metabolic effects of pioglitazone in spontaneously 
hypertensive rats (SHR) with wild-type Cd36 have 
shown signifi cantly lower fatty acids, triglycer-
ides, insulin and epididymal fat pad weights 
 compared to SHR carrying deletion mutation in 
Cd36. This study demonstrates that Cd36 may 
play a key determinant role in insulin-sensitising 
actions of a thiazolidinedione (Qi et al.  2002 ). A 
study done in 121 type 2 diabetes mellitus patients 
with 15–30 mg/day of pioglitazone for 12 weeks 
in addition to other medications showed that G/G 
genotype was correlated with a reduction in fast-
ing plasma glucose (FPG) and homeostasis model 
assessment of insulin resistance (HOMA-IR) 
compared to C/C. Moreover, G/G genotype was 
found to be an independent factor for the reduction 

of FPG and HOMA-IR after adjusting for age, 
gender and BMI (Makino et al.  2009 ). Since all 
these drugs are banned the prospect of these drugs 
remains doubtful.  

3.6      Genetic Variations in Drug 
Metabolising Enzymes 

 Among the cytochrome P450 enzymes, CYP2C8 
comprises 7 % of the total hepatic CYP content 
and is responsible for the oxidative metabolism of 
many antidiabetic drugs including thiazolidinedio-
nes and meglitinides. In a pharmacokinetic study 
done to evaluate the effect of single dose of 15 mg 
pioglitazone in healthy volunteers, the weight-
adjusted area under the curve (AUC) was found 
to be 34 % less in  CYP2C8 * 3  homozygous indi-
viduals and 26 % less in heterozygous subjects 
compared to wild-type homozygotes. Apart from 
thiazolidinediones, the  CYP2C8*3  allele has been 
found to be associated with increased metabolism 
and decreased plasma concentrations of repa-
glinide (Kirchheiner et al.  2005 ). Hence, patients 
with genetic polymorphisms in  CYP2C8  may 
show poor response to thiazolidinediones and 
repaglinide when used alone or in combination.  

3.7      Genetic Polymorphisms 
in Indian Diabetic Patients 

 An epidemiology study conducted in 1,038 
 normal subjects and 1,031 type 2 diabetic sub-
jects from Chennai showed that the frequency 
of the ‘T’ allele of both rs12255372(G/T) and 
rs7903146(C/T) polymorphisms of  TCF7L2  was 
signifi cantly higher in diabetic subjects (23 and 
33 %) compared to normal subjects (19 and 
28 %). This study has demonstrated the associa-
tion between  TCF7L2  gene polymorphisms and 
susceptibility to type 2 diabetes mellitus in Asian 
Indians (Bodhini et al.  2007 ). Another study done 
in Punjabi ancestry found an association between 
SNPs in  GLIS3  and  ADCY5  and risk for develop-
ing type 2 diabetes (Rees et al.  2011 ). As far as 
 OCT1  polymorphism is concerned, South Indian 
Tamil population have an allele frequency of 8.9, 
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80.3 and 24.5 % of rs2282143, rs628031 and 
rs622342 polymorphisms, respectively. This fre-
quency was found to be similar to that of African 
Americans but different from that of Caucasians 
(Umamaheswaran et al.  2011 ). The role of this 
polymorphism on drug response in South Indians 
needs to be confi rmed.   

4      Genetic Polymorphisms 
and Congenital Metabolic 
Disorders 

4.1      Phenylketonuria 

 Phenylketonuria (PKU), a common inborn meta-
bolic disorder with an incidence of 1 in 8,000 in 
the United States, occurs due to defi ciency of 
phenylalanine hydroxylase (PAH). As a result the 
normal conversion of phenylalanine to tyrosine is 
affected resulting in high concentration of phe-
nylalanine in blood leading to mental retardation 
(Eisensmith and Woo  1991 ). Currently phenylke-
tonuria is treated by dietary restriction of 
phenylalanine- containing foods. Care needs to be 
taken to avoid the artifi cial sweetener aspartame, 
also known as L-aspartyl-phenylalanine as an 
alternative to sucrose in these patients. The 
untreated disease may result in the occurrence of 
infantile spasms, developmental delay, disturbed 
behaviour, hyperactivity, etc. The use of tetrahy-
drobiopterin has been found to be promising as a 
new, alternative treatment method in some phe-
nylketonuria patients. However, a study found 
that the mutations causing phenylketonuria deter-
mine the susceptibility of the patient to tetrahy-
drobiopterin (Quirk et al.  2012 ). Another study 
found that response to tetrahydrobiopterin is 
more in patients with mild hyperphenylalaninae-
mia phenotypes and that responsiveness may not 
be predicted on the basis of genotype, especially 
in mixed heterozygotes (Muntau et al.  2002 ). Yet 
another study done in Japanese patients with 
PKU demonstrated that genotypes would be use-
ful for predicting clinical phenotype and the 
information may be used in decision making for 
treatment with tetrahydrobiopterin in East Asia 
(Okano et al.  2011 ). 

 The molecular mechanism underlying the 
occurrence of mental retardation is unclear and 
may not be explained by the primary enzyme 
defi ciency alone. The lower levels of tyrosine 
caused by high concentration of phenylalanine in 
blood has been shown to decrease catecholamine 
synthesis in the brain of mouse model of PKU 
(Pascucci et al.  2002 ). In mouse model, the muta-
tion of PAH has been shown to alter the expres-
sion of orexin gene, resulting in an increase in the 
levels of mRNA and the levels of orexin. The 
gene expression of the precursor for orexins, 
namely, prepro-orexin, and the mRNA is found 
to be upregulated along with increased orexin A 
levels in the PKU mouse brain (Surendran et al. 
 2003 ). Phenylketonuria is the only metabolic dis-
order showing higher levels of brain orexin A, 
and since orexin is associated with wakefulness 
and increased activity, patients with PKU are 
usually hyperactive. However, orexins have not 
been studied in PKU so far, and this may be an 
area for novel research in the fi eld of metabolic 
disorders.  

4.2      Galactosaemia 

 Galactosaemia is an autosomal recessive disorder 
characterised by the defi ciency of the enzyme 
galactose-1-phosphate uridyltransferase (GALT). 
As a result patients with this inborn metabolic 
disorder are unable to metabolise galactose and 
untreated patients, especially infants present with 
vomiting, diarrhoea, failure to thrive, jaundice, 
liver dysfunction, hepatomegaly, hypoglycaemia, 
altered coagulation, mental retardation, cataract, 
etc. Treatment of severe galactosaemia includes 
total elimination of dietary galactose including 
milk and milk-based infant formulae. The GALT 
enzyme is comprised of 16 distinct mutations of 
which N314D has been found to be the most 
common mutation with a frequency of 40 % fol-
lowed by Q188R at 2.7 %. The novel GALT gene 
mutations include 6 missense mutations, namely, 
 Y89H, Q103R, P166A, S181F, K285R  and  R333L . 
GALT also may have one nonsense mutation, 
S307X and 3 silent mutations, namely, Q103Q, 
K210K and H319H. In an Indian study, the 
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 functional signifi cance of the novel GALT 
 missense mutations was investigated using 
SNPs&GO and SIFT tools. The study highlighted 
the heterogeneity of classical galactosaemia in 
the Indian population and emphasised the impor-
tance of GALT gene analysis in diagnosis of 
galactosaemia. It also revealed that the  mutational 
profi le of Indian GALT is signifi cantly different 
from the other populations (Singh et al.  2012 ).  

4.3      Medium-Chain Acyl-CoA 
Dehydrogenase (MCAD) 
Defi ciency 

 Medium-chain acyl-CoA dehydrogenase (MCAD) 
defi ciency with an estimated incidence of 
1:10,000 is the most common inborn error of 
metabolism. It is the most common fatty acid 
oxidation disorder that uses tandem mass spec-
trometry for its detection. Affected individuals 
appear normal until an episode of illness is 
provoked by an excessive period of fasting. 
Mortality is reported to be up to 25 % in symp-
tomatic individuals. The fi rst presentation is 
usually during 3 months to 2 years of age. 
Moreover, accumulated medium-chain acyl-
CoA esters bind to carnitine and get excreted in 
urine. This results in secondary carnitine defi -
ciency with muscle weakness or hypotonia. 

Treatment includes administration of oral or 
intravenous glucose, depending on the severity 
of the disease to provide energy and thus removing 
the need to utilise fat. Carnitine can also be 
administered during a crisis to treat secondary 
carnitine defi ciency and to promote excretion of 
excess esters. The mainstay of treatment is to 
avoid prolonged periods of fasting and treat 
signs of hypoglycaemia at an earlier stage 
(Huidekoper et al.  2012 ).  

4.4      Urea Cycle Disorders (UCD) 

 The urea cycle disorders (UCD) arise due to the 
defects in the metabolism of the excess nitrogen 
produced from the breakdown of protein and 
other nitrogen-containing compounds. The 
excess nitrogen is converted into ammonia (NH 4 ) 
and transported to the liver to enter the urea cycle. 
This cycle composed of fi ve enzymes in the direct 
pathway and one enzyme as a necessary cofactor 
(Fig.  25.1 ). Defects in the genes CPSI , OTC ,  ASS , 
 ASL  and  ARG1  can cause carbamyl phosphate 
synthase I defi ciency, ornithine transcarboxylase 
defi ciency, citrullinaemia,  arginosuccinicaciduria, 
argininaemia, etc. Molecular tests are already 
available for the detection of  CPSI ,  OTC ,  ASS , 
etc., while the test for ASL and ARG1 is still in 
research (Wang et al.  2012 ). Inherited defect in 

  Fig. 25.1    Enzymes involved in urea 
cycle       
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urea cycle is characterised by hyperammonaemia 
and results in non-specific symptoms like 
lethargy, hypothermia, apnoea, convulsions and 
encephalopathy. Patients with urea cycle disorder 
may present at any age but are more likely to 
develop symptoms following exposure to  metabolic 
stress as in infectious states with enhanced 
protein catabolism. In between the episodes, the 
patients are relatively well though some children 
may have developmental delay. During treatment 
of urea cycle disorder, frequent monitoring of 
plasma levels of ammonia is needed to ensure 
treatment response. In addition, these patients 
may also be treated with protein-restricted diet, 
supplemented with arginine and high-calorie 
feeds except in arginase defi ciency.

5          Conclusions 

 Personalised medicine makes it possible to pre-
scribe the right drug for the right patient at the 
right time. In due course personalised medicine 
will provide the basis for cost-effectiveness in 
health-care setup. This will help to improve the 
drug’s effi cacy, prevent side effects and make 
health care more effi cient and cost effective in the 
future. Though studies imply that pharmacoge-
netic testing could improve the safety or effi cacy 
of the treatment, this knowledge is not being cur-
rently used in clinical practice. The clinical 
implementation of pharmacogenomics is chal-
lenging as ample facilities are required to carry 
out genomic studies and experts are needed to 
interpret the results. Moreover, the clinical utility 
of pharmacogenomic tests will depend on the 
relative cost–benefi t ratio pertaining to the dis-
ease as well as therapy. In addition, one more fac-
tor crucial for the clinical application of 
pharmacogenomic is the availability of valid 
rapid reporting genetic assays. The genetic tests 
used in clinical practice needs to be ethical, legal 
and socially acceptable. However, since genetic 
markers of drug response may not be always the 
clinically useful predictors of adverse effect, 
genotype–phenotype association should be always 
done before opting for clinical utility. Currently, 
the genomic attempt to bridge the gap between 

genetic variations and response to drug seems to 
be very slow and underutilised, and in the coming 
years, there is a promising future for application 
of pharmacogenomics in personalised medicine.     
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    Abstract 

   Obesity development is a dependent multifactor disease due to imbalance 
between energy intake and energy expenditure. This balance represents a 
combination of numerous variables such as behavior, diet, environment, 
genetics, and social structures. Complex interactions among these vari-
ables contribute to the individual differences for development of obesity 
which leads and allows individualizing of treatment response. 

 Physicians are exploring the causes and the main approaches and strat-
egies to tailor individualized treatments based on importance of host 
genetic variability itself and the microbiota variability. 

 The chapter will be focus on omics application impact involved in clin-
ical biomarkers differentially detected nowadays with a demonstrated 
impact on obese individuals, mainly those that detect host biomarkers and 
also gut microbiota biomarkers. 

 Disease biomarkers for obesity are multiple, such us immunological 
(infl ammatory status, defi ned by elevated C-reactive protein and IL-6), 
biochemical (glucose, lipids, satiety-related hormones), microbiological 
(the fecal microbial composition), and genetic (Tiihonen    K, Ouwehand AC, 
Rautonen N, Br J Nutr 103(7):1070–1078, 2010). 

 Genetic markers for prognosis of weight loss response are genes coding 
adrenergic receptors (ADBRs), uncoupling proteins (UCPs), leptin (LEP), 
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1          Introduction 

 Obesity results from the accumulation of excess 
adipose tissue. However, it is not a single disor-
der but a heterogeneous group of conditions 
with multiple causes. Major causes of the 
increasing prevalence of obesity include behav-
ioral and environmental factors, such as exces-
sive consumption of energy-dense foods and a 
sedentary lifestyle (Fig.  26.1 ). Still, it is now 
recognized that a series of underexplored physi-
ological and environmental predispositions 
underlies the traditional risk factors for obesity 
and its associated metabolic disorders (Harris 
et al.  2012 ). Obesity is generally defi ned as an 
excess of body fat. However, there is no clear 
delineation between how much fat is normal and 
how much fat is abnormal. Furthermore, body 
fat is diffi cult and expensive to measure directly 
in large samples. Therefore, obesity is often 
defi ned as excess weight after adjusting for 

height. Body mass index (BMI, calculated as 
weight in kg/height in m 2 ) is used in adults to 
ascertain obesity status, and a BMI ≥ 30 is con-
sidered obese (Table  26.1 ).

    Obesity has dramatically increased during the 
past decades and has now reached epidemic pro-
portions in both developed and developing coun-
tries. In the United States it is of grave public 
health signifi cance. In 2003–2004, approximately 
66 % of population was overweight (BMI ≥ 25 kg/
m 2 ) and 32 % was obese (BMI ≥ 30 kg/m 2 ) 
(Agurs-collins et al.  2009 ). Even in Japan where 
the self-reported prevalence of obesity has 
remained consistently low over the last 30 years, 
obesity is now increasing in middle-aged adults 
and children partly due to a Western-style change 
in diet (Lakhan and Kirchgessner  2011 ). 
According to the World Health Organization and 
to the International Obesity Task Force, more 
than 155 million children and adolescents 
worldwide are overweight and 40 million are 
clearly obese. 

leptin receptor (LEPR), melanocortin pathways genes (MC3R, POMC), 
serotonin receptor, peroxisome proliferator-activated receptor PPAR-γ-2, 
and genes related to cytokines (Martinez AJ, Parra DM, Santos JL et al. 
Asia Pac J Clin Nutr 17:119–122,  2008 ). 

 Moreover, through current literature, it is clear that variable individual 
composition of intestinal microbiota plays a role in energy extraction from 
non-digested carbohydrates in the form of production of short-chain fatty 
acids. The microbiota also plays a role in host metabolism by infl uencing 
and modulating host gene expression in various tissues. For this reason, a 
specifi c part of the chapter is deserved for molecular and genetics micro-
biota variability explanations. 

 Furthermore, it is suggested by several researchers that the host genetic 
may infl uence the composition of gut microbiota. The proposed genes 
which affect the microbiota composition are related to the immune system 
function and metabolism (Mathes WF, Kelly SA, Pomp D Br J Nutr 
106(Suppl 1):S1–10,2011). Several studies indicate that lean and obese 
microbiome differ primarily in their interface with the host and in the way 
they interact with host metabolism, suggest the importance of host genetic 
control in shaping individual microbiome diversity in mammals (Benson AK, 
Kelly SA, Legge R, Ma F, Low SJ, Kim J, Zhang M, Oh PL, Nehrenberg D, 
Hua K, Kachman SD, Moriyama EN, Walter J, Peterson DA, Pomp D, 
Proc Natl Acad Sci U S A 107:18933–18938, 2010).  
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 It is also associated with a low-grade infl am-
mation, which contributes to the development 
of insulin resistance, the metabolic syndrome, 
type 2 diabetes mellitus, and, in the long term, 
cardiovascular diseases. Several factors appear to 
be implicated in this infl ammatory process. The 
plasma fatty acid (FA) composition, for example, 

which is infl uenced by the amount and quality of 
the dietary fat, has been associated with the low- 
grade infl ammation of overweight and obese 
individuals. In particular, the arachidonic acid/
eicosapentaenoic acid (ARA⁄EPA) ratio has 
been proposed as a biomarker of infl ammation 
and in the development of inactivity-associated 

  Fig. 26.1    Factors capable of impacting the obese phenotype and current treatments of obesity       

   Table 26.1    Obesity    grades   

 Phenotype  Normal  Overweight  Obesity  Severe obesity  Morbid obesity 

 Body mass index 
BMI = weight/
height 

 18.5–24.9  25–29.9  30–34.9  35–39.9  >40 
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insulin resistance. Another participating factor is 
the increasing mass of adipose tissue, which is 
infi ltrated by activated macrophages and releases 
infl ammatory mediators that increase the hepatic 
expression and release of acute phase reactants 
such as C-reactive protein (CRP) into the circula-
tion. In addition, the secretory profi le of the adi-
pocytes changes radically in obesity, with lower 
levels of adiponectin and higher levels of infl am-
matory mediators including leptin (Brignardello 
et al.  2010 ). The adipose tissue of obese individu-
als, including adolescents, has been shown to 
produce higher levels of tumor necrosis factor 
(TNF)-alpha and interleukin (IL)-6 compared to 
lean individuals. 

 The analyses and correlation between gastro-
intestinal, immunological, and blood biomarkers 
will make the comprehension of this complex 
disease, obesity, much easier (Tiihonen et al. 
 2010 ; Brignardello et al.  2010 ). 

 Thus, big efforts will be required toward the 
integration of multiple data obtained in high- 
throughput studies. This chapter will be focused 
on host biomarkers and microbiota biomarkers 
due to the high impact on energy metabolism.  

2      Genetics in Obesity 

2.1      Hereditability 

 The epidemic of obesity is attributed to recent 
environmental changes. The main two reasons 
for the global increase in the prevalence of early- 
onset obesity are easy access to high-energy 
palatable food combined with decreased physi-
cal activity level. However, other putative envi-
ronmental contributors to the recent obesity 
epidemic have been proposed, such as an obe-
sity-prone intrauterine environment, assortative 
mating among obese individuals, decreasing 
sleep duration, infections, and low-grade infl am-
mation or the increasingly controlled ambient 
temperature. However, if these factors are 
responsible for the global shift in BMI distribu-
tion, genetic factors must explain most of the 
interindividual differences in obesity risk 
observed in populations. In fact, the risk of obe-

sity in a child is ten times higher if both parents 
are obese than if both parents are of normal 
weight (Fig.  26.2 ).

   Heritability represents the proportion of phe-
notypic variation in a population that is attribut-
able to genetic variation among individuals. 
According to twin and family studies, heritability 
estimates for BMI during childhood or adoles-
cence are between 0.20 and 0.86. Longi tudinal 
studies have demonstrated that heritability esti-
mates tend to increase from childhood to preado-
lescence and from preadolescence to adolescence, 
probably because individuals at genetic risk for 
obesity increasingly select environments that pro-
mote gaining weight, correlated with their genetic 
propensities. In addition, physical activity reduces 
the infl uence of genetic factors on BMI in young 
adults, and it is likely that these results are trans-
posable to children or adolescents. 

 Studies performed in twins have given light to 
contribute to elucidation of the causes and conse-
quences of obesity (   Naukkarinen et al.  2012 ). 
There is an indication that conscious efforts to 
prevent weight gain in the lean and the more 
unhealthy lifestyle in the obese co-twins explains 
the weight disparities, which appeared at 18 years 
of age, at a time when environmental infl uences 
may also start to diverge as the young adults 
move out of their parental home and establish 
more individualistic lifestyles. Thus, recent stud-
ies have shed some interesting light on the inter-
play of physical exercise and its modulatory 
effects on an individual’s genetic predisposition 
to weight gain and obesity (Li et al.  2010 ). 

 Moreover, several other studies have investi-
gated the effect of environmental factors on the 
apparent heritability of other obesity-associated 
phenotypes such as insulin sensitivity and lipid 
profi les and blood pressure, strengthening the 
view that genetic predisposition can indeed be 
modifi ed by environmental factors such as physi-
cal exercise and dietary habits.  

2.2      Obesity Monogenic Forms 

 Several single-gene disorders result in severe and 
early-onset obesity. These monogenic forms of 
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early-onset obesity show the biological importance 
of the mutant gene in body-weight control. The 
main genes affected in these monogenic  disorders 
are leptin (LEP), leptin receptor (LEPR), pro-
opiomelanocortin (POMC), prohormone conver-
tase 1 (PCSK1), melanocortin 4 receptor 
(MC4R), brain-derived neurotrophic factor 
(BDNF), and neurotrophic tyrosine kinase recep-
tor type 2 (NTRK2). They encode hormones or 
neurotransmitters and their hypothalamic recep-
tors of the highly conserved leptin-melanocortin 
pathway, which is critical for the regulation of 
food intake and body weight. Monogenic obesity 
forms are frequently accompanied by additional 
clinical features (e.g., severe hyperphagia, intes-
tinal troubles) and normal development, except 
for BDNF, SIM1, and NTRK2 defi ciencies, 
which are associated with cognitive impairment, 
behavioral problems, or syndrome features. The 
focus on the leptin-melanocortin pathway as a 
target for pharmacological intervention in patients 
with severe obesity turned out to be effective.   

3      Omics Applications Toward 
“Obesomics” 

 The measurement of the simultaneous expression 
values of thousands of genes or proteins from 
high-throughput omics platforms creates a large 
amount of data whose interpretation by inspection 

can be a daunting task. A major challenge of 
using such data is to translate these lists of genes/
proteins into a better understanding of the under-
lying biological phenomena (Kumar  2011 ). 

 The huge amount of information available 
makes it necessary for the reconstruction and pre-
diction of pathways, establishing connections 
between genes and disease, fi nding the relation-
ships between genes and specifi c biological func-
tions, and integrating these data with biochemical 
pathways in order to facilitate the interpretation. 

 Several databases that provide one-stop 
access to comprehensive information on genes 
or gene products are widely available. The NCBI 
Entrez browser (  http://www.ncbi.nlm.nih.gov/
Entrez    ) is one of the cross database portal to 
sequence data, conserved domains, gene loca-
tion, protein structure, published microarray 
expression data (Gene Expression Omnibus, 
  http://www.ncbi.nlm.nih.gov/geo    ), and function 
(OMIM, Online Mendelian Inheritance in Man, 
  http://www.ncbi.nlm.nih.gov/omim    ). 

 MeSH concepts   http://www.ncbi.nlm.nih.gov/
mesh     is generating hypotheses about which bio-
logical properties are shared within a set of genes 
or proteins based on their associations with data 
extracted from published literature and then use 
those relationships to cluster both the genes and 
the concepts. The database uses a combination of 
descriptors, qualifi er, and gene identifi ers giving a 
fi nal result as a “bucket” collection for phenomenon 

  Fig. 26.2    Hereditability of obese phenotype: transmission of genetic and environmental factors       
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and process concept hierarchies (Agarwal and 
Searls  2008 ). 

 Omics data approaches show the ability to 
generate hypotheses about which biological 
properties are shared within a set of genes or pro-
teins based on their associations with MeSH con-
cepts from the literature and those relationships 
between genes and concepts. In a specifi c “Diet- 
Induced Obesity Model Study,” the most repre-
sentative buckets were involved in energy 
metabolism, lipid metabolism, and adipose tissue 
metabolism, and there were also buckets of genes 
overexpressed that were related to glycolysis, 
gluconeogenesis, pentose phosphate pathway, 
and citric acid cycle. The same analysis showed a 
xenobiotic metabolism genes bucket downregu-
lated (Kumar  2011 ). 

 Theses tools will evolve according to assisting 
the interpretation of high-throughput data from 
multiple omics platforms and will improve as the 
literature expands and becomes increasingly 
available as electronic full text and as computa-
tional tools for processing language become 
more robust. 

 Recent and important studies about human 
obesity and microbiota-associated studies are 
summarized in Table  26.2 : “Obesomics,” whose 
contents describe in a linked manner: Omics 
methodology applications, key short defi ni-
tions, techniques, biomarkers type, database, 
and main references. It is mainly highlighting the 
results on human obese against to murine models 
studies, which even if they have given valuable 
information, it would be recommendable avoid 
the multiple barriers derived from escalation 
results between different studies.

   Recent studies are approaching promised 
strategies on quantitative genetics for better 
understanding the overall host genetic architec-
ture that infl uences the microbiota (Spor et al. 
 2011 ). In general, the evolution of knowledge of 
human genetic population studies are aimed to 
detect the importance of gene variability involved 
in differential responses to the putative structure 
that interacts with the individual (Benson et al. 
 2010 ). Previous experience in other areas such 
as nutrigenomics and nutrigenetics could be 
extended and applied to gut interactions 

(Dimitrov  2011 ; Fenech et al.  2011 ; Ferguson 
et al.  2007 ) and study the effects probiotics exert 
when they are employed as functional foods or 
nutraceuticals. 

 The detection of specifi c polymorphisms or 
single nucleotide polymorphisms (SNPs), as 
determinants or biomarkers of clinical genomics, 
is important for those that occur with high 
frequency in the general population and those 
able to modify or regulate important proteins in 
metabolic pathways, generating changes in the 
activity of these enzymes. Benson et al. have 
performed the fi rst study taking a quantitative 
trait loci (QTL)-based approach to relate genomic 
variation in the host to microbial diversity in 
the gut. Testing of the CMM abundances for 
co- segregation with 530 SNPs identifi es 18 host- 
associated QTLs that show a linkage with the 
abundances of specifi c microbial taxa (Benson 
et al.  2010 ).  

4      Pharmacogenomics in 
Obesity 

4.1      Applications in Disease 
Management and 
Development of Treatment 
Protocol 

 There are currently three main treatment modali-
ties for obesity: lifestyle modifi cations, pharma-
cotherapy, and bariatric surgery. The cornerstone 
of lifestyle modifi cations includes changes to 
dietary and exercise habits. However, less than 
5 % of the obese people who follow these recom-
mendations effectively lose weight and maintain 
that weight loss. 

 Bariatric surgery is a new treatment for morbid 
obesity, but the relevance of an invasive surgery pro-
cedure mainly in childhood or adolescence is still 
under debate. It is leading to major improvements in 
glucose and lipid homeostasis and to the ameliora-
tion of some systemic infl ammatory markers 
(Clément  2011 ). A recent study reported the fi rst 
case of laparoscopic sleeve gastrectomy success-
fully performed in a 6-year-old morbidly obese 
child. Because of the lack of effi ciency of the cur-
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rent approaches to reverse childhood obesity, pre-
vention was proposed as the fi rst line of treatment in 
2003 by the American Academy of Pediatrics. In its 
policy statement, the Academy promoted breast-
feeding, healthy eating habits and physical activity, 
and encouraged limitation of television viewing. 
However, current prevention programs have had 
little success and have proven ineffective in revers-
ing the rising rates of childhood obesity. These dis-
appointing observations reveal the urgent need to 
better understand the complex molecular and physi-
ologic mechanisms involved in human obesity in 
order to propose better disease prevention and care 
(Choquet and Meyre  2010 ).  

4.2      Drugs and Genetic Variability: 
SNPs and Drug Effi cacy vs .  
Adverse Drug Effects with 
Molecular Mechanisms 

 The long-term safety and effi cacy of the antiobe-
sity drugs (orlistat, sibutramine, evodiamine, ber-
berine, phentermine, exenatide, topiramate, 
metformin) have not been determined in specifi c 
populations as children or adolescents, mainly 
because pharmacotherapy is not routinely pro-
posed as a treatment for specifi c population 
obesity.
    Orlistat  is a drug designed to treat obesity. Its pri-

mary function is preventing the absorption of 
fats from the human diet, thereby reducing 
caloric intake. Orlistat works by inhibiting 
pancreatic lipase, an enzyme that breaks down 
triglycerides in the intestine. Without this 
enzyme, triglycerides from the diet are pre-
vented from being hydrolyzed into absorbable 
free fatty acids and are excreted undigested.  

   Sibutramine  is an orally administered agent for 
the treatment of obesity. It is a centrally acting 
stimulant chemically related to amphetamines. 
Sibutramine is classifi ed as a Schedule IV 
controlled substance in the United States. In 
October 2010, sibutramine was withdrawn 
from Canadian and US markets due to con-
cerns that the drug increases the risk of heart 
attack and stroke in patients with a history of 
heart disease.  

   Evodiamine , the botanic alkaloid, has also been 
shown to inhibit adipocyte differentiation, 
improve diet-induced obesity, and decrease 
rate of food intake. Although, the mechanistic 
action of evodiamine in these processes has 
not yet been fully elucidated, it has been 
strongly suggested that the pathways involved 
include the serotonin transporter system.  

   Phentermine  is a central nervous system stimu-
lant and sympathomimetic with actions and 
uses similar to those of dextroamphetamine. It 
has been used most frequently in the treatment 
of obesity.  

   Exenatide , derived from a compound found in the 
saliva of the Gila monster, a large lizard native 
to the southwestern USA, is a functional ana-
log of glucagon-like peptide-1 (GLP-1), a 
naturally occurring peptide.  

   Metformin  is a biguanide antihyperglycemic 
agent used for treating non-insulin-dependent 
diabetes mellitus (NIDDM). It improves gly-
cemic control by decreasing hepatic glucose 
production, decreasing glucose absorption, 
and increasing insulin-mediated glucose 
uptake. Metformin is the only oral antihyper-
glycemic agent that is not associated with 
weight gain.  Metformin may induce weight 
loss and is the drug of choice for obese 
NIDDM patients  .  When used alone, metfor-
min does not cause hypoglycemia; however, it 
may potentiate the hypoglycemic effects of 
sulfonylureas and insulin. Its main side effects 
are dyspepsia, nausea, and diarrhea. Dose 
titration and/or use of smaller divided doses 
may decrease side effects.  

   Topiramate  is an anticonvulsant drug produced 
by Ortho-McNeil Neurologics, a division of 
Johnson & Johnson. It is used to treat epi-
lepsy in both children and adults. In children 
it is also indicated for the treatment of 
Lennox- Gastaut syndrome (a disorder that 
causes seizures and developmental delays). 
It is also Food and Drug Administration 
(FDA) approved for, and now most fre-
quently prescribed for, the prevention of 
migraines.    
 Table  26.3  is a compilation of previously 

described main drugs used on obese populations 

26 Pharmacogenomics and Gut Microbiota Biomarkers in Obesity
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and concomitant diseases. There is a huge vari-
ability of chemical structures and diverse path-
way targets that are affecting. However, very 
few studies have been performed on human 
genetic variability and the effect of obesity 
drugs; however, this review has summarized 
studies about genes mutated and their reference 
SNPs that are involved and demonstrated differ-
ence on safety, adverse drugs events, or effec-
tive responses.

4.3         Pharmacogenomics in Risk 
Assessment, Diagnosis, 
and Prognosis 

    The objective of individual genotyping for drug 
SNP has the potential to help to redefi ne how 
pharmacologic agents undergo clinical develop-
ment, because, by identifying carriers of known 
genomic variants that contribute to susceptibil-
ity, a high risk population can be stratifi ed as 
well as individuals with potential for a better 
response to a drug. Specifi c analyses of pharma-
cogenetic studies have shown that the increase in 
incidence of outcomes in trials restricted to indi-
viduals with specifi c genotypic profi les can 
result in substantial reductions in requisite sam-
ple sizes for such trials. In addition, they have 
also derived realistic bounds for samples sizes 
for clinical trials investigating pharmacogenetic 
effects that leverage genetic variations are iden-
tifi ed in recent association studies (Schork and 
Topol  2010 ). 

4.3.1      Environmental Factors 
in Obesity 

 Environmental factors, such as diet, physical 
activity, age, gender, socioeconomic status, and 
ethnicity, among others, have been shown to 
modulate the risk for obesity. As obesity genetics 
makes further progress, considerable interest has 
recently been turned to the potential interactions 
between obesity-predisposing gene variants and 
specifi c environmental situations. A signifi cant 
interaction between the effects of high-fat diet 
and FTO genotype on BMI has been reported 
recently, the observed increase in BMI across 

FTO genotypes being restricted to people who 
reported a high-fat diet. An interaction between 
the apolipoprotein A-II (APOA2) -265T>C SNP 
and high-saturated fat in relation to BMI and obe-
sity has been observed. An interaction between 
the FTO obesity-risk genotype and physical 
activity on BMI variation or obesity risk has been 
consistently reported in nine independent studies 
including adults and adolescents. These results 
strongly suggest that the increased risk of obesity 
provided by FTO variants can be attenuated 
through physical activity.  

4.3.2      Genome-Wide Association 
Studies in Obesity 

 Recent advancements in genetics research have 
employed the use of genome-wide association 
studies (GWAS) to determine the genetic under-
pinnings of energy balance and obesity in human 
populations. Several SNP have been implicated in 
obesity, yet many have failed to replicate across 
studies. Moreover some limitations are linked to 
GWAS, for example, hundreds of thousands to 
millions of SNP may be evaluated in a single 
sample, reducing the statistical power to identify 
signifi cant associations. Moreover, heterogeneity 
requires extremely large sample sizes to reveal 
moderate to small genetic effects, limiting the dis-
covery of contributions of rare alleles. Table  26.4  
summarizes the most important GWAS performed 
on obese populations, and they are recovered on 
  http://www.genome.gov/gwastudies/     . 

       Genes and the SPNs with signifi cant associ-
ation values to obesity and BMI disorders have 
been recovered. Moreover, some of them have 
been also associated to concomitant diseases as 
cardiovascular alterations, diabetes, or meta-
bolic syndrome (Table  26.4 ). These genes are 
FAAH (fatty acid amide hydrolase), CCDC93 
(coiled-coil domain containing 93), ROBO1 
(roundabout, axon guidance receptor, homolog 
1), GHSR (growth hormone secretagogue 
receptor), PCSK1(proprotein convertase sub-
tilisin/kexin type 1), NPC1(Niemann-Pick 
 disease, type C1), ENPP1 (ectonucleotide 
 pyrophosphatase/phosphodiesterase 1), ANKK1 
(ankyrin repeat and kinase domain containing 
1), FTO (fat mass and obesity associated), 

26 Pharmacogenomics and Gut Microbiota Biomarkers in Obesity
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MCR4 (melanocortin receptor), and APOA1/
C3/A4/A5 (Apoenzima). 

 Other very recent studies, a joint analysis of 
GWAS for early-onset extreme obesity study 
groups identifi ed gene variants in or near FTO, 
MC4R, transmembrane protein 18 (TMEM18), 
serologically defi ned colon cancer antigen 8 
(SDCCAG8), and TRF1-interacting ankyrin- 
related ADP-ribose polymerase/methionine sulf-
oxide reductase A (the TNKS/MSRA gene 
cluster). The TMEM18 locus was previously 
identifi ed as associated with adult BMI in the 
international GIANT consortium, and the TNKS/
MSRA gene cluster had previously been linked 
to waist circumference in adults. Interestingly, 
some of the new loci associated with BMI in 
adults and identifi ed by GWAS approaches have 
also been associated with childhood extreme 
obesity (TMEM18, glucosamine-6-phosphate 
deaminase 2 (GNPDA2) and neuronal growth 
regulator 1 (NEGR1)) or BMI in children 
(insulin   - induced gene 2 (INSIG2), FTO, MC4R, 
TMEM18, GNPDA2, NEGR1, BDNF, and 
potassium channel tetramerization domain con-
taining 15 (KCTD15). Several of the likely 
causal obesity- predisposing genes are highly 
expressed or known to act in the central nervous 
system, emphasizing, as with Mendelian forms 
of obesity, a key role for central regulation of 
food intake in predisposition to obesity. 

 The most important associations have been 
described for MCR4 and specifi cally for FTO 
(Mathes et al.  2011 ; Yang et al.  2012 ). These authors 
have found that the difference in variance for BMI 
among individuals with opposite homozygous gen-
otypes (rs 7202116)  at the FTO locus is approxi-
mately 7 %, corresponding to a difference of 
∼0.5 kg in the standard deviation of weight. These 
results indicate that genetic variants can be discov-
ered that are associated with variability and that 
between-person variability in obesity can partly be 
explained by the genotype at the FTO locus.

Apart from these SNPs, several polymor-
phisms have been reported in immune related 
genes that are involved in interaction with vari-
ous microorganisms and associated with a num-
ber of metabolic disorders and gut associated 
cancers. A numbers of such SNP markers are 
listed in Table  26.5 .  

4.3.3      Obesity Candidate Gene 
Studies 

 In spite of the numerous genes assigned to be 
involved in obesity (Table  26.4 ), the most impor-
tant association variability gene with obesity has 
been with FTO and different SNPs. The function 
of FTO is mostly unknown. Mice with an FTO 
syntenic fused toes (Ft) mutation present devel-
opmental defects possibly owing to a pro-
grammed cell death anomaly. However, the Ft 
mutation involves several genes. In humans, 
individuals with a small chromosomal duplica-
tion on 16q12.2 including FTO present with 
mental retardation, dysmorphic faces, digital 
anomalies, and obesity. FTO is highly expressed 
in the human hypothalamus, pituitary, and adre-
nal glands, suggesting a potential role in the 
hypothalamic- pituitary-adrenal axis (HPA) 
implicated in body weight regulation. Moreover, 
the protein has no identifi ed structural domain 
and no informed network link to any other pro-
teins, although the SNP rs1421085 and 
rs1781744 were potentially functional (El-Sayed 
et al.  2012 ). 

 On the other hand, MCR4 has been also 
associated to obesity and BMI in different pop-
ulation studies. In a total of 19 studies 
(comprising 34,195 cases and 89,178 controls) 
of the rs17782313 polymorphism (or its proxy 
rs12970134) included in the meta-analysis 
demonstrated that association between this 
SNP remained signifi cant even after adjustment 
for body mass index (BMI) (Xie et al.  2012b ).    

5      Gut Microbiota Biomarkers 
and Obesity 

 As previously it has been described, obesity is 
one of the major public health problems because 
of its increasing prevalence and association with 
important chronic disorders such as type 2 diabe-
tes mellitus, atherosclerosis, nonalcoholic fatty 
liver disease, and cancer. Obesity is becoming a 
social problem with a large health expenditure 
associated; hence, the study of its causality is 
gaining more and more attention nowadays in 
order to offer a more effective therapy in con-
junction with exercise and a healthy diet. 
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 Obesity is the result of a long-term positive 
imbalance between energy intake and expenditure 
and is regulated by multiple pathways involving 
metabolites, hormones, and neuropeptides (Sanz 
et al.  2010 ). Both genetic and environmental 
factors, such as a sedentary lifestyle or poor diet, 
are involved in the development of obesity. 
However, these factors do not fully explain the 
excessive prevalence of obesity. That is why it has 

recently been proposed that gut  bacteria may play 
an important role in the pathophysiology of 
obesity as well as contribute to differences in 
body weight, insulin sensitivity, glucose metabo-
lism, and other cardiovascular risk factors among 
individuals (Diamant et al.  2011 ). 

 The human gastrointestinal tract contains 
approximately 1 × 10 14  microorganisms, with a large 
bacterial diversity and methanogenic archaea 

   Table 26.5    Variability of host molecular markers involved in the interaction with microorganisms and their impact in 
health/disease   

 Gene  SNP/CNV  Variants Localization  Phenotype/clinical impact  References 

 MUC2  rs10902073  Chr11: 1060934  Associated with gastric cancer  Marín et al. ( 2012 ) 
 rs10794281  Chr11:1063149 
 rs2071174  Chr11: 1073712 
 rs7944723  chr11:1093710 
 rs10794293  chr11: 1098939 
 rs3924453  chr11: 1105806 
 rs4077759  chr11:1105976 
 rs11825977  chr11:1075920  Associated with Crohn’s disease  Moehle et al. ( 2006 ) 
 rs2856111  chr11:1075747  Associated with gel forming 
  Minisatellites  
 MUC2-MS6  Associated with gastric cancer  Jeong et al. ( 2007 ) 

 TLR2  rs121917864  chr4:154626088  With probable pathogenic allele – 
germ line cell studies 

 rs137853177  chr4:154625965  Clinical source – germ line cell studies 
 rs137853176  chr4:154624324  Clinical source – germ line cell studies 
 rs7656411  chr4:154627655  Colon cancer and NSAID  Slattery et al. ( 2012 ) 
 rs5743704  chr4:154625951  Survival in colon and rectal cancer 
 rs5743708  chr4:154626317  Survival in colon and rectal cancer 

 TLR4  rs148638298  chr9:120475463  Clinical source – germ line cell studies 
 rs4986790  chr9:120475302  Clinical source – Associated with 

metabolic syndrome 
 Cuda et al. ( 2011 ) 
 Steinhardt et al. ( 2010 ) 

 Host-microbial interactions  Penders et al. ( 2010 ) 
 rs5030728  chr9:120474282  Associated with metabolic syndrome  Cuda et al. ( 2011 ) 
 rs4986791  chr9:120475602  Clinical source – germ line cell 

studies; 
 Penders et al. ( 2010 ) 

 Host-microbial interactions  Kolz et al. ( 2008 ) 
 Association with type 2 diabetes 

 rs7873784  chr9:120478936  Associated with colorectal cancer  Tsilidis et al. ( 2009 ) 
 rs11536891  chr9:120479337  Associated with colorectal cancer  Tsilidis et al. ( 2009 ) 

 TLR5  rs5744168  chr1:223285200  With probable pathogenic allele – 
germ line cell studies 

 Hawn et al. ( 2003 ) 

 rs2072493  chr1:223284599  With probable pathogenic allele – 
germ line cell studies 

 Michelsen and Arditi 
( 2007 ) 

 MYD88  rs137853065  chr3:38180469  Michelsen and Arditi 
( 2007 )  rs137853064  chr3: 38182001 

 rs74315309  chromosome 1 
 rs6853  chromosome 3  Association with vaccine 

immunogenetics 
 Dhiman et al. ( 2008 ) 
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included. In fact, thanks to methods recently 
developed in molecular biology, such as pyrose-
quencing and microarrays, it is estimated for the 
intestinal microbiota to be constituted by over 
5,000 different bacterial phylotypes (Diamant 
et al.  2011 ). Altogether, the genome of the gastro-
intestinal tract microbiota forms the commonly 
called  microbiome . We could therefore say that the 
human  metagenome  consists of a mixture of genes 
embedded in the human genome (Homo sapiens) 
and in the genomes of our microbial partners. The 
gut microbiota can be considered as a “microbial 
organ” in the gut, which will contribute in multi-
ple processes in the host, such as defense against 
pathogens at the gut level, immunity, the devel-
opment of the intestinal microvilli, and the syn-
thesis of several vitamins (Diamant et al.  2011 ). 

 Gut microbial composition in healthy humans 
is infl uenced by the host genotype, diet, age, and 
sex, as well as by drugs and organic diseases that 
can modulate its composition and metabolic 
activity (Diamant et al.  2011 ). Moreover, the 
composition of this microbiota is altered in obese 
individuals. In this sense, comparative studies of 
the gut microbiota of both genetically obese 
(leptin-defi cient) and their corresponding lean lit-
termates (Ley et al.  2005 ) and between obese and 
lean humans (Ley et al.  2006 ) have shown that 
obese individuals have a signifi cantly greater 
proportion of Firmicutes and a signifi cantly lower 
proportion of Bacteroidetes than the lean ones 
(Fig.  26.3 ). Furthermore, according to a study 
performed by Ley et al. ( 2006 ), obese humans 
consumption of an hypo-energy diet (low in 

  Fig. 26.3    Phylogenetic compositions of the clone libraries retrieved from “Obese” and “Lean” individuals. Labels are 
as follows:  A  Actinobacteria,  B  Bacteroidetes,  F  Firmicutes,  P  Proteobacteria (Ferrer et al.  2013 )       
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carbohydrates or fats) has shown a signifi cant 
increase in the fecal Bacteroidetes proportions 
that went together with weight loss, showing a 
direct relationship between the population of 
Bacteroidetes and the tendency of losing weight.

   Over the last 5 years, an increasing effort has 
been made to understand the role of intestinal 
microbiota in health and disease, resulting in 
regarding to it as a new organ actively involved in 
the control of host metabolism, both in humans 
and mice. Among hundreds (up to thousands) 
of germ species inhabiting the intestine, few of 
them are cultivable. Nevertheless, next-genera-
tion sequencing-based molecular technologies 
have been developed, allowing to overcome this 
problem and shed light on the way the gut micro-
biota undergoes dramatic changes during (patho)-
physiological modifi cations of the host. Hence, 
the study of the overall gut germ genome 
(metagenome) and transcriptome (microbiome) 
has been launched. Thus, genomics and tran-
scriptomics have begun to be increasingly used, 
opening the so-called omics era, including pro-
teomic and metabolomic techniques as well. 
Taken together, the “omics” allow the study of 
gut microbiota impact on whole host metabo-
lism, resulting in the defi nition of new metabolic 
profi les (i.e., the presence of metabolites within 
the blood defi nes a metabolomic profi le), other 
than those based on nucleic acid analyses only. 
Once demonstrated the involvement of the gut 
microbiota within metabolic diseases, “omics” 
analyses has allowed the identifi cation of the 
obesity-induced gut microbiota imbalance, char-
acterized by increased Firmicutes to Bacteroidetes 
ratio (metagenomics) and of the so-called core 
microbiome, focusing on the gut microbiota at a 
gene – rather than, solely, at a taxonomic level. In 
addition, metabolomic studies revealed, for 
instance, the implication of gut microbiota to 
nonalcoholic fatty liver disease in insulin- 
resistant mice. Additionally, the use of germ-free 
(axenic) mice has made possible the microfl ora 
transfer to investigate the mechanisms through 
which gut microbes modulate host metabolism, 
albeit the molecular actors of the host gut micro-
biota interplay remain to be fully determined. 
Here, we report the role of “omics” in the multi-

ple analyses of gut microbiota-driven metabolic 
modifi cations of the host, proposing also to focus 
on lipopolysaccharides (LPS), the Gram-negative 
proinfl ammatory molecules we already showed 
to be the initiators of metabolic diseases. 

 These changes in the microbiota are associated 
with alterations in the metagenome of the 
intestinal microbiota, particularly with an 
enrichment of those genes involved in energy har-
vest (Turnbaugh et al.  2006 ). Thus, gut microbiota 
is not only related to the lipid metabolism by vari-
ations of the gut microbial populations in terms 
of obesity or thinness of the individual but is 
also much more complex. In fact, comparisons 
between germ-free mice (GF) and mice colonized 
by the conventional distal gut microbiota showed 
that the microbiota, as a whole, increases the 
host’s ability to extract energy from the diet and 
store energy in the adipocytes, contributing to 
body-weight gain (Bäckhed et al.  2004 ). 

 The gut microbiota may infl uence the energy 
absorption in the gut, by indirect mechanisms 
(increased intestinal transit) or direct mecha-
nisms (Bäckhed and Crawford  2010 ), including:
    1.    Increased absorption of monosaccharides 

such as glucose: according to a study per-
formed by Bäckhed et al. ( 2004 ), the coloni-
zation of GF mice led to a two-fold increase in 
intestinal glucose absorption.   

   2.    Fermentation of short-chain fatty acids 
(SCFAs): the commensal microbiota is able to 
use dietary complex polysaccharides, otherwise 
not accessible to humans, producing SCFAs, 
mainly acetate, propionate, and butyrate. These 
SCFAs are employed as a substrate for lipogene-
sis in the liver (human), and the liver and adipose 
tissue (rodents), in case of acetate; as energy 
substrates and for the  synthesis of membrane 
lipids in the colonocytes, both propionate and 
butyrate; and as substrate for gluconeogenesis 
in the liver, the propionate (Bäckhed and 
Crawford  2010 ). Furthermore, according to a 
study carried out by Samuel et al. ( 2008 ), these 
SCFAs may act as ligands of G protein-coupled 
receptors (Gpr41) whose activation stimulates 
the expression of peptide hormones (e.g., leptin 
and peptide tyrosine-tyrosine) involved in 
appetite and energy metabolism.   
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   3.    Modulation of lipid absorption: the bile salts 
facilitate the emulsifi cation and absorption of 
dietary lipids; however, some bacterial 
enzymes may catalyze the deconjugation and 
dehydroxylation of these bile salts, which 
would affect its hydrophobicity and alter the 
solubility and absorption of lipids along the 
gut (Ridlon et al.  2006 ).    
  In addition to these effects on energy absorp-

tion, the gut microbiota may affect the lipid com-
position and metabolism in the serum, liver, and 
peripheral organs. According to a study per-
formed by Velagapudi et al. ( 2010 ) on mice 
metabolomics and lipidomics, the gut microbiota 
has an important effect on the different species of 
triglycerides in the serum, adipose tissue, and 
liver, as well as in the phosphatidylcholine spe-
cies analyzed, so it would be interesting to study 
not only the behavior of different type of lipids 
but also its particular species in detail. 

 Some of the effects of the gut microbiota on 
the lipid composition and metabolism in the 
serum, liver, and peripheral organs are detailed 
below:
•     Serum : the gut microbiota decreases the expres-

sion of an inhibitor (angiopoietin-like protein 
4) of lipoprotein lipase (LPL), increasing its 
activity. This affects both the lipid storage and 
the serum triglycerides (TGs) levels by increas-
ing the clearance of the last ones (Bäckhed and 
Crawford  2010 ). Hence, TGs are removed in 
higher quantities from the serum, increasing 
therefore their storage in the adipose tissue and 
liver (Velagapudi et al.  2010 ).  

•    Liver : increased intestinal glucose absorption 
in colonized mice can stimulate lipogenesis 
either directly or through an increase in the 
insulin levels. The increase in de novo synthesis 
is refl ected by increased levels of the liver TGs 
in colonized mice (Bäckhed et al.  2004 ).  

•    Adipose tissue : obesity and the increased adi-
pocytes size are associated with macrophage 
infi ltration and elevated levels of infl amma-
tory markers, i.e., a low-grade infl ammation 
related with changes in the gut microbiota 
composition and increased plasma lipopoly-
saccharide (LPS) levels. According to a study 
performed by Cani et al. ( 2007 ) LPS, which is 
derived from the outer membrane of a Gram- 

negative bacteria, may contribute to increase 
adipose mass and elevate expression of 
pro- infl ammatory markers in the adipose 
tissue, thus suggesting a connection between 
gut microbiota, lipid accumulation, and 
infl ammation. This infl ammation is also asso-
ciated with other diseases such as atheroscle-
rosis (Caesar et al.  2010 ).    
 Obesity is characterized by altered gut micro-

biota, low-grade infl ammation, and increased 
endocannabinoid (eCB) system tone; however, a 
clear connection between gut microbiota and 
eCB signaling has yet to be confi rmed. We have 
reported that the gut microbiota modulates the 
intestinal eCB system tone, which in turn regulates 
gut permeability and plasma lipopolysaccharide 
(LPS) levels. The impact of the increased plasma 
LPS levels and eCB system tone found in obesity 
on adipose tissue metabolism (e.g., differentiation 
and lipogenesis) remains unknown. By interfering 
with the eCB system using a CB1 agonist and 
antagonist in lean and obese mouse models, we 
found that the eCB system controls gut permeabil-
ity and adipogenesis. We also show both in vivo 
and ex vivo that LPS and eCB system control 
adipose tissue metabolism. In conclusion, our data 
indicate that the gut microbiota could determine 
adipose tissue physiology through LPS-eCB 
system regulatory loops and may play critical 
roles in adipose tissue plasticity during obesity. 

 An important concern in drug metabolism is 
also that the ADME process may be affected by 
many of these microbial-mediated pathways, no 
studies have evaluated how the ADME of 
 obesogenic chemicals are affected by variations 
in the human microbiome (Snedeker and Hay 
 2012 ). The extent of biotransformation variation 
by the gut microbes, the so-called  presystemic 
metabolism,  of different individuals is also not 
known. Despite phylogenetic diversity, the 
implied functional metabolic redundancy 
observed in the gut metagenomes of individual 
twins (Turnbaugh et al.  2010 ) raises the question 
as to whether or not important differences exist 
between the enzymatic capacities of individuals. 
This has been indirectly established in the area of 
colon cancer where variation in fecal enzyme 
activities has been found to correlate with cancer 
risk (Rowland  2009 ). 
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 The pharmacology literature provides valuable 
evidence demonstrating how chemical fate can be 
affected by variability in the host microbiome 
(Wallace et al.  2011 ). For example, a review iden-
tifi ed 30 drugs (including chloramphenicol) that 
can be metabolized by the gut microbiota whose 
metabolism shows considerable interindividual 
variability depending on the presence or absence 
of specifi c bacteria genera (Sousa et al.  2008 ).  

6      Obesity Test Providers 
and Cost/Effectiveness 

 Nutrigenetic/nutrigenomic tests are available in 
different forms depending on the country; how-
ever, the customer should be very well advised 
about the cost-effective test and the value of the 
data (see list below). 

 How does nutrigenomics work? First DNA is 
collected, usually by swabbing the inside of the 
mouth, and the sample is sent off to the test kit’s 
laboratory. After a week or more, a report is com-
pleted which outlines the individual’s genetic 
risk for certain diseases based upon measuring 
SNPs (single nucleotide polymorphisms). SNPs 
are slight variations in an individual’s genetic 
makeup which infl uence an individual’s suscepti-
bility to certain factors that can increase their risk 
for disease. The DNA assessment kit usually 
costs between $100 and 500+ depending on the 
type and number of tests. 

 There are specifi c pharmacogenetic global 
tests that analyze more than 90 SNP belonging 
to phase I and II drug metabolic enzymes, 
transporters, receptors, and specifi c drug targets 
(Pharmachip ® , DruginCode). 

 However, the cost of these tests constitutes one 
of the bottleneck to translate the validated and in 
progress pharmacogenetic biomarkers to the health 
system and the clinical applications, because of 
its current dubitably cost- effectiveness, economic 
incentives and reimbursement issues, and the diffi -
culty of real clinical evaluations. Nowadays, there 
are few studies evaluating the economical aspect 
on pharmacogenetics, and because of that, it 
remains mainly as an abstract concept, which delay 
the demonstration of effectiveness to the health and 
governmental organisms in order to overcome the 

fi rst step of implementation of pharmacogenetics 
as a useful tool that is able to earn in a global hos-
pital context, more in costly therapies that are based 
on error-assay determination. 

 Concretely, around the world, for countries 
where the cost of obesity has been estimated, 
the burden ranges from 2 to 10 % of total health-
care costs and is on the rise. Using a prevalence 
and population attributable risk-based approach 
to estimate the cost of obesity in the United 
States, estimated its direct and indirect costs at 
100 billion dollars per year. Using the same 
approach but with the new World Health 
Organization (WHO) criteria for obesity (Body 
Mass Index or BMI 30 kgr/m2), the same 
authors have subsequently estimated the direct 
cost of obesity at 70 billion dollars in 1995 or 
7% of total health care cost. In addition, another 
50 billion dollars must be added for the indirect 
costs associated to a loss of productivity of 
persons disabled by obesity. Clearly, preventing 
and treating obesity would have a signifi cant 
effect on the cost of health care in the United 
States and in other countries. 

 Clearly, the estimates of the costs of obesity in 
developed countries around the world are strongly 
determined by the prevalence of the disease in 
these countries. 

 In view of the magnitude of the problem, there 
is, however, an urgent need for more funding for 
major research effort into the etiology of the 
 disease including genetic factors, as well as on 
new strategies to treat, or better still, to prevent it. 
The prevention of obesity should be among the 
top priorities of the public health agenda in indus-
trialized countries and help should be provided to 
developing countries.  

7      Conclusions/Future 
Directions 

 –     The investigation in obesity and its pharmaco-
logical treatment is currently in develop-
ment; the use of new technologies and omics 
 applications constitutes a huge area of 
 comprehension for clinicians and researchers 
due to its increasing impact on health and con-
sequently economic areas.  
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 –   There are large amount of polymorphism 
studies regarding obesity; however, only spe-
cifi c SNPs that belonging to FTO and MCR4 
genes have been signifi cantly associated with 
obesity in genome-wide association and repli-
cated in gene candidates studies.  

 –   There exist few drugs for treatment of obesity; 
thus, the design of new drugs and clinical tri-
als in obese individuals that include pharma-
cogenomic assays will contribute to improve 
the therapeutic arsenal.  

 –   The role of gut microbiota is being considered 
a determinant on modifi cations of energy 
intake and lipid metabolism. Researchers 
include the possibility to modify microbiota in 
order to exert a systemic effect on obese 
individuals.    
 The future directions on obesity pharmaco-

logic treatments will be oriented and leaded by 
new discovery regarding human genome and its 
variability, even plasticity. Personalized treat-
ments will be pursued during the next years tak-
ing into account the idiosyncrasy of individuals, 
since the chemical design is until the phase IV of 
clinical trials.  

8      Web Resources 

      www.decodeme.com/obesity      
    www.athenadiagnostics.com/…/early-onset-

obseit      
    http://www.athenadiagnostics.com/content/

diagnostic- ed/endocrinology/early-onset-obseity      
    http://www.decodeme.com/obesity      
    http://www.cdc.gov/genomics/hugenet/CaseStudy

/obesity/obesity.html      
    https://www.23andme.com/health/Obesity/     (FDA)  
    http://www.ibbiotech.com/en/3-5/servicios- 

medicos/genetica/obesidad/      
    http://www.ibdna.com/regions/UK/EN/?page=

genetic-predisposition-obesity      
    http://www.ehow.com/about_6082694_genetic-

testing- obesity.html      
    http://www.health24.com/dietnfood/DietDocs_

articles/15-1871,57658.asp      
    http://www.easy-dna.com/health-dna-testing/

obesity.html            
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 Abstract 

   Humans have been plagued by the scourge of invasion by pathogens 
 leading to infectious diseases from the time in memoriam and are still the 
cause of morbidity and mortality among millions of individuals. Trying to 
understand the disease mechanisms and fi nding the remedial measures 
have been the quest of humankind. The susceptibility to disease of an indi-
vidual in a given population is determined by ones genetic buildup. 
Response to treatment and the disease prognosis also depends upon 
 individual’s genetic predisposition. The environmental stress induces 
mutations and is leading to the emergence of ever-increasing more dreaded 
infectious pathogens, and now we are in the era of increasing antibiotic 
resistance that has thrown up a challenge to fi nd new treatment regimes. 
Discoveries in the science of high-throughput sequencing and array tech-
nologies have shown new hope and are bringing a revolution in human 
health. The information gained from sequencing of both human and patho-
gen genomes is a way forward in deciphering host-pathogen interactions. 
Deciphering the pathogen virulence factors, host susceptibility genes, and 
the molecular programs involved in the pathogenesis of disease has paved 
the way for discovery of new molecular targets for drugs, diagnostic mark-
ers, and vaccines. The genomic diversity in the human population leads to 
differences in host responses to drugs and vaccines and is the cause of 
poor response to treatment as well as adverse reactions. The study of phar-
macogenomics of infectious diseases is still at an early stage of develop-
ment, and many intricacies of the host-pathogen interaction are yet to be 
understood in full measure. However, progress has been made over the 
decades of research in some of the important infectious diseases revealing 
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1                   Introduction 

 Over the millennia with the progression of human 
civilization, the condition of human health has 
changed considerably. The lifespan of the human 
has increased considerably with the advent of 
vaccines against several diseases which has erad-
icated small pox, and now we are embarking on 
the global campaign to eradicate poliomyelitis 
and have controlled the disease in most parts of 
the world. The treatment of infectious diseases 
got a boost with the discovery of penicillin by 
Alexander Fleming in the earlier part of the twen-
tieth century. As a range of antibiotics were later 
discovered, infectious diseases such as meningi-
tis, bacterial pneumonia, sepsis, and other life- 
threatening bacterial infection were treatable. 
Also the survivability of patients undergoing 
operative procedures and aggressive chemother-
apy was feasible and their recovery high. The last 
50 years of the twentieth century have been 
eventful with the discovery of antimicrobials that 
had given us the hope that we shall eradicate all 
infectious diseases. Despite all the efforts and 
progress we have made in medical science, infec-
tious disease remained a major health problem. 

 But the golden era of the antibiotics will not 
be long if we go on unregulated administering 
and promoting rampant use of antibiotics, as is 
evident from the rise of antibiotic resistance 
(Caramia and Ruffi ni  2012 ), and the new 
 emerging diseases have posed major challenge 
(Table  27.1 ). In the last few decades with the 
advent of fi eld of genomics, there is a new hope in 
prevention, diagnostics, and treatment of infec-
tious diseases. We will explore in this chapter 

   Table 27.1    Timeline of pathogen discovery   

 Year  Microbe 

 1973  Rotavirus 

 1975  Parvovirus B-19 

 1976   Cryptosporidium parvum  

 1977  Ebola virus 

 1977   Legionella pneumophila  

 1977  Hantaan virus 

 1977   Campylobacter jejuni  

 1980  Human T-lymphotropic virus I (HTLV-I) 

 1981  Toxin producing strains of  Staphylococcus aureus  

 1982   Escherichia coli  O157:H7 

 1982  HTLV-II 

 1982   Borrelia burgdorferi  

 1983  Human immunodefi ciency virus 

 1983   Helicobacter pylori  

 1985   Enterocytozoon bieneusi  

 1986   Cyclospora cayetanensis  

 1988  Hepatitis E virus 

 1989   Ehrlichia chaffeensis  

 1989  Hepatitis C 

 1991  Guanarito virus 

 1991   Encephalitozoon hellem  

 1991  New species of  Babesia  

 1992   Vibrio cholerae  O139 

 1992   Bartonella henselae  

 1993  Sin nombre virus 

 1993  Encephalitozoon cuniculi 

 1994  Sabia virus 

 1995  HHV-8 

 1999  Nipah virus 

 2002  SARS virus 

  The table highlights the organisms that are of public 
health importance and their year of discovery 
  Source : World Health Organization: Newly discovered 
organisms of public health importance: Page 6. From 
WHO Regional Offi ce East-Asia: Combating Emerging 
Infectious Diseases in South East Asia Region (2005)  

how the host genetic polymorphisms of drug-metabolizing enzymes and 
transporters affect the bioavailability of the drugs which further determine 
the effi cacy and toxicology of the drugs used for treatment. Further, the 
fi eld of structural biology and chemistry has intertwined to give rise to 
medical structural genomics leading the way to the discovery of new drug 
targets against infectious diseases. This chapter explores how the advent of 
“omics” technologies is making a beginning in bringing about a change in 
the prevention, diagnosis, and treatments of the infectious diseases and 
hence paving way for personalized medicine. 
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how the advent of new technologies is bringing 
about a change in medical treatment of the 
 infectious diseases. For the use of “omics” tech-
nology to be successful requires considerable 
information of pathogen genome as well as 
genome information of the host. The pathogen 
genomic and proteomic information helps to 
identify antigens that can give us information 
necessary for making a diagnostic tool and vac-
cine design. The pathogen genome on one hand 
gives us the information about the important 
genes conferring disease pathogenesis as well as 
drug resistance, while the genome of the host on 
the other hand will reveal the susceptibility genes, 
and the further knowledge of polymorphisms in 
genes of the host metabolic and immune system 
will lead to the new vaccine strategies, drugs tar-
gets, and also their treatment outcomes.

   Rapid advances of biotechnological and infor-
matics tools in the past few decades mainly in fi elds 
of genetics, genomics, and proteomics are leading 
the way in identifying treating and thus improving 
the health of human beings. The effective treatment 
in a patient can only be achieved by fi rst rapid diag-
nosis of the disease and also identifying its caus-
ative agent that is particularly important in the 
cases of infectious diseases. New insights gained 
by the analysis of genome and structural feature of 
pathogen macromolecules have brought about new 
hope in the treatment of the dreaded diseases. The 
knowledge of system biology in respect to the 
microbial infections is still in development, and 
data available is mostly for few human infections. 
The rapid development of new generation sequenc-
ing technologies have led to generation of new 
knowledge base and with more advancement of 
such technologies in the coming years has brought 
in a hope that all diseases will conquered. In the 
near future, we will have complete sequences of 
the total  transcriptomes, like genome sequences a 
decade earlier, and proteomic technologies will 
attain the throughput and sensitivity of microarrays. 
Other technologies like metabolomics, glycomics, 
lipidomics, and phosphoproteomics when referred 
to in the context of infectious diseases are still in 
various stages of development, but we are taking 
the right steps in the direction of development of 
such technologies (Antony et al.  2012 ).  

2      Host-Pathogen Interactions: 
Technologies Enhancing 
Our Understanding 

 The technologies of transcriptomics and func-
tional genomics are transforming our understand-
ing of microbial infections and helping us 
decipher the reason of infections susceptibility in 
the humans. 

2.1      Transcriptomics in Infectious 
Disease 

 Transcriptomics have been developed and used 
by scientists to broaden our understanding of 
infectious diseases. To elucidate the host- 
pathogen interaction, cDNA microarrays have 
been widely used. The studies have focused on 
how the pathogens effect the host cell gene 
expression. The wild-type virulent strains and 
isogenic mutants have been used to gauge the 
responses of the host cell. The major fi ndings of 
these studies have shown how the pathogen viru-
lence factors modify host cell factor expression 
(Roy and Mocarski  2007 ). The role of pathogen 
recognition receptors (PRR) affecting host- 
pathogen interaction has been studied. These 
studies have shown that the host cell responses 
have an alarm signal (Jenner and Young  2005 ). 
Studies have also shown that gene cluster signals 
are responsible for generating the alarm signals 
that are the target of attack by the invading patho-
gens (Hamon and Cossart  2008 ). Array technolo-
gies are being used with molecular probes of host 
human (also animals/plants) and microbial genes 
to monitor and at the same time point the expres-
sion of genes from host cells and those of the 
pathogens to better understand the full complex-
ity of host-pathogen interaction.  

2.2      Functional Genomics 
in Infectious Diseases 

 Functional genomics have also led to the devel-
opment of tools to decipher infectious diseases 
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by manipulating the cellular mechanisms. The 
technology of the RNA interference (RNAi) has 
undergone tremendous development in the last 
decade which has led to the large-scale reverse 
genetic screens in human cells and model organ-
isms (Boutros and Ahringer  2008 ). RNAi tech-
nology uses double-stranded ribonucleic acid 
(dsRNA) with having complementary sequence 
to the target mRNA sequence and is used to 
silence or downregulate the gene expression of 
its target. Long dsRNA induces interferons or 
other unspecifi c responses in mammalian cells 
which is avoided by the use of small interfering 
dsRNA (siRNA) directly or small hairpin RNA 
(shRNA). RNAi screening using RNA probes, 
which induces loss of function of host genes, 
leads to discovery of host resistance factors 
(HRF). It is made possible when silencing this 
restrictive factors leads to invading pathogen 
replication enhancement and may also identify 
host susceptibility factors (HSF) and also iden-
tify permissive factors, that when silenced will 
decrease the pathogen replication. The RNAi 
screens still have some limitations due to off-
target siRNA effect (Echeverri et al.  2006 ). 
Thus, the primary screening validation is made 
by using additional siRNA screens. From the 
several RNAi screenings in human and in fruit 
fl y cells, only 300 host factors were validated 
from about 10,000 and 20,000 targets identifi ed 
in the initial screen (Agaisse et al.  2005 ; Brass 
et al.  2008 ; Konig et al.  2008 ; Krishnan et al. 
 2008 ; Zhou et al.  2008 ). 

 To make the system biological tools like 
RNAi more effective in fi nding mechanisms in 
host- pathogen interaction and thus fi nding cure 
for the microbial infections, there is a need for 
integrations of all data obtained from the omics 
technologies. In addition several rounds of bio-
logical experimentations are required by using 
mutant pathogens, cellular RNAi knockdowns, 
or humanized animal models using mice or pri-
mate infection model. The resulting inferences 
from the validated data would help us build 
predictive models which could lead us to the 
better understanding of pathogen interactions 
with the host.  

2.3      Susceptibility to Infection Is 
Determined by Host Genes 

 It is evident from human history of infectious 
 diseases that not everybody in a given population 
is affected by an infective disease. For an infec-
tive organism to cause an infection, both the 
virulence of the pathogen and the host suscepti-
bility are important. The identifi cation of genetic 
factors of host innate and adaptive immunity that 
determine the protection from pathogen is an 
important endeavor of scientists. Animal models 
of infectious diseases especially mouse models 
have been used to fi nd the genetic factors and 
biochemical mechanism of disease susceptibility 
(Marquet and Schurr  2001 ). The identifi cation of 
candidate genes responsible for disease suscepti-
bility or resistance and the occurrence of genetic 
polymorphism in them give us the best possible 
biological scenario of the disease. Researchers 
have found that in bacterial diseases, tuberculo-
sis and leprosy seem to have similar genetic sus-
ceptibility determinants in the host as exemplifi ed 
from the fi nding that higher incidence of these 
diseases was found in the monozygotic twins 
than in dizygotic twins and siblings (Abel et al. 
 1995 ; Vidal et al.  1995 ). Mouse model of infec-
tions has revealed that gene encoding the natural 
resistance-associated macrophage protein 1 
( Nramp1 ) confers natural resistance to infections 
caused by  Mycobacterium ,  Salmonella , and 
 Leishmania .  Nramp1  is found in the membrane 
of the phagosome of the macrophages where it 
seems to be probably affecting the replication of 
the infecting intracellular bacterium (Gruenheid 
et al.  1997 ). The genomic analysis in humans has 
found a similar gene to that of mice which is also 
having similar pattern of expression. Hence, it 
has been inferred that humans too carry similar 
susceptibility gene. There have been further 
studies which have shown that polymorphisms 
found in the  Nramp1  gene are related to the 
infectivity of leprosy and tuberculosis (Abel 
et al.  1998 ). In one of the studies, it was found 
that persons who carry an  Nramp1  heterozygous 
variant will be four times more likely to be 
infected by tuberculosis than persons who are 
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carrying more common variants of the  Nramp1  
(Bellamy et al.  1998 ). 

 Cell-mediated immunity plays an important 
role in the context of tuberculosis and is well 
studied. Research has further gone ahead to fi nd 
links between tuberculosis susceptibility and 
polymorphism in the gene coding for receptors of 
interferon-γ and interleukin-12, which are cyto-
kines belonging to T-helper cell type 1 (Th 1). 
The absence of functional copies of either of 
these genes in families and of isolated patients 
leads to high susceptibility to  M. tuberculosis  
infection (Jouanguy et al.  1996 ,  1997 ; Newport 
et al.  1996 ; Altare et al.  1998 ). 

 The highly polymorphic human leukocyte 
antigen (HLA) system is the name of the major 
histocompatibility complex (MHC) in humans. 
The HLA class I glycoproteins are highly 
expressed on the surface of every nucleated 
human cell, and they present endogenous  peptides 
derived from the cell to the cytotoxic T cells. 
HLA class I glycoprotein plays a major role dur-
ing the viral infection as it presents intracellular 
viral peptides on the surface which leads to cell-
mediated immune response, which further leads 
to the destruction of virus-infected cells. HLA 
class II glycoproteins which are present on the 
surface of antigen-presenting cells (APCs) on the 
other hand present 9–14 amino acids long pep-
tides that are derived from the engulfed pathogen 
and displayed on the surface which then are rec-
ognized by T cell as foreign antigens, and it will 
elicit an immune response to the antigen. The 
length of antigen as well as composition are 
important in deciding if the antigenic peptide 
will bind to the antigenic peptide-binding cleft. 
Polymorphisms occur almost solely in the 
peptide- binding cleft of HLA class I and II in the 
glycoproteins. The diversity of HLA-binding 
region ensures that some pathogenic peptides 
will be preferentially presented compared to the 
others. Thus, in a given population, the HLA 
diversity ensures the advantage that some of the 
HLA glycoprotein peptide-binding clefts will be 
able to bind and present the pathogenic antigen 
peptide which will lead to an immune response to 
any invading pathogen. This ensures the surviv-
ability of the species against an infection. 

 Thus, genomic studies have focused on the 
identifi cation of susceptibility genes which 
would lead to the better management of infec-
tious diseases in the population. The tuberculosis 
susceptibility has been associated with HLA 
class II genetics. The association is evident from 
the studies that have been found between pulmo-
nary tuberculosis and class II HLA antigens in 
several populations (Marquet and Schurr  2001 ). 

 As is now clear, the knowledge of the mecha-
nism of action of the pathogen and the identifi ca-
tion of the susceptibility genes goes a long way in 
the management of the disease in context of a 
public health perspective to prevent, diagnose, 
identify, and target the vulnerable populations 
against a given infectious disease.   

3      Pharmacogenomics in 
Infectious Disease Management 

 The requirement of the genomic information of 
both the host and pathogen is important to fully 
carry out infectious disease management. The 
fi rst sequence map of human genome being 
completed in June 2000 (Lander et al.   2001 ; 
Venter et al.  2001 ), followed by discovery of 
genome-wide single-nucleotide polymorphisms 
(Sachidanandam et al.  2001 ) and further genomic 
sequencing of several pathogens by institutes 
like the J. Craig Venter Institute (  www.jcvi.org    ) 
gradually opened the pathway to create new 
treatment and disease management methods. The 
ultimate aim of genomic technologies to bring 
personalized medicine for every infectious dis-
ease scenario is still decades away, but here we 
will focus only on important breakthrough which 
has shown us the way forward in respect to infec-
tious disease identifi cation and treatment. 

3.1      The Use of Pathogen Genome 
for Antigen Identifi cation 

  Neisseria meningitidis  is a bacterium that can 
cause meningitis and other forms of meningococ-
cal disease such as meningococcemia, a life- 
threaten-ing sepsis (  www.cdc.gov/meningococcal/    ). 
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 N. meningitidis  is a major cause of morbidity and 
mortality during childhood in industrialized 
countries and has been responsible for epidemics 
in Africa and in Asia . Neisseria meningitidis  sero-
group B is responsible for causing about one third 
of infection. The genome sequence of  N. meningiti-
dis  has opened a new way for disease management 
(Pizza et al.  2000 ; Tettelin et al.  2000 ). The vaccine 
that was used only contained capsular polysaccha-
rides from the serogroups A, C, Y, and W135 only. 
Serogroup B polysaccharide contained elements 
that resemble human polysialic acid and hence is 
poorly  immunogenic and might generate autoanti-
bodies (Hayrinen et al.  1995 ). In this scenario the 
 N. meningitidis  serogroup B was sequenced, and 
350 potential antigens from the serogroup B were 
expressed in  Escherichia coli  to fi nd the potential 
vaccine candidate. The expressed proteins are 
injected into mice to fi nd immunogenic antigens 
that can developed into a vaccine. Similar strate-
gies are being used to fi nd vaccine candidates for 
other serotypes of Neisseria species and for other 
pathogenic organisms. 

 Pathogen genomic information is also being 
used to fi nd the immunologically important pep-
tides for cytotoxic T lymphocytes (CTLs) epitopes. 
The response of CTLs is to seek out virally infected 
cells by recognizing the peptides presented by 
human leukocyte antigen (HLA) glycoproteins on 
the cell surface and killing the infected cells. CTL 
epitopes are the viral peptide that is presented by 
the HLA and recognized by CTLs. The peptides 
are of the length of 10 amino acids, and genome 
sequence is used to fi nd out and synthesize these 
peptides for immunogenic evaluation. Amino acids 
are divided into segments of peptide, measuring 10 
amino acids in length and overlapping the previous 
peptides 9 amino acids, for example, West Nile 
virus genome translates into 3,433 amino acids 
which can be segmented into 3,424 peptides that 
are 10 amino acids in length. 

 Immunoinformatics, a fi eld of bioinformatics, 
is speeding up the fi nding of CTL epitopes for the 
scientist working in the fi eld. Algorithms on 
computer softwares are being used to match the 
viral peptides with the HLA glycoproteins in 
silico for binding based on previously known 
results and are being tested (De Groot et al.  2001 ). 
Informatics based algorithms help eliminate 

99 % of the peptides that would not be used in the 
experimental screens. Thus, the time and effort to 
screen for the CTL epitopes have been reduced 
drastically. CTL epitopes may be used for making 
subunit-based vaccines and diagnostic tests. Virus-
specifi c antibody found using CTL epitopes can 
be used in enzyme- linked immunosorbent assay. 
It may be even possible to use CTL epitopes to 
test for the antigen itself.  

3.2      Genomic Information 
for Identifying Infectious 
Pathogens 

 Basically as of now only four types of molecular 
diagnostic tests are carried out to detect infection 
in laboratory setup. First is by direct detection 
where the pathogens can be detected directly by 
imaging technologies of microscopy and cell cul-
ture. Second method of diagnosis is by the detec-
tion of proteins produced by pathogens by the use 
of specifi c antibodies, like that used in enzyme- 
linked immunosorbent assay (ELISA). Third 
method is by detection of the specifi c antibodies 
IgA, IgM, and IgG against the pathogens and the 
changes in their titers using antibody capture 
assay. Fourth method uses detection of nucleic 
acid of the pathogens and amplifying their signal 
using techniques like polymerase chain reaction. 
Latest diagnostic technologies have been devel-
oped on these basic four biotechnological tech-
nologies (Speers  2006 ). 

 Pathogen genome can also be used to identify 
the infecting organism itself. Microbial DNA in 
the clinical specimen can be used to identify the 
disease-causing pathogens. Human immunodefi -
ciency virus (HIV), hepatitis virus,  Borrelia 
burgdorferi  (causative agent of Lyme disease), 
and mycobacteria are few examples of patho-
gens that can be identifi ed by their genomic 
sequences.  Mycobacterium tuberculosis  antimi-
crobial resistance strain-caused infections are 
becoming quite common, and genomic informa-
tion has deciphered few potential candidates like 
 katG  gene mutations in resistant strains (Siqueira 
et al.  2009a ,  b ; Marahatta et al.  2011 ). The tradi-
tional culture test for mycobacterium which is 
time- consuming and less sensitive is giving way 
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to restriction fragment length polymorphism 
(RFLP), a specifi c technique used in DNA fi nger-
printing (Van Soolingen  2001 ). The technology 
uses restriction enzymes that cut DNA at the 
places having certain particular nucleotide 
sequences. The nucleotide pattern that is 
obtained is then compared to the previously 
identifi ed specifi c nucleotide pattern of the 
genome of the pathogen DNA. DNA patterns 
can be separated on the basis of length, and the 
pattern of DNA fragments in the DNA fi nger-
print is characteristic of particular isolate, and 
each particular pathogen has a unique pattern. 
DNA fi ngerprint technology is faster and reliable 
than culturing of the mycobacteria, ideal for 
discovering new drug- resistant strains from 
unique genomic sequences of each mycobacte-
rium. The technology is very useful for identifi -
cation of strains during the time of outbreaks 
and further epidemiological studies. 

 The knowledge of viral load in patients is 
also important for dosage determination in 
drug therapy; hence, detection of the viral 
pathogenic DNA and RNA in clinical speci-
mens is of paramount importance. Treatment 
of viral diseases like HIV, chronic hepatitis B, 
and hepatitis C often depends on the knowl-
edge of viral load (Revets et al.  1996 ). For 
example, HIV viral loads are detected by enzy-
matic amplifi cation of the viral nucleic acid 
and detection of the signal from the labeled 
probes that hybridizes with them. The signal 
usually is either a color signal conjugated to 
the probe or a chemiluminescent probe, and the 
intensity of the signal corresponds to the num-
ber of copies of the nucleic acid RNA. Capillary 
electrophoresis detects hybridized probes at a 
very high sensitivity with detecting as low as 
2,000 copies of HIV RNA in milliliters of 
plasma (Kolesar et al.  1997 ).  

3.3      Pathogen Genomic 
Information Determines 
Antimicrobial Resistance 

 The rampant uncontrolled use of antimicrobi-
als has led to increased number of antibiotic 
 bacterial strains. Genomic mutations allow the 

certain  bacterial strains to overcome the 
effects of antimicrobials and are able to propa-
gate in spite of the presence of antibiotics. The 
pathogenic bacteria have started showing 
resistance and have become a major problem 
for human health.  Staphylococcus aureus , 
 Streptococcus pneumoniae ,  Pseudomonas 
aeruginosa,  and  E .  coli  are a few examples of 
such bacteria. 

 Mechanisms of gaining resistance have been 
elucidated by means of omics technologies. Here 
are few examples. Fluoroquinolones are drugs 
that act on the bacterial DNA replication by bind-
ing to bacterial enzymes involved in bacterial 
DNA replication, that is, DNA gyrase and topoi-
somerase. The bacterial resistance to quinolone 
occurs due to mutation in the quinolone-binding 
site in the enzymes mentioned above. The muta-
tion leads to change in the amino acid at the site 
of binding of fl uoroquinolones to the enzymes. 
If both the bacterial enzymes are mutated, then 
high-level resistance occurs to the quinolone 
drug affecting the treatment of infection as com-
pared to when either of the enzymes is mutated 
(Hooper  2001 ). 

 Now genetic test is available to detect anti-
microbial resistance in the infecting patho-
gens. The information is important because it 
would lead to a better treatment management 
of the infection. The methicillin-resistant 
 Staphylococcus aureus  phenotype is detected 
when cultured in the presence of oxacillin 
after a period of 24 h. Before the era of omics 
technology, the only means of resistance 
detection was by culture test which is a very 
time-consuming test. Methicillin resistance in 
 S .  aureus  is controlled by alternations of 
penicillin- binding protein PBP2a. Gene  mecA  
controls the production of PBP2a. Polymerase 
chain reaction test is used to detect the presence 
of  mecA  in reference laboratories, while commer-
cially developed kit can detect the same using a 
fl uorescein-labeled  mecA  probe. Both DNA 
probe and PCR technology when used for analy-
sis can detect  mecA -resistant gene in a given 
sample in less than 3 h. The rapid detection of 
antimicrobial resistance in pathogens helps 
patients in providing adequate treatment opportu-
nities (Louie et al.  2000 ).  
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3.4      Genomic Factors Determine 
Response to Therapy in 
Infectious Diseases 

 The study of the host genome becomes important 
to fully understand the drug effects and as such 
design more effective methods of treatments. 
Although the ultimate goal is to decipher the 
system biological effect, the trend of single gene 
effects is also very important. 

 Cytokines play a very important role in human 
immunity (Paul and Seder  1994 ). In hepatitis C 
infection, interferon alpha is used to stimulate 
cell-mediated immunity against the viral infec-
tion and is the primary treatment. However, stud-
ies have shown that response to interferon-alpha 
treatment is only 50 % in some cases even when 
combined with other antiviral treatment (Manns 
et al.  2001 ). Further studies have shown that if 
chronic hepatitis C patients have IL-10 polymor-
phism variant, it leads to the reduction in expres-
sion of IL-10 itself, and they will have fi ve times 
more chance of effective treatment with inter-
feron alpha than those who do not carry the poly-
morphism (Edwards-Smith et al.  1999 ). 

 Interleukin-10 (IL-10) is a polymorphic cyto-
kine and is a T-helper cell type II (Th2) cytokine 
that is associated with the induction of the pro-
duction of large amount of antibodies in body’s 
immune response. Th1 cytokines which promote 
cell-mediated immunity inhibit Th2 response and 
vice versa. Thus, people with high-expressing 
IL-10 genotype if infected and suffering with 
chronic hepatitis C infection are less likely to 
respond to interferon-alpha treatment. New treat-
ment regimes have to be developed for patients 
suffering from chronic hepatitis C infection and 
carrying IL-10 polymorphism associated with 
high cytokine expression. 

 Vaccine responses can be used as a system of 
gauging the state of immune system (   Poland 
 1999a ,  b ). Vaccines are administered to large 
number of population as an integral part of public 
health system. Vaccines are used to mimic the 
infective disease conditions that induce immuno-
logical memory to protect the individual against 
subsequent exposure to the pathogen and lead to 
prevention of disease. The phenomenon to gain 

protective immunity against a pathogen upon 
being vaccinated for the particular pathogen 
depends on individual genetic build. As studies 
have shown, not all healthy individuals are able 
to generate a protective immune response upon 
vaccination. It has been observed in the case of 
measles vaccination that only 10 % of the popu-
lation was seronegative and clustered in family 
(Poland  1999a ,  b ; Poland et al.  1999c ). Both HLA 
I and HLA II class alleles have been responsible 
for the measles vaccine response, while HLA-B7, 
HLA-B51, HLA-DRB1*13, and HLA-DQA1*01 
are associated with positive measles vaccine 
response, and HLA-B, HLA-DR, and HLA- 
DQA1 have been responsible for the vaccine 
being noneffective (Hayney et al.  1996 ,  1998 ; 
Poland et al.  1998 ).   

4      Infection Treatment: Response 
to Drug Treatment Determined 
by Host Genomics 

 Drugs used for targeting any pathogenic infection 
can only be successful if we are aware how it is 
affecting the host and pathogen at genomic level 
and hence are able to explain the host effi cacy 
and toxicity. We look at few important infectious 
diseases where pharmacogenomic research has 
been bringing a landscape change in the disease 
treatment. 

4.1      Leishmania: Pharmacogenomics 
in Disease Management 

4.1.1      The Disease 
 Leishmaniasis is a very complex major tropical 
infection transmitted by the vector Sand fl y is all 
right. The infection is caused by intracellular 
protozoan parasites of Leishmania genus. There 
are more than 20 species of  Leishmania . The 
type of infective species, virulence factors, and 
host immune responses and depending on the 
clinical symptoms, the disease is categorized 
into cutaneous leishmaniasis (CL) and visceral 
leishmaniasis (VL). VL is also known as kala-azar; 
the origin of the name is from the eastern and 
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 northeastern part of the Indian subcontinent 
where the disease is endemic. Depending upon 
the place where one has acquired the infection, 
CL is further categorized into “New World” 
from Central America and South America and 
“Old World” if from Asia, Middle East, Africa, 
or southern Europe. More than 1–1.5 million 
cases of leishmaniasis occur worldwide (about 
80 countries are affected) with major countries 
being the developing nations of Asia, Africa, and 
Latin America   ( www.who.int/topics/leishmania-
sis/en/    )    . 

 Species of Leishmania are several causing 
different clinical manifestations of the infec-
tious disease.  L .  donovani  produces primary 
cutaneous disease as well as gives rise to vis-
ceral leishmaniasis (VL) and also post-kala-azar 
dermal leishmaniasis (PKDL) that is manifest 
after the treatment of the initial visceral disease. 
Visceral leishmaniasis main causative pathogen 
is the  L. donovani  complex with Old World VL 

disease being caused by the species  L. donovani 
and L. infantum,  and New World disease is 
mainly caused by different species of  L. chagasi  
(Fig   .  27.1 ).

   Old World CL causative Leishmania species 
are  L. tropica  which are mainly found in urban 
areas and  L. major  being prevalent in the desert 
areas, while the New World CL disease is caused 
by  L. mexicana complex  (includes  L. mexicana , 
 L. amazonensis,  and  L. venezuelensis ) and 
 Leishmania (Viannia subgenus) braziliensis com-
plex  ( L.(V.) braziliensis, L.(V.)colombiensis, 
L.(V.) panamensis, L.(V.) guyanensis, and L.(V.) 
peruviana ). In the cases of infection caused by  
L. braziliensis complex,  there is always a chance 
that the infection dissemination to mucosal 
region can occur to give rise to mucocutaneous 
leishmaniasis (MCL) (Herwaldt  1999 ). 

 The complex disease is manifested due to 
multiple factors ranging from environmental 
factors such as time and number of exposure with 

  Fig. 27.1    Geographical distribution of visceral leishmaniasis in the Old and New World ( Source: World Health 
Organization:  URL:   http://www.who.int/leishmaniasis/leishmaniasis_maps/en/    , Data source and Map production with 
permission of WHO headqauters: WHO/NTD/IDM HIV/AIDS, Tuberculosis and Malaria (HTM) World Health 
Organization, October 2010, Accessed February 2013)       
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infected vector sand fl ies, species of the infecting 
Leishmania pathogen, to host genetic factors that 
include immune status of both innate and adop-
tive immune systems that determine the clinical 
outcome of the disease. Other reasons for 
 Leishmania  disease susceptibility are malnutri-
tion, immunodefi ciency with HIV coinfection, 
and young age. The protection against invading 
pathogenic Leishmania protozoa and even the 
curative resolution of the disease is provided by 
Th1 cytokine response involving cytokine 
 interferon gamma (IFN-γ), interleukin (IL)-12, 
and tumor necrosis factor alpha (TNF-α), whereas 
Th2 response cytokines IL-10, transforming 
(TGF)-β, and IL-4 have been implicated in 
increasing susceptibility to the disease in the 
experimental animals (Reed and Scott  1993 ; 
Sacks and Noben-Trauth  2002 ). Nonhealing 
lesions and diffused lesions in CL have been 
implicated to Th2 response, while self-healing 
lesion has been associated with Th1 response 
(Melby et al.  1994 ). However, in some situation 
IL-4 (a Th2 cytokine) has been implicated to 
induce IL-12 production and lead to Th1 cyto-
kine response, and it has also been found in some 
cases that Th2 response occurs independent of 
IL-4 (Alexander and Bryson  2005 ; Mansueto 
et al.  2007 ). Leishmania infection is a complex 
infection depending on host factors as well as 
strain polymorphism.  Leishmania mexicana  
cysteine proteases which target IL-12 that prevents 
Th1 protective response (Buxbaum et al.  2003 ), 
while the Leishmania analogue of activated C 
kinase (LACK) from the  Leishmania major  
induces Th2 response that leads to host parasit-
ization (Kelly et al.  2003 ). Polymorphism of 
 L. braziliensis  also affects disease outcomes 
(Cupolillo et al.  2003 ; Schriefer et al.  2004 ). 
PKDL is a complication arising after treatment 
of VL, affecting 50 % of VL patients in Sudan 
(study carried out in United Sudan) and also 
5–10 % patients in India. PKDL has been found 
to be associated with increased levels of IL-10 
(Zijlstra et al.  2003 ; Ganguly et al.  2008 ).  

4.1.2      Disease Treatment 
 The major treatment regime of CL which has 
propensity of dissemination towards VL and 
MCL is with parenteral antimonials like sodium 

stibogluconate or meglumine antimoniate, pent-
amidine, and oral miltefosine (Olliaro et al.  2005 ; 
Ameen  2007 ; Amato et al.  2008 ), whereas CL 
with low risk of spread is treated with local and 
physical therapies such as intralesional antimoni-
als, topical paromomycin, cryotherapy, and ther-
motherapy or by oral azoles. However, when the 
disease progresses to MCL, treatment is pro-
longed, and toxicity from such long-duration 
drug use is a common occurrence (Marsden 
 1986 ; Amato et al.  2008 ). 

 Vaccine is still elusive in the case of 
Leishmania. Some trials with DNA vaccines do 
have shown a way forward. These vaccines have 
shown the promise to be effective as they have 
been able to induce 1L-12 production, which was 
in response from the persistent antigen exposure 
from the DNA vaccine (Requena et al.  2004 ). In 
Venezuela killed  Leishmania  promastigotes 
along with bacillus Calmette-Guerin (BCG) used 
as immunotherapy have shown results with a 
high cure rate in clinical trials by inducing Th1 
response (Convit et al.  2003 ).  L. major  vaccine 
trial with BCG and parenteral antimony com-
bined have been successfully used for treatment 
of PKDL (Mansueto et al.  2007 ). The search for 
effective vaccine for Leishmania had got a boost 
with knowledge from genome sequence data of 
several Leishmania strains. More vaccine candi-
date genes will be evaluated in the future (Stober 
et al.  2006 ).  

4.1.3      Genetic Susceptibility and 
Pharmacogenetic Implications 

 In the absence of an effective vaccine with recur-
ring infection such as PKDL, dissemination 
infection to mucosa leads to aggravating of the 
disease. Prolonged treatment with parenteral 
antimonials that give rise to high-level risk of 
toxicity with high morbidity and mortality from 
the disease is a problem of concern (Convit et al. 
 2003 ; Muse et al.  2008 ). The new technologies 
are trying to address these very problems. 
Epidemiological studies in different ethnic 
 populations in several countries have shown the 
variation susceptibility to the disease be it CL, 
MCL, or VL which caused different strains 
of Leishmania. Variation in disease presenta-
tion and progression, familial clustering, in a 
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 population indicates the underlying genetic 
 reason of susceptibility. Recent studies have 
shown that  L. donovani  cause of CL has been 
found to affect exclusively a particular ethnic 
group in Sri Lanka (Samaranayake et al.  2008 ). 
 L. donovani  though normally associated with 
causing VL is shown in few places, Kenya, 
Yemen, Cyprus, and the Himalayan region of 
North India, and is the main causative pathogen 
of CL (Mebrahtu et al.  1993 ; Pratlong et al.  1995 ; 
Sharma et al.  2005 ; Antoniou et al.  2008 ). 

 To deduce the genetic susceptibility of the 
Leishmania disease, experimental murine animal 
models along with clonal parasite line (to control 
environmental variable) have been used to fi nd the 
genes responsible for disease progression along 
with their human homologues of disease suscepti-
bility (Handman et al.  2005 ). First genes that were 
used to deduce from such analysis in murine 
model were  NRAMP 1  and the H-2 locus had been 
implicated in  L. donovani  infection (Blackwell 
et al.  1980 ). HLA class II antigen HLA-PQ3 is 
found to be associated with CL in Venezuela 
(Lara et al.  1991 ) and MCL in Brazil caused by  L. 
braziliensis  (Petzl-Erler et al.  1991 ). PCR geno-
typing studies in Mexico on Leishmania patients 
has found an association with HLA class II genes 
with Cutaneous Leishmaniasis (CL) (Olivo-Diaz 
et al.  2004 ). High blood TNF has been found to 
be associated with MCL (Castes et al.  1993 ) 
and acute VL (Barral-Netto et al.  1991a ,  b ). A 
Venezuelan study has implicated that allele 2 of 
TNF-β polymorphism with high risk of develop-
ing MCL caused  L. braziliensis  and higher fre-
quency of allele 2 of TNF-α polymorphism was 
also associated with MCL (Cabrera et al.  1995 ). 
In Brazil by using family-based disequilibrium 
test analysis (TDT), investigation has shown that 
TNF polymorphism has been linked to  L. chagasi  
infection (Karplus et al.  2002 ). In asymptomatic 
patients having positive skin test,  L. chagasi  has 
been associated with TNF-1 allele of TNF-α gene, 
while in case of symptomatic  L. chagasi  VL 
patients, TNF-2 allele is implicated. Due to para-
site heterogeneity, this TNF polymorphism asso-
ciation has not been correlated to infection by 
other Leishmania species such as in  L. infantum  
VL (Meddeb-Garnaoui et al.  2001 ) and  L. major  
CL (Kamali-Sarvestani et al.  2006 ). Variation in 

promoter of  IL-4  and IFN-γ gene polymorphism 
has been found to be linked to  L. major  CL  disease 
susceptibility and progression respectively in an 
Iranian study, while in a Sudanese VL patient 
study,  IL-4  polymorphism has been shown to 
increase disease susceptibility (Mohamed et al. 
 2003 ). Polymorphism in promoter region of  IL-10  
gene leads to higher IL-10 production which has 
been shown to increase the risk of having skin 
lesions during an infection of  L. braziliensis  
(Salhi et al.  2008 ). IL-6 can diminish the high Th1 
proinfl ammatory response that occurs when  L. 
braziliensis  CL progresses to MCL (Hatzigeorgiou 
et al.  1993 ; Bacellar et al.  2002 ). IL-6 polymor-
phism plays an important role in the progression 
of  L. braziliensis  CL to MCL, and this fi nding is 
important since their genetic markers have high 
prognostic value (Castellucci et al.  2006 ). 

    Genome-wide linkage have been performed 
for  L. donovani- infected VL patients in Artinga 
ethnic group in Sudan to help identify loci on 
chromosome 22q12 and is associated with 
disease susceptibility genes (Bucheton et al. 
 2003a ,  b ). IL-2 receptor β chain (IL2RB) gene is 
present in the highly susceptible loci on chromo-
some 22q12 that was identifi ed from this study. 
IL-2 receptor has been detected in high levels 
during VL infection and plays a critical role in T 
cell genetic responses (Barral-Netto  1991b ). 
Further studies have shown  IL2RB  polymorphism 
in association with  L. donovani  VL (Bucheton 
et al.  2007 ). 

    Another candidate gene found is  SLC11A1  
(formerly NRAMPI) on chromosome 2q35, an 
innate resistance gene that regulates macrophage 
activation and contributes to increased VL risk in 
Sudanese population (Bucheton et al.  2003a ,  b ; 
Mohamed et al.  2004 ) as well as increased sus-
ceptibility to several intracellular pathogens 
(Blackwell et al.  2001 ). Other studies have shown 
that genotypes having signifi cantly high level of 
mannan    binding lecithin occur more prominently 
in patients with clinical VL. An opsonin, mannan- 
binding protein, is known to enhance pathogen 
infection. Polymorphism in mannan-binding 
gene has been shown to increase risk of 
 developing  L. chagasi  VL in Brazilian study 
 population (Alonso et al.  2007 ). In PKDL there 
is elevated level of IFN-γ. Polymorphism of 
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IFN-γ receptor 1 from study in Sudan has been 
 implicated in PKDL (Salih et al.  2007 ). The IFN 
receptor expression is important for the activa-
tion of macrophages via IFN-γ. 

 Drug treatments are not very effi cient in the 
treatment of leishmaniasis disease; more effec-
tive treatment regimes can be developed by 
 thoroughly knowing the genetic factors that lead 
to disease progression. Thus, unnecessary drug 
use and adverse reaction can be avoided. As vari-
ous genetic susceptibility studies have shown, 
cytokine response determines the disease pro-
gression in leishmaniasis. Role of IL-10 in patho-
genesis of leishmaniasis is known and is well 
established, and IL-10 polymorphisms have 
shown to increase risk of lesions in  L. braziliensis  
infection. In a study with  L. guyanensis  infected 
CL patients from French Guiana, high level of 
mRNA IL-10 within lesions leads to poor chemo-
therapy response and treatment failure (Bourreau 
et al.  2001 ). It is hypothesized that IL-10 might 
be regulating the response to chemotherapy by 
blocking the Th1 response. The increased level of 
IL-10 has been linked to the active VL (Nylen 
and Sacks  2007 ) and PKDL (Saha et al.  2007 ) 
and also associated with persistent CL infection 
occurring from  L. major  (Melby et al.  1996 ) and 
 L. mexicana  (Louzir et al.  1998 ). Success of VL 
treatment with amphotericin B and the complete 
elimination of IL-10 are associated with one 
another (Saha et al.  2007 ). On the other hand, 
MCL is associated with low IL-10 receptor 
expression and low IL-10 secretion that decrease 
the ability for modulation of proinfl ammatory 
response (Faria et al.  2005 ). 

 Progress has been made to fi nd the suscepti-
bility genes and will provide further insight into 
disease pathogenesis and will lead to progress in 
the fi eld of diagnostic markers, drug targets, and 
vaccine development to control, treat, and eradi-
cate leishmaniasis.   

4.2      Improving the Treatment of 
Malaria by Pharmacogenomics 

4.2.1      Disease Burden 
 Malaria is vector-borne (mosquito) disease that 
has been one of the top causes of mortality in the 

world for generations especially in tropical 
 countries of Asia and Africa. Even after renewed 
global efforts, still there is high infectivity and 
mortality. Three billion people are at risk with 
1–2 million deaths attributed to malaria each year 
(  www.who.int/topics/malaria/en/    ). Four species 
of protozoan parasite are involved from genus 
 Plasmodium,  i.e.,  P. falciparum ,  P. vivax ,  P. 
malariae,  and  P. ovale . These malaria-causing 
combination parasitic species occur in human 
population and occur in infected individuals 
(Gurarie et al.  2006 ). In respect to prevalence, 
virulence, and multidrug resistance,  P. falci-
parum  has been a major cause of mortality and 
morbidity.  P. falciparum  accounts for about 80 % 
cases of malaria in Africa (Roca-Feltrer et al. 
 2008 ). Next to it is  P. vivax  which causes 100–
300 million cases annually (Price et al.  2007 ). 
The most commonly used drugs are chloroquine 
(CQ) and sulfadoxine-pyrimethamine (S-P 
Fansidar ® ) that are becoming less effective due to 
the development of resistance in malaria parasite 
by  P. falciparum,  and the species has become 
predominant and become a threat to travelers and 
people alike (Schlagenhauf and Petersen  2008 ). 
In the absence of vaccine and in addition, devel-
opment of resistance even in the mosquito vector 
control against chemical methods using insecti-
cides has thrown new challenges for the research-
ers (Greenwood et al.  2008 ) (Fig.  27.4a ).  

4.2.2      Malarial Therapy 
 Some of the recent developments in malarial 
treatment using pharmacogenomics are bringing 
about improvements in the effi cacy of treatment 
regime of malaria. Current treatment regimes 
have recommended artemisinin combination 
treatments (ACTs) in cases of uncomplicated fal-
ciparum malaria in nonpregnant adults (Lin et al. 
 2010 ). The drug regime is highly effi cacious and 
has reduced development to resistance. In cases 
of uncomplicated malaria, the ACT is being used 
in 88 countries by 2009. In the coming years, a 
number of patients including women and chil-
dren will be brought under ACT therapy regime 
as per World Health Organization. 

 Like the treatment of HIV and tuberculosis, 
combination therapy is now being used for malaria 
treatment too, which reduces resistance among 
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the highly effi cacious drug the artemisinins which 
rapidly eliminate the parasite from blood and thus 
limit the number of parasites so that the other 
more bioavailable drugs given in combination act 
on the parasite. Unrelated mode of action of two 
or more combination drugs also reduces the 
chances of resistance (Yeung et al.  2004 ).  

4.2.3      Pharmacogenomics Way 
Forward to Effective Treatment 

 Among many other factors which contribute to 
drug effectiveness, malarial drug bioavailability 
and tolerability are depended upon the host meta-
bolic mechanisms. The severe drug reaction to 
primaquine in the 1950s used in antimalarial 
treatment was instrumental in the discovery of 
glucose-6-phosphate dehydrogenase (G6PD) 
defi ciency in 1956; thus, importance of the use of 
pharmacogenetics in malarial treatment was real-
ized (Alving et al.  1956 ). The polymorphism 
leading to variation G6PD or even its defi ciency 
is a grave problem in designing the effective 
drugs. Even now during malarial terminal pro-
phylaxis to decrease transmission, primaquines 
are administered. Thus, the G6PD status of 
patient becomes quite important (Luzzatto  2010 ). 

 Knowledge of both the host and parasitic genet-
ics is necessary to designing drugs and dosage for 
effective treatment regimes. Parasitic genetics 
helps us in deciphering the modes of resistance, 
and host genetics help us in giving the information 
about host drug bioavailability and explain adverse 
reaction to the drugs. G6PD polymorphisms and 
genetic variation in CYP2C8 can play pivotal role 
in point of care diagnostics, but these genetic test-
ings will have to be incorporated into the laborato-
ries and national health programs. The knowledge 
of this important genetic variations in population 
would ultimately reduce cost and make the treat-
ment regime more effective and with lesser adverse 
reaction and ultimately reduce the suffering of the 
patients. 

 The pharmacogenetic drug policy in context of 
malaria is slowly becoming a reality as per efforts 
of the WHO and other agencies. Genetics is 
becoming a guide to new drug policy.    Amodiaquine 
was generally known to be  tolerated in malarial 
treatment, but later when it was found in the 
Caucasian population during the decades of 1980 

and 1990 to be responsible to cause agranulocyto-
sis with fatalities and also cause hepatotoxicity 
(Hatton et al.  1986 ; Raymond et al.  1989 ; Phillips-
Howard and West  1990 ), the drug was fi rst 
removed from the list of essential drugs against 
malaria but then had to be added back to the list as 
alternate drugs started showing resistance. 
Amodiaquine induced adverse reaction in indi-
viduals was attributed to genetic make up of the 
individual. The genotypes of individuals harbor-
ing CYP2C8, CYPIA1, and CYP1B1 have been 
reported in studies to show immunogenic adverse 
reaction to amodiaquine (Li et al.  2002 ; Kerb 
et al.  2009 ). Some population in Africa has shown 
hepatotoxicity and leucopenia with only two 
doses given 3 weeks apart (Orrell et al.  2008 ). 

 Amodiaquine when administered to an indi-
vidual with reduced CYP2C8 activity impairs the 
metabolism of the drug and hence leads to the 
cause of hepatotoxicity and agranulocytosis. 
Other common variants of the enzymes 
CYP2C8*2 and CYP2C8*3 have been associated 
with decrease in the metabolizing activity of 
CYP2C8 enzyme as is evident from studies with 
anticancer drugs (Dai et al.  2001 ). Individuals 
with CYP2C8*3 genotype have no CYP2C8 
enzymatic activity in vitro (Parikh et al.   2007 ).  
In a study from Burkina Faso, patients carrying 
CYP2C8*2 genotype showed common adverse 
effects to Amodiaquine and in addition patients 
have also reported to experience more abdominal 
pain when compared to healthy individuals. The 
study from Burkina Faso and Ghana could not 
clearly establish the relation between drug effi -
cacy and CYP2C8 genotype (Adjei et al.  2008 ). 
Though the inactivated gene of CYP2C8 is not 
very high in population, estimates have shown 
that CYP2C8*2 and CYP2C8*3 occur in about 
2.1 % of the population in Zanzibar, United 
Republic of Tanzania, which was about 30,000 
patients of the total malarial patients ~100,000 
(Cavaco et al.  2005 ). In Ghana it was found that 
1.5 % of the population has been estimated to 
have metabolic variants of CYP2C8. Hence, due 
to high disease burden, the study of pharmacoge-
nomics for drug metabolism was carried out in 
large patient samples from the population to get a 
clear correlation between genotype and effi cacy 
of drug treatment as well as adverse reaction. 
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  Fig. 27.2    World map showing frequencies of the CYP2C8*2 allele in different populations.  x  = allele frequency in 
reference population (US Caucasians),  y  = allele frequency in country with data analysis refer ( Source:  Roederer et al. 
( 2011 ), Map by: Pharmacogenetics for every nation initiative: Accessed Feb 2013)       

  Fig. 27.3    World map showing frequencies of the CYP2C8*3 allele in different populations.  x  = allele frequency in 
reference population (U S Caucasians),  y  = allele frequency in country with data analysis  refer ( Source:  Roederer et al. 
( 2011 ), Map by: Pharmacogenetics for every nation initiative: Accessed Feb 2013)       
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These pharmacovigilance studies further reduced 
the effective treatment cost incurred on public 
health both monetary and from the point of view 
suffering of the patients (Figs.  27.2  and  27.3 ).

4.2.4          Pharmacogenomics of ACTs 
 Major active antimalaria metabolite of artemis-
inin is dihydroartemisinin (DHA) (Ilett et al. 
 2002 ). Artesunate is rapidly converted to its 
active metabolite catalyzed via CYP2A6 which is 
a major enzyme; conversion to DHA also includes 
minor enzymes CYP2B6, CYP1A1, and CYP1A2 
(Li et al.  2003 ). CYP2A6 has about 40 variant 
forms of which at least 13 have been implicated 
as slow metabolizing enzymes, and 5 have been 
reported to show no activity in vitro (Di et al. 
 2009 ). Hence, lower level of CYPBA6 enzymes 
in patients will have reduced bioavailability of 
DHA the major antimalarial metabolite and 
hence have lower antimalarial activity. 

    Major endemic areas of malaria like sub- 
Saharan Africa, Ghana, Sabah region of Malaysia 
have been evaluated for the presence of CYP2A6 
genotype.    Among these population of Ghana has 
high wild-type CYP2A6 along with 80 % alleles 
being CYP2A6*1A (Gyamfi  et al.  2005 ), whereas 
Malaysian population has an allele CYP2A6*1A 
frequency of 32 % with only 8 % wild-type 
enzyme (Yusof and Gan  2009 ). Other Asian pop-
ulations have been reported to carry several other 
alleles of CYP2A6 with even alleles that do not 
show any CYP2A6 enzyme activity at all. No 
activity variant of CYP2A6 is found about 
11.5–20.1 % in Japanese, Chinese, and Thai pop-
ulations (Gyamfi  et al.  2005 ). Hence, artesunate 
is expected to be more effective in population of 
Ghana. In some parts of Thailand, about 10 % of 
patients have shown resistance to artemisinins 
(White  2008 ). Though it has been found by study 
that about 14 % frequency of CYPZ86 alleles 
have no activity in the Thai population and the 
antibiotic resistance is indicative to be related 
to CYP2A6 activity and ability to convert 
 artesunate to DHA (Noedl et al.  2009 ), more 
studies require to be done to clearly establish the 
relation between the genotype and resistance to 
artemisinin- based therapy.  

4.2.5      Malarial Parasite Resistance 
Genes 

 Several mutations in gene targeted by antimalar-
ial drug have been identifi ed which led to the 
resistance in vivo of ACT drug partners such as 
mefl oquine, lumefantrine, amodiaquine, and 
chlorproguanil (Kerb et al.  2009 ; Mehlotra et al. 
 2009 ). Identifi cation of genes and mechanism is 
important for controlling the infection. Research 
has yielded the information regarding the gene 
responsible and underlying mechanism of action 
resistance of some drugs against  P. falciparum  
and  P. vivax . 

 Chloroquine resistance (CQR) in  P. falciparum  
has been linked to point mutation CQ resistance 
transporter gene (Pfcrt chromosome 7). The muta-
tion  Pfcrt -K76T is a reliable marker for CQR. 
While CQ-sensitive strain carries wild- type allele 
 CVMNK , the variant  CQR  alleles are S agt  VMNT  
(Asia, South America, Africa), S tct  VMNT  (South 
America),  CVMNT  (South America, Philippines), 
 CVIET  (Southeast Asia, Africa), and  CVMET  
(Colombia). Another multidrug resistance gene 
( pfmdr1  chromosome 5) is a parasite transporter 
gene. Polymorphism, point mutation, and copy 
number variation have been implicated in  multi drug 
resistance. In different geographic regions, the 
 pfmdr1  two mutant alleles have been reported, 
namely, 86Y_184Y_1034S_104N_1246D 
found mostly in Asia and Africa and 
86N_184F_1034C_1042D_1246Y predominantly 
from South America (Valderramos and Fidock 
 2006 ). The  pfcrt-76  and  pfmdr1-86Y  mutations 
have been related jointly to contribute in giving rise 
to CQR phenotype in addition to other likely para-
site genes (Hayton and Su  2004 ). 

  P .  falciparum  DHPS enzyme ( pf-dhps , chro-
mosome 8) has been linked to resistance to the 
sulfa class of antimalarial drugs, while mutations 
in DHFR ( pf-dhfr , chromosome 8) domain have 
been linked to high level of pyrimethamine resis-
tance. Combination of sulfadoxine- pyrimethamine 
(S-P) treatment failure has been found to be asso-
ciated with  pf-dhps  double mutant (437G with 
either 540E or 581G), combined with the  pf-dhfr  
triple mutant (108N_511_59R) (Hayton and Su 
 2004 ; Hyde  2007 ). 
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 Point mutations in  P. vivax  ortholog of  pfcrt 
(pcvg10)  are associated with clinical CQR. 
 pfmdr1 P. vivax  ortholog that is  pvmdr1  has been 
proven and has also been identifi ed. Y97CF point 
mutation of  pvmdr1  has been linked to CQR. 
    pv- dhs   and  pv-dhr  gene point mutations have been 
identifi ed and are suspected to link to clinical 
resistance in antimalarial S-P treatment (Hayton 
and Su  2004 ). 

 More data is required for new mutations in the 
parasite genes, and in addition more data is 
needed for therapy of other ACT drug partners 
like sulfadoxine-pyrimethamine and lumefan-
trine. A new rejuvenation is taking place in phar-
macology and pharmacokinetics development of 
databases of antimalarial pharmacogenetics. 
Worldwide Antimalarial Resistance Network 
(  http://www.wwarn.org/    ) has set up a module 
together with high-quality pharmacological 
research data for optimum drug dosage in light 
drug resistance information and adverse event 
reporting. The aim to achieve global cooperation 
will go a long way to personalized malarial treat-
ment as per population needs.   

4.3      Pharmacogenomics in 
Tuberculosis Treatment 

4.3.1      Disease Burden 
 Infectious diseases are still a major challenge to 
our society; however, newer technologies have 
brought in new hope for control to this dreaded 
disease. Tuberculosis is caused by pathogenic 
bacterium  Mycobacterium  tuberculosis (MTB) 
and still infects about one third of the population 
of the world (  www.who.int/topics/tuberculosis/
en/    ). A person with active tuberculosis will infect 
about 10–15 persons in a year. For decades now 
we have very effi cacious treatment regimes, but 
still we have not been able to eradicate the dis-
ease from the population. Now with the rise of 
human immunodefi ciency (HIV) infection in the 
last few decades, people infected with AIDS are 
more at risk due to diminished immunity. The 
year 2010 saw as per estimates about ~8–8 mil-
lion cases of tuberculosis, of which ~1.1 million 
deaths were reported among HIV negative 

patients, while about ~0.35 million deaths in 
HIV-related TB were also reported. 

 During the last half a century (for about 
50 years), the most effective treatment regimes 
have been the combination therapies of drugs that 
was because a single drug treatment was found to 
be in invariantly leading to resistance for the 
drug, leading to much more severity and compli-
cations (Crofton  1994 ). Due to rampant and 
unregulated use of tuberculosis drugs, however, 
this has led to emergence of multidrug resistant 
tuberculosis (MDR) (Fig.  27.4b ).

4.3.2         Treatment Regimes 
 Now the treatment course is usually for 6 months 
with the combination of isoniazid, rifampicin, 
   pyrazinamide, and ethambutol for the fi rst 
2 months. This has to be followed up by the next 
4 months with isoniazid and rifampicin treatment. 
If the treatment is taken up with diligence and 
patient completes the whole drug course, then it 
has been reported that effi ciency of the treatment 
is very high with more than >95 % patients get-
ting cured and relapse is in less than 5 % of 
patients (Menzies et al.  2009 ). Another advantage 
of multidrug treatment is that the treatment regime 
helps in treating different population of tubercle 
bacilli. For the last 20 years, knowledge from the 
fi eld of genetic molecular basis of drug treatment 
outcomes has helped us in the better management 
of and understanding of treatment effi ciency and 
of drug. The difference in drug response is found 
among different individuals of the population. 
The individual person tends to show similar type 
of response to tuberculosis drugs that do not 
change over time. Thus, in light of above observa-
tions, we say that there is a huge variation in drug 
response among individuals due to variation in 
genes involved in drug metabolism, drug trans-
porters, and drug targets compared to minimal 
within-subject variation as found from studies. 
Further studies on drug response revealed that 
20–95 % of variation in drug pharmacokinetics is 
due to genetic factors (Kalow et al.  1998 ). The 
sequence variation in drug-metabolizing enzymes, 
drug transporters, or drug targets leads to the vari-
ation in drug response among individuals (Evans 
and Relling  1999 ; Evans and Johnson  2001 ). 
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     Fig. 27.4    ( a ) Estimated incidences of tuberculosis 2009. ( b ) Proportion of MDR TB among new TB cases 2009 (Map 
Source: Centre for Disease Control, USA- Health Information of International Travel  2012 )       

 

27 Pharmacogenomics and Personalized Medicine for Infectious Diseases



620

 Some nongenetic factors such as nutrition 
organ function, age and other concomitant ther-
apies, nature of disease, and drug interaction 
can also effect in drug response, but genetic 
determinant remains constant throughout the 
lifetime of the individual. Pharmacogenomics 
have played an important role in deciphering 
therapeutic effi cacy of drug metabolism and 
occurrence of adverse events. Though research 
is still being pursued to decipher the intricacies 
of how genetic differences play an important 
role in regard to clinical application of the drug 
however, through research we have gained 
information on the role of genetic polymor-
phism with respect to drug effi cacy for the treat-
ment of tuberculosis. In this section we will 
discuss the knowledge we have gained through 
newer technologies in regard to different drugs 
being used for tuberculosis.  

4.3.3    Isoniazid Pharmacogenomics 
 Since isoniazid has been in use for antituberculo-
sis treatment since 1952, it is the most well stud-
ied of the lot (Ellard and Gammon  1976 ). This 
drug has been found to be tuberculosis specifi c in 
its action against tubercle bacilli and has rela-
tively minimal toxicity. Now pharmacogenomics 
is playing a very important role in making isonia-
zid the fi rst-line treatment drug. 

 Acetylation of isoniazid takes place mainly in 
the liver and gut mucosa. For any drug ingested 
in the body, it is absorbed and metabolized and 
then its soluble by-products are released or 
excreted out of the body. The drugs have specifi c 
retention and metabolizing rates depending upon 
their chemical composition and the genetic poly-
morphisms of the metabolizing enzymes. 

 The activation of isoniazid is catalyzed by 
highly polymorphic enzyme N-acetyltransferase 
(NAT2) and leads to formation of acetyl isonia-
zid. This is formed by the transfer of acetyl group 
from the acetyl coenzyme A to acceptor amine 
leading to formation of an amide. Acetyl isonia-
zid combines with several other cellular com-
pounds to give a variety of metabolites which do 
not have any antituberculosis activity. The level 
of acetylating isoniazid that will be subjected to 
during metabolism in the body determines the 

disease outcome. The level of bioavailability of 
the drugs determines whether the drug would be 
effective for elimination of the invading pathogen 
or toxic to the human body. Acetylation of isoni-
azid varies from individual to individual depend-
ing as per his or her genetic predisposition. 
Genetics determines the amount of active NAT2 
enzyme that an individual expresses. The metab-
olism of isoniazid is catalyzed by NAT2 enzyme 
which takes place in liver or gut mucosa. Thus, 
the level of NAT2 gene expression is controlled 
by the type of polymorphism in  NAT2  that par-
ticular individual carries. Thus, for the pharma-
cogenomic and personal medicine in effect to 
succeed, the dosage for the drugs that are metab-
olized by NAT2 should be tailor made as per the 
enzymatic activity depending upon the polymor-
phic variant (Roy et al.  2008 ). 

 The enzymatic activity being highly variable 
Cascorbi and Roots (1999) has been studied over 
the years in human subjects who have been cate-
gorized as slow or rapid inactivators (  http://www.
brti.co.zw    ). The categorization has been based on 
the measure of capacity of NAT2 enzyme to acet-
ylate isoniazid to acetyl isoniazid thus inactivat-
ing it. Here the rapid inactivators are those who 
have more concentration of active NAT2 enzymes 
than slow inactivators. Based on the new tech-
nologies, genotypic studies have led to further 
classifi cation depending upon enzymatic activity 
NAT2 variant as rapid acetylators, that is, the 
wild type gene which codes for the completely 
active enzyme. Rapid acetylators are highly 
active forms of the enzyme denoted by  NAT2   *  4 
allele. Patients harboring these alleles can toler-
ate conventional dosage of drug that is rapidly 
metabolized by NAT2 enzyme. Individuals who 
carry  NAT2  heterozygous alleles where only one 
of the allele is active/functional should be admin-
istered lower than average drug (those are NAT2 
metabolized) dosage to get an optimum effective 
drug response without adverse drug response. 
Mutations in NAT2 enzyme in human individuals 
designated as  NAT2*5A ,  NAT2   *   5B ,  NAT2*6A,  
and several others which lead to rendering the 
NAT2 gene activity are termed as slow acetyl-
ators which can lead to diminished drug clear-
ance and toxicity. 
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 The variation of frequency of slow acetylator 
gene is depended on the race, population type, 
and the ethnicity from one country to the next. It 
is found in a study that 90 % of Middle Eastern, 
60 % in South Indian population, Caucasian and 
Negroid, and 72 % of the US population harbor 
slow acetylator gene. In mongoloid populations 
like the Eskimos, Japanese, and the Chinese, 
slow acetylators are found in only 10 % of study 
subjects. In another study carried out in a popula-
tion of 18 healthy Caucasian, there is variability 
in isoniazid clearance. While isoniazid prepara-
tion is responsible for only 2 % variation and 
body weight accounted for only 3 % variation in 
isoniazid clearance, the majority variation of 
88 % in isoniazid clearance was due to  NAT2  
genotypes (Kinzig-Schippers et al.  2005 ). High- 
activity  NAT2  allele-carrying individuals have 
higher isoniazid clearance. Other studies have 
shown that 4–6 times more isoniazid concentra-
tion in individual is carrying slow acetylator 
NAT2 genotype (Parkin et al.  1997 ). A study esti-
mating the comparison of urinary isoniazid 
excretion in Japanese patients to normal, healthy 
individuals showed that persons with higher 
number of active  NAT2  alleles had higher level of 
isoniazid acetylation (Kita et al.  2001 ). 

 The relation between isoniazid concentration 
in blood with drug effi cacy and toxicity knowl-
edge is important. Peak isoniazid concentration 
to minimum inhibitory concentration ratio has 
been proposed to serve as a means to outcome 
tuberculosis treatment (Mitchison  1984 ). Mean 
early bactericidal activity of isoniazid depends 
on its level in the plasma which in turn depends 
upon the variant  NAT2  genotype carried by an 
individual. Comparatively the mean bacterial 
activity is lower in rapid acetylators than in the 
slow acetylators (Donald et al.  2004 ). Therapeutic 
failure or relapse of infection is thus attributed to 
the lower plasma level due to rapid metabolism 
of isoniazid in rapid acetylator genotypes, while 
on other hand high level of isoniazid in slow acet-
ylators may lead to the high level of toxicity 
(Weiner et al.  2003 ). NAT2 allele genotyping of 
tuberculosis patients prior to the treatment with 
isoniazid is the way forward. Dosage adjustment 
of isoniazid could be carried out depending upon 

if the patient is harboring none, one, or two 
alleles NAT2 rapid acetylators. Thus, isoniazid 
would be more pharmaceutically viable for treat-
ment of tuberculosis. 

 In pulmonary tuberculosis patients with known 
acetylator state, the response to isoniazid treat-
ment analysis was carried out when it is adminis-
tered alone or in combination with p- aminosalicylic 
acid. The study compared isoniazid response 
between  NAT2  slow and fast acetylators, and the 
study revealed that there is association with treat-
ment response and  bacteriological negativity 
(Selkon et al.  1961 ). Tuberculosis treatment trials 
used dosage regimes of daily, twice weekly 
(Tuberculosis Research Centre Madras, study 
 1970 ,  1973 ), or three times weekly drug regimes 
(Ellard and Gammon  1976 ). By means of con-
trolled clinical trials, it was observed that using 
once a week uptake of isoniazid showed better 
clinical response to treatment compared to rapid 
acetylators, with cure rate of 20–35 %. It was pos-
tulated that metabolic status of isoniazid may 
have lesser clinical signifi cance for daily isonia-
zid treatment regime as compared to thrice weekly 
or twice weekly treatments. In slow acetylator 
individuals, the peak concentration of isoniazid 
was higher than rapid acetylators, and the level of 
isoniazid decreased more gradually. The effec-
tiveness of a drug in tuberculosis treatment is 
determined in terms of coverage and the expo-
sure. Coverage has been defi ned as the number of 
hours for which bacteriostatic concentration of 
isoniazid is (0.2 µg/ml) maintained in the blood, 
while exposure is defi ned as area under concen-
tration time curve. Both parameters have been 
found to be signifi cantly greater in slow acetyl-
ators. Hence, in rapid acetylator individuals, there 
is a suboptimal concentration of isoniazid which 
leads to failure of once-weekly regime of isonia-
zid (Sarma et al.  1975 ). Other studies using once-
weekly isoniazid-rifapentine were compared with 
twice-weekly isoniazid- rifampicin; treatment also 
showed that in case of once-weekly treatment 
regimes, treatment outcome was poor and was 
associated with isoniazid acetylator status of the 
patients (Weiner et al.  2003 ). 

 The clinical studies have shown that rapid 
acetylators having infected from combined 
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 tuberculosis and HIV infection are at a further 
disadvantage since it has been found that antitu-
berculosis drug bioavailability becomes suboptimal 
in those individuals (Gurumurthy et al.  2004 ). 
Tuberculosis patients having chronic renal failure 
are also at a risk from adverse drug  reactions if 
they also happen to harbor slow acetylator 
 genotypes of  NAT2 . Studies have shown that slow 
acetylators have higher peak isoniazid concentra-
tion, exposure, and half-life compared to rapid 
acetylators and healthy subjects (   Gurumurthy 
et al.  1992 ). Hence, in the case of pulmonary 
tuberculosis patient also suffering from chronic 
renal failure, the isoniazid dosage should be 
administered based on their  NAT2  genotypes 
 status. In adult pulmonary patients, studies were 
carried out to determine correlation between 
 isoniazid dosage and  NAT2  genotypic and 
 phenotypic status. Determination of isoniazid 
therapeutic dosage has shown that the fast acety-
lators need higher drug dosage to have an opti-
mum positive treatment response. Fast acetylators 
tuberculosis patients when administered with 
6 mg/kg isoniazid had similar exposure level as 
3 mg/kg isoniazid administered to slow acetyl-
ators does (Donald et al.  2007 ). 

 In a further study in a population of South 
African tuberculosis patients, it was found that 
current treatment regimes were causing subopti-
mal exposure of isoniazid in patients having rapid 
acetylator status (Wilkins et al.  2011 ). Several 
fi eld studies have further suggested that there is a 
need for calibration of isoniazid dosage as per the 
individual tuberculosis patient’s age, acetylator 
status, and disease process for an effective anti-
microbial outcome of drug treatment (Jeena et al. 
 2011 ). In children affected with tuberculosis, it 
was shown through several studies that the expo-
sure of isoniazid was reduced in the rapid acetyl-
ators when compared to the slow acetylators and 
thus likely to affect the outcome of the treatment 
of tuberculosis (Cranswick and Mulholland 
 2005 ; Schaaf et al.  2005 ; McIlleron et al.  2009 ). 

 Though isoniazid has been found to be non-
toxic during conventional regimes, two types 
of adverse reactions to isoniazid have been 
reported. The most common isoniazid toxicity 
reported is hepatotoxicity which affects 

2–28 % of the patients (Tostmann et al.  2008 ). 
Another isoniazid- associated adverse event is 
peripheral neuropathy. Neuropathy usually 
occurs in slow acetylators due to administra-
tion of high doses of isoniazid (Devadatta et al. 
 1960 ). Hepatotoxicity is the major adverse 
reaction of isoniazid, and the factors that are 
responsible are NAT2 acetylation, oxidation by 
cytochrome P450s oxidation (CYP) 2EI, and 
detoxifi cation by glutathione S-transferase 
(GST) enzyme activity (Roy et al.  2008 ). 

 Accumulation of acetyl hydrazine, a toxic 
metabolite of isoniazid, has been implicated in 
peripheral neuropathy, and the condition in humans 
is reversible by concomitant administration of pyri-
doxine (Zilber et al.  1963 ). Further, it has also been 
deduced that hepatotoxicity occurs due to hydra-
zine metabolites of isoniazid. Rifampicin also 
causes induction of isoniazid metabolism and 
inducing isoniazid hydrolase to produce isonico-
tinic acid and hydrazine. The rifampicin induction 
is more pronounced in slow acetylators compared 
to rapid acetylators (Sarma et al.  1986 ). 

 In some populations studies have established 
association with  NAT2  acetylator status and 
isoniazid- induced hepatotoxicity, while in other 
studies it has not. Studies in Japanese and 
Taiwanese populations have shown that the 
acetylator status of  NAT2  increased the risk 
 factor for hepatotoxicity by 28-fold isoniazid-
induced hepatotoxicity (Ohno et al.  2000 ; 
Huang et al.  2002 ). In another study on the 
Korean population, the  NAT2  slow acetylator 
status has been implicated to increase isoniazid-
induced hepatotoxicity by two- to eightfold, and 
hence the  NAT2  acetylator genotype could serve 
as predictor of hepatotoxicity (Cho et al.  2007 ). 
 NAT2*53/5B ,  NAT2*6A/6A ,  48IT/T,  and  590A/A  
diplotypes have been indicated and could be 
used as biomarkers for prediction of antituber-
culosis drug-induced toxicity (Ben Mahmoud 
et al.  2012 ). Slow acetylator  NAT2  alleles have 
been attributed to increase 3–8-fold to 28-fold 
higher risk in isoniazid- induced hepatotoxicity. 
But other studies in tuberculosis patients have 
not been able to fi nd any association of  NAT2  
acetylator status and the drug-induced hepato-
toxicity. Case studies of Caucasian origin 
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patients with tuberculosis (Leiro-Fernandez 
et al.  2011 ), genotyping in an Indian population 
(Roy et al.  2001 ), and study on heterogeneous 
population of Hispanics, Africans, Caucasian, 
South American, and Asian have not reported 
any linkage between  NAT2  acetylator status 
and isoniazid-induced hepatotoxicity polymor-
phisms (Vuilleumier et al.  2006 ). 

 Cytochrome P450 2E1 is one of the enzymes 
of the hepatic microsomal enzyme system. 
 CYP2E1  gene encodes a member of the cyto-
chrome P450 superfamily of enzymes. The cyto-
chrome P450 proteins are monooxygenases 
which catalyze many reactions involved in drug 
metabolism and synthesis of cholesterol, ste-
roids, and other lipids. CYP2E1 is an enzyme 
which brings about conversion of acetyl hydra-
zine to hepatotoxins, such as acetyl diazone and 
ketene, and brings about conversion of acetylo-
nium ion (Nelson et al.  1976 ). 

 Polymorphism in CYP2E1 has been linked 
with increasing the risk factor associated with 
isoniazid-induced liver injury (Lee et al.  2010 ). 
The enzyme relocates to the endoplasmic reticu-
lum and can be induced by isoniazid or its metab-
olite hydrazine. In animal model studies using 
rat, it has been found that CY2PE1 activity is 
linked to blood isoniazid levels (Yue et al.  2004 ). 
In the presence of variant genotype of  CYP2E1,  
isoniazid could on the other hand inhibit the 
activity of the cytochrome P450 2E1 enzyme. 
Enhanced cytochrome P450 2E1 activity leads to 
the increased production of hepatotoxins and 
hence causing hepatotoxicity. Both NAT2 and 
CYP2E1 polymorphisms have been shown to be 
associated with susceptibility of fi rst-line drug- 
induced hepatitis. CYP2E1 polymorphisms have 
been related to increase in risk of antituberculosis 
drug-induced liver toxicity. The common 
 *1A/*1A  genotype of CYP2E1, in tuberculosis 
patients from Taiwan, has been linked to increase 
in the liver damage risk by 2.5 times. Presence of 
both slow  NAT2  acetylator status and the  *1A/*1A  
genotype further increases risk of hepatotoxicity 
when compared to presence of either of the single 
polymorphism (Huang et al.  2003 ). 

 The  CYPLE1 *6  and  *1A*6*1D  haplotypes in 
Indian pediatric patients have been shown in sep-

arate study and have shown to increase the liver 
toxicity. Further, the common  *1A  allele at 
 CYP2E1  has been implicated to hepatotoxicity in 
various heterogeneous population comprising of 
Asians, Africans, Caucasians, Hispanics, and 
South Americans (Leiro-Fernandez et al.  2011 ), 
but study done on a Korean population on the 
other hand could not fi nd any association between 
 CYP2E1  polymorphism and liver toxicity (Huang 
et al.  2002 ). 

 The glutathione S-transferases are class of two 
distinct supergene families of proteins located in 
cytosolic and membrane-bound forms. 
Glutathione S-transferases are a class of enzymes 
that are responsible for detoxifi cation of thera-
peutic medication, carcinogens, therapeutic med-
ication, and toxic chemicals that are mostly 
electrophilic in nature. GSTs are present both in 
eukaryotes and prokaryotes. At present, eight 
distinct classes of the soluble and cytoplasmic 
mammalian glutathione S-transferases have been 
identifi ed: alpha, kappa, mu, omega, pi, sigma, 
theta, and zeta. The cytosolic GST enzymes are 
encoded by at least fi ve different loci coding for 
GST enzymes, distantly related gene families 
(designated class alpha, mu, pi, sigma, and theta 
GST), whereas the membrane-bound enzymes, 
microsomal GST, and leukotriene C4 synthetase 
are encoded by single genes and both have arisen 
separately from the soluble GST (Simon et al. 
 2000 ; Strange et al.  2000 ). 

 Glutathione S-transferase catalyzed elimina-
tion of toxic chemicals from the human body is 
carried out by making the toxic chemical soluble 
by conjugation with glutathione. In context of 
isoniazid-related hepatotoxicity, studies have 
indicated that deletions of GST mu 1 ( GSTM1 ) 
and GST theta 1( GSTT1 ) are associated with 
liver damage (Cho et al.  2007 ; Huang et al.  2007 ). 
GST enzymes play an important role in removing 
the harmful metabolites of isoniazid from the 
body. The toxic metabolites generated by isonia-
zid metabolisms are from intracellular free radi-
cals that are scavenged by conjugation with 
glutathione in reactions catalyzed by GST 
enzymes. Now, studies in Indian patients suffer-
ing from tuberculosis show that those harboring 
homozygous  GSTM1  mutations have higher risk 
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of hepatotoxicity. It was also found in a study on 
Taiwanese tuberculosis that patients have twice 
the risk of isoniazid-induced hepatotoxicity if 
they have homozygous  GSTM1  deletion. Thus, 
it can be inferred from similar studies that 
 identifi cation of GSTM1 deletion in patients will 
lead to the better management of isoniazid-
induced hepatotoxicity.  

4.3.4      Manganese Superoxide 
Dismutase Role in Drug-
Induced Hepatotoxicity 

 Reactive oxygen species as we have been aware 
is a causative agent for damage to hepatic tissue. 
It has been deduced that level of mitochondrial 
oxygen species is reduced by the action of man-
ganese superoxide dismutase (MSD). As the 
name suggests, MSD catalyzes the dismutation 
of superoxide into oxygen and hydrogen perox-
ide and is the fi rst line of defense against reactive 
oxygen species. Polymorphism in the MSD 
enzyme has been found in a study in the popula-
tion in Taiwan, where genotypes having T > C 
polymorphism in codon 47 lead to variant amino 
acid valine in place of alanine which increases in 
risk associated with antituberculosis drug- 
induced hepatotoxicity (Huang et al.  2007 ). The 
presence of valine at codon 47 causes the 
increased activity in the enzyme manganese 
superoxide dismutase which leads to the accumu-
lation of the toxic byproduct hydrogen peroxide 
which can cause hepatotoxicity.  

4.3.5      Rifampicin in Tuberculosis 
Treatment 

 Rifampicin has been proven to show 
concentration- dependent activity against  M. 
tuberculosis  and is a very important fi rst-line 
drug against tuberculosis (Ji et al.  1993 ; Jayaram 
et al.  2003 ). Drug transporters P-glycoprotein 
and OATP1B transporters uptake rifampicin as a 
substrate and hence play an important role in dis-
tributing the drug throughout the body. The drug 
transporters are transcriptionally regulated by the 
nuclear receptors, i.e., pregnane X receptor and 
constitutive androstane receptor. 

 The phenomenon variation in bioavailability 
of rifampicin among individuals in a population 
on administration of standard dosage has been 

subjected to investigation by the scientists. The 
pharmacokinetics of rifampicin depends upon the 
uptake of machinery of the cells in the body. It 
has been found that there is a relation between 
pharmacokinetics and polymorphisms of genes 
that is responsible for drug effl ux and infl ux. A 
study group of individuals suffering from tuber-
culosis who were categorize as per place of ori-
gin Africans versus non-Africans, it was observed 
that in drug transporter gene,  SLCO1B1  463 
C > A polymorphism leads to reduced rifampicin 
exposure and bioavailability (Weiner et al.  2010 ). 
The people of African origin (black subjects) that 
carry  SLCO1B1  463 C > A gene polymorphisms 
have been associated with more pronounced 
reduced rifampicin exposure compared to people 
from other races. The study thus showed for the 
very fi rst time that marked interindividual varia-
tion in rifampicin exposure can be attributed to 
 SLCO1B1  polymorphism. Another study in 
South Africa has also highlighted that the variant 
allele of  SLCO1B1  rs 4149032 polymorphism 
reduced the bioavailability of rifampicin in the 
body of the patients when present both in the 
homozygous and heterozygous states (Chigutsa 
et al.  2011 ). This fi nding has been attributed to 
the observation that there is about 21 % variabil-
ity in drug clearance among the patients. 
Polymorphisms in the  ABCB1 , PXR, and CAR 
genes have not been found to affect the pharma-
cokinetics of rifampicin in the patients in any sig-
nifi cant manner. Researchers have further 
predicted by means of stimulation that increasing 
the dosage of rifampicin in patients carrying 
 SLCO1B1  rs 4149032 would increase the plasma 
availability of the drug and thus would have a 
positive impact on the treatment outcome. 
However, more studies needed to be carried out 
to know the exact association of  SLCO1B1  gene 
polymorphisms between rifampicin bioavailabil-
ity to provide an effective treatment regime. 

    As has been already mentioned, the variation 
in human leukocyte antigens also is known cause 
of disease susceptibility and the response to 
treatment has also in Indian patients the lack of 
human allele  HLA DQAI* 01201,  while the pres-
ence of DQB1*0207 has been reported to be 
associated with antituberculosis-induced hepato-
toxicity (Sharma et al.  2002 ).  
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4.3.6      Aminoglycosides: Genetics 
of Adverse Reaction in 
Tuberculosis Treatment 

 Aminoglycosides are antibiotics which are mol-
ecules that consist of amino-modifi ed sugars, and 
some of the drugs of this class have been used for 
treatment of tuberculosis. Aminoglycosides such 
as kanamycin, streptomycin, and amikacin have 
been used to treat tuberculosis. Aminoglycosides 
have known to cause ototoxicity. Ototoxicity is 
term used when there is damage to the ear (oto-), 
specifi cally the cochlea or auditory nerve and 
sometimes the vestibular system due to tox-
ins. The association between aminoglycoside- 
induced ototoxicity and mitochondrial mutations 
has been found in a study in Chinese family. The 
deafness phenotype was found to be associated 
with C > T 1494 12S rRNA gene polymorphisms 
which could be induced with the administration of 
aminoglycosides or even get more aggravated 
(Zhao et al.  2004 ). 

 There is still no clear relationship of ethnicity 
and genetic background and response to antitu-
berculosis treatment, and no single variant of 
 NAT2  and  CYP2E1  genes is associated with sig-
nifi cant liver damage (Yamada et al.  2009 ). More 
extensive    pharmacogenomic research is still 
needed for realization of robust personalized 
medicine for tuberculosis.    

5      Case of Amphotericin B Toxicity 

 The antifungal medicine amphotericin B has 
been found to be effective and well quite toxic. 
Further investigations revealed that the immuno-
modulatory role of amphotericin B also involves 
the induction of production of proinfl ammatory 
cytokine. In human cell the amphotericin-induced 
higher mRNA expression and cytokine produc-
tion have been detected in studies (Rogers et al. 
 2000 ). The discovery of induction of proinfl am-
matory cytokine production was able to explain 
the infusion-related toxicity effect like nausea, 
fever, chills, and hypotension that are characteris-
tics of this cytokine release. It was also able to 
explain the mechanism of action of amphotericin 
B since the proinfl ammatory cytokines are 
responsible for the activation of monocytes, 

macrophages, and promote chemotaxis that led 
to enhanced immune response to the infection.  

6      Omics on the Path of Drug 
Discovery 

 Since the advent of the era of omics technology, 
the number of drugs that have been discovered 
have not delivered as was fi rst predicted  especially 
in the case of infectious disease. Some of the 
shortcoming and the remedial measures have 
already been discovered in the previous sections. 
It has been found that even with high-throughput 
screening of number of drug, candidates have not 
been successful always (Payne et al.  2007 ). The 
fi eld of scientifi c research which has become all 
encompassing and interdisciplinary has added 
strength along the way and opened new avenues. 
The fi eld of biology is intertwined with structural 
biology and chemistry has given rise to the fi eld 
of medical structural genomics. The exact causes 
of failure of high-throughput screens have not 
been well defi ned. The fi eld of structure-based 
drug discovery has tried to overcome these limi-
tations in the availability of chemical libraries 
and absence of structural information of many of 
the targets. The fi eld of structure-based drug dis-
covery has its origin from the fi eld of X-ray crys-
tallography and nuclear magnetic resonance 
(NMR) technology. With the availability of 
human genome sequences and pathogen genome 
sequence databases, the fi eld of structural genom-
ics has gained importance, and hence over the 
past decade, more than 20 such projects have 
been taken up. The fi eld of structural biology has 
got a boost with the coming together of robotics 
and informatics in the biological research sphere 
(Haquin et al.  2008 ). 

 For the synthesis of an effective drug, by 
means of medical structural genomics, the pro-
tein which drug will affect should be well defi ned 
experimentally in both structure and functional 
aspects as the potential target. The protein should 
not only be well characterized structurally but 
also should be well defi ned as essential for the 
survival of the pathogen. Once drug and its pro-
tein target in a microorganism is identifi ed, the 
fi eld of medical structural genomics provides 
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rapid mechanisms using high-throughput X-ray 
crystallography and NMR assay system to fi nd 
the ligand-bound structures. To identify such 
drug targets, it is very essential to know the com-
plex host and pathogen interaction. The mode the 
pathogen uses to cause the infections is very dif-
fi cult to elucidate and is a long process. The tech-
nologies of RNA interference and other gene 
knockout techniques should be complimented 
with experimental chemical biology approaches 
as microorganisms adopt multiple mechanisms 
for survival. 

 This has been emphasized for the fact exam-
ples of efforts of scientist for targeting the fatty 
acid biosynthesis pathways of bacteria. At fi rst 
drugs were found to have high bioavailability and 
are potent against the bacterial replication in vitro. 
These compounds were subjected to be tested in 
animals and have been found to be not effective, 
the reason being that the bacterium utilizes the 
fatty acids present in their host vertebrates 
(Brinster et al.  2009 ). Hence, this study proves 
that there is need for more effective screening 
using the services of scientist from several spectra 
of biology like microbiologist, biochemists along 
with structural biologist, and chemical biologists 
to fi nd effective molecules and compounds which 
can eliminate the pathogen under proper infective 
conditions (Hoon et al.  2008 ). 

 In pharmaceutical research scenario, it might 
also be possible that the drug target for a cell 
active compound is not known and then medical 
structural genomics provides a number of puri-
fi ed protein targets which can be assayed for 
binding interaction with bioactive compound by 
means of number of biophysical techniques like 
thermal stability (Ericsson et al.  2006 ). Such 
efforts have already been carried out in the fi eld 
of protozoan pathogens. The program of Medical 
Structural Genomics of Protozoan Pathogens 
(  http://msgpp.org/description.shtml    ) has been 
initiated to screen for drugs for ten protozoan 
diseases. The initiative has screening of thou-
sands of potential antimalarial drugs against 
about 67 putative  Plasmodium falciparum  pro-
tein targets by expressing them in bacterial 
expression system in the laboratory and deci-
phering their 3D structures. Further, the com-

pounds are assayed for their effectiveness in live 
organisms and further validated in appropriate 
disease model. The terms chemical validation 
and drugability are often used in conjunction in 
such cases. Drugability is meant to be used how 
tractable a given drug target is for the develop-
ment of a drug candidate, while chemical valida-
tion means that drugs have been found to be 
active in live organism. Drugs which fulfi ll the 
abovementioned  criteria are worth the effort, 
time, and resources.    In the future more collab-
orative efforts between medical structural 
genomic centers and the chemical biology insti-
tutes would be possible with the availability of 
collection of phenotypically defi ned compound 
that would have proven anti-pathogen activity 
resulting in the synergistic target validation and 
hit to lead development using structure-based 
drug design. 

 Pharmaceutical industry has now taken 
fragment- based drug discovery methodology as 
an alternatively less expensive and at times more 
effective than high throughput screening. Variety 
of methods like X-ray crystallography, NMR, 
surface fl uorescence polarization, plasmon reso-
nance yield, and differential thermal denaturation 
have been used to obtain macromolecular struc-
ture to screen libraries of small fragment that are 
obtained from compounds that are building 
blocks of drugs and hence can be more drug like. 
The fragment-based drug discovery is based on 
the screening libraries of small molecules on the 
rule of three which has the molecular weight 
<300 Da, the calculated log of octanol/water 
coeffi cient (Clog P) < 3, and 3 ≤ rotatable bonds 
and hydrogen bonds (Rees et al.  2004 ; Congreve 
et al.  2008 ). 

 Protein-protein interactions are important for 
all biological processes. Metabolic activities in 
the biological system are catalyzed by protein- 
based enzyme where in certain cases their 
 activities are regulated by modulation of an equi-
librium of an alternate, nonadditive, functionally 
distinct oligomeric assemblies (morpheeins) that 
have now been described as mode allostery. The 
oligomerization from the protein-protein interac-
tion need not lead to gain in free energy, and it 
has been found that small molecules can block or 

N.K. Ganguly and G.K. Saha

http://msgpp.org/description.shtml


627

disrupt any protein-protein interaction that is 
necessary for biological systems, for example, 
being in the development of potent peptidomi-
metic inhibitor of HSV ribonucleotide reductase 
with antiviral activity (Liuzzi et al.  1994 ). The 
discoveries have opened avenues where struc-
ture-based information can be used to develop 
small novel antimicrobial molecules that can be 
made which can target protein-protein interfaces 
(Wells and McClendon  2007 ). 

 An example of this technology has been used to 
fi nd small-molecule species-specifi c allosteric 
drugs for porphobilinogen synthase (PBGS). The 
oligomeric equilibrium for porphobilinogen syn-
thase (PBGS) consists of high-activity octamers, 
low-activity hexamers, and two dimer conforma-
tions. In silico docking analysis from a small 
 molecule library helped in selecting suitable com-
pounds and molecules that had more affi nity for 
docking PBGS allosteric site and thus were sub-
jected to testing in vitro .  In one compound whose 
inhibition mechanism is species specifi c, conver-
sion of PBGS octamers to hexamers was thus 
identifi ed (Lawrence et al.  2008 ). The above fi nd-
ings have led the way of targeting of oligomeric 
enzymes in pathogenic organism bacteria. Prime 
example is bacterial inorganic pyrophosphatases, 
which function as hexamer (Kankare et al.  1996 ). 
On the other hand, the eukaryotic, cytosolic, and 
mitochondrial pyrophosphatases function as 
homodimers (Oksanen et al.  2007 ) and hence have 
different interfaces than its bacterial counterparts 
as evident from the study of evolutionary aspects 
of inorganic phosphatases. In this context the strat-
egy has been to target the oligomeric state of the 
bacterial inorganic pyrophosphatase enzymes to 
inhibit their activity rather than their conserved 
active site (Sivula et al.  1999 ). The technology has 
opened a novel pathway where more antibiotics 
can be developed. 

 The amount of knowledge of protein struc-
tures being generated is enormous; the need of 
the hour is dissemination of the knowledge 
databases among scientists and academic 
researchers on a worldwide scale. The protein 
structural know-how should be in the public 
domain without any constrains and copyright 
restrictions; also in addition the databases 

should be available free of any monetary charge. 
Structural genomic projects the world over have 
solved the structures of many proteins and have 
made the knowledge available for world com-
munity by submitting the structures to Protein 
Data Bank {PDB;   http://www.wwpdb.org/    }. 
Worldwide Protein Data Bank is the site whose 
mission is to maintain a single protein structural 
public database which can be accessed by the 
global community (Berman et al.  2007 ). 

 There is lot of structural data of protein-ligand 
complexes that is in private pharmaceutical indus-
tries not in the public domain. The economic 
incentives of drug discovery are driving force for 
this secrecy, but in this process there are a lot of 
valuable data that are duplicated and lots of valu-
able resources and energy efforts. The learning 
process from failures and successes in pharma-
ceutical corporate sectors is never known to the 
scientifi c community, and a major loss is of most 
valuable time. Hence, as we can see, the drug dis-
covery resources are not being adequately utilized 
across the academia and industry, so there is sug-
gestion to have open-access industry- academia 
partnerships as possible mechanisms to overcome 
the problem. A frame work is need where both 
fi nancial and intellectual properties of the innova-
tors are safeguarded when there structural data are 
deposited in the databases like PDB. A simple 
proposition would delay the release date of such 
structural data so that protection of intellectual 
property is feasible.    Policies which can bring into 
the public domain structural data from the corpo-
rate world could only be possible by the concerted 
efforts of all stakeholders from industry, national, 
and international research funding agencies from 
all nations (Edwards et al.  2009 ). 

 Apart from easier dissemination of structural 
information related to infectious diseases and 
collaboration of structural biologist with medical 
chemist and molecular biologist, there is need for 
development of automation in several technolo-
gies to bring about unprecedented growth in the 
new drug discovery. Fragment-based drug design 
needs the support of high throughput technolo-
gies such that along with structural genomics, 
there will be more success in the determining 
protein-ligand structure determination.  
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7      Conclusion 

 Decades of experience have shown that the infec-
tious diseases would emerge with more vigor and 
virulence. When the diseases are not controlled, 
then it would take a considerable toll of human 
health both in terms of mortality and morbidity. 
The life would be affected by emerging microbial 
disease-causing pathogen whatever the region, 
ethnicity, lifestyle, socioeconomic status, and 
ethnic background. Hence, the threat from infec-
tious diseases is real and the situation is overtly 
challenging. The great advances in the genetics, 
genomics, and proteomics have the potential to 
take up the challenge in the coming decades. It is 
evident that these technologies have the potential 
to change the fi eld of diagnostics, treatment, and 
discovery of drugs and vaccines. The need of the 
hour is to strengthen the public health programs 
at both the national and the international levels to 
strengthen research in the fi eld of omics to fully 
realize the potential of scientifi c technologies 
that would usher in the era of pharmacogenomic- 
based personalized medicine.     
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 Abstract 

   Viral diseases are leading cause of deaths worldwide as WHO report 
suggests that hepatitis A virus (HAV) infects more than 80 % of the 
population of many developing countries. Viral hepatitis B (HBV) affects 
an estimated 360 million people, whereas hepatitis C affects 123 million 
people worldwide, and last but not least, at current, India has an HIV/AIDS 
population of approximately 2.4 million people and more than 30 million 
in whole world and now it has become a reason for 1.8 million death 
globally; thus, millions of people still struggle for their lives. 

 The progress in medical science has made it possible in overcoming the 
various fatal diseases such as small pox, chicken pox, dengue, etc., but 
human immunodefi ciency viruses, infl uenza, and hepatitis virus have 
renewed challenge surprisingly. The obstacles and challenges in therapy 
include existence of antibiotic resistance strains of common organisms 
due to overuse of antibiotics, lack of vaccines, adverse drug reaction, and 
last but not least the susceptibility concerns. Emergence of pharmacoge-
nomics and pharmacogenetics has shown some promises to take challenges. 
The discovery of human genome project has opened new vistas to under-
stand the behaviors of genetic makeup in development and progression of 
diseases and treatment in various viral diseases. Current and previous 
decade have been engaged in making repositories of polymorphisms 
(SNPs) of various genes including drug-metabolizing enzymes, receptors, 
infl ammatory cells related with immunity, and antigen-presenting cells, 
along with the prediction of risks. The genetic makeup alone is most likely 
an adequate way to handle the therapeutic decision-making process for 
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1        Introduction 

 Infectious diseases like viral are the number one 
cause of premature death in the world. A large 
number of antiviral drugs are used clinically, but 
their effectiveness is being eroded by the devel-
opment of resistance and concerns over safety. 
Research in this area has led to fundamental dis-
coveries, which have helped our understanding of 
the reasons why individuals differ in the way they 
handle drugs and ultimately in the way they 
respond to drugs, either in terms of effi cacy or 
toxicity. However, not much of this knowledge 
has been translated into clinical practice, most 
drug–gene associations that have some evidence 
of clinical validity have not progressed to clinical 
settings. Advances in genomics since 2000, after 
exploration of the human genome, have provided 
us with unprecedented opportunities to understand 
variability in drug responses and the opportunity 
to incorporate this into patient cure. The needs for 
newer and safer antiviral drugs remain continued. 
Nowadays an explosion in genome sequencing of 
both viral pathogens and their human host is 
helping us to understand the complex interactions 
involved in the infection process. The pharma-
ceutical industry is exploiting this information to 
identify better targets for treating viral diseases 
and to improve understanding of patient responses 
to a drug so-called pharmacogenomics. Common 
human diseases caused by viruses include the 
common cold, the fl u, chickenpox, and cold sores. 

Serious diseases such as Ebola, hepatitis, and 
AIDS are also caused by viruses. Many viruses 
cause little or no disease and are said to be 
“benign.” The more harmful viruses are described 
as virulent. Viruses cause different diseases 
depending on the types of cell that they infect. 
Some viruses can cause lifelong or chronic infec-
tions where the viruses continue to reproduce in 
the body despite the host’s defense mechanisms, 
as it is common in hepatitis B virus, hepatitis C virus, 
and HIV infections. 

1.1       Overview of Viral Diseases 
Burden on Health 

 Hepatitis A occurs sporadically and epidemically 
worldwide, with a tendency to cyclic recurrences 
(Lemon  1994 ). Epidemics are uncommon in 
developing countries where adults are generally 
immune.    Poor sanitation and hygiene conditions 
in different parts of the world leave large segments 
of the population susceptible to infection, and 
outbreaks may result whenever the virus is 
introduced (Lemon  1994 ; Melnick  1995 ;    Shapiro 
and Margolis  1993 )   . Worldwide, HAV infections 
account for 1.4 million cases annually (Viral 
Hepatitis Prevention Board  1997 ). 

 Hepatitis B virus (HBV) infection is a serious 
global health problem, with 2 billion people 
infected worldwide and 350 million suffering 
from chronic HBV infection. The tenth leading 

previous regimen failure. With the introduction of new antiviral therapeutic 
agents, a signifi cant improvement in progression and overall survival has 
been achieved, but these drugs have shown several adverse responses in 
some individuals, so the success is not up to the expectations. Research 
and acquisition of new knowledge of pharmacogenomics may help in 
overcoming the prevailing burden of viral diseases. So it will defi nitely 
help in selecting the most effective therapeutic agents, effective doses, 
and drug response for the individuals. Thus, it will be able to transform 
the laboratory research into the clinical bench side and will also help in 
understanding the pathogenesis of viral diseases with drug action, so the 
patients will be managed more properly and fi nally become able to fulfi ll 
the promise of the future. 
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cause of death worldwide, HBV infections result 
in 500,000–1.2 million deaths per year caused by 
chronic hepatitis, cirrhosis, and hepatocellular 
carcinoma; the last accounts for 320,000 deaths 
per year (WHO Report.3  1997 ; WHO fact sheet 
 2000 ). Hepatitis B virus (HBV) infection is a 
major global public health problem. Of the 
approximately 2 billion people who have been 
infected worldwide, more than 350 million act as 
chronic carriers of HBV (WHO fact sheet  2000 ). 
Approximately 15–40 % of infected patients 
will develop cirrhosis, liver failure, or hepato-
cellular carcinoma (Lok  2002 ). HBV infection 
accounts for 500,000–1.2 million deaths each year 
(Mahoney  1999 ; Lee  1997 ) and is the tenth leading 
cause of death worldwide. 

 Since its discovery in 1989, hepatitis C virus 
(HCV) has been recognized as a major cause of 
chronic liver disease worldwide. The most recent 
WHO estimate of the prevalence of HCV infec-
tion is 2 %, representing 123 million people 
(Perz et al.  2004 ). HCV is the leading cause of 
liver transplantation in developed countries and 
the most common chronic blood-borne infection 
in the USA. 

 There is a wide range of prevalence estimates 
among developing countries and generally less 
data available to validate assumptions about the 
burden of disease than in the developed world. 
This range in prevalence is refl ected in reviewing 
the estimates from developing countries that 
are among the world’s most populous nations 
(Population Reference Bureau  2004 ). China, 
whose citizens account for one-fi fth of the world’s 
population, has a reported seroprevalence    of 3.2 % 
(Xia et al.  1996 ). In India, which holds an 
additional one-fi fth of the world’s population, 
one community-based survey reported an overall 
rate of 0.9 % (Chowdhury et al.  2003 ). 

 Countries with the highest reported prevalence 
rates are located in Africa and Asia; areas with 
lower prevalence include the industrialized 
nations in North America, Northern and Western 
Europe, and Australia. Populous nations in the 
developed world with relatively low rates of 
HCV seroprevalence include Germany (0.6 %) 
(Palitzsch et al.  1999 ), Canada (0.8 %) (Zou et al. 
 2000 ), France (1.1 %) (Desenclos  2000 ), and 

Australia (1.1 %) (Law et al.  2003 ; Australian 
Census  2001 ). Low, but slightly higher, serop-
revalence rates have been reported in the USA 
(1.8 %) (Alter et al.  1999 ), Japan (1.5–2.3 %) 
(Ohshima et al.  2000 ), and Italy (2.2 %). 

 Human papillomavirus (HPV) causes cervical 
cancer, the second biggest cause of female cancer 
mortality worldwide. Estimates of the number of 
cervical cancer deaths are around 250,000 per 
year. The prevalence of genital HPV infection in 
the world is around 440 million. There are over 
100 genotypes of HPV, 40 of which infect human 
mucosal areas of the upper digestive tract and 
genital tract. The majority of adenocarcinomas of 
the cervix and of squamous cell cancers (SCC) of 
the vulva, vagina, penis, and anus are caused by 
HPV-16 and HPV-18 (together accounting for 
about 70 % of cases globally), the remaining 30 % 
being due to other high-risk HPV types (such as 
HPV-31, HPV-33, HPV-35, HPV-39, HPV-45, 
HPV-51, HPV-66). The relative importance of 
different high-risk types varies between countries 
and regions, but type 16 has the greatest contribu-
tion to cervical cancer in all regions. HPV is 
also associated with other cancers of the anus, 
head and neck, and rarely, recurrent respiratory 
papillomatosis in children. 

 About 500,000 cases of cervical cancer are 
estimated to occur each year, over 80 % of 
which occur in developing countries, where 
neither population-based routine screening (e.g., 
Papanicolaou smear test) nor optimal treatment is 
available. The highest estimated incidence rates 
of cervical cancer occur in Africa, Central and 
South America, and Asia. Epidemiological 
studies in the USA have reported that 75 % of the 
15–50-year-old population is infected with genital 
HPV over their lifetime, 60 % with transient 
infection, 10 % with persistent infection (confi rmed 
by detection of HPV DNA in genital samples), 
4 % with mild cytological signs, and 1 % with 
clinical lesions. 

 HPV belongs to the family Papovaviridae. 
These are small nonenveloped icosahedral viruses 
with an 8 kbp long double-stranded circular DNA 
genome. The papillomavirus genome comprises 
early and late genes that encode early proteins 
E1–E7 and late proteins L1–L2. The early proteins 
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are nonstructural proteins involved in replication 
and transcription of the genome (E1–E5) or in 
host cell tumoral transformation (E6 and E7), 
whereas L1 and L2 are the structural capsid 
proteins of the virion. The low-grade cervical 
dysplasias correspond to productively infected 
cells that actively shed virus, whereas high-grade 
dysplasias and cancers do not produce virions: 
viral gene expression in these cells is limited to 
the E6 and E7 oncogenes that are transcribed 
from randomly integrated viral DNA. The E7 
protein is thought to induce cell proliferation and 
disrupt the cell cycle regulation by inactivation of 
the Rb family proteins, whereas E6 blocks cell 
apoptosis by directing the p53 tumor suppressor 
protein to the proteasome. 

 Prophylactic HPV vaccine candidates are 
based on recombinant capsid protein L1 and aim 
to elicit neutralizing antiviral antibodies to protect 
against infection, while therapeutic vaccine 
candidates are based on viral oncogenic proteins 
E6 and E7, with or without L1, and aim to induce 
cell-mediated immune responses to eliminate the 
transformed tumor cells. The most advanced and 
promising approach for a prophylactic vaccine 
involves the use of noninfectious recombinant 
virus-like particles (VLPs) which self-assemble 
spontaneously from pentamers of the L1 capsid 
protein. Two prophylactic vaccine candidates are 
at the level of phase III clinical evaluation and the 
companies have fi led for licensure. GSK is focusing 
on a bivalent HPV-16, HPV-18 VLP vaccine 
candidate and Merck is developing a tetravalent 
vaccine based on VLPs from HPV-6, HPV-11, 
HPV-16, and HPV-18. Both showed very high 
effi cacy in proof-of-principle studies and the 
manufacturers have announced results showing 
almost 100 % protection against high-grade 
cervical cancer precursors caused by HPV types 
16 and 18 in women aged 16–25 years. 

 Most HPV infections in young females are 
temporary and have little long-term signifi cance. 
Seventy percent of infections are gone in 1 year 
and 90 % in 2 years. However, when the infection 
persists – in 5–10 % of infected women – there is 
high risk of developing precancerous lesions of 
the cervix, which can progress to invasive cervical 
cancer. This process usually takes 10–15 years, 
providing many opportunities for detection and 

treatment of the precancerous lesion. Progression 
to invasive cancer can be almost always prevented 
when standard prevention strategies are applied, 
but the lesions still cause considerable burden 
necessitating preventive surgeries, which do in 
many cases involve loss of fertility. 

 In more developed countries, cervical screening 
using a Papanicolaou (Pap) test or liquid- based 
cytology is used to detect abnormal cells that 
may develop into cancer. If abnormal cells are 
found, women are invited to have a colposcopy. 
During a colposcopic inspection, biopsies can be 
taken and abnormal areas can be removed with a 
simple procedure, typically with a cauterizing 
loop or, more commonly in the developing world, 
by freezing (cryotherapy). Treating abnormal cells 
in this way can prevent them from developing 
into cervical cancer. 

 Pap smears have reduced the incidence and 
fatalities of cervical cancer in the developed world, 
but even so, there were 11,000 cases and 3,900 
deaths in the USA in 2008. Cervical cancer has 
substantial mortality in resource-poor areas; 
worldwide, there are an estimated 490,000 cases 
and 270,000 deaths each year (Kahn  2009 ). 

 Several infl uenza epidemics in the twentieth 
century caused millions of deaths worldwide, 
including the worst epidemic in American history, 
the Spanish infl uenza outbreak that killed more 
than 500,000 in 1918. Seasonal infl uenza is an 
acute viral infection caused by an infl uenza virus. 
There are three types of seasonal infl uenza – A, 
B, and C. Type A infl uenza viruses are further 
typed into subtypes according to different kinds 
and combinations of virus surface proteins. 
Among many subtypes of infl uenza A viruses, 
currently infl uenza A (H1N1) and A (H3N2) 
subtypes are circulating among humans. Infl uenza 
viruses circulate in every part of the world. Type 
C infl uenza cases occur much less frequently 
than A and B. That is why only infl uenza A and 
B viruses are included in seasonal infl uenza 
vaccines. 

 Avian infl uenza in humans as H5N1 avian 
infl uenza is an infectious disease of birds that can 
be spread to people but is diffi cult to transmit 
from person to person. Almost all people with 
H5N1 infection have had close contact with 
infected birds or H5N1-contaminated environments. 
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When people do become infected, the mortality 
rates get up to 60 %. 

 Most swine infl uenza viruses (SIVs) do not 
cause disease in humans. However, some coun-
tries have reported cases of human infection with 
SIVs. Most of these human infections have been 
mild and the viruses have not spread further to 
other people. The H1N1 virus that caused the 
infl uenza pandemic in 2009–2010, thought to 
have originated in swine, is an example of SIV 
that was able to spread easily among people and 
also cause disease. 

 HIV is the human immunodefi ciency virus. 
It is the virus that can lead to acquired immune 
defi ciency syndrome, or AIDS. CDC estimates 
that about 56,000 people in the United States 
contracted HIV in 2006. There are two types of 
HIV, HIV-1 and HIV-2. In the USA, unless other-
wise noted, the term “HIV” primarily refers to 
HIV-1. Both types of HIV damages a person’s 
body by destroying specifi c blood cells, called 
CD4+ T cells, which are crucial to helping the 
body immune defense. AIDS is the late stage of 
HIV infection, when a person’s immune system 
gets severely damaged and feels diffi culty in 
fi ghting against diseases and certain cancers. 
Before the development of certain medications, 
people with HIV could progress to AIDS in just a 
few years. At this time, there is no cure for HIV 
infection. Despite major advances in diagnosing 
and treating HIV infection, in 2007, 35,962 cases 
of AIDS were diagnosed and 14,110 deaths 
among people living with HIV were reported in 
the USA. The above-discussed diseases are 
continuously threatening the whole world and 
insisting to search and explore new medicine 
concept so that management would be possible 
and people may live long disease-free and free from 
economical burden.   

2      Genome and Proteome 
Complexity of HIV 

 Understanding the incredibly complex biology of 
the HIV virus is essential for building effective 
diagnostics and drugs. HIV belongs to a class of 
viruses known as retroviruses because it contains 
ribonucleic acid (RNA) as its genetic material. 

After the HIV virus infects a cell, it uses an 
enzyme called reverse transcriptase to convert 
its RNA into DNA so that it can replicate itself 
using the host cell’s own replication machinery. 
The HIV replication cycle begins with fusion of 
the virus to the host cell surface, which begins the 
infl ux of viral proteins into the host cell. After 
viral DNA is formed by reverse transcription and 
integrated into the host DNA, new viral RNA 
is used as genomic RNA to make viral proteins, 
which travel to the cell surface to form a new 
HIV virus. This vicious cycle rapidly produces 
several billion new viruses every day in persons 
infected with HIV and is further complicated by 
the ability of reverse transcriptase to mutate, 
causing new strains of HIV to develop in infected 
individuals. HIV targets the immune system 
directly by infecting CD4+ lymphocytes, which 
also leads to the systematic degradation of the 
immune system because CD4+ cells are pivotal 
in helping immune responses (Blum  2005 ). The 
constant process of evolution and replication in 
the HIV virus creates incredible stress for the 
immune system and has been one of the reasons 
why HIV has been especially diffi cult for medical 
researchers to combat. Drugs against HIV are 
called antiretroviral drugs because HIV is consid-
ered a retrovirus as previously described and 
the drugs fall into three classes consistent with 
the underlying biology of the virus: (1) nucleoside 
reverse transcriptase inhibitors (NRTIs), (2) non-
nucleoside reverse transcriptase inhibitors 
(NNRTIs), and (3) protease inhibitors (PIs) 
(Pirmohamed  2001 ). Reverse transcriptase inhib-
itors directly inhibit the reproductive capacity of 
the HIV virus because of the mandatory role 
the reverse transcriptase enzyme plays in viral 
reproduction. NRTIs contain faulty versions of 
the nucleotides used by reverse transcriptase to 
convert RNA to DNA, causing improper build of 
the new DNA so that HIV’s genetic material 
cannot be incorporated into the healthy genetic 
material of the host cell. On the other hand, 
NNRTIs work by attaching themselves to reverse 
transcriptase and prevent the enzyme from con-
verting RNA to DNA. After viral RNA is translated 
into a polypeptide sequence, the sequence is 
assembled into a long chain that includes the 
proteins like reverse transcriptase and protease.  
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3       Obstacles in Drug Resigning 
or Therapy Against Viral 
Diseases 

 Viral diseases affect hundreds of millions of 
people worldwide, resulting in a devastating toll 
on human health and socioeconomic development. 
Along with the emergence of newly recognized 
human pathogens (the SARS corona virus, the 
recent influenza viruses H5N1 and H1N1), 
the ever-increasing incidence of chronic viral 
infections caused by HIV and hepatitis B and C 
viruses continues to increase the global burden 
of infectious diseases (Haagmans et al.  2009 ; 
De Clercq  2004 ). Vaccines have been developed 
for some of the most important viral pathogens. 
Although vaccines against HIV (Rerks-Ngarm et al. 
 2009 ) and hepatitis C virus (Wedemeyer et al.  2009 ) 
are in clinical phases III and II, respectively, there 
is still little prospect of effective vaccines against 
these agents. Enormous burden and death due 
to these viral diseases compel the scientists/
virologists to think forcefully to overcome such 
mortality globally. 

 There are around 40 antiviral compounds in 
clinical use targeting various viral diseases (over 
half of these drugs are being used in the treatment 
of patients with HIV infection), while there is 
no treatment for most acute infections, such as 
the ones that cause severe illnesses, including 
hemorrhagic fever, encephalitis, and even cancer. 
Most of the available drugs are of limited effi cacy 
and cause severe side effects (Dykxhoorn and 
Lieberman  2006 ). HIV protease, which cleaves 
Gag and Gag–Pro–Pol polyproteins at ten varied 
sites necessary for the maturation of virus (Kohl 
et al.  1988 ), is a major therapeutic target for 
antiviral drugs. In the last 20 years, structure-based 
drug discovery efforts have led to the development 
of nine approved competitive active site protease 
inhibitors (PIs). These inhibitors are the most 
potent anti-HIV drugs and essential components 
of the highly active antiretroviral therapy 
(HAART) (Bartlett et al.  2001 ). The development 
of drug resistance is a major reason for the failure 
of protease inhibitor therapy. The virus accumulates 
many mutations within the protease that prevent 

PIs from binding to the protease. More than half 
the residues within the protease mutate in dif-
ferent combinations and lead to drug resistance 
(Wu et al.  2003 ). 

 Drug resistance is defi ned, in a clinical setting, 
as the point at which administration of the drug 
can no longer safely treat the disease state due 
to an induced change in the drug target or an 
inability of the drug to reach the target. With an 
antimicrobial agent, clinical resistance occurs 
when the minimum inhibitory concentration 
(MIC) of the drug, for a given microbial strain, 
exceeds that concentration of drug that can safely 
be administered. Resistance to a drug can arise 
by (1) mutation of the gene (or gene cluster); 
(2) by acquisition of extrachromosomal DNA, or 
a transposable plasmid, that carries the resistance 
gene or genes; (3) upregulation of the target; or 
(4) upregulation of an effl ux mechanism. One study 
has recently suggested (Peet  2010 ) an approach 
to combating drug resistance that involves the 
selection of resilient drug targets (Lefebvre and 
Schiffer  2008 ) that are evolutionally constrained 
and the development of robust drugs (Nalam 
and Schiffer  2008 ) that are less susceptible to the 
development of resistance.    Importantly, antiviral 
chemotherapy is plagued by the rapid development 
of drug resistance strains, resulting from the high 
rate of replication of viruses combined with the low 
fi delity with which they replicate their genomes. 

 The biggest challenge is to deal with the 
variations among HIV-1 clades. HIV-1 is capable 
of establishing latent infection in the early phases 
of infection (Mehandru et al.  2004 ). HIV-1 can also 
escape from CTL sequestration of infected cells 
in the central nervous system owing to infrequent 
access of T cells in the CNS (McMichael and 
Rowland-Jones  2001 ). Increased susceptibility of 
vaccinated individuals might be owing to vector- 
specifi c immune responses, which make T cells 
more prone to HIV infection. However, recent 
reports demonstrate no role of vector-specifi c 
CD4+ T cells in an increasing susceptibility to HIV 
infection (Hutnick et al.  2010 ). The mechanism 
of T-cell exhaustion and antiviral control would 
be important to assess in vaccine studies to ensure 
the generation and maintenance of memory T cells 
(Trautmann et al.  2006 ). It has been reported that 
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HIV-specifi c CD4+ T cells are induced during 
acute HIV infection, but their helper function 
gets compromised (Malhotra et al.  2001 ). The 
large sequence diversity of envelope glycoprotein 
is another barrier in the development of an HIV-1 
vaccine. 

 Another major hurdle is to achieve the balanced 
immune response against vaccine candidates. It is 
likely that epitopes that are less well conserved 
between clades but conserved within a clade are 
capable of eliciting clade-specifi c, rather than 
cross-reactive, NAbs. HIV-1 clade C viruses seem 
to be more sensitive to neutralization than HIV-1 
variants from other clades (Van Gils et al.  2010 ). 
HIV-1 clade C infection was most prevalent 
among elite neutralizers (Simek et al.  2009 ). 
Vaccine candidates using Env as the immunogen 
have not been able to produce bNAbs. bNAbs with 
long HCDR3 regions seem to be polyreactive for 
non-HIV antigens. Lack of bNAb generation 
has been attributed to autoreactivity of bNAbs 
directed toward Env. Autoreactivity of anti-Env 
bNAbs induces central tolerance mechanisms and 
results in removal of B cells producing antibody 
with the same  epitope specifi city. The heavy chain 
of 2F5 bNAb was cloned in B cells in mice models 
and resulted in the loss of B cells expressing 
mature 2F5 IgM in mice (Verkoczy et al.  2010 ). 
Another hypothesis emphasizes that bNAbs are not 
immunogenic enough to induce proliferation in B 
cells followed by fi ne-tuning of the B-cell receptor 
(antibody coding) through somatic hypermutation. 
The fi ne-tuning of the B-cell receptor gene is 
necessary to maximize the specifi city of antibody 
to its antigen (Harro et al.  2009 ). This raises 
concerns about the approach of using conserved 
Env epitopes as HIV-1 vaccine candidates for 
bNAb generation. 

 Natural infection with HIV does not result 
in virus clearance by the host immune system and 
the development of natural immunity to rein-
fection. In spite of intense and sustained immune 
responses by both the humoral and cell-mediated 
defenses, HIV is able to resist eradication and 
continues depleting CD4+ T cells, which eventu-
ally leads to clinical progression to AIDS. There 
even is evidence that superinfection with a second 
HIV isolate can readily occur in HIV-infected 

persons, leading to the emergence of recombinant 
virus variants and generating increased virus 
diversity (Mc Cutchan et al.  2005 ). HIV-1 integrates 
itself as latent proviral DNA into the genome of 
long-lived memory CD4+ T cells, which provide 
a persistent reservoir of the virus that escapes 
immune surveillance (Peterlin and Trono  2003 ). 
It has been calculated that it would take up to 
60 years to eradicate a reservoir of as few as 
1 × 10E5 latently infected cells. The window of 
opportunity for an HIV vaccine is therefore 
narrowly limited to the very early stages of infection, 
before the virus can seed the lymphoid organs 
in mucosal tissues (Gallo  2005 ). HIV also has 
developed multiple mechanisms to circumvent the 
host immune responses including its ability to 
downregulate the major histocompatibility 
complex (MHC) class I molecules and by doing 
so to minimize its recognition by CTL, as well as 
its high genetic evolution rates, which allows it to 
evade immune responses through the emergence 
of viral CTL (Feeney et al.  2005 ), and neutralizing 
antibody escape variants. Another diffi culty with 
the development of an effective HIV vaccine stems 
from the fact that the virus envelope glycoprotein 
conceals its conserved receptor- and co-receptor-
binding sites in crypts that are masked by the 
hypervariable loops of the molecule and by 
glycan residues (Wei et al.  2003 ). Neutralizing 
antibodies induced in response to gp120 are 
primarily targeted to the hypervariable loops of 
the molecule, and only rarely do they recognize 
the receptor-binding sites, which makes it hard 
to generate broadly cross-reactive neutralizing 
antibodies against primary virus isolates from 
patients (Yang et al.  2004 ).    Lack in effi cacy of 
antibody responses raised by monomeric gp120 
vaccines in protection against HIV infection has 
been proven beyond any doubt in the world’s fi rst 
two phase III clinical trials of AIDS vaccines 
(Mascola et al.  1996 ), although neutralizing 
antibodies administered passively to nonhuman 
primates can provide protection against experi-
mental SHIV infection (Ferrantelli et al.  2002 ). 
However, contrary to laboratory-adapted virus 
strains, which use CXCR-4 as a co-receptor 
(“X4” strains), and against which protection in 
chimpanzees could readily be achieved by 
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 inducing neutralizing antibodies targeted to the 
hypervariable V3 loop (Girard et al.  1995 ), primary 
virus isolates, which use CCR-5 as a co-receptor 
(“R5” strains), are diffi cult to neutralize, which 
casts doubt on the possibility for a vaccine to 
elicit protection against infection by the induc-
tion of neutralizing antibodies alone. In view of 
all these problems, recent vaccine approaches 
have focused on the induction of cellular 
immune responses (McMichael and Hanke  2002 ). 
The induction of a cellular immune response 
against HIV, especially a CD8+ CTL response, 
although not being able to provide sterilizing 
immunity and protection from infection, should 
hopefully enable vaccines to control virus repli-
cation following infection, reduce their virus 
load, slow down their progression toward dis-
ease, and reduce the probability of secondary 
transmission of the virus. However, some viruses, 
for some reasons, are not fully amenable to this 
approach, such as infl uenza, retroviruses, herpes 
viruses, the slow viruses, rhinoviruses, and arbo-
viruses. Obstacles to the use of vaccines include 
(1)  multiplicity of serotypes, e.g., rhinoviruses 
and togaviruses; (2) antigenic change, e.g., infl u-
enza and retroviruses; and (3) latent infections. 

 Drug resistance is also a major obstacle in the 
treatment of hepatitis C virus (HCV). The essential 
HCV NS3/4A protease is an attractive therapeutic 
target responsible for cleaving at least four sites 
along the viral polyprotein. Many protease inhib-
itors are currently in clinical trials; however, 
multidrug resistance is widespread and arises 
very quickly. Certain studies clearly compared the 
co-crystal structures of substrate with co- crystal 
structures of inhibitor complexes and show that, 
as in the case of HIV-1 protease (Chellappan et al. 
 2007 ; Altman et al.  2008 ), primary drug resistance 
occurs in HCV NS3/4A where the inhibitors 
protrude away from the substrate envelope. 
Similarly prolonged therapy against HBV with 
lamivudine is associated with an increased 
incidence of viral resistance. The low effi cacy, 
undesirable side effects, and occurrence of resis-
tance to HBV mutations remain the major 
obstacles in their clinical application in treating 
HBV infection (Lau et al.  1997 ; Hoofnagle and 
di Bisceglie  1997 ). The need for alternative 

therapeutic approaches has provided the impetus 
to develop novel therapeutic reagents for inhibiting 
HBV replication. 

3.1       Antiretroviral Resistance 
Assays 

    The purpose of resistance testing is to make 
available the information to assist in the selection 
of the antiretroviral regimen(s) and more likely 
achieve and maintain viral suppression. All 
guidelines come to the result that HIV drug 
resistance testing should be performed when a 
HIV-infected person enters into clinical care, 
whether he is treated immediately or not. The aim 
of this strategy is to detect chances of transmitted 
resistance as maximum as possible. In HIV-infected 
individuals receiving antiretroviral therapy, 
resistance testing should be performed in the 
presence of virological failure. To ensure adequate 
performance of resistance testing, HIV-1 RNA 
levels should be at least 1,000 copies/ml at the 
time of testing, although guidelines agree that 
resistance testing could be also attempted in 
individuals with HIV-1 RNA levels between 500 
and 1,000 copies/ml. However, in this last group 
of patient, the chances of amplifying HIV-1 
sequences are markedly lower. Drug resistance 
testing might also be helpful when managing 
suboptimal viral load reduction. However, this 
is less clear because the addition of, or switch to, 
new antiretroviral drugs could be helpful to 
achieve viral suppression. Importantly, given that 
drug resistance mutations wane after treatment 
interruption, drug resistance testing in the setting 
of virological failure should be performed while 
the patient is taking his/her antiretroviral drugs or 
within 4 weeks after discontinuing therapy. 

 Two types of antiretroviral resistance assays 
are currently available to assist the clinician in 
assessing HIV resistance: genotypic assays and 
phenotypic assays (Hanna and D’Aquila  2001 ; 
Hirsch et al.  2008 ). But these two tests are also not 
up to mark as not useful for samples with HIV-1 
RNA levels <500–1,000 copies/ml. Table  28.1  
shows the most common assays along with their 
advantage and disadvantages.
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   These tests have limited sensitivity for the 
detection of minority variants in the viral population, 
so detection of non-B subtypes may be limited 
for some tests, and last but not least these results 
require expert interpretation. In addition, a genotype 
test can be used to generate a predicted phenotype, 
referred to as a virtual phenotype. With the virtual 
phenotype, the viral sequence (genotype) is entered 
into a database consisting of paired genotypes 

and phenotypes in order to derive an estimated 
phenotype. More recently, some investigators have 
employed newer techniques, such as allele-specifi c 
PCR, single-genome, and ultra-deep sequencing, 
to assess the role of minority HIV variants that 
harbor drug resistance, but are not detectable by 
current standard genotypic or phenotypic assays 
(Hirsch et al.  2008 ). Table  28.2  shows the recent 
advances in resistances testing at minority levels.

   Table 28.1    The most common assays along with their advantage and disadvantages   

 Advantages  Disadvantages 

 Genotypic assays  Rapid turnaround time 
(days versus week) 

 Measurement of drug resistance 
is indirect – identifi ed mutations 
are subjectively translated into 
conclusions on viral resistance 

 Reduced cost  Only identifi es mutations 
in predominant viral quasispecies 
(<25 % of viral population) 

 Proven utility in the predicting 
short-term virologic outcome 

 Unclear relevance of certain mutations 

 Allow detection of emerging mutations 
before onset of resistance 

 Drug resistance does not correlate 
with mutations in all cases 

 Detect contamination between specimens  Interpretation can be diffi cult 
when multiple mutations are present 

 Simple technology, available in regular 
hospital laboratories 

 Unable to detect mutation linkage 

 Phenotypic assays  Directly measure drug susceptibility: determine 
IC50 or IC90 (contamination of drug required 
to inhibit viral replication by 50 or 90 %) 

 Nonstandarized cutoff values 

 Measure susceptibility to any drug, 
determine the presence of cross- resistance 
and multidrug resistance 

 Only identifi es mutations 
in predominant viral quasispecies 
(<25 % of viral population) 

 Measure overall effect of mutations, 
can assess non-B-clade HIV-1 strains 
and potential to measure viral tropism 
and replication capacity in parallel 

 Long-term drug response cannot 
be determined, fails to account 
for interaction between drugs 
in combination therapy 

 Straightforward interpretation  Highly complex testing platform 
with longer turnaround time 
 Increased cost 

 Virtual phenotype  Pattern-matching algorithm that uses a large 
genotypic–phenotypic correlative database 
to infer phenotypic properties based 
on sequence data 

 It is not known which mutations 
are used to match a new sequence 
to those sequences that are already 
in the database 

 Includes a tabulation of the number of matches 
in the database for each drug and the distribution 
of phenotypes (fold increase in IC50) 
for the matching sample 

 Its predictive power depends on the 
number of matched data sets available. 
Thus, variation is frequently higher in 
smaller data sets, as well as for newer 
drugs or complex resistant patterns 

 Provides a quantitative prediction 
of drug resistance 

 Matches are based on preselected 
codons, not on the entire 
nucleotide sequence  Showed good correlation for most drugs 
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   Thus, current emerging techniques like 
sequencing, microarray, and real-time PCR 
 revolutionized the modern concept of medicine, 
i.e., well-known as personalized medicine concept 
where treatment will be based on individuals’ 
genome composition as well as genetic makeup 
of infective agents (strains). One important aspect 
of personalized medicine is patient-to-patient 
variation in drug response. Pharmacogenomics 
addresses this issue by seeking to identify genetic 
contributors to human variation in drug effi cacy 
and toxicity in viral diseases. Here, we are going 
to discuss current updates, success, and chal-
lenges of this fi eld, which has evolved from 
studies of single candidate genes to comprehensive 
genome-wide  analyses, and thus, this new fi eld 
will ultimately open new vistas to understand 
the better management against the fatal viral 
diseases, so more effective personalized clinical 
treatment strategies may be developed.   

4       Personalized Medicine: 
Promising a Solution for 
Viral Disease Management 

 The ultimate goal of personalized medicine is to 
take advantage of a molecular understanding of 
disease both to optimize drug development and 
direct preventive resources and therapeutic agents 
at the right population of people while they are 
still well. The goals of personalized medicine in 

drug development include (1) the selection of 
optimal drug targets; (2) the selection of optimal 
drug dosage; (3) the selection and monitoring of 
patients for shorter, less-expensive advanced 
clinical trials; (4) the ability to predict which 
individuals will respond to drugs at high rates 
and who will be less likely to suffer toxic side 
effects; (5) reducing the overall cost of drug 
development and increasing drug value; and (6) to 
ultimately improve and provide more effective 
healthcare for all individuals whether they are 
well or suffering from the early or late stages of 
illness. Genetic variants can be used to predict 
the predisposition of an individual for future 
disease development.    By applying the principles of 
personalized medicine, it is possible to signifi cantly 
enhance the productivity of drug discovery and 
development, so that the identifi cation of the 
target gene and the appropriate pathways of 
the suitable drug can be developed which will 
defi nitely help in combating the viral diseases. 

4.1       Target Selection 

 Recent emergence and progress in molecular 
biological techniques make the route easier to 
select the right target by various traditional and 
modern genomic approaches nowadays in practices. 
Thus, one of the major challenges is to identify 
and characterize the target which is essential 
for the virus to survive, but which is absent, 

   Table 28.2    The recent advances in resistances testing at minority levels   

 Allele-specifi c PCR  Single genome sequencing  Ultra-deep sequencing 

 Principle  Differential amplifi cation 
of mutants versus wild type 
in real-time PCR 

 Massive sequencing of 
single-genome molecules 

 Massively parallel 
microfl uidic solid surface 
sequencing of single 
molecules 

 Sensitivity  0.003–0.4 %  2 %  0.5–1 % 
 No. of mutations  1  Multiple  300–400 base pairs 
 Linked mutations  No  Yes  Yes 
 Goodness  Sensitivity, positive 

predictive value, and 
negative predictive value 

 Linkage mutation detection  Linkage, sensitivity, accuracy, 
negative predictive value, 
rapidity of results 

 Limitations  Only one allele per 
reactions detectable, 
limited in polymorphisms 

 Cost, time, and labor 
investment 

 STRING Bioinformatics 
interpretation required 
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or signifi cantly divergent, in their mammalian 
host may sort out in drug discovery. For viral 
diseases, the small genome and relatively few 
viral proteins make this process fairly straight-
forward. The modern molecular techniques 
like real-time PCR, microarray, and next-gen 
sequencing approach are currently giving the 
most precise and specifi c results; thus they are 
helping in progressing the newer therapeutic 
approach. Table  28.3  shows various molecular 
techniques for target selections.

4.2          Viral Load Assay 

 The quantitative analysis of HIV-1 is based on 
viral load assay. Viral load assay is expressed by 
the copy number in a given unit of plasma, 
usually using copies/ml. An alternative expression 
is the international unit suggested by WHO (IU/ml). 
Based on the interlaboratory standardization 
using the three FDA-approved HIV-1 viral load 
kits, the exchange relationship between the 
copies/ml and the IU/ml is between 1:0.92 and 1:1 
(  www.fda.gov/cber/pmalabel/p050069LB    ). Viral 
load is a dynamic and relative parameter. Its 
value changes depending on methods used and it 
can fl uctuate even on a daily basis. The variances 
between repeated tests using the same kit are 
usually smaller than those determined with dif-
ferent methods. Thus, a dynamic comparison of 
viral load values using the same assay method 
over time is strongly suggested. HIV viral load 
has multiple clinical implications (Report on the 
global AIDS epidemic  2007 ; Torti et al.  2007 ). 
Firstly, it currently serves as a complementary 
diagnosis of HIV infection and may become one 
of the diagnosis standards in the near future. 
For qualitative determination of HIV infection, 
the higher the viral load value is measured, the 
more confi dent a diagnosis of HIV infection can 
be drawn. For example, if the viral load is higher 
than 3,000 copies/ml, the probability of HIV 
infection of the individual from whom the sample 
is taken is signifi cantly high, particularly if high 
viral load is repeatable with another sample taken 
from the same individual at a different time. 
Secondly, viral load is helpful for early diagnosis 

of HIV infection. It is reported that there is a viral 
burst in blood in the early stage of HIV infection. 
The viral load in the early stage is sometimes 
even higher than that in the disease stage of 
AIDS. The viral load assay can also be used in 
the complementary diagnosis of HIV infection 
for neonates from HIV-infected mothers. 
Although the antibody-based HIV assay is the 
diagnosis standard in clinical practice, it is use-
less during its window period in the early stage of 
infection and has no diagnostic value for infants 
from HIV-infected mothers as discussed earlier. 
Thirdly, the analysis of the viral load is an 
efficient parameter in assessing antiviral therapy. 
The effective standard is the viral load decreased 
at least by 0.5 log after 4-week or 1 log after an 
8-week antiviral therapy or the viral load reduced 
to 1,000 copies/ml after a 16–24-week therapy. 
Finally, the viral load has some values in predict-
ing the progress of AIDS. For example, the viral 
load can predict the probability ( p  value) of 
becoming AIDS in 6 years for patients with 
normal CD4+ counts. The  p  value is 0.054 when 
the viral load is less than 500 copies/ml and the 
 p  value dramatically increased to 0.8 when the 
viral load is more than 30,000 copies/ml. When 
CD4+ counts are less than 200/µl, the viral load 
can be used to predict a shorter progress of AIDS. 
The probability of turning to AIDS within 
3–6 months from viral carrier is proportionally 
associated with the viral load values. A similar 
conclusion was drawn from a recent clinical trial 
including 751 HIV-infected patients with b200 
CD4+/mm 3  before HAART (Torti et al.  2007 ). 
Patients with higher CD4+ T-cell counts follow-
ing the treatment appeared to have survived after 
month 3, whereas those with increasing HIV 
RNA N400 copies/ml did not. The three methods 
currently employed in commercial kits for HIV-1 
viral load assays are rt-PCR-, b DNA-, and 
NASBA-based assays. Table  28.4  shows the 
comparison of three FDA-approved HIV-1 viral 
load assays commonly used in assessment with 
their advantages and disadvantages.

   The major difference between these assays 
is the requirement of specifi c equipment rather 
than their sensitivity or specifi city. Therefore, 
the resources of the various settings remain the 
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determinant factor for choosing the PCR-based, 
hybridization-based, or isothermal amplifi cation- 
based HIV detection assays.    Polymerase chain 
reaction (PCR)- or rt-PCR-based assay is the 
most frequently used technology in molecular 
biology and molecular diagnostics. PCR-based 
assays can be used for either the qualitative or 
quantitative analysis of HIV. As HIV is a retrovirus, 
both PCR and rt-PCR are used as qualitative 
assays of viral infection targeting the integrated 
form of provirus or the free HIV themselves, 
respectively. The rt-PCR is however specifi cally 
required in HIV viral load assay. The amplifi ed 
products from PCR or rt-PCR can be visualized 
by a variety of methods, such as agarose gel 
electrophoresis, real-time visualization, and enzymatic 
reaction. One commercial kit, Amplicor, uses 
enzymatic reaction for product visualization 
with microplate platform (Murphy et al.  2000 ). 
Considering the complicated procedure for the 
Amplicor assay as the post-amplifi cation hybrid-
ization and enzymatic reaction for visualization 
involves multiple steps and many types of reagents, 
real-time visualization is advantageous in the 
development of new rt-PCR-based assays for HIV 
viral load analysis (Stevens et al.  2007 ). The sim-
plicity and shorter time required for fi nishing the 
test make the rt-PCR-based HIV viral load assay 
to be more competitive among all available kits 
and possibly to be one of the focus in future 
kits under development. 

 The amplifi ed products from this nucleic acid- 
based method can be electrophoretically analyzed 

and fl uorescently visualized in real-time pattern. 
For single-molecule identifi cation, nonspecifi c 
fl uorescent dye such as SYBR Green can be 
chosen; currently our clinical pharmacology 
laboratory uses this approach. High-fi delity DNA 
polymerase is different from Taq polymerase in 
their exonuclease activities: the former has 3′–5′ 
exonuclease activity or proofreading function; 
the latter has 5′–3′ exonuclease activity. These 
differences are differentially employed in real- time 
visualization of PCR-amplifi ed products. The Taq 
polymerase is used in TaqMan technology, 
whereas real-time visualization of assays using 
the mutation-sensitive on/off switch mediated by 
the high-fi delity DNA polymerase depends on 
molecular beacon or FRET. The molecular 
beacon structure can have target- independent 
sequences and be designed at the 5′ end of primers. 
The molecular beacon can have a mix of target-
specifi c sequences in its loop and target-independent 
sequences in its hairpin. This mixed beacon adds 
one short fragment to be identifi ed and thus helps 
to enhance the specifi city of the assay. Similarly, 
the combination of the mutation-sensitive on/off 
switch and the FRET technology also adds addi-
tional sequence fragments under discrimination 
test. The mutation- sensitive on/off switch offers 
high sensitivity and specifi city in nucleic acid 
identifi cation/mutation detection. Its combination 
with fl uorescent real- time visualization makes it 
a highly competitive technology in developing 
both qualitative and quantitative assays for 
HIV infection.   

   Table 28.4    Comparison of three FDA-approved HIV-1 viral load assays commonly used in assessment   

 Product  Amplicor  Versant  NucliSENS 

 Principle (company)  Rt-PCR (Roche)     b DNA (Bayer)  NASBA (bioMerieux) 
 Method of amplifi cation  Exponential amplifi cation 

of the target molecules 
 Linear amplifi cation 
of the signal 

 Method of amplifi cation 

 Genomic region targeted  Gag  Pol  Gag and pol 
 Technical platform  Microplate can be upgraded 

to real-time analysis 
 Microplate  Microplate can be upgraded 

to real-time analysis 
 Advantage /Disadvantage  Less false-positive 

than b DNA 
 Wide range/time 
consuming 

 For many types of sample 

 Dynamic range  50 (V1.0) or 400 (V1.5) to 
750,000 copies/ml 

 b DNA V3.0: 
75–500,000 copies/ml 

 NucliSENS HIV-1 QT: 
176-3, 500,000 copies/ml 

 Sample amount required  0.2–0.5 ml  1 ml  10 µl–2 ml 
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5       Database of Mutation 
or SNPs and Their Effects 
on Drug Response 

 Genetic variation is likely to contribute substantially 
to the variation in drug response observed 
across human populations. The fi eld of pharma-
cogenomics, which relates genetic variability to 
variability in human drug response, has evolved 
considerably from candidate gene studies to 
studies of variation across whole genomes of 
human populations containing individuals who 
exhibit a range of responses to different drugs. 
The initial successes in the fi eld were often the 
identifi cation of genetic variants within drug-
metabolizing genes that had large effects on 
sensitivity to a given drug. The fi eld has since 
broadened in scope to encompass regulatory 
mutations, and refi ned techniques have made us 
able to identify the mutations with smaller effect 
sizes. Whereas early pharmacogenomics studies 
sought primarily to identify associations between 
common genetic variation and drug response, 
more recent approaches have begun to identify 
mRNAs, miRNAs, and other downstream events 
that are infl uenced by genetic variation and may 
underlie variation in pharmacologic responses. 
The primary aim of pharmacogenomics has been 
to uncover novel human genetic variants that 
affect therapeutic response phenotypes and to 
identify the genes responsible for those pheno-
typic differences. The ultimate goal of the fi eld has 
been to use an understanding of these relations 
to devise novel personalized pharmacological 
treatment strategies that maximize the potential 
for therapeutic benefit and minimize the risk 
of adverse effects for any given medication. 
Advances in DNA sequencing and polymorphism 
characterization technologies have enabled the fi eld 
to evolve from the sole reliance on hypothesis- 
driven approaches to the use of discovery- oriented, 
genome-wide approach that requires fewer a 
priori assumptions regarding genetic variants. 
Candidate gene approaches resulted primarily 
in the identifi cation of genetic variants in drug-
metabolizing genes with large effects on toxicity 
or response (Weinshilboum and Sladek  1980 ); 

however, many genome-wide association studies 
(GWAS) have identified novel associations 
between drug response and genetic variants 
with unknown functional relevance and often 
with relatively small effect sizes (Daly  2010 ). 
The recent development of high-throughput 
sequencing techniques has enabled researchers to 
begin to examine the contribution of rare variants 
to drug sensitivity (Ramsey et al.  2012 ). Genetic 
screening of HIV for prediction of resistance is 
recommended by experts and is being increas-
ingly used in the clinical setting (Hirsch et al.  2000 ). 
Testing for mutations in the HIV genome that 
are predictive of resistance can be done before 
therapy or after failure of an initial regimen. 
Genotypic resistance testing has been judged to 
be cost-effective, even with the relatively high 
current costs of the tests (Weinstein et al.  2001 ). 
At present, the majority of genetic resistance 
testing for HIV drugs involves sequence-based 
approaches; however, kit-based tests are expected 
to become common and testing costs should fall 
automatically. These tests are also likely to expand 
beyond the viral genome, as additional poly-
morphisms in the host genome are linked to 
HIV treatment outcome. 

 Before exploring the applications of pharma-
cogenomics on HIV, it is important to understand 
the underlying biological principles. Genetic 
variation in the human genome occurs predomi-
nantly as single-nucleotide polymorphisms 
(SNPs) where single nucleotides differ between 
humans. An individual’s DNA contains as many 
as ten million SNPs, which are responsible for 
the diversity of human phenotypes, as well as 
susceptibility to drugs and diseases (Twyman  2004 ). 
Scientists approach the problem of identifying, 
cataloging, and characterizing SNPs from two 
different angles – a genomic approach and a 
functional approach. The genomic approach 
involves scientists comparing the genomes of 
numerous individuals to study differences and 
recording their results in forums such as the 
dbSNP short genetic variation database hosted by 
the National Center for Biotechnology Information 
(NCBI). This method of SNP characterization 
requires a large amount of computer- powered 
data analysis unlike the functional approach 
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where scientists focus on select genes known to 
be associated with a particular process or disease, 
and then they examine them across a population 
(Perelson et al.  1996 ). In pharmacogenomics, 
such genetic variation with respect to drug 
response is studied and used to guide patient 
care. The primary bioinformatics resource for 
pharmacogenomics is the PharmGKB database 
developed by Stanford University that is studying 
the impact of genetic variation on drug response 
and focuses on clinical interpretation of variants, 
drug dosing guidelines, genetic tests, and other 
information that is practically applicable for actors 
in the health sector. Even without expanding the 
numbers of drugs available, however, pharma-
cogenomics is still incredibly impactful because 
doses and preferences for existing drugs can be 
employed for patient care. In fact, some major 
innovations have already occurred in resistance 
testing technologies and in HIV treatment selec-
tion based on genomics. Genotyping and pheno-
typing are two established methods for identifying 
antiretroviral resistance in patients on therapy. In 
HIV genotyping, a discrete sequence of reverse 
transcriptase and protease genes in extracted 
RNA specimens is amplifi ed to generate cDNA 
amplicon, which then undergoes sequencing. A 
software system called OpenGene then aligns the 
sequences, reports mutations, and produces an 
interpretive report. The interpretation does not 
provide any insight though with regard to the 
degree of resistance to a drug because the output 
has either (1) no evidence of resistance, (2) pos-
sible resistance, (3) resistance, or (4) insuffi cient 
evidence. HIV drug resistance databases also 
play a key role by providing advanced informa-
tion to clinicians. Important databases often used 
in HIV genetic research are the Los Alamos HIV 
Drug Resistance database and the Stanford HIV 
RT and Protease Sequence Database. The former 
collects all sequences and focuses on annotation 
and data analysis.    A recent study prepared the 
database that contains a compilation of nearly all 
published HIV reverse transcriptase and protease 
sequences, which are linked to data about the 
source of the sequence sample and the antiretro-
viral drug treatment history of the individual 
from whom the isolate was obtained (Shafer 

 2003 ). Another group developed the HIVbase 
software solution that helps researchers effec-
tively manage DNA/amino acid sequences and 
related genetic/clinical data using storage and 
query capabilities (Salemi  2004 ). Storing geno-
typic resistance data and linking to other clinical 
information is an important tool for successful 
disease management. Examples of such systems 
that identify mutation patterns associated with 
resistance are Virodec (Roche Diagnostics) and 
ViroScore (ABL) published on their diagnostic 
website. Virodec HIV is an online application 
engineered to upload, analyze, interpret, deliver, 
and store genetic sequence data from genotyping 
assays. ViroScore is an HIV resistance sequence 
management system with a sequence database 
that is used by analysis tools/algorithms for resis-
tance interpretation. Despite these advanced 
technologies, interpretation is still the limitation 
with all resistance testing, and the systematic 
approaches developed to predict phenotypes 
based on mutational patterns are complicated by 
the complex mutation patterns for resistance. 

 Mutations and SNPs in HBV also studied in 
details as the most frequently observed precore 
mutation is a G to A transversion at nucleotide 
1896. This substitution introduces a translation 
stop codon (TAG) in the distal precore gene and 
prevents expression of the preC/C fusion protein 
that functions as a precursor of HBeAg (Carman 
et al.  1989 ). Less common precore mutations 
resulting in HBeAg negativity include initiation 
codon mutations (at positions 1814 or 1815), a 
nonsense mutation at 1874, a missense mutation 
at 1862, and frame shift mutations (Kramvis et al. 
 1997 ). The 1896 stop codon mutant is often present 
in patients with chronic active or inactive hepatitis 
and in asymptomatic carriers in Mediterranean and 
Oriental countries (Lee et al.  1996 ). A mutation at 
1899, which may occur in association with the 
1896 mutation or other mutations that are associ-
ated with HBeAg negativity, is another mutation 
that improves the stability of by providing an 
additional A–T(U) base pair (Kramvis et al.  1997 ). 
The 1896 stop codon mutation is also present in 
a high proportion of patients with fulminant 
hepatitis B, an observation that initially suggested 
a causal role for the mutant (Maruyama et al.  1998 ). 
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The core gene contains both humoral and cytotoxic 
T-cell epitopes (Bertoletti et al.  1991 ). Mutations 
within immunodominant cytotoxic T-cell epitopes 
may be exploited by viruses to evade protective 
immune responses critical for viral clearance. 
Deletions of the core gene have been reported in 
immunocompromised and Oriental patients with 
chronic hepatitis B or hepatocellular carcinoma 
(Yuan et al.  1998 ). These deletions almost always 
involve loss of B- and T-cell epitopes and may 
confer a selective advantage on the virus by 
evading immune surveillance. 

 Point substitutions in the S gene are of particular 
interest because they affect the immunogenicity 
of HBsAg, especially the determinant (against 
which neutralizing antibodies are raised). In an 
effort to explain the effects that mutations in one 
region exert, both locally and on linearly distant 
epitopes, the original two-loop model of the  a  
determinant (positions 124–147) (Carman et al. 
 1990 ), with disulfi de bridges between amino 
acids 124 and 137, has recently been replaced by 
the cysteine web model of the MHR (positions 
100–160 or 169) of the S protein (Carman et al. 
 1990 ). The current model still takes account of 
potential disulfi de bridges but additionally 
supposes cysteines 107, 137, 138, 139, and 149 
to be located in a webbed structure in the viral 
envelope. Two loops (107–137 and 139–147) are 
external to the virion and probably in opposition, 
and there is another tight loop between amino 
acids 121 and 124. The whole MHR is divided 
into fi ve antigenic regions, named HBs1 (up to 
position 120), HBs2 (120–123), HBs3 (124–137), 
HBs4 (139–147), and HBsS (148–169). There are 
indications that the loops formed by HBs2 and 
HBs4, respectively, are spatially close. This mutant 
was found in studies in Singapore, Italy, Japan, 
Taiwan, Indonesia, and Brunei (Hsu et al.  1997 ). 

 Mutations of the polymerase gene may be 
associated with resistance to the therapeutic 
effects of nucleoside analogues and with viral 
persistence (Ono-Nita et al.  1999 ). Lamivudine 
(2,3-dideoxy-3-thiacytidine) is a potent inhibitor 
of RNA-dependent DNA polymerase of HBV, 
irreversibly blocking reverse transcription and 
inhibiting viral replication. It thus effectively 
reduces viral burden in chronic HBV carriers. 

Long-term treatment with lamivudine may, 
however, lead to resistance as the result of the 
generation of mutations that disrupt the YMDD 
(tyrosine, methionine, aspartate, and aspartate) 
locus in the C domain of the polymerase gene 
(Ling et al.  1996 ). The mutation consists of either 
a methionine to valine (M552V) or a methionine to 
isoleucine (M552I) substitution. Both mutations 
result in amino acid substitutions in codons 195 
and 196 in the overlapping S gene. Lamivudine-
resistant variants may also have a leucine to 
methionine (L528M) change in the B domain, 
occurring often in association with the M552V 
mutation and rarely with the M552I mutation 
(Chayama    et al.  1998 ). The L528M substitution 
has no effect on the amino acid sequence of the 
S gene. Replication effi ciency of the YMDD 
mutant is less than that of wild-type virus and, 
after cessation of treatment, the wild- type virus 
re-overtakes the mutant. Lamivudine- resistant 
viruses remain functional and pathogenic. 
Famciclovir is the prodrug of penciclovir, an 
acyclic deoxyguanosine analogue. Penciclovir 
inhibits DNA-dependent as well as RNA-dependent 
DNA polymerase activity. It has similar therapeutic 
effects to lamivudine and is responsible for 
the emergence of mutants usually involving the 
B domain of the polymerase gene. However, 
mutants resistant to famciclovir appear to be less 
common than those induced by lamivudine 
(Pichoud et al.  1999 ). 

 The X gene protein exhibits numerous activities 
affecting intracellular signal transmission, gene 
transcription, cell proliferation, DNA repair, and 
apoptosis (Arbuthnot et al.  2000 ). An eight- 
nucleotide deletion at the 3′ end of the gene and 
within the core promoter/enhancer II (CP/ENII) 
region (positions 1770–1777) (Fukuda et al. 
 1996 ) and a 20-nucleotide deletion at 1752–1772 
(Okamoto et al.  1994 ) study have been described 
in HBsAg- and HBeAg-negative patients. These 
deletions have been shown to downregulate 
the preC promoter, and this may be the reason 
for the suppression of HBV protein secretion. 

 The core promoter plays a central role in HBV 
replication and morphogenesis, directing the 
transcription of both pregenomic RNA and precore 
mRNA. It overlays the 3′ end of the X gene and 
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the 5′ end of the preC/C gene. Sequence variation 
in the core promoter is limited because of its 
pivotal role in viral replication. The double mutation, 
A to T transversion at 1762 and G to A transition 
at 1764, is often present in patients with chronic 
hepatitis, hepatocellular carcinoma, and fulminant 
hepatitis and less often in asymptomatic carriers, 
in immunosuppressed patients, and in carriers 
without HBV markers (Kramvis and Kew  1999 ). 
Mutants are inextricably bound to an evolution to 
chronicity and may be important in hepatocar-
cinogenesis, development of fulminant hepatitis, or 
an asymptomatic course. The clinical importance 
of HBV surface antigen variants has been the 
subject of several reviews (Carman  1996 ). 

 An individual’s response to a drug is the com-
plex interaction of both genetic and nongenetic 
factors. Genetic variants in the drug target itself, 
disease pathway genes, or drug-metabolizing 
enzymes can all be used as predictors of drug 
effi cacy or toxicity. More than one million SNPs 
are now available for genotyping and phenotyping 
studies (Durbin et al.  2010 ). Novel genotyping 
strategies are emerging on a regular basis using a 
variety of techniques designed to increase the 
rate of data generation and analysis. A high- 
resolution SNP map recently developed by the SNP 
Consortium (  http://snp.cshl.org/    ) could expedite the 
identifi cation of genes for complex viral diseases 
such as HIV/AIDS and hepatitis. In virology, the 
SNP technology has focused on detecting the 
predisposition for predicting toxic responses to 
drugs and selecting the best individual and 
combinations of antiretroviral drugs. 

5.1       Prediction of Drug Toxicity 

 SNP detection has been used to predict adverse 
events in antiretroviral therapy in patients with 
HIV infections (Abo et al.  2012 ). The potential 
clinical value of the pharmacogenetics approach 
for predicting drug toxicity will be uncovered as 
more candidate polymorphisms are discovered. 
The application of genotyping strategies to 
predict antiretroviral drug effi cacy has recently 
emerged in a variety of clinical settings. Genotype 

resistance testing of HIV isolates has demonstrable 
clinical use and provides a way to assist therapeutic 
decision making in patients whose HIV RNA 
levels are rising (Klein et al.  2009 ). Moreover, 
HIV viral load testing has served as the major guide 
to the selection and maintenance of antiretroviral 
therapy (Sagreiya et al.  2010 ).  

5.2       Transcriptional Profi ling 
and Genomic Microarrays 

 The development of printed and spotted genomic 
microarrays has enabled the rapid accumulation 
of new information concerning gene mutation and 
expression in human. Microarrays can be used 
to gene mutations and SNPs as well as provide 
rapid screening information regarding mRNA 
expression. Transcriptional profi ling has the 
ability to generate hundreds of thousands of data 
points requiring sophisticated and complex 
information systems necessary for accurate and 
useful data analysis .  This technique has generated 
a wealth of new information in the drug and 
biomarker target discovery and pharmacogenomic 
drug effi cacy testing.   

6       Susceptibility of Various 
Genotypes and Therapy 
in Viral Diseases 

 Highly active antiretroviral therapy for HIV-1, 
although resulting in dramatic suppression of 
viral replication, has also furnished a strong 
selective force for the emergence of drug- resistant 
variants. Here, the distribution of polymorphisms 
can be extreme.    For example, examination of the 
HIV-1 reverse transcriptase (RT) and HIV-1 
protease structural variant databases (Variome™ 
modules) established by Structural Bioinformatics 
(SBI;   http://www.strubix.com    ) and Quest 
Diagnostics (  http://www.questdaignostics.com    ) 
has revealed that no two patients have exactly the 
same sequence – each individual patient exhibits 
a unique sequence or structural variant for these 
drug targets because a principal component 
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determining drug effi cacy is the distribution of 
drug-target structural variants within the patient 
population (Chander et al.  2002 ). 

6.1       Host Genetics Factor 
and HPV and Its Association 
with Pathogenesis of Cervical 
Cancer 

 While it is well known that carcinogenic human 
papillomaviruses (HPVs) are the causal agents of 
cervical cancer, HPV infections are extremely 
common relative to rare cancer incidence, indi-
cating that many infections spontaneously resolve 
(Schiffman et al.  2007 ) or persist without pro-
gression. Host genetic factors may play a role in 
cervical carcinogenesis and are thought to infl u-
ence who develops persistent HPV infection and 
perhaps who further progresses to cancer (Czene 
et al.  2002 ; Hemminki and Chen  1999 ; Hemminki 
et al.  2006 ; Hussain et al.  2008 ; Hildesheim and 
Wang  2002 ; Carrington et al.  2005 ). The roles of 
host genetic factors and other cofactors associ-
ated with cervical cancer are summarized in 
Tables  28.5  and  28.6 . As discussed by Safaeian 

et al. ( 2012 ), it is particularly very interesting 
because the stepwise pathogenesis of the disease 
has been extensively studied. From its initiation 
through HPV infection at the cervical transfor-
mation zone, and subsequent steps related to 
viral persistence, progression to precancer, and 
 invasion (Schiffman et al.  2007 ), the same or 
different factors can be associated with each 
step toward pathogenesis. The role of nongenetic 
cofactors in persistence and progression has 
been well studied, but there are fewer studies 
on the host genetics role on the pathogenesis 
of cervical cancer.

6.2           Interferon Therapy 
of Chronic Viral Hepatitis 

 Current therapies for chronic viral hepatitis include 
two regimens:
•    IFN or antiviral nucleoside/nucleotide analogues 

such as lamivudine, adefovir dipivoxil, and 
ribavirin (Marcellin et al.  2002 ; Chander et al. 
 2002 ) and IFN or lamivudine alone can con-
trol hepatitis B in about one-third of patients 
(Marcellin et al.  2002 ; Liaw  2002 ).  

   Table 28.5    Signifi cance levels ( p  values) for gene regions with  p  ≤ 0.005, for either an association with (i) cervical 
precancer/cancer, (ii) progression to cervical precancer/cancer, or (iii) HPV    persistence   

 Gene  Chromosome  SNPs 

 (i)  (ii)  (iii) 

 CIN3+ ( n  = 415) 
vs. RC ( n  = 425) a  

 CIN3+ ( n  = 415) 
vs. HPV persistence 
( n  = 356) 

 HPV persistence 
( n  = 356) vs. 
RC ( n  = 425) 

  PRDX3*   10q25–q26  11   0.00015   0.0744  0.16314 
  RPS19*   19q13.2   4   0.00045   0.00585  0.45823 
  DDX1   2p24  13   0.0006   0.69087  0.21284 
  TELO2   16p13.3  20   0.0009   0.17849  0.65932 
  C1RL   12p13.31  20   0.00165   0.14029  0.00875 
  ILDR1   3q13.33  11   0.00285   0.05830  0.88461 
  THRAP4    6   0.00370   0.80776  0.05615 
  GDF10   10q11.22  20   0.00400   0.13639  0.04230 
  GDF2   10q11.22  19   0.00400   0.12639  0.04080 
  TYMS   18p11.32  20  0.0055  0.30233   0.0015  
  EVPL   17q25  10  0.02055  0.08985   0.00180  
  GC   4q12–q13  19  0.0343   0.0004   0.00965 
  IL2RA   10p15–p14  44  0.24394   0.00115   0.44318 
  PIK3CA   3q26.3  11  0.91060  0.05145   0.00490  

  *FDR for both  PRDX3  and  RPS19  = 0.19 
  a RC = random controls   
 The values in bold represents the  p <0.005  
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•   A combination of IFN with ribavirin is 
standard therapy for hepatitis C and has 
resulted in eradication of HCV in about 50 % 
of patients (Chander et al.  2002 ; McHutchison 
et al.  1998 ).    

 The outcome of viral therapy is infl uenced 
by viral load and viral genomic variations (espe-
cially viral genotypes and certain specifi c geno-
mic variants). Various therapeutic agents showed 
variation in their effi cacy during treatment; 

   Table 28.6    Association of SNPs with (i) cervical precancer/cancer, (ii) progression to cervical precancer/cancer, or 
(iii) HPV persistence (all models adjusted for age)   

 Gene  rs# 

 (i)  (ii)  (iii)    

 Random 
control 

 HPV 
persistence  CIN3/cancer 

 CIN3/cancer 
vs. RC 

 CIN3/cancer vs. 
HPV persistence 

 HPV persistence 
vs. RC 

  N  (%)   N  (%)   N  (%)  OR (95 %)  OR (95 %)  OR (95 %) 

  PRDX3   RS7082598 
 CC  288 (68)  266 (75)  346 (83)  1.0 (ref)  1.0 (ref)  1.0 (ref) 
 CT  127 (30)  87 (24)  64 (15)  0.41 (0.29–0.58)  0.55 (0.38–0.80)  0.74 (0.53–1.01) 
 TT  10 (2)  3 (1)  5 (1)  0.45 (0.15–1.35)  1.29 (0.29–5.65)  0.33 (0.09–1.20) 

  p -trend < 0.00001   p -trend = 0.008   p -trend = 0.02 
 CT/TT  137 (32)  90 (25)  69 (17)  0.41 (0.30–0.58)  0.58 (0.40–0.83)  0.71 (0.52–0.97) 

  RPS9   RS230589 
 CC  100 (24)  102 (29)  141 (34)  1.0 (ref)  1.0 (ref)  1.0 (ref) 
 CT  228 (54)  172 (48)  213 (51)  0.66 (0.48–0.91)  0.83 (0.59–1.15)  0.74 (0.53–1.05) 
 TT  97 (23)  82 (23)  60 (14)  0.43 (0.28–0.66)  0.51 (0.33–0.78)  0.83 (0.56–1.25) 

  p -trend = 0.0007   p -trend = 0.003   p -trend = 0.34 
 CT/TT  325 (76)  254 (71)  273 (66)  0.59 (0.43–0.80)  0.72 (0.53–0.99)  0.77 (0.56–1.06) 

  Il2RA    RS247641  
 AA  262 (62)  196 (55)  289 (70)  1.0 (ref)  1.0 (ref)  1.0 (ref) 
 AT  147 (35)  135 (38)  114 (27)  0.69 (0.51–0.93)  0.56 (0.41–0.77)  1.22 (0.91–1.65) 
 TT  15 (4)  25 (7)  12 (3)  0.68 (0.31–1.5)  0.34 (0.16–0.70)  2.24 (1.15–4.37) 

  p -trend = 0.02   p -trend = 0.00002   p -trend = 0.02 
 AT/TT  162 (38)  160 (45)  126 (30)  0.69 (0.51–0.92)  0.53 (0.39–0.71)  1.32 (0.99–1.76) 

  TELO2   RS4786772 
 AA  185 (44)  151 (42)  134 (32)  1.0 (ref)  1.0 (ref)  1.0 (ref) 
 AG  197 (46)  147 (41)  211 (51)  1.54 (1.14–2.09)  1.65 (1.19–2.27)  0.92 (0.68–1.24) 
 GG  42 (10)  58 (16)  69 (17)  2.51 (1.59–3.94)  1.40 (0.91–2.15)  1.68 (1.06–2.65) 

  p -trend = 0.0002   p -trend = 0.03   p -trend = 0.13 
 AG/GG  239 (56)  205 (58)  280 (68)  1.71 (1.28–2.28)  1.57 (1.16–2.13)  1.05 (0.79–1.39) 

  C1RL   RS12227050 
 GG  402 (95)  310 (87)  357 (86)  1.0 (ref)  1.0 (ref)  1.0 (ref) 
 AG  22 (5)  45 (13)  57 (14)  2.91 (1.73–4.89)  1.06 (0.69–1.62)  2.73 (1.60–4.65) 
 AA  1 (0.2)  1 (0.3)  1 (0.2)  1.37 (0.08–22.18)  0.77 (0.05–12.91)  1.36 (0.08–21.92) 

  p -trend = 0.0001   p -trend = 0.85   p -trend = 0.0004 
 AG/AA  23 (5)  46 (13)  58 (14)  2.85 (1.71–4.74)  1.05 (0.69–1.61)  2.67 (1.58–4.51) 

  TYMS   RS2342700 
 CC  227 (53)  145 (41)  169 (41)  1.0 (ref)  1.0 (ref)  1.0 (ref) 
 CG  169 (40)  164 (46)  199 (48)  1.56 (1.17–2.09)  1.06 (0.78–1.44)  1.53 (1.13–2.06) 
 GG  29 (7)  47 (13)  46 (11)  2.18 (1.30–3.64)  0.87 (0.54–1.40)  2.57 (1.54–4.27) 

  p -trend = 0.0002   p -trend = 0.78   p -trend = 0.00005 
 CG/GG  198 (47)  211 (59)  245 (59)  1.65 (1.25–2.18)  1.02 (0.76–1.37)  1.68 (1.26–2.23) 

  Odds ratios (95 % confi dence intervals); for top-ranked SNPs ( p  ≤ 0.0001)  
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Table  28.7  shows the susceptibility of various 
genotypes in viral disease hepatitis, and Table  28.8  
shows the therapeutic agents and their effect 
(drug effi cacy) on various genotype/strain of 
hepatitis. In addition, major histocompatibility 
complex (MHC) class I and MHC class II 
polymorphisms (Thursz and Thomas  1997 ), 
interleukin 10 polymorphism (Yee et al.  2001 ), 
MxA promoter single-nucleotide polymorphisms 
(SNPs), and mannose-binding protein SNPs 
(Hijikata et al.  2001 ) all have been supported to 
affect host immune and antiviral responses and 
thus are associated with disease progression and 
treatment response.

    In the human body, humoral IFNs serve as the 
fi rst lines of cellular defense in the control of 
viral infection. These IFN-induced molecules all 

lead to effective control of viral expansion, either 
by inhibiting viral replication or by promoting 
infected cells to undergo apoptosis. Supposedly, 
a combination of these molecules in each person 
will determine the individual’s varying degree of 
response to IFN treatment. However, the genes 
encoding these molecules are conserved in humans 
with only certain genetic polymorphisms.  

6.3       IL-28B Expression 
and Viral Diseases 

 The recent GWAS articles linking the IL28B 
genotype to IFN-alpha therapeutic response 
have triggered intensive research to establish 
underlying mechanisms for the association 

   Table 28.7    The susceptibility of various genotypes in viral disease hepatitis   

 Genotype  Disease  Result/association  Researcher/references 

 Promoter gene polymorphism 
at −238 of TNF-α 

 Chronic hepatitis  Positive associations  Höhler et al. ( 1998a ,  b ) 

 CC genotype than TT/TC  Hepatitis  Sustained virologic 
Response rates of HCV 

 Ge et al. ( 2009 ) 
 SNP( rs12979860) OF IL-28 B 

      Table 28.8    Therapeutic agents and their effect (drug effi cacy) on various genotype/strain of hepatitis   

 Therapeutic agents  Researchers/references  Genotypes and disease  Association and results 

 IFN  Kao et al. ( 2002 ,  2000 )  C and D of HBV vs. B and A 
of HBV 

 Liver diseases severity 
increases in C and D 

 IFN and ribavirin  Farci and Purcell ( 2000 )  Genotype 1 and genotype 2 
of HCV 

 Poorer response (40 vs. 80 %) 

 IFN  King et al. ( 2002 )  A/G heterozygous eIf-2α 
of HBV 

 Signifi cant (OR = 12.28; 
95 % CI, 1.5–107.8; 
 p  = 0.009) 

 peg-IFN-alpha and RBV  Suppiah et al. ( 2009 )  IL-28B with HCV  Signifi cant ( p  = 7.06 × 10 –8 ; 
OR = 3.36; 95 % CI, 
2.15–5.35) 

 peg-IFN-alpha and RBV  Tanaka et al. ( 2009 )  Genotype 1 of HCV two 
SNPs (rs8099917) and 
(rs12980275) of IL-28B 

 Strong association with null 
virologic response (NVR) 
 ( p  = 3.11 × 10 –15 ) 
and ( p  = 1.93 × 10 –13 ) 

 peg-IFN-alpha and RBV  Rauch et al. ( 2010 )  (rs8099917)T/G SNP with 
HCV genotype 1:G allele fail 
to respond of IL-28B 

    Null virologic response 
(NVR) (OR = 2.31; 95 % CI, 
1.74–3.06;  p  = 6.07 × 10 –9 ) 
vs. sustained vs. sustained 
viral response (SVR) 
(OR = 5.19; 95 % CI, 
2.90–9.30;  p  = 3.11 × 10 –8 ) 
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(Liapakis and Jacobson  2010 ). At this point, 
there are very few possible explanations and few 
strong, mechanistic clues (Thio and Thomas 
 2010 ). It is speculated that these variants corre-
late with the regulation of the cytokine IL28B 
transcription, because these SNPs are located 
upstream of the IL28B gene (Thio and Thomas 
 2010 ). The observations cited earlier by Suppiah 
and colleagues and Tanaka and colleagues 
strongly suggest that the identifi ed SNPs do 
indeed alter the expression of the IL28B and, 
perhaps, IL28A genes (Suppiah et al.  2009 ; 
Tanaka et al.  2009 ). These two studies found that 
those who carried the G risk allele at the SNP 
rs8099917 had lower mRNA expression of the 
cytokine IL28B in peripheral blood mononuclear 
cells (Suppiah et al.  2009 ; Tanaka et al.  2009 ). 
On the other hand, Ge and colleagues reported no 
difference in cytokine IL28B expression in 
peripheral blood mononuclear cells from 80 
HCV-uninfected persons homozygous for a proxy 
allele for the SNP rs12979860, using the 
SNPExpress database (Ge et al.  2009 ). Thus, 
various SNPs showed their variation during 
response; Table  28.9  shows the most signifi cant 
predictors of drug response.

6.4          Type III Interferon-Based 
Therapy 

    As presented earlier, at least four independent 
GWAS studies provide signifi cant evidence for 
the role of the IL28B gene in the pathogenesis of 
HCV infection (Ge et al.  2009 ; Suppiah et al.  2009 ). 
However, still more pieces of data are needed 
to complete the mechanistic picture (Thio and 
Thomas  2010 ). The IL28B gene encodes IFN-
lambda-3, which is one of the recently discovered 
type III interferons (or lambda interferons), 

and belongs to the IL10 superfamily (Dellgren 
et al.  2009 ). Other type III interferons are the 
cytokines IL28A and IL29. Some murine studies 
have revealed the preferential expression of 
IFN-lambda receptors on epithelial surfaces and 
have suggested that type III interferons may allow 
the host to rapidly eliminate viruses at the major 
portals of entry into the body before infection is 
established, without activating other arms of the 
immune system (Ank et al.  2006 ,  2008 ; Ank and 
Paludan  2009 ). Nonetheless, one important 
difference established between the murine and 
human systems is that the interleukin (Liapakis and 
Jacobson  2010 ); receptor alpha chain (receptor 
complex induced by IFN-lambda) is expressed 
in human hepatocytes, whereas the murine liver 
seems unlikely to respond to IFN- lambda (Ank 
et al.  2006 ,  2008 ; Ank and Paludan  2009 ). This 
fi nding suggests that IFN-lambda contributes to 
host defense against hepatotropic viruses, such as 
HCV in    humans. Like type I interferons, lambda 
interferons have activity against HCV and other 
viral infections in vitro and in vivo (Marcello 
et al.  2006 ). However, in vitro exogenous IFN-
lambda induces a slower, more sustained abun-
dance of IFN-stimulated genes than IFN-alpha 
(Marcello et al.  2006 ). Although these fi ndings 
answer why IFN-lambda might play a key role in 
HCV recovery, they do not explain why treatment-
associated resolution of HCV infection is associated 
with certain base sequences located upstream of 
the start codon for the cytokine IL28B (Thio and 
Thomas  2010 ).   

7       Transition: From Lab 
to Bench Site 

 In addition to the mechanistic questions of 
profound importance, the recent GWAS fi ndings 
on genetic variation as a predictor of outcome 
in patients treated for HCV infection will have 
major practical implications. Several recent 
GWAS studies have demonstrated remarkable 
associations between SNPs near or within the 
region of the IL28B gene, which codes for 
IFN-lambda- 3 (Ge et al.  2009 ; Suppiah et al. 
 2009 ; Tanaka et al.  2009 ; Rauch et al.  2010 ). 

   Table 28.9    The most signifi cant genetic predictors of 
drug response   

 Organ or system 
involved phenotype 

 Associated 
gene/allele 

 Drug/drug 
response 

 HIV-1 infection   CCR5   Maraviroc effi cacy 
 Hepatitis C infection   IL28B   Interferon-alpha 

effi cacy 
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These results promise to lead to important 
mechanistic fi ndings related to IFN responsive-
ness in this disease and will probably have major 
contributions for individualized medicine and 
therapeutic decision making. Ge and colleagues 
suggest that, in the near future, advance knowl-
edge of the genotype of patients infected with 
HCV could become an important component of 
the clinical decision to initiate treatment. These 
fi ndings may also lead to more individualized 
treatment regimens with regard to both the 
chosen medicines and the duration of therapy 
(Ge et al.  2009 ; Suppiah et al.  2009 ; Tanaka et al. 
 2009 ; Rauch et al.  2010 ). Moreover, the critical 
importance of the IL28B gene region in mediating 
response has emphasized interest in the development 
of IFN-lambda as a therapeutic agent for patients 
with CHC (Doyle et al.  2006 ; Pagliaccetti 
et al.  2008 ). For instance, the early studies of a 
pegylated form of IL29 (IFN-lambda-1) have 
demonstrated promising antiviral activity with 
the potential benefi t of reduced hematologic 
toxicity, owing to the hepatocyte- specifi c receptor 
profi le for IFN- lambda (versus IFN-alpha) (Doyle 
et al.  2006 ; Pagliaccetti et al.  2008 ). 

7.1      IFN-Alpha Pathway 

 In a recent candidate gene study, Welzel and 
colleagues investigated the association between 
genetics and HCV treatment response with a 
focus on the IFN-alpha pathway (Welzel et al. 
 2009 ). They genotyped 56 SNPs along the 
IFN- alpha pathway in 1,051 patients in the 
Hepatitis C Long-term Treatment Against 
Cirrhosis (HALT-C) trial, utilized TaqMan® 
assays (Applied Biosystems, Carlsbad, CA, 
USA) with analysis on the ABI 7900HT platform 
(Applied Biosystems), and focused on European 
Americans ( n  = 581) for purposes of statistical 
power (Welzel et al.  2009 ).    Participants with 
fi brosis score 3 had not previously responded to 
IFN treatment with or without RBV, had a Child–
Turcotte–Pugh score of less than seven, and were 
treated with peg-IFN and RBV for 24 weeks and 
then up to 48 weeks if undetectable at week 20. 
   Recent study by Welzel and colleagues, they 

examined the SNPs in genes encoding IFN-alpha, 
the IFN-alpha receptor, and JAK/tyrosine kinase/
STAT 1 and 2, all part of the signal transduction 
via the JAK–STAT pathway; IFN-alpha-induced 
genes with antiviral properties, including adenos-
ine deaminase/eukaryotic translation initiation 
factor 2A-alpha kinase 2/NFKB1/myxovirus 
resistance 1/2′5′-oligoadenylate synthetase 1; 
as well as interferon regulatory factor (Welzel 
et al.  2009 ). In a recent study, Ke and colleagues 
(2010) extended the previous research and 
applied both ANN algorithms and logistic regres-
sion with feature selection to predict IFN-alpha 
and RBV treatment outcomes using genetic fac-
tors. The cohort of 523 CHC patients was origi-
nal to the previous study by Lin ( 2006 ). 

 In addition to rapid patient-specific drug- 
resistance phenotyping for the management of 
antiretroviral therapy, structural pharmacoge-
nomics can be used for the prediction of clinical 
trial outcomes. By computationally analyzing the 
interaction of a putative drug with a sampling of 
the polymorphism structural repertoire that a 
new drug will encounter in the clinic, it is possi-
ble to predict the binding effectiveness of a new 
drug before the initiation of expensive clinical 
evaluation in patients. This is a straightforward 
application and extension of the recently reported 
successful computational prediction of drug 
resistance phenotypes for HIV-1 protease on a 
patient-by-patient basis (Shenderovich et al.  2003 ). 
   The interaction and movements of side chains in 
individual polymorphism structures in response 
to drug binding can be computed, for example, 
comparison of the computed structural changes 
upon drug binding with the observed changes in 
the corresponding X-ray crystallographic structure 
(Hong et al.  2000 ) of the saquinavir–HIV 
protease complex.  

7.2      Drug Effi cacy and Adverse 
Effects of Viral Drugs 

 The sensitivity and specifi city for predicting drug 
resistance phenotypes on a patient-by-patient 
basis for various Food and Drug Administration 
(FDA;   http://www.fda.gov    )-approved drugs, 
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based upon the computed relative energy (∆ E bind ) 
of interaction of each drug with each patient’s 
unique drug-target polymorphism structure   . The 
numbers appear to be quite good in comparison 
to what is achievable in the laboratory at present. 
However, perhaps what is most important, with 
respect to increased effi ciency and speed in drug 
design, is that answers can be generated overnight 
rather than in 3–6 weeks (the typical timeframe 
for laboratory drug resistance phenotyping). 
Another way of looking at the interaction of 
putative drugs or drug leads with a set of drug-
target polymorphisms is to dock the molecules to 
the individual polymorphisms and measure the 
distance of the drug to each residue within the 
protein. Such an analysis for five different 
protease inhibitors is shown in Table  28.10 : as 
prediction of drug effi cacy.

   The mutation frequency profi le is superim-
posed at the bottom of the graph, and this analysis 
clearly identifi es those aminoacyl side chains that 
mutate with a high frequency and are in close 
proximity to the bound drug, those that are 
proximal and stable, those that are distal and 
mutate, and those that are distal and are stable. 
The Variome™ structural pharmacogenomics 
technology has broad applications in the rational 
design of highly effective infectious disease 
therapies – bacteria as well as viruses, drugs as 

well as vaccines – that offer the prospect of stable 
effi cacy in the face of drug selection pressure. In 
addition to naturally occurring infectious agents, 
it is clear that there is signifi cant value in 
biodefense- related applications in rational drug 
and vaccine design and in threat assessment and 
prediction. Understanding and managing the 
adverse effects of antiretroviral therapy highly 
active antiretroviral therapy (HAART) has changed 
the landscape of HIV disease in a way that seemed 
unthinkable a decade ago. The fi rst HAART 
regimens worked in suppressing virus but were 
encumbered by a variety of short-term and 
long-term side effects. More recent regimens 
became simpler, easier to take, and with fewer 
adverse events. Knowledge of both the short- and 
long-term adverse events associated with 
HAART is essential for providers and for patients. 
For new drugs to be acceptable in the current 
fi eld, they will have to pass a litmus test of toler-
ability. Since adverse events are often remarkably 
idiosyncratic, pharmacogenomics may offer a 
way of predicting side effects and their severity 
from a particular drug or drug class in individual 
patients. 

 Adverse events (AEs) play a major role in 
determining adherence to highly active antiret-
roviral therapy (HAART), and adherence is 
perhaps the most signifi cant determinant of a 

      Table 28.10    Prediction of drug effi cacy   

 Protease inhibitor  Sensitive below  Resistant above  Sensitivity (%)  Specifi city (%)  Kappa 2    p  value 

 Amprenavir  0.7  1.4  86.7  100  0.907  <0.0001 
 Indinavir  0.6  1.5  94.1  100  0.958  <0.0001 
 Nelfi navir  0.7  1.0  60.6  96.8  0.567  <0.0001 
 Ritonavir  0.7  1.4  100  84.1  0.754  <0.0001 
 Saquinavir  0.6  1.1  68.4  100  0.752  <0.0001 
 Lopinavir  0.3  0.7  100  83  0.755  <0.0001 

  Comparison of computational drug resistance phenotype with laboratory phenotyping      ∆ E  bind cuttoff (kcal/mol) 
 ViroLogic PhenoSense (ViroLogic,   http:/www.virologic.com    ) 
 Kappa is measure of inter-assay agreement: kappa > 0.75, excellent agreement; 0.4 < kappa < 0.75, good agreement; 
kappa < 0.4, poor agreement 
 Nevirapine and tipranavir (Boehringer Ingelheim,   http://www.boehringer-ingelheim.com    ) 
 Saquinavir (Roche,   http//www.roche.com    ) 
 Amprenavir (Glaxo Wellcome,   http://www.gsk.com    ) 
 Indinavir (Merck,   http://www.merck.com    ) 
 Nelfi navir (Pfi zer,   http://www.pfi zer.com    ) (Lopinavir) 
 Ritonavir (Abbot,   http://www.abbot.com    )  
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regimen’s success (d’Arminio Monforte et al. 
 2000 ). While randomized, controlled clinical trials 
are the gold standard for evaluating the effi cacy 
of drugs, they may underestimate short-term 
toxicity in the general clinic population because 
of the desire of the subjects to stay in the trial and 
the support from the trial staff in enabling them 
to do so. Long-term toxicities may be missed 
because of the often younger age of the subjects 
in clinical trials and because the relatively short- 
term duration of these trials may not detect 
toxicities with a low prevalence rate; Table  28.11  
shows the adverse effects associated with different 
classes of antiretroviral. AEs of antiretroviral 
drugs can be usefully divided into short- and 
long-term toxicities and also by the class of 
agent used.

8           Mechanisms of Resistance 

 Considerable progress has been made in identifying 
mutations associated with drug resistance 
(Table  28.12 ) and in understanding the mechanisms 
through which they confer resistance (Table  28.13 ). 
A variety of mechanisms have been identifi ed 
that differ both for different classes of drugs and 
for drugs of a given class.

8.1          Resistance to Nucleoside 
and Nucleotide Analogues 

 Nucleoside analogues and nucleotide analogues 
(Table  28.13 ) block the synthesis of viral DNA 
by reverse transcriptase enzyme. After phosphor-
ylation by cellular kinases, these compounds are 
incorporated by reverse transcriptase into the 
nascent chain of viral DNA. Because these drugs 
lack a 3′ hydroxyl group, no additional nucleo-
tides can be attached to them, and the synthesis of 
viral DNA is arrested. Two distinct mechanisms 
are involved in HIV resistance to these drugs: 
impairment of the incorporation of the analogue 
into DNA and removal of the analogue from the 
prematurely terminated DNA chain.  

8.2       Impairment of Analogue 
Incorporation 

 Several mutations or groups of mutations in 
reverse transcriptase enzyme can promote 
resistance by selectively impairing the ability of 
reverse transcriptase to incorporate an analogue 
into DNA. They essentially include the M184V 
mutation, the Q151M complex of mutations, and 
the K65R mutation (Table  28.12 ). The M184V 

   Table 28.11    Adverse effects associated with different classes of antiretroviral   

 Class  Drug  Adverse effects 

 NRTIs  Zidovudine  Anemia, nausea, rash, myopathy, dyslipidemia 
 Stavudine, didanosine  Nausea, lipoatrophy, dyslipidemia, pancreatitis, 

lactic acidosis, hepatic steatosis 
 Abacavir  HSR, hepatotoxicity 
 Tenofovir  Renal insuffi ciency, bone loss 

 NNRTIs  Efavirenz  CNS adverse effects, rash, hepatotoxicity, 
teratogenicity, hypertriglyceridemia 

 Nevirapine  HSR, rash, hepatotoxicity, 
 Etravirine  Rash, hepatotoxicity 

 PIs  All PIs  Nausea, rash, hepatotoxicity, dyslipidemia, 
diarrhea, insulin resistance 

 Atazanavir  Jaundice, sclera icterus, nephrolithiasis 
 Lopinavir, fosamprenavir  Heart disease 

 Integrase inhibitors  Raltegravir  Headache, insomnia, dizziness, fatigue 
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(continued)

        Table 28.12    Mutation involved in resistance of HIV to nucleoside analogues, nonnucleoside reverse transcriptase 
inhibitors (NNRTIs), and protease inhibitors   

 Mutation 

 Comments  Reverse transcriptase 

 Mutations conferring resistance 
to nucleoside analogues 

 Family of mutations known as thymidine analogue mutations. 
Associated with resistance to most nucleoside analogue except lamivudine 

 M41L, D67N  In vitro cause high-level resistance to zidovudine and low-level resistance 
to stavudine, didanosine, and abacavir 

 K70R, L210W  Segregate in two pathways, one comprising T215Y and L210W 
and the other T215F and K219Q 

 T215Y, T215F, K219Q, K219E  Pathway comprising T215Y and L210W associated with decreased 
responsiveness to tenofovir 

 M184V  Observed in most viruses resistant to treatment with lamivudine 
 Confers high-level resistance to lamivudine in vitro 
 Can interfere with resistance to zidovudine and stavudine when the number 
of thymidine analogue mutations is small 
 Increase the level of resistance to didanosine and abacavir owing to thymidine 
analogue mutations 

 Q151M  Rare pathway for resistance of HIV-1 to nucleoside analogues 
 F116Y, F77L, V75I, A62V  In vitro, cause high-level resistance to most nucleoside analogues except 

lamivudine and tenofovir 
 69 Insertional mutations  Insertion of two or more amino acids (usually serines) next to codon 69 

 Emerge only in viruses that already have several thymidine analogue mutations 
 Confer high-level resistance to all nucleoside analogues 

 K65R  Selected for by zalcitabine, abacavir, and tenofovir therapy 
 Y115F  Selected for by abacavir therapy 
 L74V  Selected for by didanosine therapy, usually when didanosine is the only 

nucleoside analogue 
 Mutations conferring resistance to NNRTIs 
 K103N  Mutation most frequently selected for by efavirenz therapy 

 Occasionally selected for by nevirapine therapy 
 Confers high-level resistance to all available NNRTIs 

 Y181C  Mutations most frequently selected by nevirapine 
 Y188C  Confers high-level resistance to nevirapine but lower-level resistance to 

efavirenz 
 Y108I  Y188L, unlike Y188C, seen mostly with efavirenz therapy 
 L100I, V106A, G190A, G190S  Mutations that accumulate during prolonged ineffective therapy with most 

NNRTIs 
 Protease and gag mutations 
 L90M  Frequent resistance mutation, observed during failure of therapy with most 

protease inhibitors 
 Mutation most frequently selected for by saquinavir therapy 

 V82A, V82T, V82F  Common resistance mutations 
 Can emerge early during failure of therapy with most protease inhibitors 
 Mutations most frequently selected for by ritonavir and indinavir therapy 

 D30N  Mutations most frequently selected for by nelfi navir therapy 
 N88D, N88S  D30N always fi rst 
 L101, L10F, K20R,K20M, 
M36I, M46I, M46L, 

 Mutations that can accumulate during failure of therapy with most 
protease inhibitors, causing gradual increases in the level of resistance 

 I54V, I54L, A71V, A71T, 
G73S, V77I, M93L 
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 Mutation 

 Comments  Reverse transcriptase 

 I84V  Frequently found after prolonged ineffective therapy with protease inhibitors 
 Associated with high-level resistance to most protease inhibitors 

 G48V  Exclusively selected for by saquinavir therapy 
 Associated with high-level resistance to saquinavir 

 L24I  Emerges occasionally during failure of indinavir therapy 
 Also found with lopinavir therapy 

 I47V, I50V  Most often selected for by amprenavir therapy 
 Also found with lopinavir therapy 

 V32I, F53L  Rare mutations 
 Confer high-level resistance to most protease inhibitors 

 A431V  Mutations in gag, the main viral substrate of the protease 
 L449F  Increases resistance and partially compensates for resistance-associated 

loss of viral replicative capacity 

  Mutations are designated according to the letter of the wild-type amino acid that is subject to substitution, followed in 
turn by the position of that amino acid in the reverse transcriptase or protease sequence and by the letter of the 
mutant amino acid. For example, M184V indicates that methionine at position 184 is replaced by a valine. A complete 
description of HIV drug-resistance mutations and the latest information on their interpretation can be found at 
  http://hivdb.stanford.edu     and   http://www.iasusa.org/resistance_mutations/index.html     
 30 (International AIDS Society-USA  2002 )  

Table 28.12 (continued)

     Table 28.13    Antiretroviral agents used in the treatment of HIV infection   

 Drugs  Mechanisms of action  Mechanisms of resistance 

 Nucleoside analogues  Analogues of normal nucleosides     Thymidine analogue mutations promote 
ATP-mediated and pyrophosphate-mediated 
excision of the incorporated terminator 
M184V or Q151M complex mutations and 
impair incorporation of nucleoside analogues 

 Zidovudine  Active as triphosphate derivatives 
 Stavudine  Incorporated into nascent viral DNA 
 Lamivudine  Prematurely terminate HIV DNA synthesis 
 Didanosine 
 Zalcitabine 
 Abacavir 
 Nucleotide analogues  Same as nucleoside analogues  K65 R impairs incorporation of tenofovir into 

DNA thymidine analogue mutations often 
associated with cross-resistance to tenofovir 

 Tenofovir 

 Nucleoside reverse 
transcriptase inhibitors 

 Bind a hydrophobic pocket 
of HIV type 1 reverse transcriptase 

 Mutations reduce affi nity of the inhibitors 
for the enzyme 

 Nevirapine  Block polymerization of viral DNA  Single mutations generally suffi cient 
to induce high level of resistance  Efavirenz  Inactive against HIV type 2 

 Delavirdine 
 Protease inhibitors  Structure derived from natural peptidic 

substrates of HIV type 1 protease 
 Mutations reduce affi nity 
of the inhibitors for the enzyme  Saquinavir 

 Ritonovir  Bind the active site of the protease  High-level resistance requires 
accumulation of mutations 

 Indinavir 
 Nelfi navir 
 Amprenavir 
 Lopinavir 
 Fusion inhibitors  Thirty-six amino acid peptide derived from 

the HR2 domain of glycoprotein 41 
 Mutations affect HR1, a domain 
of glycoprotein 41 whose interaction 
with HR-2 promotes membrane fusion  Enfuvirtide  Interferes with glycoprotein 41-dependent 

membrane fusion 
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mutation involves the replacement of methionine 
by valine at position 184 of the reverse transcrip-
tase and is the main mutation that confers resistance 
to lamivudine (Boucher et al.  1993 ). Methionine 
184 is located at the heart of the catalytic site of 
reverse transcriptase, and its replacement by a 
valine, which has a different side chain, interferes 
with the proper positioning of lamivudine 
triphosphate within the catalytic site (Sarafi anos 
et al.  1999 ). The M184V mutation induces very 
high levels of resistance to lamivudine. When 
lamivudine is used as a single agent, resistant 
strains overtake wild-type virus in a few weeks 
(Schuurman et al.  1995 ), and when lamivudine is 
used as part of a failing regimen of HAART, the 
M184V mutation is almost always the fi rst muta-
tion to emerge (Havlir et al.  2000 ). The group of 
mutations referred to as the Q151M complex 
(Iversen et al.  1996 ) (Table  28.12 ) is most often 
selected for in the course of the failure of 
regimens containing stavudine and didanosine. 
This pathway always starts with the Q151M 
substitution, a residue located in the immediate 
vicinity of the nucleotide-binding site of reverse 
transcriptase, and is followed by the gradual 
accumulation of secondary mutations that 
enhance resistance and increase the activity of the 
enzyme (Kosalaraksa et al.  1999 ). The Q151M 
complex is relatively rare in HIV-1 (fewer than 
5 % of all HIV strains with resistance to nucleoside 
analogues) but can confer high- level resistance to 
most but not all (e.g., lamivudine and tenofovir) 
analogues (Iversen et al.  1996 ). Interestingly, the 
Q151M complex is markedly more frequent in 
HIV-2 than in HIV-1. The K65R mutation is seen 
with increasing frequency in patients in whom 
therapy with nucleoside or nucleotide analogues 
fails, especially when the regimen includes 
tenofovir or abacavir. This mutation appears to 
confer resistance to most analogues, with the 
exception of zidovudine.  

8.3       Removal of the Analogue 
from the Terminated DNA 
Chain 

 Removal of the nucleoside analogue from the 
terminated DNA chain is associated with a group 

of mutations commonly termed “thymidine 
analogue mutations” (Table  28.12 ). Mutations 
from this group are most frequently selected for 
after the failure of drug combinations that include 
thymidine analogues, such as zidovudine and 
stavudine, but they can promote resistance to 
almost all nucleoside and nucleotide analogues, 
including tenofovir (Larder and Kemp  1989 ; 
Picard et al.  2001 ). These mutations occur 
gradually, and their order of emergence can vary. 
Thymidine analogue mutations promote resistance 
by fostering ATP- or pyrophosphate-mediated 
removal of nucleoside analogues from the 3′ end 
of the terminated DNA strand (Meyer et al.  1999 ). 
ATP and pyrophosphate, which are abundant in 
 normal lymphocytes, do not participate in the 
DNA- polymerization reaction, but the structure 
of a reverse transcriptase expressing thymidine 
analogue mutations facilitates their entry into 
a site adjacent to the incorporated analogue 
(Chamberlain et al.  2002 ). In this position, ATP 
or pyrophosphate can attack the phosphodiester 
bond that links the analogue to DNA, resulting 
in removal of the analogue. Interestingly, the 
effi ciency of this process, also known as “primer 
rescue,” can be signifi cantly decreased by the 
presence of other mutations in reverse transcrip-
tase, a phenomenon that has been best described 
in the case of the M184V mutation (Larder 
et al.  1995 ). As a consequence; M184V slows the 
selection of thymidine analogue mutations by 
thymidine analogues (Picard et al.  2001 ) and may 
slightly increase the residual antiviral activity of 
some nucleoside analogues in spite of the presence 
of thymidine analogue mutations.  

8.4      Resistance to Nonnucleoside 
Reverse Transcriptase 
Inhibitors 

 Nonnucleoside reverse transcriptase inhibitors are 
small molecules that have a strong affi nity for a 
hydrophobic pocket located close to the catalytic 
domain of the reverse transcriptase. The binding 
of the inhibitors affects the fl exibility of the 
enzyme, thereby blocking its ability to synthesize 
DNA. The mutations that are selected for after 
the failure of treatment with nonnucleoside 
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reverse transcriptase inhibitors are all located in 
the pocket targeted by these compounds, and they 
reduce the affi nity of the drug (Esnouf et al.  1997 ; 
Hsiou et al.  2001 ). Because of subtle differences 
in the interaction between various nonnucleoside 
reverse transcriptase inhibitors and the hydrophobic 
pocket, however, the mutations that emerge 
most frequently are somewhat drug dependent 
(Table  28.12 ). Resistance to nevirapine is often 
associated with the Y181C mutation, but other 
mutations, such as Y188C, K103N, G190A, and 
V106A, also occur. Initial resistance to efavirenz is 
generally characterized by the K103N mutation, 
but the Y188L mutation is also seen.  

8.5      Resistance to Protease 
Inhibitors 

 The HIV protease cleaves large polyprotein 
precursors at specifi c sites, releasing the structural 
proteins and enzymes necessary for the assembly 
of infectious viral particles. In the absence of a 
functional protease, viral particles are produced, 
but they are immature and are not infectious. The 
protease of HIV is a symmetrically assembled 
homodimer with a central, symmetric, substrate- 
binding cavity. Detailed knowledge of the 
structure of this domain and of the structure of 
the natural protein substrates of the enzyme has 
led to the design of specifi c inhibitors whose 
chemical structure mimics that of the viral peptides 
that are normally recognized and cleaved by the 
protease (Roberts et al.  1990 ). 

 These compounds display a strong affi nity for 
the active site of the HIV protease and inhibit 
the catalytic activity of the enzyme in a highly 
selective manner. Resistance to protease inhibitors 
is the consequence of amino acid substitutions 
that emerge either inside the substrate-binding 
domain of the enzyme or at distant sites (Molla 
et al.  1996 ) (Table  28.13 ). Directly or indirectly, 
these amino acid changes modify the number and 
the nature of the points of contact between the 
inhibitors and the protease, thereby reducing 
their affi nity for the enzyme (Hong et al.  2000 ; 
Prabu-Jeyabalan et al.  2002 ). As an example, the 

common resistance mutation V82A reduces the 
size of an amino acid residue in the protease that 
is more important for binding most inhibitors 
than for binding the natural viral protein substrate 
(Prabu-Jeyabalan et al.  2002 ). 

 Protease inhibitors have been designed to 
bind the protease with maximal affi nity and tend 
to occupy more space inside the active site cav-
ity than do natural substrates. Unlike the inhibi-
tors, the natural substrates of the protease have a 
variable, but generally less tight, interaction 
with the catalytic site, a phenomenon that pro-
motes the ordered sequential cleavage of the 
polyproteins required for proper assembly of the 
viral particle. Resistance mutations in the pro-
tease, which result in an overall enlargement of 
the catalytic site of the enzyme, would thus be 
predicted to have a greater effect on the binding 
of inhibitors than the natural templates. Some 
mutations are selected for only by certain 
 protease inhibitors (Table  28.12 ), refl ecting 
 particularities in the chemical structure of the 
inhibitors that infl uence their interaction with the 
substrate-binding domain of the enzyme. 
However, there is considerable overlap between 
the combinations of mutations in HIV strains 
that develop resistance to protease inhibitors. 
This overlap explains the wide cross-resistance 
that is generally observed within this drug class 
(Schapiro et al.  1999 ). 

 Remarkably, resistance to protease inhibitors 
can also be promoted by mutations in some of the 
natural viral substrates of the protease (Mammano 
et al.  1998 ). Characteristic substitutions of amino 
acids near cleavage sites of the gag polyprotein 
have been identifi ed that can increase the level of 
resistance and the replicative capacity of the virus 
by facilitating cleavage under conditions in which 
the amount of active enzyme is suboptimal or 
improving the ability of proteases containing 
resistance mutations to interact with the substrate.  

8.6       Resistance to Fusion Inhibitors 

 HIV-1 enters target cells through an intricate 
sequence of interactions between the HIV 
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envelope glycoprotein (gp) complex (gp120–gp41) 
and specifi c cell-surface receptors (Kilby and 
Eron  2003 ). The early steps in this process allow 
gp41, the fusogenic component of the complex, 
to interact with the cell membrane, thereby 
tethering the virus to its target. The membranes 
of the virus and target cell are then brought into 
close proximity, fostering their fusion, by further 
rearrangement of gp41. In this step, a distal 
hydrophobic region of gp41, HR2, folds onto a 
more proximal hydrophobic region, HR1, effec-
tively shortening the molecule. Enfuvirtide, a 
36- aminoacid peptide derived from HR2, desta-
bilizes this process by binding to HR1 and blocks 
the infectivity of HIV-1. Viral resistance to enfu-
virtide usually results from mutations located in a 
stretch of ten amino acids within HR1 (Rimsky 
et al.  1998 ). Interestingly, changes in amino acids 
in gp41 outside HR and even changes in gp120 
appear to be associated with signifi cant differences 
in the susceptibility of the virus to enfuvirtide. 
These mutations or polymorphisms probably 
explain the remarkably wide range of natural 
susceptibility to enfuvirtide among HIV-1 strains 
(Derdeyn et al.  2001 ; Reeves et al.  2002 ) and 
could participate in the evolution of acquired 
resistance to enfuvirtide.  

8.7      Cross-Resistance 

 Cross-resistance, defi ned as resistance to drugs 
to which a virus has never been exposed, 
results from mutations that have been selected 
for by the use of another drug. Cross-resistance 
is always restricted to drugs within a given 
class of antiretroviral agents but all three 
classes of antiretroviral drugs are affected. 
Early in the evolution of resistance to nucleo-
side analogues or protease inhibitors, viruses 
may have only a low level of cross-resistance 
to alternative agents within each of these two 
classes of drugs (Richman  1990 ). Nevertheless, 
these strains may need to add only one or a few 
additional mutations to this preexisting scaf-
folding for high-level cross-resistance to develop. 
Therefore, in patients infected with strains that 

have low levels of cross-resistance, the switch 
to apparently active alternative drugs can be 
accompanied by rapid selection for highly 
resistant variants, at the expense of minimal 
evolutionary changes (Dulioust et al.  1999 ). 
Resistance is not an all-or-nothing phenome-
non and generally increases over time (Richman 
 1990 ; Barbour et al.  2002 ; Ross et al.  2000 ). 

 Single mutations rarely produce complete 
resistance to antiretroviral drugs, although the 
M184V mutation in reverse transcriptase, which 
results in complete resistance to lamivudine, is 
an exception to this rule. Single mutations in 
the hydrophobic pocket of reverse transcrip-
tase also provide strong resistance to nonnucle-
oside reverse transcriptase inhibitors, but the 
viral strains in patients in whom regimens using 
these drugs are failing often incur additional 
mutations, suggesting that the level of resistance 
provided by single mutations is not optimal 
(Hanna et al.  2000 ). Resistance to reverse tran-
scriptase inhibitors through the accumulation of 
thymidine analogue mutations or Q151M com-
plex mutations and resistance to protease inhibi-
tors are always gradual processes, leading to 
progressive increases in the level of resistance 
(Mammano et al.  2000 ). Nonetheless, even after 
several mutations have accumulated in the HIV 
protease and reverse transcriptase suffi cient to 
produce patent treatment failure, resistance may 
not have reached maximal levels, and additional 
mutations, associated with increases in resis-
tance, can occur even in the absence of any 
changes in treatment (Barbour et al.  2002 ). 
Indeed, the development of complete resistance 
may represent an exception. Because resistance 
mutations can impair viral replicative capacity, 
the solution adopted by the dominant viral pop-
ulation may entail making concessions in terms 
of resistance. Efforts are being made to evaluate 
the antiviral activity retained by individual 
drugs in the face of resistance mutations. Such 
knowledge may help in the treatment of patients 
infected with viruses that express resistance to 
multiple classes of drugs, since keeping HIV 
under some pharmacologic pressure may reduce 
its pathogenic potential.  
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8.8       Effect of Resistance on Viral 
Replicative and Pathogenic 
Capacity 

 Many resistance mutations impair viral replication. 
Because these mutations modify key viral 
proteins, they have deleterious effects of variable 
extent on protein function. Although some of 
these defi cits can be partially corrected by com-
pensatory mutations (Nijhuis et al.  1999 ), viruses 
forced to develop higher levels of resistance 
under intense and continuous pressure by anti-
retroviral drugs often have a substantial impair-
ment in their replicative capacity (Barbour 
et al.  2002 ). The degree of replicative impair-
ment conferred by resistance mutations is highly 
variable. The most crippling mutations appear 
to be those associated with resistance to protease 
inhibitors (Zennou et al.  1998 ), but signifi cant 
replicative defects can be related to mutations 
in reverse transcriptase that confer resistance to 
nucleoside analogues or nonnucleoside reverse 
transcriptase inhibitors (Back et al.  1996 ; Bleiber 
et al.  2001 ) as well as envelope mutations associ-
ated with resistance to enfuvirtide. The clinical 
effect of resistance-associated loss of viral 
replicative capacity is the subject of intense 
investigation. Several observations suggest that 
resistant viruses have lost some of their virulence. 
When antiretroviral treatment is interrupted in 
patients infected with HIV that is resistant to 
multiple drugs, the resistant strain is more or less 
rapidly replaced by wild-type virus. This change 
is accompanied by a drop in CD4 T-cell counts, 
suggesting that wild- type virus has a greater 
replicative and pathogenic potential (Deeks et al. 
 2001 ). In a signifi cant proportion of patients in 
whom HAART is failing, the CD4 T-cell counts 
remain signifi cantly above pretreatment levels, 
despite the poor control of replication (Kaufmann 
et al.  1998 ). Whether this apparent immunologic 
benefi t of HAART in spite of patent virologic 
failure is the direct consequence of reduced viral 
pathogenicity, a sign of persistent residual activ-
ity of some drugs in the regimen, or both, remains 
to be elucidated. Consequently, therapeutic strat-
egies that take advantage of resistance-associated 

loss of HIV replicative capacity have yet to be 
identifi ed. 

    However, recent data of CATCH and the 
US-based studies suggested that transmitted 
drug-resistant HIV can remain the dominant 
population in peripheral blood for an extended 
period of time. Furthermore, a study analyzed the 
baseline nucleotide sequences among 11 subjects 
with primary HIV infection who showed variation 
against antiretroviral therapy (Little et al.  2004 ). 
The patients had been infected for approximately 
65 days and had at least one major drug resistance 
mutation. Longitudinal samples were collected for 
a median of 225 days after infection and analyzed 
for persistence of transmitted drug- resistant 
variants. Seven patients had evidence of NNRTI 
resistance, two patients had resistance to both 
NRTIs and PIs, and one patient had triple- class 
resistance. The average time to reversion of the 
K103N variants to mixed 103 N/K populations in 
the seven patients with NNRTI resistance was 
196 days following the estimated date of infection. 
In the four patients with mutations conferring 
resistance to protease inhibitors, no reversion to 
wild type was detected at 64, 191, 327, and 
342 days after infection. Complete reversion of 
genotypic resistance was observed in only one 
patient at 1,019 days after infection. Dr. Kuritzkes 
concluded the data presented at the 11th CROI by 
a team of investigators at Gilead Sciences 
(Borroto-Esoda et al.  2004 ). Study FTC-301A 
compared once-daily emtricitabine (Emtriva) to 
once-daily stavudine (Zerit), both combined with 
didanosine (Videx) and efavirenz (Sustiva), in 
571 treatment-naïve patients from North America, 
Latin America, and Europe. Overall, 90/546 
(16 %) evaluable patients entered the study with 
HIV mutations at positions associated with resis-
tance to NNRTIs. There were no differences in 
the prevalence or type of mutations between the 
groups. For subjects with wild-type virus at base-
line, the incidence of virologic failure was 12 % in 
the stavudine group and 5 % in the emtricitabine 
group. Among patients with drug-resistant virus 
at baseline, virologic failure occurred in 32 % of 
the stavudine group and 13 % of the emtricitabine 
group.  
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8.9       Mutations 

8.9.1      The K65R Mutation 
 Perhaps the most widely cited case in point regard-
ing the dangers of K65R is GlaxoSmithKline’s 
ESS3000009 trial (Gallant et al.  2003 ). In this 
study, 345 patients were randomized to receive 
either tenofovir or efavirenz, combined with a 
fi xed-dose combination tablet containing 600 mg 
abacavir and 300 mg lamivudine, all to be taken 
once a day. Patients were naïve to antiretroviral 
therapy prior to starting the study and had an 
average baseline viral load of 4.63 log10 copies/ml 
and a baseline CD4+ cell count of 260 cells/mm 3 . 
Because of a glaringly high number of treatment 
failures being documented in the triple-NRTI 
group, the study investigators conducted an 
unplanned analysis involving the fi rst 194 
patients who completed 8 weeks of follow-up. 
Approximately 49 % of patients in the triple-NRTI 
group met the defi nition of virologic failure, 
compared to only 5.4 % patients in the efavirenz-
based arm. Tenofovir, abacavir, and lamivudine 
can all select for the K65R mutation. Among 21 
patients who had viral loads that were high 
enough to test for drug resistance, 10 (48 %) had 
the K65R mutation. Tenofovir, abacavir, and 
lamivudine all exert concerted pressure on the 65 
locus, and, with the emergence of that single 
mutation, it is able to abrogate the effi cacy of the 
regimen with a single stroke.  

8.9.2      TAMs and K65R 
 NRTIs exert a blocking effect by plugging a non- 
extendable nucleoside analogue monophosphate 
to the 3′ end of the growing proviral DNA chain. 
This effectively terminates chain extension and, 
ultimately, inhibits replication of the virus. 
However, this process can be reversed by a reverse 
transcriptase reaction that removes the chain-ter-
minating residue and reinstates an extendable 
primer. This reverse reaction of DNA polymeriza-
tion, termed pyrophosphorolysis, enables reverse 
transcription and DNA synthesis to resume. 
Pyrophosphorolysis can be enhanced by key muta-
tions, often referred to as thymidine analogue 
mutations (TAMs). While pyrophosphorolysis is 

believed to be the primary mechanism of resistance 
to zidovudine and stavudine, the process is not 
drug specifi c in the way that discriminatory 
mutations tend to be. Consequently, these 
pyrophosphorolysis- enhancing mutations can 
confer reduced susceptibility to all of the NRTIs. 

 In essence, NRTI resistance is the sum of two 
mechanisms: (1) their ability to alter drug bind-
ing or incorporation, through the mechanism 
described in the beginning of this section, plus 
(2) their ability to alter the excision of drug from 
the nascent DNA chain. The 65R mutation 
impedes both drug binding and primer excision. 

 In effect, variants harboring both K65R and 
TAMs still considered to be a rare occurrence can 
have surprising effects. Many TAMs are in the 
“fi ngers” domain of the polymerase, which makes 
up the deoxynucleotide triphosphate binding site. 
In turn, TAMs interfere with proper function 
of the enzyme. Because K65R impedes primer 
excision, it is believed to sensitize HIV to NRTIs 
affected by TAMs, most notably zidovudine. It 
has also been noted that TAMs can reverse some of 
the effects of K65R on drug binding and incorpo-
ration; there are data suggesting that concurrent 
zidovudine use can prevent the emergence of the 
K65R mutation though the mechanism responsible 
for this has not yet been elucidated. 

 Of interest are data from six recent clinical 
trials evaluating all reverse transcriptase inhibitor 
regimens containing tenofovir, either with or 
without zidovudine. Among patients initiating 
therapy for the fi rst time, tenofovir-inclusive 
regimens not involving zidovudine were much 
more likely to fail in association with development 
of the K65R mutation. Conversely, tenofovir- and 
zidovudine-inclusive regimens were much more 
likely to fail in association with the development 
of TAMs.  

8.9.3      The Role of Minor Variants 
 Moving on to resistance issues in heavily pretreated 
HIV-positive patients, Dr. Kuritzkes reviewed 
data stemming from ACTG 398, a clinical trial 
designed to determine whether the addition of a 
second protease inhibitor to a regimen containing 
amprenavir (Agenerase) improved the 24-week 
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response to salvage therapy (Mellors et al.  2003 ). The 
study enrolled 481 heavily pretreated HIV-positive 
patients: 21 % had been on one protease inhibitor 
in the past, 53 % had been on two prior protease 
inhibitors in the past, and 26 % had been on three 
protease inhibitors in the past. Approximately 
44 % of the patients had also been on an NNRTI 
in the past. 

 All of the patients received efavirenz, adefovir 
dipivoxil, abacavir, and amprenavir. In addition, 
subjects were randomized to receive either placebo, 
nelfi navir (Viracept), saquinavir (Fortovase), or 
indinavir (Crixivan). There were no statistically 
signifi cant differences between the three active 
drug arms. There was, however, a signifi cant 
difference between the combined active arms and 
the placebo arm, demonstrating that dual protease 
inhibitor regimens are superior to single protease 
inhibitor regimens in heavily pretreated patients. 

 Not surprisingly, the ACTG 398 investigators 
reported that NNRTI-naive patients had signifi -
cantly better responses than NNRTI-experienced 
patients: 84 % of NNRTI-experienced patients, 
compared to 57 % of the NNRTI-naive patients, 
failed to achieve an undetectable viral load after 
24 weeks of follow-up. Of interest, though, is an 
analysis of the NNRTI-experienced patients. After 
24 weeks, however, the difference in response rates 
between these two groups became insignifi cant 
and eventually converged. 

 Reviewing some recent work in the area of 
thymidine analogue mutations, a review study 
results explained that certain TAMs tend to 
occur together but that others are rarely found 
together in the same virus. For example, the 
M41L/L210W/T215Y pathway is a common 
TAM pattern and is associated with high-level 
resistance to zidovudine and with cross-resis-
tance to other NRTIs, including tenofovir and 
abacavir. In contrast, the D67N/K70R/K219Q 
pathway isolate is a less common TAM pattern 
and is associated with a lower fold resistance 
than the M41L/L210W/T215Y cluster. It was 
also showed that T215F mutation rarely appears 
in the reverse transcriptase of viruses also harbor-
ing the L210W mutation or the M41L mutation 
(Kuritzkes  2004 ) and the divergent TAM pathways 

(Hu et al.  2004 ). In a nutshell, these studies 
found that isolates carrying the T215Y mutation 
replicated more effi ciently than isolates harbor-
ing the 215F mutation. With incorporation of the 
L210W mutation into isolates harboring the 
T215Y mutation, viral fi tness was substantially 
reduced. Conversely, with the incorporation of 
the K70R mutation into isolates harboring the 
T215Y mutation, there was a substantial growth 
advantage in the presence of zidovudine (Hu 
et al.  2004 ). Thus, it was concluded that T215Y 
pathway is more common and confers higher-
level resistance to zidovudine and other NRTIs, 
whereas viruses carrying T215F have lower rep-
lication capacity and are poorly fi t. With respect 
to the K70R mutation, it confers a signifi cant 
advantage to HIV in the presence of zidovudine 
and that this mutation plays a much larger role in 
the development of zidovudine resistance than is 
usually considered (Kuritzkes  2004 ). 

 Perhaps the best-known reverse transcriptase 
mutation is M184V, which is known to cause 
high-level resistance to lamivudine and emtric-
itabine. However, there have been studies suggesting 
that high-level resistance to lamivudine does not 
necessarily mean that the drug is rendered worth-
less. An example of this phenomenon can be 
found in a clinical trial of partial treatment inter-
ruptions conducted by Dr. Steven Deeks and 
his colleagues (Deeks et al.  2003 ). This study 
focused on a cohort of HIV-positive individuals 
who had a history of excellent treatment adher-
ence, had drug-resistant viremia (greater than 
400 copies/ml), and were experiencing a docu-
mented treatment-mediated benefi t (e.g., a viral 
load below and CD4+ cell count above pretreat-
ment levels). The patients either stopped their 
PI(s) or their NRTIs to determine the selective 
effects of these two drug classes in terms of 
maintaining the less-fi t virus. One more study 
discontinued lamivudine in four highly treatment- 
experienced patients with no viable alternative 
treatment options and evidence of the M184V 
mutation while on a regimen consisting of at least 
three antiretrovirals (Campbell et al.  2003 ). Six 
weeks after stopping lamivudine, HIV RNA levels 
increased an average of 0.6 log10 copies/ml 
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above baseline, even though the M184V mutation 
remained detectable in virus from all patients. 
This basically showed us that, even in the presence 
of the M184V mutation, lamivudine was still 
contributing to HIV RNA suppression. Reversion 
of M184V to wild type occurred in all four 
patients between 6 and 14 weeks, accompanied 
by an additional average increase in viral load of 
0.3 log10 copies/ml. Upon resuming lamivudine 
therapy, the M184V mutation reappeared within 
8 weeks in all four patients. The COLATE trial 
was an open-label trial involving 131 patients 
experiencing virologic failure while on a lamivudine-
containing regimen (Dragsted et al.  2004 ). In 
switching to another regimen, approximately half 
of the patients were randomized to continue 
lamivudine therapy, with the remaining patients 
randomized to discontinue lamivudine treatment. 
Forty-eight weeks later, there were no signifi cant 
differences between the two groups.    

9       Genetic Markers 
for the Toxicity 
of Antiretroviral Drugs 

 Pharmacogenomics examines the infl uence of 
genetic variability on drug effi cacy or toxicity by 
correlating gene expression or single-nucleotide 
polymorphisms with patient outcomes. The 
PREDICT study (Mallal et al.  2008 ) showed that 
the presence of the allele HLA-B5701 is highly 
predictive of an HSR to ABC. Positive and nega-
tive predictive value was 60 and 100 %, respec-
tively. The used of a genetic tests for HLA-B5701 
led to a reduction in ABC-related HSR to <1 % in 
the ARIES trial (Squires et al.  2008 ), compared 
to a rate of between 4 and 8 % seen in other trials 
not using HLA screening. This is the fi rst example 
of a clinical use of genetic screening in HIV disease 
management to get widespread approval.    Other 
potential mutation at position 516G > T in CYP2B6 
signals a longer half-life and increased levels of 
efavirenz (Haas et al.  2004 ). Other haplotypes 
within CYP2B6 have been associated with a longer 
half-life for nevirapine (Chantarangsu  2009 ). 
The genetic variant associated with Gilbert’s 

disease, UGT 1A1*28, has been identifi ed as part 
of a haplotype of four UGT1A variants spanning 
three genes at the UGT1A gene locus (Lankisch 
et al.  2006 ). Initial assessment performed in a 
small cohort of patients with TDF-associated 
renal dysfunction identifi ed a single substitution 
at position of 1,249 of MRP2 gene as being 
potentially associated with the side effect 
(Izzedine et al.  2006 ). 

 An example is the nucleotide variation at posi-
tion 3,435 of the human P-glycoprotein (MDR-1) 
gene; the number of patients in each genotype 
group (3,435 C/C, C/T, and T/T) still experiencing 
virological suppression at 24 months was 55/112, 
72/125, and 74/133, respectively ( p  = 0.07) 
(Brumme et al.  2003 ). Greater than 80 % of these 
patients were on a regimen of 2 NRTIs plus a PI. 
This was a small effect, though signifi cant, for a 
slower time to immunological and virological 
failure for the C/C genotype.  

10      Conclusions 

 Pharmacogenomics is providing a miraculous 
opportunity to bring change in clinical prac-
tices, medicine, and health due to upcoming 
researches in to this fi eld. It also helps in mini-
mizing toxicity and adverse effects by correlat-
ing newly found resistance mutations with 
historical antiretroviral use, which could be of 
interest to clinicians in planning subsequent 
antiretroviral regimens for patients who have 
undergone a range of treatments. If the molecu-
lar diagnostic tests can be made less expensive, 
it will make able to give more imperative ther-
apy against viral disease as AIDS/HIV and hep-
atitis which are currently giving an enormous 
economical burden. However, for this to hap-
pen, there will need to be major technological 
improvements in our ability to sequence or 
screen genomic DNA to assess an individual’s 
genome in the context of population data. 
Extensive population-based studies will be 
required to evaluate the phenotypic signifi cance 
both acute and long term of genomic variation, at 
the level of individual variants and combinations 
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of variants. Clinical trials must be carried out 
with the goal of identifying the outcomes of 
various combinations of genomic, expression-
based, metabolomic, and proteomic data to 
arrive at complete clinico- genomic profi les pre-
dictive of disease risk and drug response.    All 
these efforts jointly open a new ray of hope for 
a miraculous change in the history of medicine 
for people suffering from viral diseases.     
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    Abstract 

   Osteoporosis is a systemic skeletal disease characterised by low bone 
mass and deterioration in the microstructure of bone tissue, which causes 
bone fragility and consequent increase in fracture risk. The lifetime fracture 
risk of a patient with osteoporosis is as high as 40 %, and fractures most 
commonly occur in the hip, spine or wrist. From a patient’s perspective, a 
fracture and the subsequent loss of mobility and autonomy often represent 
a major drop in the quality of life. Additionally, osteoporotic fractures of 
the hip and spine carry a 12-month excess mortality of up to 20 %, because 
they require hospitalisation and they subsequently present enhanced risk 
of other complications, such as pneumonia or thromboembolic disease 
due to chronic immobilisation. 

 On the other hand, osteoporosis is a multifactorial and polygenic 
disease, so the individual likelihood of having a fracture depends on the 
combination of several risk factors such as low bone mineral density 
(BMD) and genetic predisposition. 

 This chapter will present the most interesting concerns related to phar-
macogenetics of the pathologies most prevalent in the elderly population. 
It will identify fracture risk and estimation of the probability of major 
osteoporotic fracture by assessment tools. The genetics of osteoporosis 
will be approached by showing general pathways involved in bone homeo-
stasis and polymorphisms of genes related with BMD and osteoporotic 
fractures. Genetic or genomic screening approaches that have been used 
and also potential benefi ts from other existing or emerging technologies/
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1   Introduction 

1.1      Background in Osteoporosis 

 Osteoporosis is a systemic skeletal disease char-
acterised by low bone mass and deterioration in 
the microstructure of bone tissue which causes 
bone fragility and consequent increase in fracture 
risk (NIH Consensus Development Panel on 
Osteoporosis Prevention, Diagnosis, and Therapy 
 2001 ). The lifetime fracture risk of a patient with 
osteoporosis is as high as 40 %, and fractures 
most commonly occur in the hip, spine or wrist 
(Rachner et al.  2011 ). From a patient’s perspec-
tive a fracture and the subsequent loss of mobility 
and autonomy often represent a major drop in the 
quality of life. Additionally, osteoporotic frac-
tures of the hip and spine carry a 12-month excess 
mortality of up to 20 % because they require hos-
pitalisation and they subsequently present 
enhanced risk of other complications, such as 
pneumonia or thromboembolic disease due to 
chronic immobilisation (Center et al.  1999 ). 

 On the other hand, osteoporosis is a multifac-
torial and polygenic disease (Ralston  2002 ), so 
the individual likelihood of having a fracture 
depends on the combination of several risk fac-
tors such as low bone mineral density (BMD) and 
genetic predisposition (Cummings et al.  1995 ; 
Rojo et al.  2010 ). 

 This will present the most interesting con-
cerns related to pharmacogenetics of the pathol-
ogies most prevalent in the elderly population. It 
will identify fracture risk and estimate the 
probability of major osteoporotic fracture by 

assessment tools. The genetics of osteoporosis 
will be approached by showing general pathways 
involved in bone homeostasis and polymor-
phisms of genes related with BMD and osteopo-
rotic fractures. Genetic, or genomic, screening 
approaches that have been used and also poten-
tial benefi ts from other existing or emerging 
technologies will be discussed. In addition, the 
pharmacogenetics of osteoporosis will be dis-
cussed. In particular antiresorptive medications, 
reviewing effi cacy limitations and adverse drug 
reactions associated with current osteoporosis 
treatments and how these could be attributed to 
genetic factors. Moreover, it will analyse the 
therapeutic targets in osteoporosis (bone ana-
bolic and bone resorptive) and the development 
of new antiresorptive therapies. Furthermore, 
gene–environment, age and gender interactions 
known to affect response to osteoporosis treat-
ment will be considered. Finally, the translation 
of pharmacogenetic fi ndings to the clinical prac-
tice will be discussed.  

1.2      Identifi cation and Estimation 
of Major Fracture Risks by 
Assessment Tools 

 One of the best and most widely used clinical 
determinants of bone status of an individual is 
the measurement of BMD (Kanis  2002 ) which is 
considered a valid parameter for diagnosing 
osteoporosis and predicting fracture risk 
(Cummings et al.  2002 ). BMD can be assessed 
with dual-energy X-ray absorptiometry (DEXA), 

approaches will be discussed. In addition, the pharmacogenetics of osteo-
porosis will be discussed, in particular antiresorptive medications, reviewing 
effi cacy limitations and adverse drug reactions associated with current 
osteoporosis treatments and how these could be attributed to genetic factors. 
Additionally, it will analyse the therapeutic targets in osteoporosis (bone 
anabolic and bone resorptive) and the development of new antiresorptive 
therapies. Furthermore, gene–environment, age and gender differences 
interactions known to affect response to osteoporosis treatment will be 
considered. Finally, the translation of pharmacogenetic fi ndings to the 
clinical practice will be discussed.         
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and osteoporosis is defi ned by a T-score of less 
than 2.5. Although many external factors play 
fundamental roles in determining BMD, it has 
been estimated that over 50 % of women and 
70 % of men who have suffered fractures have 
not previously had osteoporotic BMD values 
determined (Nguyen et al.  2007 ). Furthermore, 
in studies of osteoporosis therapy, increases in 
BMD were not linearly proportional to fracture 
risk reductions. The change in BMD induced by 
antiresorptive drugs explains only approximately 
15 % of the reduction in fracture risk (Delmas 
et al.  2004 ). The International Osteoporosis 
Foundation projects that measurements of BMD 
using DEXA are believed to overestimate BMD 
by 20–50 % (   Johnell and Kanis  2006 ); they 
are therefore poor predictors of fracture in 
individuals. 

 Although DEXA is widely available and has 
been commonly used for clinical phase-3 studies, 
it has some limitations. As an area-based mea-
sure of bone mineral, DEXA does not allow 
assessment of bone geometry; it also does not 
distinguish between cortical bone, the outer shell 
and trabecular bone (the spongy inner part) which 
are important determinants of bone strength and 
bone loss at different rates. Advances in imaging 
techniques with high-resolution peripheral CT 
that yield volumetric bone density data might 
allow better prediction of bone strength and thus 
fracture risk if indication such as intracortical 
porosity is taken into account (Zebaze et al. 
 2010 ). Whether these novel techniques will be 
useful in daily practice remains to be seen. 

 New decision-making methods, such as the 
fracture risk assessment tool (FRAX), have inte-
grated clinical risk factors with DEXA-based 
BMD to predict an individual’s 10-year risk of 
sustaining a hip fracture as well as the 10-year 
probability of having a major osteoporotic frac-
ture. This defi ned as clinical spine, forearm, hip 
or shoulder fracture (Unnanuntana et al.  2010 ). 
The algorithm is adjusted for geographic varia-
tion in risk. Version 3.0 of the FRAX has been 
shown to give lower probability estimates for 
major osteoporotic fracture and hip fracture than 
version 2.0 but has little impact on rank order of 
risk. This tool bridges the chasm between the 

parameters for diagnosing osteoporosis and iden-
tifying individuals with structurally compro-
mised bone that causes an increased risk of 
fracture. However, to be a new scale has limita-
tions due to that these do not contain important 
risk factors associated with falls and fractures, 
such as drugs inhibitors of the proton pump 
(Azagra et al.  2011 ). 

 National and international guidelines have 
been established to address the challenge of 
screening for osteoporosis in an evidence-based 
and cost-effective manner (Hodgson et al.  2003 ; 
Compston et al.  2009 ; Brown and Josse  2002 ). 
Several risk factors, such as age, low body mass 
index, previous fragility fractures, a family his-
tory of fractures, use of glucocorticoids, alcohol 
intake and active cigarette smoking, have to be 
taken into account (Kanis  2002 ). 

 Evidently, osteoporosis is a complex multifac-
torial disease, and it is now understood that 
genetic factors play a central role in its pathogen-
esis. It is therefore necessary to consider that the 
genetics of osteoporosis comprise two main 
areas: genetics of disease susceptibility and phar-
macogenetics of drug response. This chapter will 
present both of these independent yet interrelated 
areas and their implications in clinical practice 
after an adequate validation process.   

2      Genetics of Osteoporosis 

2.1      Genetic and Genomic 
Screening Advances 

 A variety of different approaches have been used 
to assess osteoporosis-related genes. The main 
genetic and genomic screening advances include 
linkage analysis of affected families and relevant 
animal models, candidate gene association stud-
ies, genome-wide sequencing, genome-wide 
association studies (GWAS) and meta-analyses. 
Each of these approaches will be explained. 
  Linkage Analyses:  In this type of study, panels of 
single nucleotide polymorphism (SNP) markers 
are analysed for evidence of co-segregation with 
the disease within a family (Sawcer et al.  2004 ). 
Although several bone-related phenotype traits 
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have been investigated (femoral neck geometry 
(Peacock et al.  2005 ), bone ultrasound properties 
(Wilson et al.  2004 ), ADRB1, bone loss), 
genome-wide linkage scans have only been able 
to identify one candidate gene for osteoporosis, 
namely, a non-synonymous coding change in 
BMP2 (Ser37Ala) in an Icelandic patient cohort 
(Styrkarsdottir et al.  2003 ). Relatively small 
sample sizes, restricted ethnic groups analysed 
and inaccurate measurement of some structural 
variables have contributed to study limitations 
in other cases (Wilson et al.  2004 ; Peacock 
et al.  2005 ). 
  Animal Studies:  Linkage studies in animals 
provide another way of identifying genes that 
regulate BMD and other phenotypes relevant to 
osteoporosis. These involve crossing inbred labo-
ratory strains of mice with low and high bone 
density, resulting in a second generation of mice 
whose levels of BMD vary in function of allele 
segregation. This is analysed by undergoing a 
genome-wide search in the second generation. 
The main advantages of these studies are the 
great statistical power achieved by the large number 
of individuals that can be analysed and that the 
confounding factors can be easily reduced due to 
the fi ne control of the environment. Linkage 
studies in mice and other animal models have led 
to the identifi cation of the arachidonate 15-lipox-
ygenase gene (ALOX15) which regulates bone 
mass in mice (Klein et al.  2004 ) and whose 
human homologue (ALOX12) has been associ-
ated with spine BMD in Caucasian population 
(Ichikawa et al.  2006 ). 
  Candidate Gene Association Studies:  Candidate 
gene association studies evaluate the potential 
association of known polymorphisms in candi-
date genes with osteoporosis traits. These studies 
include case–control approaches and transmission 
disequilibrium tests (TDT) which are family-
based association tests that detect genetic linkage 
when there is genetic association between a 
genetic marker and a trait. The analysis of the 
association between candidate gene polymor-
phisms and relevant osteoporotic features has 
yielded several interesting markers to be con-
sidered in further studies but with confl icting 
results up to date. Some of the genes depicted 

so far include the following: collagen type 1 α1 
(COL1A1), oestrogen receptor α (ER-α), lipo-
protein receptor-related protein 5 and 6 (LRP-5, 
LRP-6), sclerostin (SOST), integrin beta-3 
(ITGB-3) and vitamin D receptor (VDR) (Ioannidis 
et al.  2002 ,  2004 ; Mann and Ralston  2003 ; ; 
Garnero et al.  2005 ; Ralston et al.  2006 ; Tofteng 
et al.  2007 ; van Meurs et al.  2008 ; Mencej-Bedrac 
et al.  2009a ,  b ; Liu et al.  2010 ). 
  Genome-Wide Association Studies:  GWAS 
involve the comparison of a vast quantity of gene 
polymorphisms (usually single nucleotide poly-
morphisms, SNPs) in hundreds or thousands of 
individuals, normally divided into two groups of 
participants, people with the disease (cases) and 
similar people without it (controls). The density 
of genetic markers and the extent of linkage dis-
equilibrium in these studies allow the identifi ca-
tion of a large proportion of the common variation 
in the human genome in the population under 
study. The number of specimens genotyped pro-
vides suffi cient power to detect variants exerted 
through modest effect. GWAS have led to the dis-
covery of associations of particular genes and 
molecular pathways with diseases such as osteo-
porosis. GWAS have identifi ed and confi rmed a 
large number of osteoporosis-related SNPs, 
mainly BMD and/or fractures, and susceptibility 
to osteoporosis as such: ADAMTS18, COL1A1, 
CRHR1, CTNNB1, DCDC5, ESR1, FLJ42280, 
FOXC2 and FOXL1, GPR177, HDAC5, LRP4, 
LRP5, MARK3, MEF2C, MEPE, MHC Locus, 
SOST, SOX6, SP7, SPTNB1, STARD3NL, 
TGFB1, TGFB3, TNFRSF11B, TNFSF11, VDR 
and ZBTB40. In this type of analysis, some genes 
that had been found interesting through previous 
candidate gene association studies have been 
confi rmed by GWAS (COL1A1, LRP-4, LRP-5, 
LRP-6, MARK-3, SOST, OPG, RANK, RANKL   , 
VDR) (Cho et al.  2009 ; Xiong et al.  2009 ; 
Richards et al.  2008 ; Ralston  2010 ; Uitterlinden 
and Ralston  2010 ). 
  Genome-Wide Sequencing:  Genome-wide 
sequencing involves the sequencing of whole 
genomes, with the aim of identifying variations 
and mutations that can be associated with a phe-
notype. Sequencing the genomes of a large 
number of people will provide a comprehensive 
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resource on human genetic variation (1000 
Genomes Project Consortium  2010 ). Once the 
disease-associated regions or determinate can-
didate loci are identifi ed by GWAS and other 
approaches, sequencing technology can be 
applied to analyse more exhaustively the vari-
ants in those regions. This will provide a more 
extensive knowledge of those gene variants in 
different individuals, not only single markers, 
creating the whole catalogue of all variants con-
tained in a determined DNA sequence. In the 
near future, these advances will allow the exam-
ination of more sequence variations and their 
involvement in the disease (1000 Genomes 
Project Consortium  2010 ; Zaghloul and 
Katsanis  2010 ). These studies do not identify 
which variants cause the increased risk for the 
disease but can provide the set of candidate 
molecular structures, and further experimental 
studies will be required to determine which 
genes, genetic elements and variants function-
ally cause the increased risk of disease (Zaghloul 
and Katsanis  2010 ). 
  Meta-analyses:  Meta-analyses are retrospective 
or prospective analyses of combined data from 
several published studies or unpublished datasets 
that allow the enhancing of sample size and sta-
tistical power. They can be applied to association 
studies, linkage approaches and GWAS. This 
strategy is increasingly providing confi rmation of 
osteoporosis-related gene associations (Ioannidis 
et al.  2007 ; Rivadeneira et al.  2009 ). 

 The following section will describe the major 
genes involved in bone homeostasis.  

2.2      General Pathways/Genes 
Involved in Bone Homeostasis 

 The genetics of osteoporosis have been studied 
extensively, and numerous associations between 
hundreds of polymorphisms in candidate genes 
and bone traits, both quantitative and qualitative, 
have been published in the literature (Richards 
et al.  2008 ). Currently, many candidate genes 
have been investigated as valuable tools for their 
association with BMD and osteoporotic fracture 
risk (Rojo Venegas et al.  2010 ). However, the 

excitement surrounding early studies of allelic 
variation has often continued into controversy 
owing to the failure of independent replication, 
possibly due to insuffi cient statistical power and 
false-positive results (Huang et al.  2003 ; Ioannidis 
 2005 ). Genes involved in common pathways have 
been described as being related to the risk of 
osteoporosis, risk of hip and vertebral fractures 
and BMD values (Cheung et al.  2010 ). These 
gene variants could affect homeostasis and bone 
structure and therefore BMD values. 

 The main genetic factors described in poten-
tial candidate genes, GWAS and meta-analyses 
related with osteoporosis, BMD and osteoporotic 
fractures are mentioned in Table  29.1 , which 
summarises the main genes with their respective 
signalling pathways and genetic or genomic 
screening technologies/approaches.

   Due to the available studies from different 
reviews and the clinical importance of osteoporo-
sis, we will focus on the mostly studied pathways 
and genes in relation to physiological function of 
osteoclast (bone resorption) and osteoblast (bone 
formation), with particular effect on BMD and 
osteoporosis fracture risk. Nevertheless, the 
results of these studies are controversial, and no 
convincing conclusions have emerged yet. 

 GWAS have allowed the association of large 
numbers of SNPs with osteoporosis and the 
identifi cation of novel pathways involved. A 
large- scale meta-analysis of GWAS data anal-
ysed 150 genes and found SNPs from 9 gene loci 
associated with BMD ( ESR α,  LRP 4,  ITGA 1, 
 LRP 5,  SOST ,  SPP1 ,  RANK ,  OPG  and  RANKL ) 
and SNPs from the  LRP 5,  SOST ,  SPP 1 and 
 RANK  loci associated with fracture risk 
(Richards et al.  2009 ). 

 Moreover, the GEFOS meta-analysis identifi ed 
20 BMD loci that reached genome-wide signifi -
cance. Thirteen of these loci were mapped to 
regions that had not been previously associated 
with this trait: 1p31.3 (GPR177), 2p21 (SPTBN1), 
3p22 (CTNNB1), 4q21.1 (MEPE), 5q14 (MEF2C), 
7p14 (STARD3NL), 7q21.3 (FLJ42280), 11p11.2 
(ARHGAP1), 11p14.1 (DCDC5), 11p15 (SOX6), 
16q24 (FOXL1), 17q21 (HDAC5) and 17q12 
(CRHR1) (Rivadeneira et al.  2009 ). This meta-
analysis also confi rmed seven known BMD loci on 
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    Table 29.1    Signalling pathways and some candidate genes involved in osteoporosis and osteoporotic fracture   

 Name of pathways  Name genes (Alternate symbols) 
 Genetic and genomic 
screening advances  References 

 Osteoclastogenesis  Osteoprotegerin (OPG), receptor 
activator of NF- k B ligand 
(RANKL), receptor activator of 
NF- k B (RANK) 

 GWAS candidate gene 
meta-analysis 

 Hsu et al. ( 2010 ), 
Richards et al. ( 2009 ), 
Rivadeneira et al. ( 2009 ), 
Styrkarsdottir et al. ( 2009 ), 
and Ralston ( 2010 ) 

 Wingless-type 
MMTV integration 
site (Wnt) signalling 

 Low-density lipoprotein 
receptor-related protein 
5 and 6 (LRP-5, LRP-6), 
integrin-β (ITGB), integrin-α, 
sclerostin (SOST), secreted 
frizzled-related protein (Sfrp) 

 GWAS candidate gene 
meta-analysis 

 Richards et al. ( 2009 ), 
Rivadeneira et al. ( 2009 ), 
Styrkarsdottir et al. ( 2009 ), 
Ralston ( 2010 ), Mencej-
Bedrac et al. ( 2009a ,  b ), 
and Reppe et al. ( 2010 ) 

 Other main signalling 
proliferation/
inhibition growth 
cellular: 

 Secreted phosphoprotein 1 
(SPP1), spectrin beta non-
erythrocytic 1 (SPTBN1), G 
protein- coupled receptor 177 
(GPR177), catenin (cadherin-
associated protein) beta 1 
(CTNNB1), myocyte enhancer 
factor 2C (MEF2C), SRY (sex 
determining region Y)-box 6 
(SOX6), histone deacetylase 5 
(HDAC5), corticotropin- 
releasing hormone receptor 1 
(CRHR1), zinc fi nger and BTB 
domain-containing protein 
40 (ZBTB40), forkhead box 
protein L1 (FOXL1) 

 GWAS candidate gene 
meta-analysis 

 Hsu et al. ( 2010 ), 
Richards et al. ( 2009 ), 
Rivadeneira et al. ( 2009 ), 
Ralston ( 2010 ), Mencej-
Bedrac et al. ( 2009a ,  b ), 
and Uitterlinden et al. 
( 2006 ) 

  Canonical Wnt 
  TGF-B signalling 
  Beta-catenin 

phosphorylation 
  MAPK pathway 

 Vitamin D  Vitamin D receptor (VDR), 
vitamin D receptor binding 
protein (DBP) 

 GWAS candidate gene 
meta-analysis 

 Ralston ( 2010 ), 
Uitterlinden et al. ( 2006 ), 
Ji et al. ( 2010 ), Fang et al. 
( 2006 ), and Macdonald 
et al. ( 2006 ) 

 Oestrogens  Oestrogen receptor-α (ESR-α), 
oestrogen receptor-β (ESR-β) 

 GWAS candidate gene  Richards et al. ( 2009 ), 
and Ralston ( 2010 ) 

 Collagen  Collagen type 1 A (COL1A1)  GWAS candidate gene 
meta-analysis 

 Mann and Ralston ( 2003 ), 
Yazdanpanah et al. ( 2007 ), 
and Ralston ( 2010 ) 

 Homeostasis calcium 
phosphorus 

 Calcium-sensing receptor 
(CaSR) 

 GWAS candidate gene 
meta-analysis 

 Hsu et al. ( 2010 ), 
Kapur et al. ( 2010 ), 
Tsukamoto et al. ( 2000 ), 
and Harding et al. ( 2006 ) 

 Mevalonate  Farnesyl-diphosphate synthase 
(FDPS), geranylgeranyl 
diphosphate synthase 1 
(GGPS1) 

 GWAS candidate gene  Marini et al. ( 2008 ), 
Choi et al. ( 2010 ), 
and Levy et al. ( 2007 ) 

the GWAS level: 1p36 (ZBTB40), 6q25 (ESR1), 
8q24 (OPG), 11q13.4 (LRP5), 12q13 (SP7), 
13q14 (TNFSF11) and 18q21 (RANKL). The 
deCODE GWAS research group identifi ed four 
new genome-wide signifi cant loci near the SOST 

gene at 17q21, the MARK3 gene at 14q32, the 
SP7 gene at 12q13 and the TNFRSF11A (RANK) 
gene at 18q21 (Styrkarsdottir et al.  2009 ). 

 The analysis of the association between 
candidate gene polymorphisms and relevant 
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osteoporotic features has yielded several interesting 
markers to be taken into consideration. One of 
those relevant genes is the vitamin D receptor, 
VDR. However, controversial results have been 
found in different polymorphisms in the VDR 
gene ( Bsm I,  Fok I,  Cdx 2,  Taq I,  Apa I) by candi-
date gene association studies. Three different 
meta- analysis studies performed on the elderly 
(fractured, osteoporotic and healthy) have sum-
marised association studies between VDR SNPs 
and BMD and/or risk of hip fracture. Data from 
two of these studies, including the GENOMOS 
study, show that these polymorphisms are not 
associated with BMD or fractures (Uitterlinden 
et al.  2006 ; Ji et al.  2010 ), though the Cdx2 
 polymorphism may be associated with risk of 
vertebral fractures (Uitterlinden et al.  2006 ). The 
third meta-analysis found out a modest signifi -
cance between risk of HF and GG  Bsm I geno-
types (Fang et al.  2006 ). In another large-scale 
population- based study performed in early post-
menopausal Caucasian women, it was found that 
 FokI  and  BsmI  SNPs do not infl uence BMD in 
this population if calcium intake is adequate 
(Macdonald et al.  2006 ). The GEFOS meta- 
analysis also failed to fi nd an association between 
VDR polymorphisms and BMD or fracture 
(Richards et al.  2009 ). 

 COL1A1 has also been reported to be related 
with low BMD and the risk of OF (Ralston et al. 
 2006 ). In a meta-analysis study, a signifi cant 
decrease was found in BMD values in patients 
with GT genotype of the  Sp1  SNP and especially 
in those individuals homozygous for TT (Mann 
and Ralston  2003 ). Moreover, in a large 
population- based cohort study of elderly 
Caucasians, an increased risk of fragility fracture 
and lower BMD were observed in female carriers 
of the T allele in the  Sp 1 SNP (Yazdanpanah 
et al.  2007 ). No infl uence of the rs1107946 
(G296T) polymorphism on fracture or BMD in 
postmenopausal women was observed, although 
power limitations cannot be excluded. 

 The conclusion results compiled for each 
pathway remain confl icting, possibly owing to 
the complexity of the osteoporosis phenotype 
itself, added to limitations in the molecular avail-
able tools. These problems should be approached 

and solved by common effort for developing and 
improving screening, risk assessment, diagnosis 
and treatment initiation (MacLaughlin  2010 ). In 
this regard, an important contribution would be 
the complementary use of validated pharmaco-
genetic tests in clinical practice (Lamberts and 
Uitterlinden  2009 ; van Straaten and Van Schaik 
 2010 ).   

3      Pharmacogenetics 
of Osteoporosis 

3.1      Pharmacology Treatment 
Used for Osteoporosis 

 The therapeutic breakthroughs that have emerged 
for the treatment of osteoporosis may improve 
the quality (term referred to the constellation of 
bone architecture, bone turnover and damage 
accumulation and mineralisation) and quantity 
(integration of bone mass, estimated by BMD) of 
bone among a range of pharmacological alterna-
tives, all of which are used for prevention of 
osteoporosis fracture (Delmas et al.  2005 ). 

 The treatments used in this disease fall into 
two classes (Gates et al.  2009 ): antiresorptive 
drugs and anabolic drugs. Antiresorptive    drugs as 
bisphosphonates (BP) slow down bone resorp-
tion, whereas anabolic drugs stimulate bone 
formation, including teriparatide (parathyroid 
hormone) and possibly strontium ranelate, which 
has been suggested to induce a combination of 
modest effects on bone formation and resorption 
(Gates et al.  2009 ). Prestigious clinical guide-
lines have concluded that all these drugs have 
been shown to reduce the risk of osteoporosis 
fracture to a greater or lesser extent along with 
concomitant increases in bone density and 
decreases in high bone turnover (NICE     2010a ,  b ). 

 Due to advances in genomic and proteomic 
revolutionised drug discoveries and target vali-
dation processes, new prospects have emerged 
for the identifi cation of novel therapeutics 
against skeletal diseases (Cho and Nuttall  2002 ). 
According to new pharmacology treatment, there 
are drugs that have been developed based on 
monoclonal antibody actions and small molecules 
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mimicking similar designs established for anti-
cancer molecular-directed therapy: denosumab, 
odanacatib, saracatinib and antibodies against 
the proteins sclerostin and dickkopf-1 (two 
endogenous inhibitors of bone formation) 
(Lewiecki  2011 ; Rachner et al.  2011 ). These new 
anti-osteoporotic drugs aim to modulate bone 
metabolism through regulation of osteoclastic 
proliferation, apoptosis, cell activation, osteo-
clastic protein folding and aggregation (Zhu 
et al.  2010 ).  

3.2      Pharmacogenetics in the 
Osteoporosis Treatment 

 Pharmacogenetics studies the impact of variability 
of individual genomes on the response to treat-
ment. Although extensive efforts are focusing on 
harmonising the various defi nitions of pharma-
cogenetics (including those of the European 
Agency for the Evaluation of Medicinal 
Products), in practice, this term is used loosely 
and interchangeably in the literature (EMA 
 2002 ). Pharmacogenetics became widely 
acknowledged in the 1990s and is based on the 
concept that inherited DNA, RNA and protein- 
level differences infl uence metabolism and 
thereby individual patients’ responses to drugs. 
Those studying pharmacogenetics test the 
hypothesis in vitro and in vivo that the reason 
why certain patients respond well to a particular 
drug or dosage, while others do not, has a genetic 
basis (Gervasini et al.  2010 ). 

 Regarding genetic achievements in osteoporo-
sis, the use of high-throughput whole genome 
expression microarrays application (a technology 
that allows researchers to study the expression of 
many genes at once) has pursued fi ndings of spe-
cifi c upregulated or downregulated genes and the 
discovery of putative clinical biomarkers. A 
global microarray expression analysis demon-
strated that eight genes are highly associated with 
BMD variation in postmenopausal Caucasian 
women. Members of the Wnt signalling pathway, 
SOST and DKK1, were differentially expressed, 
and they can be effective targets for osteoporosis 
drug actions (Reppe et al.  2010 ). This work 

describes the functional studies of expression 
whose results are controversial. The results of 
osteoporosis-related genes based on microarray 
identifi cation have been obtained at cellular level 
in primary cultures of human osteoblasts (Trost 
et al.  2010 ). Also, specifi c genes belonging to 
osteoporosis pathways have been described with 
a signifi cant association that have been depicted 
in Table  29.1 , such as pathways of hormone 
replacement, vitamin D metabolism, Ca/P 
metabolism- related molecule structures and anti-
resorptive and anabolic agents. 

 For above reason, the emerging fi eld of phar-
macogenetics is very useful for refi ning and opti-
mising osteoporosis drug treatment. It could 
potentially allow the identifi cation of the most 
effective drug and dose for each patient in terms 
of benefi cial and adverse effects, based on the 
single genotype. In order to develop this area, the 
study of pharmacogenetics of osteoporosis should 
include the understanding of molecular mecha-
nisms of drug action, the identifi cation of drug 
response candidate genes and their variants and 
the expansion of clinical trials to include patients’ 
genetic profi ling. All these approaches could pro-
vide useful tools to tailor decisions about osteopo-
rosis drug treatments in order to maximise the 
health and well-being of osteoporotic patients. 

 Curiously enough, pharmacogenetics of osteo-
porosis has not been widely valued up to date. The 
available studies have investigated and demon-
strated modest effects of some major osteoporosis 
candidate genes, such as those encoding the VDR 
(Marc et al.  1999 ; Palomba et al.  2003 ,  2005 ) 
ER-α/ER-β (Arko et al.  2002 ; Kurabayashi et al. 
 2004 ; Heilberg et al.  2005 ) and COL1A1 (Qureshi 
et al.  2002 ) which have demonstrated an interesting 
effect in the responses of the antiresorptive drugs. 
In the next subsection of the chapter, the pharma-
cogenetics of treatment particularity of antire-
sorptive drugs will be explained. Furthermore, the 
studies performed in the last 3 years will be 
reviewed and analysed. 

3.2.1      Pharmacogenetics 
of Antiresorptive Treatments 

 The great majority of association studies have 
investigated only genes affecting BMD, bone 
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turnover marker variation and fracture risk; they 
might be independent from genes which affect 
drug responses (adverse affect and effi cacy 
limitations). 

 The variability in drug response is much more 
complicated than simple variability in BMD or 
bone turnover markers. Thus, it will be very 
important in future works to defi ne the pheno-
types of antiresorptive drug response and to 
enlarge pharmacogenetic studies to include genes 
involved in drug-specifi c pharmacokinetics and 
pharmacodynamics. 

 In the last 3 years, four novel studies have 
been published in the fi eld of genetics of osteopo-
rosis with specifi c relation to response osteoporo-
sis treatment. One study performed in 2008 
analysed the effects of the rs1800012 (G > T) 
SNP of the COL1A1 gene on BMD response to 
at least 3 years of low-dose hormone replacement 
therapy in 111 postmenopausal Turkish women 
(Simsek et al.  2008 ) and demonstrated that the 
increase in lumbar BMD and femoral BMD were 
higher in women with the GG genotype com-
pared to those with the GT genotype. 

 In the same year, another study associated the 
rs2297480 (A > C) SNP of FDPS, the molecular 
target of amino-bisphosphonates in osteoclasts, 
with the response to a 2-year amino- bisphos-
phonate treatment in 234 osteoporotic Danish 
women (Marini et al.  2008 ). They found that sub-
jects with the homozygous CC genotype showed 
a decreased response by urinary Crosslaps after 
2 years but not after 1 year of amino-bisphospho-
nate therapy when compared to the heterozygous 
AC and to the homozygous AA genotypes. 

 In 2009, in a cohort of 249 osteoporotic or 
osteopenic men (Kruk et al.  2009 ), the 
rs3736228 (C > T) polymorphism of the LRP5 
gene was associated with hip BMD in osteopo-
rotic men. However, there was no association 
between this and other SNPs of this gene 
(rs4988321 (G > A)), and BMD and bone turn-
over response after 2 years with risedronate 
treatment was observed. 

 The last pharmacogenetics study on osteopo-
rosis was performed in 144 osteoporotic Korean 
women (Choi et al.  2010 ). It analysed the role of 
rs2297480 and rs11264361 SNPs of the FDPS 

gene and the rs3840452 and rs3841735 SNPs of 
the GGPS1 on the response to 1-year bisphos-
phonate treatment (alendronate or risedronate). It 
was found that women with two deletion alleles 
(-8188A del) of the rs3840452 polymorphism of 
the GGPS1 gene presented a signifi cantly lower 
improvement in BMD as opposed to those with 
only one deletion allele or no deletion alleles. 
Women with two deletion alleles had a sevenfold 
higher risk of nonresponse to bisphosphonates 
compared with women with the other two geno-
types, after adjusting for baseline BMD. 

 Results from these studies in the pharmacoge-
netics of osteoporosis suggest that patient geno-
typing could be useful to target osteoporosis drug 
treatments to subjects most likely to respond in 
terms of BMD and bone turnover marker varia-
tion. However, association studies can have some 
limitations, such as inadequate sample size or 
sampling errors, genetic differences between dif-
ferent ethnic groups, the presence of gene–gene 
and/or gene–environment interactions acting as 
confounding factors, the complexity of genome 
and gene regulation (epigenetic factors, somatic 
mutations, microRNAs and so on) and frequent 
accidental statistical association not due to a real 
association between genotype and phenotype. 
For all of these reasons, currently, no defi nite 
gene variations have conclusively shown to be 
responsible for the regulation of any anti- 
osteoporosis drug response.  

3.2.2      Adverse Drug Reactions 
Associated to Osteoporosis 
Treatment 

 It is well known that drugs do not always reach 
their therapeutic target because they are not 
equally effective in all patients and often, they 
may lead to a variety of unwanted adverse effects. 

 Although the osteoporosis drugs are effective 
in the majority of cases, most are associated with 
adverse effects that render long-term administra-
tion and adherence problem (Siris et al.  2009 ). 
From the genetic perspective, several genes that 
could be related to these unwanted adverse effects 
of osteoporosis treatments have been evaluated. 
Table  29.2  shows the main side effects of treat-
ments for osteoporosis.
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   Several adverse effects, like oesophageal 
irritation and thromboembolic disease, have been 
described for antiresorptive treatments, particu-
larly bisphosphonates (Table  29.2 ). The most 
threatening side effect of bisphosphonates is the 
development of osteonecrosis of the jaw (ONJ), 
which is also the only one associated to gene fac-
tors (Kennel and Drake  2009 ). The incidence of 
ONJ in patients treated for osteoporosis is low 
(Reid  2009 ), while the incidence in cancer 
patients (due to being treated with high doses of 
intravenous drugs) is higher (Franken et al. 
 2011 ). During the last 4 years, six genes have 
been proposed to be involved in the risk of devel-
oping ONJ (Sarasquete et al.  2008 ,  2009 ; Lehrer 
et al.  2009 ; Katz et al.  2011 ; Marini et al.  2011 ). 
A short review of the most relevant of these stud-
ies is presented in the present work. 

 One of these studies, by GWAS, determined 
the involvement of genes in the pathogenesis of 
ONJ after 2 years of intravenous BP treatment 
(pamidronate or zoledronate) through the study 

of two groups of patients with multiple myeloma 
(22 with ONJ and 65 without) (Sarasquete et al. 
 2008 ). Homozygosity for the T allele of the 
CYP2C8rs1934951 (C > T) polymorphism was 
associated with risk of ONJ with increased like-
lihood of developing ONJ. The authors con-
cluded that among genetic factors, CYP2C8 
polymorphisms arise as a promising risk factor 
and that the bisphosphonate-related ONJ can be 
predicted with a conjunction of genetic and 
environmental risk factors (Sarasquete et al. 
 2008 ,  2009 ). However, this study has not been 
confi rmed by studies on independent series of 
patients, so it remains to be seen if that associa-
tion is a consequence of the genetics back-
ground and environmental factors unique to the 
population studied. Despite the interesting con-
tribution of this preliminary study through a 
GWAS, variability in gene encoding CYP2C8 
would not play a role in the metabolism of BP, 
due to these drugs that do not undergo any physi-
cal–chemical modifi cation. 

    Table 29.2    Side effect of established treatments for osteoporosis   

 Type of therapy  Drugs  Doses/interval/route  Side effects 

 Antiresorptive  Bisphosphonate  Osteonecrosis of the jaw, 
subtrochanteric fractures. 
Possible risk of atrial 
fi brillation 

  Alendronate  70 mg/weekly/oral  Oesophageal irritation 
  Risedronate  35 mg/weekly/oral 150 mg/

monthly/oral 
 Oesophageal irritation 

  Ibandronate  150 mg/monthly/oral  Oesophageal irritation 
  Zoledronate  5 mg/yearly/IV  Hypocalcaemia, potential 

renal toxic effects 
  Raloxifene  60 mg/daily/oral  Thromboembolic disease 

 Anabolic  Strontium a   2 g/daily/oral  Thromboembolic disease, 
drugs rash with 
eosinophilia systemic 
syndrome, abdominal 
discomfort 

 Ranelate 

 Teriparatide  20 µg/daily/SC  Hypercalcaemia, nauseas, 
diarrhoea 

 PTH (1–84) b   100 µg/daily/SC  Hypercalcaemia, nauseas, 
diarrhoea 

   IV  intravenous,  SC  subcutaneous 
  a Approved in more 70 countries 
  b Approved in Europe but not in the USA  
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 Another study (Lehrer et al.  2009 ) performed 
in seven patients with ONJ and abnormalities in 
serum bone markers (two metastatic breast can-
cer, three osteoporosis, one prostate cancer and 
one Gaucher’s disease) treated with intravenous 
or oral BPs (pamidronate, zoledronate or alen-
dronate) analysed the effect of matrix metallo-
proteinase 2 (MMP2) protein and the 
development of the ONJ. This protein was 
selected on the basis of its potential involvement 
in the breakdown of the extracellular matrix in 
normal physiological processes, such as embry-
onic development, reproduction and tissue 
remodelling, as well as in disease processes, 
such as arthritis and metastasis. In this study, 
they concluded that MMP2 is a candidate gene 
for bisphosphonate-induced ONJ for three rea-
sons: (1) MMP2 is associated with bone abnor-
malities which could be related to ONJ, (2) 
MMP2 is the only gene known to be associated 
with bone abnormalities and atrial fi brillation 
and (3) a network of disorders and diseases, 
genes linked by known disorder-gene associa-
tions, indicates that cardiovascular diseases and 
bone diseases are related. This suggests that a 
single drug such as bisphosphonate, acting on a 
single gene, MMP2, could have both bone and 
cardiovascular side effects different from the 
osteoclast inhibition that is characteristic of 
bisphosphonate. Nevertheless, further studies on 
patients without ONJ are needed. 

 A third work (Katz et al.  2011 ) studied the 
main genes associated with BPs (pamidronate or 
zoledronate)—related to ONJ in a cohort of 78 
patients with multiple myeloma (12 with ONJ) 
receiving intravenous BP treatment for over 
1 year. This study showed that the risk of devel-
oping ONJ was 4 times higher in patients with 
smoking history and in patients treated with 
pamidronate versus those treated with zoledro-
nate. A trend towards higher odds ratio for devel-
oping ONJ in multiple myeloma patients 
undergoing intravenous BP therapy was observed 
for the combined genotype of fi ve gene SNPs: 
COL1A1 (rs1800012), RANK (rs12458117), 
MMP2 (rs243865), OPG (rs2073618) and OPN 
(rs11730582). 

 Finally, a recent study (Marini et al.  2011 ) 
makes an interesting analysis of the infl uence of 
rs2297480 (A/C) SNP in the target FDPS gene 
(an enzyme involved in the mechanism of action 
of the BP) in a cohort of 68 Caucasian patients 
with multiple myeloma, metastatic mammary 
and prostate cancer treated with an intravenous 
BP (zoledronic acid). The results of this case–
control study demonstrated signifi cant differ-
ences in the allele and genotype frequencies of 
this SNP between ONJ cases and controls. These 
results are in agreement with the previously 
described higher responsiveness of the AC and 
AA genotypes to oral treatment with amino-BP 
when compared to CC genotype. It could be 
assumed that the A allele segregates with the 
ONJ complications through a positive modula-
tion of the response to a potent amino-BP, as 
zoledronic acid. However, the authors determined 
a no direct causative relationship between ONJ 
and FDPS gene polymorphisms. Also, they pro-
pose to confi rm this study in other patients’ 
cohorts and the validation of this genetic marker 
for ONJ, as well. 

 Therefore, if the BPs are causal to the develop-
ment of osteonecrosis is something that remains 
to be determined, suggesting that environmental 
and/or genetic variation between individuals may 
confer susceptibility or resistance to developing 
ONJ. Pharmacogenetic studies on any other side 
effects have not been reported so far.  

3.2.3      Other Genetic and Nongenetic 
Factors Associated 
to Osteoporosis Treatment 
Responses 

 Many risk factors contribute to the pathogenesis 
of osteoporosis, and ageing affects bone density 
variations that are also mainly determined by 
genetic factors. Nevertheless, lifestyle factors 
such as bone-loading physical activities, nutrition 
(insuffi cient calcium and vitamin D intake and 
alcohol consumption), nicotine abuse, illnesses 
or the intake of medications with a negative 
impact on bone metabolism are additional risk 
factors for osteoporosis and can also affect drug 
responses (Weinshilboum  2003 ). 
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 Genetic variation in a population creates 
an impressive spectrum of phenotypic diversity, 
particularly when changes in diet or in environ-
ment are imposed to the population. GWAS have 
become powerful tools for linking sequence vari-
ants with overlying systems-level phenotypes, 
but they do not provide insight into the mecha-
nisms through which genetic variation drives 
phenotypic variation. Systems genetics is an 
emerging discipline that provides means to fi ll 
this knowledge gap by assembling the hierarchy 
of interactions among genes, proteins and other 
intermediate phenotypes that manifest them-
selves as phenotypic variations (Voy  2011 ). 

 Figure  29.1  shows a graphic which illustrates 
the interaction between gene and environment 
data. The concept for which a gene variant could 
be an advantage under one set of conditions and a 
disadvantage under another one is depicted.

   So far, no conclusive work has been found to 
determine whether there is a difference in the 
response to the treatments used for osteoporosis, 
taking into account age, gender and environmen-
tal factors (disease, calcium intake, exercises, 
among others) or none of these factors are associ-
ated with or infl uenced by genetics. However, it 

is necessary to consider some aspects that will be 
described below. 

 Osteoporosis is an age-related disease with 
several gender-specifi c differences. Its preva-
lence is higher in women than men. Due to their 
larger bones, men have greater bending strength 
than women; however, once a hip fracture has 
occurred, mortality is higher in men (Center et al. 
 1999 ; NIH Consensus Development Panel on 
Osteoporosis Prevention, Diagnosis, and Therapy 
 2001 ; Rojo et al.  2010 ). 

 According to the International Osteoporosis 
Foundation, an estimated 75 million men and 
women in Europe, the USA and Japan are 
affected by osteoporosis. Osteoporosis does not 
affect only women; men experience both osteo-
porosis and its clinical consequences. Differences 
in sex hormone production ‘especially the abrupt 
decline of oestrogen in women’ are responsible 
for inter-gender differences in the pathophysiol-
ogy of osteoporosis. One in 3 women and 1 in 5 
men over the age of 50 have experienced osteo-
porotic fractures. Of the 9 million osteoporotic 
fractures estimated in 2000, 1.6 million were of 
the hip (Johnell and Kanis  2006 ). It is estimated 
that in 2050, the number of hip fractures will 

  Fig. 29.1    Gene–environment interactions. The concept 
that a gene variant could be an advantage under one set of 
conditions and a disadvantage under another is depicted. 
Under conditions A, individuals with genotype 1 would 

be worse off compared with those with genotype 2 or 3. 
However, under conditions B, the reverse order would 
apply (   Eisman  1999 )       
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increase from the current 4.5 million to 8.2 
million (Gullberg et al.  1997 ). Thirty-nine per-
cent of these osteoporotic fractures and 30 % 
of hip fractures specifi cally occur in men. 
Hasserius and colleagues showed that men 
generally have higher rates of fracture-related 
mortality (Hasserius et al.  2003 ). The osteoporo-
sis resulting disability in Europe is greater than 
the combined disability of all non-lung cancers 
(Cummings-Vaughn and Gammack  2010 ). 

 On the other hand, about 40 % of white post-
menopausal women are affected by osteoporosis, 
and, with an ageing population, this number is 
expected to steadily rise in the near future (Burge 
et al.  2007 ). 

 Thus, the treatment of osteoporosis also dif-
fers between genders; therapy options have been 
studied only in women (Pietschmann et al.  2009 ) 
and in men that were not protected from the dis-
ease (Patsch et al.  2011 ). Therefore, the treatment 
in men is understudied, and the magnitude of the 
impact of male osteoporosis has also been under-
estimated (Haney and Bliziotes  2008 ). 

 On the other hand, some studies have shown 
the infl uence of certain diseases in the response 
to treatment for osteoporosis. For example, the 
infl uence of vitamin D insuffi ciency at initial sta-
tus on the response to alendronate and raloxifene 
was tested in patients with low BMD (Antoniucci 
et al.  2005 ,  2009 ), showing that basal status does 
not affect BMD response to BPs when they are 
co-administered with vitamin D and calcium. On 
the contrary, a study performed in women with 
postmenopausal osteoporosis showed that opti-
mal vitamin D repletion seems to be necessary to 
maximise the response to antiresorptive drugs 
(alendronate, risedronate and raloxifene) in terms 
of both BMD changes and anti-fracture effi cacy 
(Adami et al.  2009 ). 

 In addition, the decrease in calcium absorp-
tion could contribute to the pathogenesis of 
osteoporosis. A recently randomised, double- 
blind, placebo-controlled and multicenter clinical 
trial (Shapses et al.  2011 ) evaluated whether the 
alendronate (ALN) increased the fractional 
calcium absorption (FCA) in postmenopausal 
women with low BMD and vitamin D ≤ 25 ng/
ml. Patients who were treated with fi ve weekly 

doses of ALN 70 mg + vitamin D (3) 2800IU 
(ALN + D) showed an increase in FCA compared 
with those who received placebo. 

 In an interesting retrospective study (case–
control), the effi cacy of ALN was evaluated in 
postmenopausal osteoporotic women with type 2 
diabetes mellitus (DM) to genetics level by mea-
suring the effi cacy with the BMD. Patients with 
type 2 DM proved resistant to long-term bisphos-
phonate treatment, especially in hip, femoral 
neck and forearm regions of the BMD (Dagdelen 
et al.  2007 ). Metabolic syndrome diseases as DM 
are in genetic linkage to a missense mutation in 
LRP6 (Wnt signalling), one of the genes related 
with osteoporosis (Mani et al.  2007 ). In general, 
modifi able external factors such as age and gen-
der, as well as modifi able factors such as the 
intake of calcium and vitamin D, not only have 
implications as a risk factor for osteoporosis but 
also probably in response to treatment.    

4      Molecular Structures as 
Osteoporosis Therapeutic 
Targets: Pharmacogenomics 

 To understand the development and creation of 
new drugs that are being used or are in early 
phases of use in the treatment or prevention of 
osteoporosis, it is necessary to consider a new 
concept in this chapter: pharmacogenomics. 
However, this important and necessary term is 
closely related to the area of pharmacogenetics. 

 In contrast to pharmacogenetics, which study 
the effect of an individual’s genetics variability in 
their response to certain drugs, pharmacogenom-
ics study the molecular and genetic basis (includ-
ing DNA, RNA and proteins) of disease to 
develop new ways of treatment (Wang  2010 ). 

 Moreover, whereas pharmacogenomics refer 
to approaches that take into account the charac-
teristics of the entire genome, using an integrated 
view, pharmacogenetics are restricted to the 
determinants of each individual as far as the effi -
cacy or toxicity of a drug only at different levels 
(Weinshilboum and Wang  2006 ). 

 A detailed knowledge of bone biology with 
molecular insights into the communication 
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between bone-forming osteoblasts and bone- 
resorptive osteoclasts and the orchestrating sig-
nalling network has led to the identifi cation of 
novel therapeutic targets. Bisphosphonate’s ther-
apy inhibits specifi cally genes involved on 
resorption bone pathway (Fig.  29.2 ). However, 
the most promising novel treatments include new 
molecules affecting systemic osteoclasts path-
ways: denosumab (a monoclonal antibody for 
receptor activator of NF-κB ligand, a key osteo-
clast cytokine), odanacatib (a specifi c inhibitor of 
the osteoclast protease cathepsin K) and antibod-
ies against the proteins sclerostin and dickkopf-1 

(two endogenous inhibitors of bone formation). 
This chapter examines these novel therapies and 
explains their underlying physiology.

4.1        Targets for Bone 
Anabolic Drugs 

 During the last years, the role of the wingless- 
type MMTV integration site family (Wnt 
 signalling pathways) has been to be involved in 
bone formation where it appears to be an impor-
tant regulator of bone accrual during growth 
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(Harada and Rodan  2003 ). The discovery of this 
crucial role, the canonical Wnt signalling, in 
skeletal biology opens a new avenue for bone 
anabolic therapies (Rawadi and Roman-Roman 
 2005 ; Hoeppner et al.  2009 ). Pharmacological 
manipulation of the Wnt cascade can affect bone 
formation rates in adults; positive modulators of 
this pathway in vivo are expected to act as bone 
anabolic drugs. Thus, many elements of the Wnt 
cascade constitute potential targets for pharma-
cological intervention. However, it must be noted 
that most of the approaches presented below tar-
get protein–protein interactions that are relatively 
diffi cult to manipulate pharmacologically. Wnt/
β-catenin signalling affects proliferation, com-
mitment, differentiation/maturation, function and 
lifespan of osteoblasts. There are clinical trials 
with molecules such as BH-880 and AMG-785 
that stimulate the Wnt pathway when Wnts bind 
to Frizzled (Fzd) receptors and LRP 5/6 
(Fig.  29.3 ). This activation inhibits a cytoplasmic 
complex composed of glycogen synthase kinase 

(GSK-3β), Axin and adenomatous polyposis coli 
(APC). Cytoplasmic β-catenin levels rise and 
some β-catenins translocate to the nucleus where 
it associates transcription T-cell factors (Tcf) and 
transcription lymphoid enhancer- binding factors 
(Lef) to regulate gene expression.

   On the other hand, some new molecular 
designs, like calcilytic drugs (MK-5442), antago-
nise CaSR and trigger short bursts of PTH secre-
tion. Binding of PTH to its receptor enhances 
osteoblast functions and bone formation. The pres-
ence of Wnt antagonists Dickkopf-1 (Dkk-1) and 
sclerostin inhibits Wnt signalling. Dkk-1 needs to 
form a complex with Kremen to bind LRP5/6, 
whereas sclerostin binds LRP5/6 directly. BHQ-
880 and AMG-785 are antibodies for Dkk-1 and 
sclerostin, respectively. After neutralising Dkk-1 
and sclerostin, Wnt can bind to LRP5/6, which 
results in the degradation of GSK-3β. As a conse-
quence, β-catenin is stabilised, accumulates and 
translocates into the nucleus where it regulates 
transcription of osteoblastic genes. 
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  Fig. 29.3    Osteoblast physiology and potential therapeutic targets       
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 Findings regarding the small molecule inhibi-
tors of GSK3β increase bone mass and lower adi-
posity and reduce fracture risk. Neutralising 
antibodies to Dkk-1, secreted frizzled-related 
protein 1 and sclerostin, which bind and block 
the Wnt receptor LRP-5/6, produce similar out-
comes in animal models. These drugs are excit-
ing breakthroughs, but they are not free of risks. 
The challenges include tissue-specifi c targeting 
and consequently, long-term safety. 

 Anabolic agents currently approved are the 
full-length PTH (1–84) and their N-terminal 
(1–34) fragment, teriparatide, though the fi rst one 
is limited to Europe (Canalis et al.  2007 ). 

 As it has been previously mentioned, extracel-
lular CaSR also plays an important role in the 
recruitment, differentiation and survival of osteo-
blasts and osteoclasts through activation of mul-
tiple CaSR-mediated intracellular signalling 
pathways in bone cells. CaSR on the parathyroid 
gland controls PTH release to maintain serum 
calcium concentrations within a narrow physio-
logical range. Drugs that mimic high concentra-
tions of calcium at the CaSR and suppress PTH 
secretion are termed calcimimetic drugs, such as 
cinacalcet. 

 Although the physiological role of the CaSR 
expressed on osteoblasts and osteoclasts is not 
fully understood, in a recent study (Pierre  2010 ) 
it has demonstrated that the CaSR is a target for 
the anabolic strontium ranelate (SR) in bone 
cells. The study noted that SR has been found to 
increase osteoblastic cell replication through 
activation of the CaSR and also that SR increases 
the expression of osteoclast proteins, such as 
OPG, and decreases expression of RANKL. 

 Calcilytic drugs represent a new class of 
bone- forming drugs. They act as antagonists of 
the CaSR and mimic hypocalcaemia, thus evok-
ing a short pulse of PTH secretion. Calcilytics 
are given orally and obviate the need for 
injections, as opposed to PTH treatment. A 
major practical obstacle for these drugs has 
been their narrow therapeutic index. Several 
programmes involving calcilytic drugs have been 
discontinued because of unfavourable pharma-
cokinetics (Gowen et al.  2000 ) and lack of effi -
cacy (NCT00471237). Currently, newer calcilytic 

drugs with an improved pharmacological profi le 
are being assessed (Balan et al.  2009 ; Kumar 
et al.  2010 ). The most advanced compound of 
this class is MK-5442, which is currently in 
phase-2 trials for postmenopausal osteoporosis. 
Results are expected to be ready and available 
for therapy in 2012.  

4.2      Targets for Bone 
Antiresorptive Drugs 

 Membrane proteins like the receptor activator of 
nuclear factor-κB (RANK) ligand (RANKL) and 
receptors as RANK and osteoprotegerin (OPG) 
are involved in the differentiation, activation and 
functions of the osteoclast cells. Differentiation 
from the osteoclast precursor to fully activated 
multinucleated osteoclast depends essentially on 
RANKL. RANKL, a member of the tumour 
necrosis factor (TNF) family, abundantly 
expressed by bone-forming osteoblasts, bone 
marrow stromal cells and T and B lymphocytes, 
activates its receptor, RANK, expressed on osteo-
clasts. After RANKL induced RANK stimula-
tion, several key regulatory transcription factors 
and enzymes are induced to promote the differen-
tiation, proliferation, multinucleation, activation 
and survival of osteoclasts (Fig.  29.4 ).

   The Src kinase is highly expressed in osteo-
clasts and mediates multiple pathways regulating 
osteoclast activity. Interestingly, the absence of 
Src does not alter the number of osteoclasts 
(Boyce et al.  1992 ), and it is associated with an 
enhanced rate of osteoblastic bone formation 
(Marzia et al.  2000 ). With their jellyfi sh-like 
shape, motile cytoskeleton and adhesion mole-
cules such as integrins (Fig.  29.5 ), osteoclasts 
attach to bone and create a sealing zone on the 
bone surface which provides a highly enriched 
acidic microenvironment that is essential for cat-
alytic activity of osteoclastic enzymes such as 
cathepsin K.

   On the other hand, cathepsin K is a key cystein 
proteinase of the mature osteoclast that degrades 
collagen and breaks down bone (Wilson et al. 
 2009 ). Cathepsin K is a crucial determinant of 
resorptive activity by osteoclasts; bone of poor 
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quality in which microcracks accumulate is 
removed and hole-like lacunae appear (Fig.  29.5 ). 

 Recent and more targeted therapies are being 
designed and used based on approaches similar 
to cancer therapy, for example, monoclonal anti-
body and small molecules such as denosumab, 
odanacatib and saracatinib. 

4.2.1      Denosumab 
    The prominent role of RANKL in osteoclasto-
genesis has made it a prime target in diseases 
characterised by excessive bone loss. Initially, a 
chimerical OPG (decoy) fusion protein was used 
to antagonise RANKL (Bekker et al.  2001 ). 
However, the formation of neutralising antibod-
ies against OPG after administration of the fusion 
protein and its potential cross-reactivity with 
tumour necrosis factor-related apoptosis- 
inducing ligand (Emery et al.  1998 ) led to a new 
strategy, the development of denosumab, a fully 
human monoclonal antibody against RANKL 
(Fig.  29.5 ), with pre-authorisation evaluation of 
medicines for human use in Europe (EMA  2009 ). 

 In several clinical trials, the positive impact 
of denosumab has been demonstrated in patients 
with low BMD and/or osteoporotic patients. A 
phase-II controlled and randomised study in 
postmenopausal US women with a T-score 
between −1 and −2.5 at the lumbar spine 
showed that 60 mg denosumab every 6 months 

 signifi cantly increased BMD at lumbar spine 
and total hip compared to placebo and signifi -
cantly reduced bone markers (BM) (Bone et al. 
 2008 ). Similarly, it was shown that among 
women with a T-score between −1.8 and −4 in 
lumbar spine and −1.8 and −3.5 at the proximal 
femur, a dose of 60 mg of denosumab every 
6 months increased BMD and decreased the 
BM compared with placebo (McClung et al. 
 2006 ). Another phase-II study in postmeno-
pausal women with osteoporosis who received 
60 mg of denosumab every 6 months showed a 
signifi cant decrease in the incidence of verte-
bral and hip fractures compared with placebo 
(Cummings et al.  2009 ). 

 A multicenter phase-III study compared the 
effi cacy of denosumab (60 mg/6 months) with 
alendronate (70 mg/day) on BMD and BM in 
postmenopausal women with low BMD, showing 
signifi cantly greater BMD gains and a further 
reduction of BM in patients treated with deno-
sumab (Brown et al.  2009 ). 

 A multicenter randomised study demonstrated 
that switching the alendronate to denosumab for 
at least 6 months in postmenopausal women 
caused an increase in BMD at the lumbar spine, 
total hip, femoral neck and distal radius as well as 
a signifi cant decrease in bone remodelling com-
pared to women who continued treatment with 
alendronate (Kendler et al.  2010 ).  

  Fig. 29.4    Role of receptor activator of nuclear factor-κB (RANK) ligand (RANKL) and its two receptors (RANK and 
OPG) in controlling bone metabolism (Image modifi ed from Younes and Kadin  2003 )       
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4.2.2     Odanacatib 
 Based on the concept that the protease cathep-
sin K has an important role in enzymatic bone 
degradation, the use of cathepsin-K inhibitors 
has emerged as a novel therapeutic approach 
(Fig.  29.5 ). A high specifi city and affi nity for 
cathepsin K over other cathepsins (B, L and S) 
that are widely expressed, particularly in the 
skin, was crucial for this class of compounds 
(Gauthier et al.  2008 ). 

 Odanacatib is currently the most advanced 
inhibitor of cathepsin K under clinical investiga-
tion. Programmes with less specifi c cathepsin-K 
inhibitors were stopped due to cutaneous side 
effects, such as a scleroderma-like skin thicken-
ing and rash (Gauthier et al.  2008 ). 

 In phase-I study, odanacatib at oral doses of 
50–100 mg once a week reduced serum concen-
trations of the bone resorption marker CTX by 
62 %. Daily administration of odanacatib (10 mg) 

reduced serum concentrations of CTX by 81 % 
(Stoch et al.  2009 ). 

 In a phase-II study (Bone et al.  2010 ), the 
effects of weekly oral doses of odanacatib were 
assessed in 399 women with postmenopausal 
osteoporosis. After 24 months, odanacatib (50 mg) 
increased BMD in the lumbar spine by 5.7 % 
and total hip by 4.1 % compared with placebo. 
In fact, a subset of 32 women undergoing bone 
biopsies showed that treatment with odanacatib 
resulted in a modest and transient reduction of 
bone formation markers with no suppression of 
bone formation rate. Adverse reactions with 
odanacatib were close to those with placebo, 
and scleroderma-like cutaneous lesions were 
not seen. 

 A current phase-III study is assessing the anti- 
fracture effi cacy of odanacatib (NCT00529373) 
by undergoing a trial with over 16,000 post-
menopausal women and is expected to be 
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completed in 2012. Another cathepsin-K inhibitor, 
ONO-5334, is currently being assessed in a 
phase-II trial in women with postmenopausal 
osteoporosis (NCT00532337).  

4.2.3      Saracatinib 
 The Src kinase is another important protein; it is 
highly expressed in osteoclasts and mediates 
multiple pathways regulating osteoclast activity 
(Fig.  29.5 ). The effect of impaired osteoclastic 
functions in Src-defi cient mice provided the 
rationale to explore the skeletal effects of an 
inhibitor of Src kinase. 

 A phase-I trial (Hannon et al.  2010 ) assessed 
saracatinib (AZD0530) in 59 healthy young men 
and demonstrated decreased serum concentrations 
of CTX by 88 % and urinary excretion of NTX by 
67 % (250 mg) after 25 days. Concentrations of 
bone formation markers in the administered sara-
catinib group were similar to those in the placebo 
group. Although there were no signifi cant differ-
ences between these two groups, papular rash 
(30 % vs .  6 %) and loose stools (24 % vs .  0 %) 
were more frequent in the men given saracatinib 
than in those given placebo (Hannon et al.  2010 ). 

 Saracatinib is currently being explored in phase-
II studies for osteosarcoma (NCT00752206) and 
bone metastases (NCT00558272), but not for 
osteoporosis.    

5      Translations 
of Pharmacogenetic 
Findings to the Clinical 
Practice Environment 

 The translation of pharmacogenetic fi ndings of 
osteoporosis-related bone fractures to the clinical 
practice should be addressed in a general context 
together with the parallel advancements in other 
pharmacogenetic treatment approaches. 

 In order to accelerate the translation and 
transition based on scientifi c results found in 
screening drug effects over a genetically dif-
ferent population, the fi ndings must fi rst be 
approved by the appropriate public and private 
investors. They should allow specifi c and reli-
able tests to be conducted for those valid bio-

markers demonstrating association with the 
safety and effi cacy of therapy. 

 There are three different types of pharmacoge-
netic biomarkers: validated pharmacogenetic 
biomarkers, probably validated biomarkers and 
in exploration biomarkers. These depend on the 
type of clinical activity for which they are to be 
developed; the fi rst biomarker would be used in 
routine clinical practice and the other two in 
recently applied discoveries and basic research 
area. 

 The most specifi c valid biomarker defi nition is 
one that is widely accepted by the scientifi c com-
munity or preclinical predictor of clinical out-
come. The probably valid biomarker seems to 
have predictive value, but the results have not yet 
been replicated in all populations and are not 
widely accepted while the exploratory biomarker 
is in hypothesis generation phase. 

 However, government expert agencies are the 
latest groups responsible for regulating and deter-
mining the status of a specifi c biomarker and also 
the initiatives pursued until their mandatory use 
in hospitals or clinics (Fig.  29.6 ). There are con-
sortiums of experts such as Joint Voluntary 
Genomic Data and Submission (VGDS) from the 
FDA/EMA that process this information (US 
FDA, EMA  2009 ).

   Genetic biomarkers may permit the subsetting 
of patient populations into groups who respond 
differently to various therapies. The analytical 
performance characteristics should be estab-
lished before using the biomarker in stratifi ca-
tion, identifi cation of responders or as tests to 
avoid prescribing to either biomarker-positive or 
biomarker-negative subjects (Tesch et al.  2010 ). 

 Concretely, classical therapeutic approaches 
in osteoporosis have been established for control-
ling of the marker of turnover, bone formation 
and bone resorption that are now commercially 
available for decreasing fracture rate as a clinical 
end point. Then, all polymorphisms in genes that 
directly or indirectly affect these markers could 
be considered genomic biomarkers. However, no 
evidence of clinical use of multiple pharmacoge-
netic biomarkers has been shown due to the con-
troversial result of association studies which are 
described throughout this chapter. 
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 Bone pathway profi les of whole genes of indi-
viduals could solve the contradictory fi ndings 
from isolated studies which can give erroneous 
conclusions. It is also important to verify and rep-
licate the use of a valid biomarker in several pop-
ulations. These important steps could become a 
realisation through the use of high-throughput 
technologies. If it is considered that fractures 
related to osteoporosis will continue to be a sub-
stantial and growing public health problem, 
important investments and coordinated macro 
studies will be necessary to increase the quality 
of life of the patient population. 

 Moreover, another complementary item is the 
elaboration of guidelines of anti-osteoporosis 
drugs that are necessary for pharmaceutical care. 
Also, these guidelines can include recommenda-
tions of a specifi c pharmacogenetics test. 

 Considering that fractures related to osteopo-
rosis continue to be a substantial and growing 
public health problem, important investments 
and coordinated macro studies are necessary 
to increase the quality of life of this patient 
population. 

 Furthermore, other general important consid-
erations must be taken into account before the 
translation of pharmacogenetic achievements, 
and these should be used in routine clinical prac-
tice. Thus, general terms that cover areas of 
molecular biology–pharmacogenetics formation, 
ethical–legal issues, quality management in 
genetic test laboratories, ISO norms and cost- 
effective successful strategies will be briefl y dis-
closed in this chapter. 

 The    fi rst step before the transfer of effective 
pharmacogenetic discovery to the clinic and hos-
pital environments will pass through the assess-
ment that professionals involved in this circuit 
are properly formed, informed and coordinated 
for the management and application of require-
ments of pharmacogenetic tests. Moreover, they 
must have the proper infrastructure for collecting 
and analysing sample specimens. 

 Currently, international diffusion about how 
to develop and the level of consensus on specifi c 
formation programmes on pharmacogenetics are 
scarce and limited to a number of pharmaceuti-
cal and physician schools (Murphy et al.  2010 ; 

Maize et al.  2010 ). Also, minimal data have 
probably been shared about pilot assays per-
formed for every school or university about 
efforts regarding the implementation of basic 
pharmacogenetic knowledge, such as the lack of 
eligible PhD courses and specifi c training. In any 
case, this general lack of knowledge is the fi rst 
barrier to overcome in order to implement phar-
macogenetics test into routine medical practice. 
In this sense, previous experiences shared across 
literature can help to establish models for effec-
tive progress in pharmacogenetics applications 
(Gurwitz  2010 ). There are also some specifi c 
centre investigators that study racially and ethni-
cally diverse populations and that are pioneers in 
the education of PharmD, MD and PhD students 
in pharmacogenomics and have led the establish-
ment of unique graduate and postdoctoral train-
ing programmes focused on pharmacogenomics 
(Kroetz et al.  2009 ). Moreover   , deeper on glo-
balisation knowledge Web, there are some 
offered pharmacogenetic course online and 
many online bioinformatic tools that facilitate 
working with pharmacogenetics and pharma-
cogenomics (PharmGKB:   www.pharmagkb.com    ). 
Basic knowledge on general advance methodol-
ogies are revised in other items of this chapter; 
however, strategic designs of pharmacogenetic 
studies are the key for successful results in this 
area of research where many factors converge, 
and they also should be well integrated and 
interpreted. 

 Ethical-privacy protection and legal issues in 
pharmacogenetic translational research compile 
concepts such as individual specimen origin 
(anonymisation, decoding, banking, traceability, 
identifi able health data, etc.), private authorisa-
tion, informed consent and specifi c regulations 
establishing bases about genetic privacy (UNESCO 
 1997 ). There are international organisms that 
carry out the emission, correction and control of 
these norms of implementation (FDA, EMA), 
and subsequently there are national bioethics 
advisory commissions that warrant the applica-
tion of regulations in hospital environment clini-
cal research. 

 On the other hand, ‘quality’ as the degree to 
which health services for individuals or populations 
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increase the likelihood of desired outcomes has 
been defi ned at the health care sector, the defi ni-
tion being consistent with current professional 
knowledge. However, there is no clear mecha-
nism for measuring the quality dimension of 
genetic services. The lack of international accep-
tance and user-driven, rigorously developed 
service quality indicators for clinical genetics 
makes diffi cult to follow an established and 
unique criteria for quality management method 
(Zellerino et al.  2009 ). Moreover, general aspects 
of health care should base on continuous improve-
ments that comprise whole structure (tools, 
resources), process (activities) and outcome 
(results) that are focused in setting care, what 
takes place during care delivery and determina-
tion if the aims have been achieved, respectively 
(Lacalamita et al.  2008 ). 

 Following the global tendency, the fi rst man-
datory step prior to accreditation is the imple-
mentation of a quality management system. 
Thus, currently, hospitals worldwide are imple-
menting general norms for acquiring quality 
assurance of their health care programmes (Guzel 
and Guner  2009 ; Lorenzo et al.  2010 ). 

 Further limitations to the translation of validated 
and in progress pharmacogenetics biomarkers in 
clinical applications include cost-effectiveness, 
economic incentives, reimbursement issues and 
the diffi culty of making real evaluations of these 
limitations. Today, there are few studies evaluat-
ing the economical aspect on pharmacogenetics, 
and because of that, it remains as an abstract con-
cept, which delays the demonstration of effec-
tiveness to the governmental organisations. In 
order to overcome the fi rst step of implementa-
tion of pharmacogenetics as a useful tool in a 
global hospital context, more costly therapies 
based on error-assay determination have to be 
conducted. 

 All these complex issues together with the 
idiosyncrasy of osteoporotic fractured patient 
care in hospital and controversial SNP-specifi c 
description of clinical impact evaluation con-
stitute a huge challenge for the future advances. 
Finally, in this complex scenario, it will be 
absolutely necessary to harmonise the pharma-
cogenetic implementation, interpretation of 
results and the manner of reporting pharmaco-
genetic data  
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6      Omics Future Perspectives 

 The exponential progress driven by the Human 
Genome Project and the technological advances 
continue to provide even more powerful analyti-
cal technologies and opportunities for gaining a 
better understanding of complex diseases, includ-
ing osteoporosis. The success in fi nding osteopo-
rosis genes should clearly be based on a collection 
of large cohorts of well-characterised individuals. 
It is expected that with large-scale studies, many, 
if not all, of the genes that contribute to interindi-
vidual variation in osteoporosis phenotypes and 
infl uence therapeutic responses will be identifi ed. 

 Patient genotyping could be useful for target-
ing osteoporosis drug treatments to subjects 
most likely to respond well, avoiding subopti-
mal long- term treatments or adverse reactions. 
The application of specifi c genetic tests to iden-
tify those subjects before the beginning of drug 
treatment is important mostly for diseases, such 
as osteoporosis, whose effective available thera-
pies are so numerous, and therefore, the selec-
tion of the optimal therapy is foreseeable. 
Moreover, the pharmacogenetics could help to 
map novel molecular drug targets, with an 
impact on drug discovery, moving from ‘one 
drug fi ts all’ to personalised therapy. Certainly, 
the genes to be evaluated should always encom-
pass those encoding drug targets, drug metabo-
lising enzymes and drug transporters. Towards 
this goal  pharmacogenomics does and will 
increasingly benefi t from the novel technologies 
and experimental strategies, such as genome-
wide scan association studies, microarray analy-
sis, next generation sequencing and others. 

 Moreover, pharmacogenomics association 
studies need to be extended and confi rmed in 
large cohorts, in different ethnic groups and/or in 
multicentric studies. All gene variants positively 
correlated with drug response in association stud-
ies will have to be validated by functional in 
vitro, in vivo and ex vivo studies. 

 Personalised medicine is expected to benefi t 
from combining genomic information with regu-
lar monitoring of physiological states by multiple 
high-throughput methods.     
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1             Introduction 

 The aim of carrying out pharmacogenomics study 
is to identify the inherited variations (from person 
to person or within population) responsible for 
differences observed in drug metabolism, its effi cacy 

and toxicity. In literature the terms pharmacogenetics 
and pharmacogenomics are generally used syn-
onymously, but in true sense pharmacogenetics 
means the study of a gene or a fi xed number of 
genes, whereas pharmacogenomics is the study 
of whole genome to understand its effects on 
drug response in the individuals. Here in this 
chapter the focus will be on the pharmacogenet-
ics of gynecological diseases in the order of 
breast cancer, cervical cancer, ovarian cancer, 
endometrial cancer, gestational diabetes mellitus, 
and preeclampsia. 

 The search for genetic components of the  diseases 
is one of the important goals of pharmacogenomics, 
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 Abstract 

   Pharmacogenomics aims to identify the genome-based variability in drug 
disposition (metabolism and transport), which infl uences its effi cacy and 
toxicity, and also to develop diagnostics and therapeutics on the basis of 
genetic variants so as individualize pharmacotherapy. Progress made in 
the last two decades in pharmacogenomics study of gynecological diseases 
has enabled us to predict the therapy outcome on the basis of inherited or 
acquired genetic mutations. The present chapter    focuses on the clinical 
relevance of genetic variation in terms of diagnosis, prognosis, and 
therapeutics in context to this group of diseases with special reference to 
gynecological cancers. Various disease susceptibility genes and their 
polymorphisms of gynecological disorders have been identifi ed, and their 
molecular diagnostics and targeted therapies developed. To name a few 
well studied are BRCA1/2, HER2, GSTT1, GSTM1, CYP1B1, PPAR- γ , 
VEGF, etc. Detailed account of the genetic components and their variants 
associated with each disease and how it infl uences the discourse of the 
disease and individualization of the therapy is given here. 
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and focus of research had been to identify the 
genes or mutations in genome associated with 
human diseases (Williams-Jones and Corrigan 
 2003 ). For diagnosis of rare congenital human 
diseases such as Duchenne muscular dystrophy, 
chromosomal analysis or other clinical biochem-
istry tests have been developed for more than 
three decades. More recently, high- throughput 
genomic technologies, the results of Human 
Genome Project (HGP), and the advances in 
genotyping have made possible to perform the 
molecular/genetic tests that can predict the pre-
cise disposition of a few adult-onset human dis-
eases such as Huntington disease, Alzheimer 
disease, and certain familial forms of breast 
cancer and other gynecological disorders. 
   While genetic tests are quite reliable and can 
predict the risk of disease in the future, yet the 
clinical utility of predictive genetic testing for 
genetic diseases varies considerably and adds to 
the burden of health care services (Reviewed by 
Evans et al.  2001    ). 

 Currently, it is well established that inherited 
variations in drug-metabolizing genes and drug 
target genes lead to the observed differences in 
the chemotherapy response (Yan and Beckman 
 2005 ; Freedman et al.  2010 ). If these genetic 
variants of a disease are present at a rate of more 
than 1 % in a population, these are called poly-
morphisms. These can be insertions, deletions, or 
substitutions of nucleotides in the genome. Most 
common are single-nucleotide substitutions 
called single-nucleotide polymorphisms abbrevi-
ated as SNPs. More than 1.4 million SNPs have 
been reported so far in the human genome, and 
the number is likely to increase as new fi ndings 
are reported with time and with molecular biol-
ogy advances. An SNP may occur after 300–
1,000 bases in a genome; there is possibility of 
several million SNPs in a genome. SNPs could be 
used to identify population-wide predisposition 
or susceptibility to the disease and may contrib-
ute to polygenic diseases. They can occur in non-
coding regions and in coding regions. The latter 
often generate polymorphic variation in expressed 
proteins, affecting their functional properties such 
as drug transport and metabolism as well as cellular 
targets, signaling pathways, and cellular responses 

to treatment. If the SNP occurs in the promoter 
region of a gene, it may change the binding site 
for transcription factors and thus alter the regula-
tion of expression (Gradhand and Kim  2008 ). 
The goal is thus to identify polymorphisms in the 
genes that contribute to disease, which will be 
targets for new therapies, and may predict the 
outcome and side effects of a given therapy. 
Many of these SNPs have actually led to the 
development of molecular diagnostics used now 
by the clinicians. Kim and Misra ( 2007 ) have 
reviewed the applications of genotyping in bio-
medical applications. 

 There are a very large number of gynecologi-
cal disorders and these contribute signifi cantly to 
the global burden of diseases. Much emphasis 
has been given to the research studies and to fi nd 
better diagnostics and therapeutics for these 
plethora of diseases.    Using proteomics technolo-
gies, several thousands of proteins in a patho-
logical sample or a biological fl uid can be 
compared simultaneously with the respective 
healthy tissue or the fl uid to fi nd a unique disease 
specifi c protein, called a biomarker. Biomarker 
studies have utilized the “omics” techniques to 
identify patterns or changes in thousands of pro-
teins and can globally analyze almost all small 
molecular weight proteins. A few of these tech-
niques are electrospray ionization, mass spec-
trometry, matrix- assisted laser desorption 
ionization time-of-fl ight mass spectrometry 
(MALDI-TOFMS), and surface- enhanced laser 
desorption ionization time-of-fl ight mass spec-
trometry (SELDI- TOFMS). More recently a 
review on the role of proteomics studies to iden-
tify biomarkers for gynecological diseases has 
been reported by Meehan et al. ( 2010 ). The 
unique biomarker of a disease will lead to devel-
opment of highly specifi c diagnostics and can 
also be the drug target for therapeutics. Petricoin 
et al. ( 2002 ) have reported the analysis of the 
serum samples of patients with neoplastic 
ovarian carcinoma and women with nonma-
lignant ovary disease by MS-SELDI (mass 
 spectroscopy-surface- enhanced laser desorption 
and ionization) and the used bioinformatics algo-
rithm to interpret the proteome spectra generated. 
This results had a sensitivity of 100 and positive 
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predictive value of 94 %. Authors concluded that 
such studies of proteomic technology can be 
applied as screening procedures in high-risk 
group and normal population for identifi cation of 
malignancies. 

 The hormone-responsive cancers such as most 
of gynecological cancers have been reported to 
have a different mechanism of carcinogenesis as 
compared to chemical carcinogenesis. As early 
as in 1982, Handerson et al. on the basis of data 
of epidemiological and laboratory studies had 
reported that some cancers can be grouped 
together as hormone-related cancers such as 
breast, endometrium, testis, ovary, osteosarcoma, 
thyroid, and prostate. Hormones induce faster 
cell proliferation in the tissue, and during this 
process, random genetic mutations accumulate, 
leading to malignancy (Henderson et al.  1982 , 
 1988 ). However, the genes involved in induction 
of such cancers were not known. Of the various 
hormones, the role of estrogen is more pro-
nounced and well established (Henderson et al. 
 1988 ; Henderson and Feigelson  2000 ). The main 
reason for this is thought to be estrogen stimula-
tion of cell proliferation in the target organs. As 
further research reported by Henderson and 
Feigelson ( 2000 ), breast cancer model was found 
to have involvement of the genes such as the 
cytochrome P459c17α (CYP17) gene, the cyto-
chrome P450, subfamily 19 (CYP19) gene or 
aromatase (responsible for synthesis of estrogens 
from androgens also reported by Simpson et al. 
 1994 .), 17β-hydroxysteroid dehydrogenase 1 
(HSD17B1) gene, and the estrogen receptor 
alpha ( ER ) gene. Estrogens are metabolized by 
several enzymes, including cytochrome P450 
1A1 and 1A2 (CYP1A1 and CYP1A2), through 
hydroxylation resulting in reactive metabolites 
(Badawi et al.  2001 ; Yamazaki et al.  1998 ;    Xu 
et al.  1999 ). Further degradation of these metab-
olites via detoxification pathways involves 
participation of sulfotransferase1A1 (SULT1A1) 
(Raftogianis et al.  2000 ), forming products which 
are eliminated via urine. Much work has been 
done on these genes variants of the above enzymes 
in the population, and estrogen metabolism may 
get disturbed through altered activities of the 
enzymes produced (Eaton et al.  1995 ; Raftogianis 

et al.  1997 ; Kiyohara et al.  1998 ; Goodman et al. 
 2001 ). Thus, the above gene polymorphisms of 
CYP, aromatase, and SULT1A1 have been found 
to be linked with estrogen-induced cancers. 
Mikhailova et al. ( 2006 ) reported high risk of 
endometrial cancer and ovarian cancers with 
gene variants of hormone- metabolizing enzymes 
in the Caucasian Russian females. High correla-
tion of several SNPs of above genes was found 
with estrogen- responsive cancers, whereas no 
association of SNPs of aromatase (CYP19) 
and CYP1A1 was found for hormone-dependent 
cancers. 

 Treatment plan of a cancer depends upon the 
tumor site, size, and type (pathology); generally 
grading is done depending upon one or more of 
the factors such as the mitotic index, number of 
sites involved, and the size of tumor. Effi cacy and 
toxicity of the drugs also depend upon the genetic 
makeup of the host. The benefi t from specifi c 
treatment and the adverse events experienced 
vary considerably. Effective treatments of cancer 
in general and for gynecological cancers in par-
ticular have increased with time specifi cally the 
development of monoclonal antibodies, hor-
mone, and growth factor receptor agonists and 
antagonists, etc. as will be discussed in this chap-
ter with reference to each disease.  

2      Breast Cancer 

 Breast cancer is a global health problem and 
remains the most prevalent cancer diagnosed in 
women in the world. Although breast cancer 
mortality has declined in the last two decades, 
breast cancer continues to represent a major 
threat to the lives and productivity of women. 
   There is an estimated age-standardized incidence 
rate of 37.4 per 100,000 and an estimated age- 
standardized mortality rate of 13.2 per 100,000 
women (  http://www-dep.iarc.fr    , GLOBOCAN 
database). Both personal and family histories 
infl uence a woman’s risk of developing breast 
cancer. The known risk factors for breast cancer 
are exposure to ionizing radiation, breast cancer 
in a fi rst-degree relative, reproductive and hor-
monal factors, and alcohol consumption, but 
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these factors explain only a portion of the vari-
ability in breast cancer risk (Ambrosone  2007 ). 
Of these risk factors, a family history of breast 
cancer is responsible for the greatest increase in 
risk, with women with a fi rst-degree relative with 
breast cancer having twice the risk of those who 
do not (Ambrosone  2007 ). In addition, twin stud-
ies indicated that up to 30 % of breast cancer 
cases may be due to genetic factors (Lichtenstein 
et al.  2000 ). Genetics of breast cancer and preva-
lence of susceptibility genes will be discussed 
below. 

2.1      Genetics of Breast Cancer and 
Disease Susceptibility Genes 

 So far several candidate genes for dominant 
breast cancer susceptibility have been discove-
red (Pitot and Loeb  2002 ). It is well established 
by now that many cases of hereditary breast 
cancer are because of accumulation of germ line 
mutations in a gene  BRCA1  located on chromo-
some 17q, shown for the fi rst time by genetic 
linkage analysis (Hall and Lee  1990 ). BRCA1 
was cloned in 1994 by Miki et al. ( 1994 ), and 
the normal cellular functions of the BRCA 1 
gene have been well studied. Some of the 
reported multiple    functions of the gene, 
expressed as BRCA 1 protein (1,863 amino 
acid), are tumor suppressor activity, control 
over cell cycle progression (regulated by kinases 
through phosphorylations), and many types of 
specialized DNA repair enzyme mechanisms in 
response to DNA damage, and if the damage is 
not repaired, then it leads to cell destruction and 
apoptosis, etc. Clinically signifi cant, or delete-
rious, mutations of  BRCA1  and  BRCA2  genes 
are associated with increased susceptibility for 
breast and ovarian cancer. 

 Much research has gone into identify the 
deleterious  BRCA1  and  BRCA2  mutations and 
SNPs, enabling much specifi c treatment regi-
mens to be administered in breast and ovarian 
cancer women with inherited predisposition to 
these cancers. The innovative feature of these 
clinical changes has been the genetic approach to 
identifi cation of high-risk women. In the last few 

years, several genome-wide association studies 
(GWASs) investigating common genetic variants 
have successfully identifi ed single-nucleotide 
polymorphisms (SNPs) in a number of inde-
pendent loci to be associated with breast cancer 
risk. Each SNP confers only a small increase 
in breast cancer risk, but the higher number of 
SNPs present in the same locus gives a higher 
risk in individuals carrying multiple suscepti-
bility SNPs. Genomics and pharmacogenomics 
of breast cancer has been reviewed recently by 
Ayoub et al. ( 2011 ). 

 A growth factor receptor gene, human epider-
mal growth factor receptor ( HER2 ) (Coussens 
et al.  1985 ; King et al.  1985 ; Akiyama et al. 
 1986 ), is amplifi ed in 25–30 % of breast cancers 
leading to the expression of HER2 proteins at 
abnormally high levels in malignant cells 
(Slamon et al.  1987 ,  1989 ). Women with breast 
cancers that overexpress HER2 have an aggres-
sive form of the disease with signifi cantly short-
ened disease-free survival and overall survival 
(Slamon et al.  1987 ,  1989 ; Seshadri et al.  1993 ; 
Press et al.  1993 ; Ravdin and Chamness  1995 ). 
Treatment with trastuzumab is successful only in 
breast cancers that overexpress  HER2  receptor. 

 Genotype analysis of the 2,999 samples (1,042 
case probands, 508 control probands, and 1,449 
relatives of case probands, of whom 111 had 
breast cancer diagnoses) for nine SNPs verifi ed 
by the Breast Cancer Association Consortium 
(BCAC) for the study, namely, rs2981582 
(FGFR2), rs3803662 (TNRC9), rs3817198 
(LSP1), rs889312 (MAP3K), rs13281615 (8q24), 
rs2107425 (H19), rs17468277 (CASP8), 
rs13387042 (2q35), and rs10941679 (5p12), was 
done by scientists in Australia. Families with 
disease-causing BRCA1/2 mutations were 
excluded. There was no difference in all three 
SNP scores between the relatives (with SNP data 
generated) as defi ned by their breast cancer sta-
tus, and the authors have questioned the utility of 
SNP-based risk prediction, even in the familial 
setting, although the addition of many more such 
SNPs may improve their utility. Because metas-
tasis is an important prognostic determinant in 
patients of breast cancers, it is important to 
understand the role of germ line mutations in 
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progression of disease and breast cancer metasta-
sis. In fact there are not much reports either from 
microarray studies or from other experimentations 
to elucidate their contribution to metastasis. 

 Initial studies using rats have identifi ed that 
the susceptibility to cancer metastasis is herita-
ble. Quantitative analysis of genetic mapping 
identifi ed a metastasis effi ciency locus ( Mtes1 ) 
on mouse chromosome 19 in a 10 Mb region 
which is analogous to human chromosome 
11q12-13; in the same analysis a metastasis sup-
pressor gene  Brms1  has also been located in the 
same locus, but genetic variants or polymor-
phisms have not been found even after extensive 
research (Seraj et al.  2000 ; Hunter et al.  2001 ). 
Another gene studied in this gene is  Sipa1  
(signal- induced proliferation-associated gene 1), 
which gets induced in presence of mitogens, and 
its expressed protein is a GTPase activator. This 
protein has the function in controlling cell adhe-
sion. SNPs have been reported in this gene. Park 
et al. ( 2005 ) have reported that  Sipa1  genes of the 
highly metastatic mouse strains AKR and FVB 
contain A739T SNP. This SNP changes an ala-
nine to threonine in the PDZ protein–protein 
interaction domain. This evidence is consistent 
with  Sipa1  being a metastasis susceptibility gene 
in Mtes1 locus, and it can be inferred that the 
 Sipa1  polymorphism can have signifi cant infl u-
ence on tumor metastasis (Park et al.  2005 ).  

2.2      Pharmacogenetics of Breast 
Cancer Therapy 

 Research in pharmacogenetics has led to elucida-
tion of pathways of drug metabolism and the role 
of biomarkers to optimize chemotherapeutic 
strategies for each individual patient (Olopade 
et al.  2008 ; Dowsett and Dunbier  2008 ). Although 
breast cancer therapies are improving rapidly, but 
multidrug resistance (MDR) and treatment-
related toxicities add to morbidity and mortality. 
Genome-wide studies have revealed genetic 
polymorphisms of deleterious consequences 
within population and ethnic groups of a popula-
tion. Breast cancer is a heterogeneous disease, 
manifesting as different molecular subtypes, each of 

which responds to chemotherapeutic agents and 
radiation differently (O’Brien et al.  2008 ). 
Advanced or metastatic breast cancer therapy 
includes single or multiple combinations of hor-
monal therapy; monoclonal antibodies for over-
expressed receptors such as trastuzumab, lapatinib, 
and bevacizumab; and chemotherapy regimens 
such as inclusion of tamoxifen, aromatase inhibi-
tors, fulvestrant, anthracyclines, taxanes, cyclo-
phosphamide, vinorelbine, platinum drugs, and 
vinca alkaloids. Here in this chapter these thera-
peutics have been classifi ed as novel agents or 
monoclonal antibodies, hormone intervention 
therapy, and chemotherapy. Pharmacogenetics of 
these therapeutics is explained below. 

2.2.1      Novel Agents and Monoclonal 
Antibody Trastuzumab 
(Herceptin) 

 Amplifi cation of  HER2  has a direct role in the 
pathogenesis of these cancers, and several murine 
monoclonal antibodies generated against the 
 HER2  protein were found to inhibit the prolifera-
tion of human cancer cells that overexpressed 
 HER2  (Pietras et al.  1994 ,  1995 ; Shepard et al. 
 1991 ). To minimize immunogenicity, a human 
antibody called trastuzumab (Herceptin) was 
developed and tested against breast cancer cells 
that overexpressed  HER2  in vitro and in vivo. 
This antibody inhibited tumor growth when used 
alone but had synergistic effects when used in 
combination with cisplatin and carboplatin 
(Pietras et al.  1994 ; Pegram et al.  1999 ), docetaxel 
(Konecny et al.  1999 ), and ionizing radiation 
(Pietras et al.  1999 ) and additive effects when used 
with doxorubicin, cyclophosphamide, metho-
trexate, and paclitaxel (Pietras et al.  1998 ,  1999  
Baselga et al.  1998 ; Pegram et al.  1999 ; Konecny 
et al.  1999 ). Later studies with trastuzumab ther-
apy in patients of HER2- overexpressing cancers 
showed a high effi cacy and a better prognosis 
with this monoclonal antibody (adjuvant to che-
motherapy) but most of the highly aggressive 
cancers resistant to the  treatment. A small per-
centage (15–25 %) of patients responding initially 
to monoclonal antibody were found to have 
relapse within 1 year of the monotherapy 
(Valabrega et al.  2007 ; Vogel et al.  2002 ). 
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 Of the identifi ed angiogenic factors, vascular 
endothelial growth factor (VEGF) is the most 
potent and specifi c regulator of both normal and 
pathologic angiogenesis (Ferrara and Vis-Smyth 
 1997 ). In preclinical studies, VEGF was found to 
be upregulated in human breast cancer cells. 
Hurvitz et al. ( 2009 ) have presented a phase II 
study data of 50 patients of breast cancer metas-
tasis with overexpression of HER2, who were 
treated with trastuzumab and bevacizumab, and 
showed a clear benefi t in terms of overall survival 
with this combination therapy. 

 A small new molecule produced by 
GlaxoSmithKline called lapatinib (Tykerb® or 
Tyverb®) is a reversible tyrosine kinase inhibitor 
(TKI) of both HER2 and epidermal growth factor 
receptor (EGFR). Recently Cameron et al. ( 2010 ) 
have reported that in patients with HER2 positive 
metastatic breast cancer and trastuzumab resis-
tance disease, there has been improved response 
and prolonged time to progression (TTP) when 
lapatinib plus capecitabine was given and fi nal 
survival analysis in phase III randomized trial 
was compared with capecitabine alone (Cameron 
et al.  2010 ). 

    Most of the monoclonal antibodies and tar-
geted therapies though having much needed 
specifi cities and high effi cacy are associated with 
a range of adverse events such as cardiotoxicity, 
thromboembolism, and hypertension. Recent 
data by Criscitiello et al. ( 2012 ) demonstrates 
that targeted therapies against breast cancer 
such as anti-HER2 monoclonal antibodies trastu-
zumab and lapatinib cause cardiovascular 
 dysfunction or even congestive heart failure. 
Antiangiogenic monoclonal antibody bevaci-
zumab may lead to cardiovascular ineffi ciency 
and hypertension. Monoclonal antibodies can 
cause necrosis of the cancer cells by complement 
activation, but cancer cells are protected by 
membrane- bound complement regulatory proteins 
(mCRP) that are overexpressed in cancer cells. 
Gelderman et al. ( 2004 ) have reported that the 
agents which can block the mCRP in cancer cells 
will make monoclonal antibody more effective. 
Beta-glucan used along with the antibody has 
shown better results.  

2.2.2      Hormonal and Growth Factor 
Intervention Therapy 

 As already explained in Sect.   2.1.1    , the focus in 
selection of therapy for women with breast can-
cer has been almost exclusively on the presence 
of estrogen receptor (ER) and human epidermal 
growth factor receptor (HER2), with minimal 
emphasis on the genetic makeup of the patient 
(Rebbeck et al.  2007 ). Endocrine antagonist ther-
apy has been the treatment of choice for those 
women whose tumors are potentially endocrine 
sensitive, as indicated by expression of the ER 
and/or progesterone receptor. 

   Tamoxifen 
 The selective ER modulator tamoxifen has been 
the most important therapeutic agent in breast 
cancer for the past three decades (Goetz et al. 
 2008 ; Schroth et al.  2007 ,  2009 ). Tamoxifen is a 
nonsteroidal parent drug, US Food and Drug 
administration approved, having mixed agonist 
and antagonist activity. The drug exerts its effects 
by binding to the estrogen receptors and modu-
lating estrogen-induced transcription. It is found 
to be effective in a metastatic disease as well as in 
patients of higher-risk category or predisposition 
for breast cancer. Tamoxifen has been used for 
last 35 years and extensively studied drug for 
blocking estrogen receptors in breast cancers 
(Schroth et al.  2007 ,  2009 ). In addition, tamoxi-
fen has received approval for treatment of men 
with metastatic breast cancer and is commonly 
used in the adjuvant setting. 

 Tamoxifen undergoes extensive hepatic oxida-
tion by the CYP450 isoforms to several primary 
and secondary metabolites with variable poten-
cies toward the estrogen receptor. Several lines of 
evidence indicated that most of the tamoxifen 
therapeutic effects in breast cancer are mediated 
by its antiestrogenic metabolites 4-hydroxy-
tamoxifen and 4-hydroxy- N - desmethyl -tamoxifen 
(endoxifen) (Schroth et al.  2009 ). 

 The metabolites exhibit signifi cantly greater 
affi nity for the estrogen receptor and greater 
potency in suppressing cell proliferation com-
pared to tamoxifen. It is not known whether a 
specifi c metabolite or a relative ratio of several 
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tamoxifen metabolites exerts its estrogenic effect 
in some tissues. Tamoxifen metabolites and the 
enzymes catalyzing the metabolism have been 
studied; one CYP2D6 enzyme is rate limiting for 
tamoxifen metabolism and forms active metabo-
lites (Goetz et al.  2008 ). The polymorphisms 
present in this gene are responsible for a high, 
low, or diminished activity of the enzyme. Sixty- 
three different alleles of this gene have been iden-
tifi ed and studied, forming the categories of nil or 
poor, intermediate, and ultrametabolizers (Goetz 
et al.  2008 ). Ultrametabolizers carry gene dupli-
cations and multiduplications of functional 
alleles, which lead to higher CYP2D6 expression 
and enzyme activity (Goetz et al.  2008 ). Recently, 
genetic variation in the metabolizing enzyme 
CYP2D6 has emerged as an important contribu-
tor to the interindividual variability in response 
after the administration of tamoxifen. For sum-
mary of tamoxifen metabolism polymorphisms 
and their effects refer to Table  30.1 .

   Genetic polymorphisms in ER may also infl u-
ence tamoxifen-related toxicity or other benefi ts 
associated with the drug. Rehman et al. ( 2004 ) 
have reported that 4 months of tamoxifen treat-
ment was associated with reduction in plasma 
lipid concentrations in women with wild-type ER 
but not in those with ER germ line variants. In other 

studies, tamoxifen treatment was associated with 
a signifi cantly higher increase in bone mineral 
density in women who carried a 21 CA repeats 
allele in intron 5 of ERb compared to noncarriers 
(Yoneda et al.  2002 ).  

   Aromatase Inhibitors 
 During the past decade the third-generation aro-
matase inhibitors (AIs) anastrozole, exemestane, 
and letrozole have emerged as important agents 
against breast cancer and appear to be more effi -
cacious than tamoxifen in the advanced disease 
setting (Ingle and Suman  2005 ). There effi cacy is 
clearly established in the adjuvant setting (Ingle 
et al.  2006 ) and in the prevention in post-
menopausal women (Ingle and Suman  2005 ). 
Aromatase inhibitors block the conversion of 
androgens to estrogens, exerting antitumor activ-
ity by reducing the circulating estrogens. 
Tamoxifen and the AIs have recently become foci 
of intense pharmacogenetic/pharmacogenomic 
research (Ingle et al.  2008  and reviewed by Sarah 
et al.  2010 ). Whether patients are likely to benefi t 
or suffer toxicity from aromatase inhibitors has 
been studied by variants in aromatase (CYP19). 
The presence of an SNP in exon 10 of aromatase 
(Arg264Cys) is associated with differential RNA 
levels and a possible increased risk of developing 

    Table 30.1    Hormonal therapy agents and gene variants (polymorphisms) that infl uence the effi cacy and toxicity of 
breast cancer treatment   

 Drug 
 Gene with its 
polymorphisms  Role of genes 

 Possible effects due 
to polymorphism 

 Tamoxifen  ER  Estrogen receptor (target)  Primary and acquired 
 Resistance 

 CYP2D6  Phase I DME  Diminished concentration 
of effective metabolite 
 Endoxifen 

 SULT1A1  Phase II DME  Slow metabolism of drug 
and high toxicity  Elimination of drug 

 Aromatase inhibitors  CYP19 (aromatase)  Target  Primary resistance to drug 
 High toxicity 

 CYP1A2  DME  Unknown 
 CYP2C9  DME 
 CYP3A  DME 

   SULT1A1  sulfotransferase,  DME  drug-metabolizing enzyme  
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breast cancer and prostate cancer (Kristensen 
et al.  2000 ; Modugno et al.  2001 ). Other poly-
morphisms in aromatase include a number of 
TTTA repeats in intron 4. A rare polymorphic 
allele of CYP19 (repeat (TTTA)12) has been 
reported to be signifi cantly more frequent in 
breast cancer patients than in controls (Suspitsin 
et al.  2002 ), but a correlation between this poly-
morphism and response to treatment has not been 
examined. Finally, polymorphism in enzymes 
that metabolize aromatase inhibitors may also be 
associated with resistance. CYP1A2, CYP2C9, 
and CYP3A have been associated with anastro-
zole metabolism (Grimm and Dyroff  1997 ). 
Pharmacogenetics of breast cancer has been 
reviewed by Stearns et al. ( 2004 ). The use of 
genomic profi les to assess the risk of tumor recur-
rence, drug resistance, and drug toxicity could be 
tremendously useful in breast cancer manage-
ment (Table  30.1 ).   

2.2.3      Chemotherapy 
 The advances in pharmacogenomics study of 
cancer have the advantage of improved therapeu-
tic index, improved dose regimen, and selection 
of optimal types of drug for an individual or set 
of individuals. Breast cancer is a heterogeneous 
disease, manifesting as different molecular sub-
types, each of which responds to chemotherapeu-
tic agents and radiation differently (O’Brien et al. 
 2008 ). Advanced or metastatic breast cancer 
therapy includes single or multiple combinations 
of chemotherapy regimens anthracyclines, tax-
anes, cyclophosphamide, vinorelbine, platinum 
drugs, and vinca alkaloids along with hormonal 
therapy such as tamoxifen, aromatase inhibitors, 
fulvestrant and monoclonal antibodies, trastu-
zumab, lapatinib, and bevacizumab. Several 
tumor characteristics, such as poor grade and 
lack of hormone receptors, have been associated 
with improved response to chemotherapy. 
Chemotherapeutics commonly used in breast 
cancer are described in Table  30.2  along with 
gene variants that may affect drug effi cacy or 
safety. Relatively small retrospective analyses 
have been conducted, and germ line DNA sam-
ples have been collected in trials to examine 
pharmacogenetic effects on response or toxicities 
to chemotherapy in breast cancer.

3           Cervical Cancer 

 Cervical    cancer is the second most lethal cancer 
among women worldwide with 300,000 deaths 
annually. Efforts to fi nd the causative agents of 
cervical cancer have resulted many in the list, but 
the largest single agent found is human papillo-
mavirus (HPV) 4, and around 99.7 % of the cer-
vical cancers were found to have sequences of 
HPV. Persistent infection with HPV during the 
lifetime of women is found to be necessary for 
cervical cancer development. However, not all 
women who had infection of HPV will have can-
cer, and other risk factors are found to play sig-
nifi cant role in the development of malignancy 
(Zur Hausen  2000 ; Martin et al.  2007 ). The risk 
factors that further increase the chance of cancer 
formation are use of oral contraceptive, smoking, 
inherited genetic components, and certain envi-
ronmental factors. Human leukocyte antigens 
(HLA) have been implicated in HPV infection 
and persistence. It was initially thought that HPV 
testing would help in screening the population 
and identifying the high-risk group for the dis-
ease and could also be used for diagnosing and 
monitoring the carcinoma, but it was not the case 
because of occurrence of transient HPV infec-
tions. Removing the epithelial cells from cervix 
(call Pap smear) and cell cytology analysis has 
been found to be useful in screening the popula-
tion and diagnosing cervical cancer at very initial 
stages (Papanicolaou  1942 ). Pap test is a histol-
ogy study to identify abnormal cellular altera-
tions manually by visual detection and is a 
tedious and time-consuming method but quite 
reliable (Broomall et al.  2010 ). But there is an 
urgent need of a more sensitive screening method 
for cervical dysplasia. 

3.1      Genetics of Cervical Cancer 
Disease Susceptibility Genes 

 HPV sequences have been found in as many as 
99.7 % of the cases cervical tumors analyzed, 
but presence of viral DNA has been shown to 
have poor diagnostic value for cervical cancer. 
Since adaptive immunity of the host plays a 

J. Kaur et al.



715

major role in establishment of viral infection and 
its persistence, association between cervical can-
cer and MHC class II polymorphism has been 
studied. Various such immunogenic loci have 
been identifi ed. Calhoun et al. ( 2002 ) studied the 
tumor necrosis factor (TNF) genes and their 
polymorphisms present in the population, as well 
as interleukin 4 (IL-4) receptor polymorphisms 
and found that many of these polymorphic loci 
infl uence the course of HPV infection. Several 
polymorphisms within the DNA damage-
response gene,  p53 , have also been studied. The 
tumor necrosis factor _238 polymorphism was 
signifi cantly underrepresented in cervical cancer 
patients.  NRAMP1  3′-   untranslated region 
STP_86 polymorphism also appeared to be 
inversely associated with cervical cancer, but this 
result did not reach statistical signifi cance 
(Calhoun et al.  2002 ). 

 Chatterjee et al. ( 2009 ) genotyped two 
polymorphisms in Fas gene (FasR-1377G/A, 
FasR- 670A/G) and one in FasL gene (FasL844T/C). 
None of the polymorphisms, or the Fas haplotypes, 
showed a signifi cant association with cervical 
cancer in African population. This is the fi rst 
study on the role of Fas and FasL polymorphisms 
in cervical cancer in African populations. 
Nunobiki et al. ( 2011 ) have reported that in HPV 
infected women, polymorphisms and deletions 
in the genes of glutathione S-transferase (GST) 
isoforms GSTM1 and GSTT1 are associated 
with development of cervical cancer. GST is an 
important enzyme for protection against oxidative 

stress and detoxifi cation. Other loci studied and 
linked to carcinogenesis were for p53, MDM2, 
and FAS gene promoter.  

3.2      Pharmacogenetics of Cervical 
Cancer Therapy 

 Various novel agents (monoclonal antibodies) 
and chemotherapy regimens are used along with 
other modalities such as surgery and radiother-
apy. Chemoradiation has been shown to be more 
effective when cisplatin and/or 5-fl uorouracil is 
given once weekly along with radiation but is 
associated with more side effects and toxicity. 
Chemotherapy for cervical cancer is done by 
combination of cisplatin, paclitaxel, ifosfamide, 
carboplatin, 5-FU, and cyclophosphamide. 

 5-fl uorouracil has been most commonly used 
to treat metastatic and disseminated cervical can-
cers. It is a pyrimidine analog and gets incorpo-
rated into DNA and halts replication and thus has 
antitumor activity. Approximately 5 % gets used 
up for this function and rest undergoes degrada-
tion into metabolites which get excreted through 
urine. One important rate-limiting enzyme of this 
pathway is dihydropyrimidine dehydrogenase 
(DPD), which has been found to have several 
polymorphisms in its gene (DPYD), resulting in 
partial or complete loss of activity, thus is leading 
to acute toxicity (Milano et al.  1999 ). DPYD 
polymorphisms should be examined and identi-
fi ed in patients to avoid its fatal toxicity. Milano 

   Table 30.2    Chemotherapeutic agents and gene variants (polymorphisms) that infl uence the effi cacy and toxicity 
of breast cancer treatment   

 Drug 
 Gene with its 
polymorphisms  Role of genes 

 Possible effects due to 
polymorphism 

 Doxorubicin  GST  Phase II enzyme  Slow metabolism 
 Detoxifi cation  Greater drug availability 

 MDR  Drug transporter  Drug resistance 
 Paclitaxel  CYP2C8  Phase I DME  Slow metabolism of drug 

and high toxicity 
 Methotrexate  MTHFR  Maintains pool of one 

carbon moieties for NA 
and protein synthesis 

 Folate retention and bone 
marrow sensitivity to drug 

 5-Fluorouracil  DPD  DME  Neurotoxicity 

   GST  glutathione S-transferase,  MDR  multidrug resistance,  DME  drug-metabolizing enzyme,  MTHFR  methyltetrahy-
drofolate reductase,  DPD  dihydropyrimidine dehydrogenase  
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and Etienne ( 1994 ) have reviewed in detail its 
pharmacological effects. 

 The genes of glutathione S-transferase (GST) 
family encode enzymes that appear to be critical 
in cellular protection against the cytotoxic effects. 
GSTs play an important role in conjugating glu-
tathione thus protecting the cell from the deleteri-
ous effects of oxidative stress (Rebbeck  1997 ; 
Ueda et al.  2003 ). GST isoforms GSTM1 and 
GSTT1 gene deletions may promote the develop-
ment of cervical dysplasia by moderating the 
activation and detoxifi cation of polycyclic hydro-
carbons and other compounds that infl uence oxi-
dative stress and DNA adduct formation 
(Goodman et al.  2001 ). 

 Recently, the cervical cancer vaccine Gardasil 
(effective against four types of human papilloma-
virus) was commercialized. While clearly of 
major benefi t, Gardasil does not prevent all types 
of cervical cancer. Since the cancer is virus 
induced, several protective and therapeutic vac-
cine formulations have been tried. Vaccination 
with tumor antigens has been shown to be an 
effective treatment for cancer in various animal 
models. Dileo et al. ( 2003 ) have used the antigen 
from the HPV16 protein to formulate lipid-
protamine- DNA (LPD) particles to be injected in 
mice. These particles when administered intrave-
nously or subcutaneously, in tumor-bearing mice, 
were found to induce CTL responses specifi cally 
against the antigen E7. The tumors were regressed 
completely and in 100 % of the mice. It also pre-
vented the formation of HPV-mediated tumors. 
Similar results have been presented by Cui and 
Huang ( 2005 ) using HPV 16    antigen E7 in lipo-
somal polycationic DNA preparations and 
administered in murine models.   

4      Endometrial Cancer 

 Endometrial cancer is the common cancer of 
female genital tract involving the cancer of the 
uterine corpus. It is more common in 60 and 
70 years of age group, but it can occur in some 
conditions at 40 years of age. The estimated 
deaths due to endometrial cancer is around 
50,000 with 200,000 cases diagnosed each year. 

Although the exact cause of endometrial cancer 
is unknown, increased levels of estrogen appear 
to play a role. The various risk factors associ-
ated with endometrial cancer are diabetes, 
estrogen replacement therapy without the use 
of progesterone, history of endometrial polyps, 
infertility, polycystic ovary syndrome, obesity, 
treatment with tamoxifen, etc. Although several 
different histologic subtypes of endometrial 
cancer are recognized, these are commonly 
explained by a dualistic model that categorizes 
cancers into two major types, type I and type II 
carcinomas. Type I tumors (endometrioid epi-
thelial carcinoma) comprise 80 % of all new 
cases of endometrial cancer and are histologi-
cally well or moderately differentiated and 
estrogen dependent and typically have a favor-
able prognosis. Type II tumors (nonendometri-
oid) include other subtypes, often with serous 
papillary or clear cell histology. These tend to 
be poorly differentiated and are associated with 
a much more aggressive phenotype. Although 
type II tumors make up only 10–15 % of all 
endometrial cancer cases, they are responsible 
for 50 % of all relapses. The 2010 FIGO stag-
ing system for the carcinoma of endometrium is 
as follows
•    IA Tumor confi ned to the uterus, no or < ½ 

myometrial invasion  
•   IB Tumor confi ned to the uterus, > ½ myome-

trial invasion  
•   II Cervical stromal invasion, but not beyond 

uterus  
•   IIIA Tumor invades serosa or adnexa  
•   IIIB Vaginal and/or parametrial involvement  
•   IIIC1 Pelvic lymph node involvement  
•   IIIC2 Para-aortic lymph node involvement, 

with or without pelvic node involvement  
•   IVA Tumor invasion bladder mucosa and/or 

bowel mucosa  
•   IVB Distant metastases including abdominal 

metastases and/or inguinal lymph nodes    
 The surgical therapy is the choice of treatment 

for patients with endometrial cancer who present 
with an early-stage disease. Women with stage 1 
disease who are at increased risk for recurrence 
and those with stage 2 disease are often offered 
surgery in combination with radiation therapy. 
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Chemotherapy may be considered in some cases, 
especially for those with stage 3 and 4 disease, 
while hormonal therapy with progestins and anti-
estrogens has been used for the treatment of 
endometrial stromal sarcomas. The antibody her-
ceptin which is used to treat breast cancers that 
overexpress the HER2/neu protein, has been tried 
with some success in a phase II trial in women 
with uterine papillary serous carcinomas that 
overexpress HER2/neu. 

 The reported response rates to systemic hor-
monal and cytotoxic therapy for advanced and 
recurrent endometrial cancer vary dramatically, 
but the overall median survival is generally 
extremely poor. Advanced or recurrent endome-
trial cancer is commonly treated with different 
combinations of cytotoxic chemotherapy includ-
ing doxorubicin (DOX), cisplatin, and paclitaxel 
with or without hormonal agents. A systematic 
review of systemic therapy for advanced or 
recurrent endometrial cancer was carried out, 
and the fi ndings suggested that combination 
chemotherapy with cisplatin and doxorubicin 
results in higher response rates than single-
agent doxorubicin chemotherapy. Paclitaxel in 
combination with cisplatin and doxorubicin 
chemotherapy improves both response rate 
and median survival; however, the use of this 
three-drug combination is associated with 
increased toxicity. 

 The need of the hour is improvement in man-
agement of the disease by optimizing the use of 
existing drugs or developing new agents. 
Individualizing treatments by identifying patients 
who will, and will not, respond to specifi c agents 
will potentially increase the response rates as 
well as reduce the toxicities. In this regard, a 
study utilized microarray expression technology 
to identify genes and gene pathways associated 
with endometrial cancer cell line sensitivity and 
resistance to the most commonly used cytotoxic 
agents, DOX. The authors have identifi ed Src 
tyrosine kinase pathway which is activated in 
DOX-resistant endometrial cancer. By using a 
selective Src inhibitor, they could demonstrate 
the ability to increase DOX sensitivity in both 
resistant and more sensitive endometrial cell line 
(Indermaur et al.  2010 ). 

4.1      CYP1B1 and Endometrial 
Cancer 

 CYP1B1 has an important role in the develop-
ment of cancers related to uterus. This is based on 
the observations that highest levels of CYP1B1 
are found in the endometrium (Hayes et al.  1996 ). 
There is signifi cantly higher levels of 4-OHE2 in 
endometrial myometrium as compared to sur-
rounding normal myometrium. Further inhibition 
of CYP1B1 has been shown to remove this effect 
(Liehr et al.  1995 ). Furthermore, 4-OHE2 produc-
tion was shown to be associated with the develop-
ment of endometrial carcinoma in mice. Moreover, 
CYP1B1 may also be involved in the tamoxifen-
induced endometrial cancers (Colacurci et al. 
 2000 ; Czernobilsky and Lifschitz-Mercer 
 1997 ; Sharma et al.  2003 ). CYP1B1 catalyzes 
isomerization of  trans -4- hydroxytamoxifen  to  cis -
4-hydroxytamoxifen (Crewe et al.  2002 ).  Cis -4-
hydroxytamoxifen, being a weak estrogen agonist, 
acts as a weak promoter of estrogen signaling. 
Indeed, clinical resistance to tamoxifen therapy 
has been associated with the increased formation 
of  cis - hydroxytamoxifen  (Osborne et al.  1992 ) for 
which CYP1B1-mediated metabolism may be 
directly responsible. In cell lines treated with 
tamoxifen in the absence of estrogen, upregula-
tion of CYP1B1 was observed which possibly 
was due to binding of  cis -4-hydroxytamoxifen to 
the estrogen-responsive element on the CYP1B1 
promoter. Also, CYP1B1 promoter methylation, 
which results in decreased CYP1B1 expression, 
resulted in increased overall survival after tamoxi-
fen therapy (Widschwendter et al.  2004 ). Hence, 
CYP1B1 expression might be involved in clinical 
resistance to tamoxifen therapy within tumor tis-
sue as well in causation of tamoxifen-induced 
endometrial tumors. 

4.1.1      CYP1B1 SNP and Endometrial 
Cancer Risk 

 There are two known genotypes in CYP1B1 that 
act as a risk factor for endometrial cancer develop-
ment, namely, 432 V/V and 119S/S (Rylander- 
Rudqvist et al.  2004 ). 432 V/V genotype has been 
shown as a more relevant risk factor in premeno-
pausal women for assessing endometrial cancer, 
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while 453S/S genotype acts as a protective factor 
for endometrial cancer development (Doherty 
et al.  2005 ). The 119S/S allele was strongly cor-
related with positive    ERa and ERh status, whereas 
the 432 V/V allele was weakly correlated. Another 
recent study found an association between 
 CYP1B1*3 and CYP1A1/2 genotypes  (145). 
CYP1B1*1 alone acts as a moderate risk 
(OR = 1.34), while if it is studied in combination of 
CYP1A1/2 low-risk alleles, the risk of endome-
trial cancer is signifi cantly reduced (OR = 0.29) 
(Doherty et al.  2005 ). However, no association 
was recently found in a study between polymor-
phisms in the CYP1B1 gene and cancer risk 
(Rylander-Rudqvist et al.  2004 ). The contradic-
tory results between the two sample populations 
may be because of environmental, genetic, or 
dietary differences. The population-specifi c results 
obtained on the risk of endometrial cancer and 
CYP1B1 genotypes are listed in Table  30.3 . Thus, 
CYP1B1-induced carcinogenesis could contribute 
to the disease etiology of endometrial cancer, 
wherein the formation of genotoxic catechol estro-
gens, positive ER status, and prolonged tamoxifen 
therapy cause tumor formation. However, this has 
not been shown in endometrial cancer.

4.2          PPARγ and Endometrial 
Cancer 

 Endogenous estrogens play a crucial role in 
endometrial cancer pathogenesis, with most 
endometrial cancer risk factors causing an 
increase in estrogens. Adipose tissue, where 
androgens are converted to estrogens by the 
enzyme aromatase, is an important source of 
endogenous estrogen production in the post-
menopausal woman. The peroxisome proliferator- 
activated receptor-gamma (PPARγ), a key 
transcriptional regulator of adipogenesis, may 
also play a role in the regulation of aromatase 
expression in adipose tissue.  PPAR γ Pro12Ala 
polymorphism known to alter aromatase expres-
sion ultimately might affect endometrial cancer 
susceptibility. In a study, the Pro12Ala polymor-
phism was genotyped in an invasive endometrial 
cancer cases ( n  = 222) and matched controls 
( n  = 666) nested within the Nurses’ Health Study 
Cohort. There was no evidence of an association 
between the Ala allele of the  PPAR γ codon 12 
polymorphism and endometrial cancer risk 
(adjusted odds ratio = 1.18, 95 % confi dence 
interval = 0.80–1.76) (Paynter et al.  2004 ).  

   Table 30.3    Population-specifi c results obtained on the risk of endometrial cancer and CYP1B1 genotypes   

 Polymorphism  Ethnicity  Genotype  Association  References 

 A119S  Caucasian  No  Rylander- 
Rudqvist et al. 
( 2004 ) 

 Japanese  S/S  Yes(increased risk)  Sasaki et al. 
( 2003 ) 

 L432V  Caucasian/African-American  V/V  Yes (moderate increase)  Doherty et al. 
( 2005 ) 

 Caucasian  V/V  Yes(increased risk)  Doherty et al. 
( 2005 ) 

 Japanese  V/V  Yes(increased risk)  Sasaki et al. 
( 2003 ) 

 N453S  Caucasian  No  Sissung et al. 
( 2006 ) 

 Japanese  No  Tanaka et al. 
( 2002 ) 

 –  N/S, S/S  Decreased risk  McGrath et al. 
( 2004 ) 
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4.3      MMP (Matrix Metalloproteinase) 
and TIMP (Tissue Inhibitor 
of Metalloproteinase) 
Expression in Endometrial 
Cancer 

 Expression studies done in endometrial cancer 
have generally observed an increased production 
of MMPs in cancerous tissues. The mRNA or 
protein levels of MMP1 (Takemura et al.  1992 ), 
MMP2 (Aglund et al.  2004 ; Di Nezza et al.  2002 ; 
Graesslin et al.  2006a ,  b ; Karahan et al.  2007 ), 
MMP7 (Graesslin et al .   2006a ; Misugi et al. 
 2005 ; Ueno et al.  1999 ), MMP9    (Graesslin et al .  
 2006a ,  b ; Karahan et al .   2007 ; Di Nezza et al .  
 2002 ; Aglund et al .   2004 , Bogusiewicz et al. 
 2007 ; Laird et al.  1999 ; Soini et al.  1997 ), and 
MMP12 (Yang et al.  2007 ) were reported to be 
increased in endometrial cancer and/or associ-
ated with poor prognostic features. In case of 
MMM14, which is known to be a key enzyme in 
tumor invasion and metastasis, increased expres-
sion in endometrial cancer has been associated 
with more myometrial and lymphatic invasion 
(Di Nezza et al .   2002 ). However, contradictory 
reports are there where decreased levels of 
MMP14 mRNA have been reported in endome-
trial cancer. Therefore, further studies on a larger 
set of cohorts are required to be conclusive. 
Confl icting results have also been reported for 
MMP26 expression. In one study, endometrial 
tumor tissue showed increased MMP26 protein 
expression as compared to adjacent normal tissue 
in postmenopausal but not premenopausal 
women, and this increased expression in 
postmenopausal women was associated with 
increased grade, stage, and invasiveness of 
tumors (Tunuguntla et al.  2003 ). In another study, 
a decreased MMP26 mRNA and protein was 
observed in endometrial cancer compared with 
normal tissue, but they did not report the meno-
pausal status of subjects (Isaka et al.  2003 ) which 
may be cause of confl icting results obtained. 

 Microarray and immunohistochemical studies 
have    highlighted the differences of MMP expres-
sion in endometrial cancer subtypes and have 
revealed that increased MMP2, MMP9, and 
MMP11 protein/mRNA expression in less 

aggressive type I endometrial cancers compared 
with more aggressive type II (Monaghan et al. 
 2007 ; Moreno-Bueno et al.  2003 ). While a gener-
ally consistent expression of MMPs in endome-
trial cancer has been observed in various studies, 
results are more variable for TIMPs, TIMP1 
(Ueno et al.  1999 ) and TIMP3 (Tunuguntla et al .  
 2003 ). mRNA and protein have been reported to 
be increased in endometrial cancer compared 
with normal tissue. However, both TIMP2 and 
TIMP4 have confl icting reports (Tunuguntla 
et al .   2003 ). TIMPs have roles as agonists to 
MMPs and later are upregulated in endometrial 
cancers. So it has been suggested that ratio of 
MMPs to TIMPs might be of clinical 
importance. 

 The 2G allele (MMP1 −16071G/2G) was 
observed to be more frequently present in 
Japanese endometrial cancer cases compared to 
controls (Nishioka et al.  2000 ). The 2G allele had 
signifi cantly higher transcriptional activity as it 
results in the creation of an Ets binding site 
(Rutter et al.  1998 ). Also, the 2G allele affected 
the MMP1 protein expression level as endome-
trial tumors with 2G allele expressed more 
MMP1 protein. In case of MMP9 −1562C > T 
(rs3918242), T allele results in a loss of a repres-
sor protein binding site and was found to be less 
frequently present in endometrial cancer cases 
(10.7 %) than controls (16.7 %) and was associ-
ated with the risk of endometrial carcinoma 
(O’Mara et al.  2009 ; Sugimoto et al.  2006 ). Yet 
another study suggests that individuals with the 
MMP-7 -181 G/G and A/G genotype may have 
an increased risk of developing endometrial 
cancer (O’Mara et al .   2009 ).  

4.4      Progesterone and 
Endometrial Cancer 

 An adequate progesterone response is required in 
the endometrium to control normal cell prolifera-
tion. In support of this is the observation that the 
increased risk of endometrial cancer associated 
with estrogen replacement therapy can be abol-
ished by addition of progesterone to hormone 
replacement therapy (Ito  2007 ). Progesterone 
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receptor (PGR), responsible for physiological 
effects of progesterone, exists as two isoforms, 
progesterone receptor A (PRA) and progesterone 
receptor B (PRB) (Kastner et al.  1990 ). 
Progesterone therapy has been observed to be 
more successful for PGR-positive tumors than 
for PGR-negative tumors. Also, in case of endo-
metrial cancers, PGR positivity was found to be 
an independent prognostic factor for disease-free 
survival. PGR single-nucleotide polymorphisms 
(SNPs) and endometrial cancer risk have been 
investigated in some studies. A case-control 
study of 187 cases and 397 controls nested within 
the Nurses’ Health Study reported the rs10895068 
SNP (331G/A) to be associated with an increased 
risk of endometrial cancer [OR = 1.90; 95 % CI, 
1.10–3.29]. This particular SNP was found to 
increase the expression of PRB. However, a 
population- based case-control study of 275 cases 
and 314 controls conducted in Sweden found no 
association with risk. Another candidate poly-
morphism investigated has been the PROGINS 
polymorphism, a 306 bp Alu insertion in intron 7 
of the PGR gene, which is in complete linkage 
disequilibrium with a missense SNP in exon 4 
(rs1042838; Val660Leu) and a silent SNP in exon 
5 (rs1042839; His770His) and has been associ-
ated with affecting the stability of PGR isoforms 
(Tong et al.  2001 ). Higher incidence of homozy-
gote insertion carriers of the PROGINS polymor-
phism was found in a Brazilian case-control 
study in endometrial cancer subjects compared 
with control subjects. Studies based on SNP 
tagging approach using information from the 
International HapMap Project carried out in 
Chinese population and US Caucasian suggested 
that a 3′-untranslated region (UTR) SNP rs608995 
is associated with increased risk of endometrial 
cancer. Xu et al. ( 2009 ) identifi ed two SNPs 
located in the 3′-fl anking region of the gene 
reported to be associated with endometrial cancer 
risk (Xu et al .   2009 ; Lee et al.  2010 ). Recently 
a large-scale study with a maximum of 2,888 
endometrial cancer cases and 4,483 female 
control subjects from up to three studies were 
genotyped for four PGR polymorphisms 
(rs1042838, rs10895068, rs11224561, and 
rs471767) (O’Mara et al.  2011 ). Logistic regres-

sion with adjustment for age, study, ethnicity, and 
body mass index was performed to calculate odds 
ratios (ORs) and associated 95 % confi dence 
intervals (CIs) and P-values. Out of these four 
SNPs in PGR gene, only rs11224561 was found 
signifi cantly associated with endometrial cancer. 
Increased risk of endometrial cancer was found 
to be associated with the A allele of the 
rs11224561    (OR per allele 1.31,  P  < 0.001, 
adjusted for age and study) (O’Mara et al.  2009 ).  

4.5      Obesity and Endometrial 
Cancer 

 Obese persons have a 4.5–6.25 times higher risk 
of endometrial cancer compared with nonobese 
persons (Calle et al.  2003 ; Schouten et al.  2004 ). 
This suggests that the increase in obesity preva-
lence worldwide over the past few decades might 
have contributed to the increased incidence of 
endometrial cancer. In addition to the environ-
mental factors, genetic susceptibility is also well 
recognized as the major determinants of obesity 
risk. Recent genome-wide association studies 
(GWAS) have established a link between the 
genetic architecture of BMI and obesity, while 
there exists a strong link between BMI and endo-
metrial cancer. Hence, a study investigated the 
association of BMI-related GWAS markers with 
endometrial cancer. In this study obesity-related 
SNPs were related to endometrial cancer using 
GWAS data from the Shanghai endometrial can-
cer study (1996–2005). It was found that the 
BMI-associated risk variants were present at 
higher frequency in endometrial cancer patients 
than in control population ( P  = 0.0003), for 22 
unique loci. Out of 35 BMI-associated variants 
studied, 9 (corresponding to 7 loci) were signifi -
cantly associated with the risk of endometrial 
cancer. The allelic OR ranges from 1.15 to 1.29 
for consistent SNPs. These seven loci were 
in SEC16B/RASAL, MTCH2, FTO, MSRA, 
MC4R, SOX6, and TMEM18 genes. Even after 
adjusting for BMI, this association persisted. 
This suggests that these obesity markers also act 
as markers for determining endometrial cancer 
risk (Delahanty et al.  2011 ).   
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5      Ovarian Cancer 

 Ovarian cancer, the sixth most frequently occur-
ring cancer in women, is a tumor with a low prev-
alence but high mortality. Incidence rates differ 
according to geographical location. Developed 
countries have witnessed higher than 10/100,000 
incidence rates, whereas in Africa and India the 
incidence rate is 3–4/100,000. Out of the 25,000 
diagnosed new cases of ovarian cancer annually, 
at least 14,000 patients succumb to the disease. 
The high rate of mortality for ovarian cancer can 
be ascribed to the diffi culty of making an early 
diagnosis which in turn is due to lack of well- 
defi ned symptoms of this cancer. The interval 
between the beginning of symptoms and 
histological diagnosis is very short, usually 
2–3 months, and may be less than a month in 
some cases. The risk factors for ovarian cancers 
include a family history for ovarian cancer and 
the length of the ovulatory period (early men-
arche and late menopause), while breast feeding 
and long-term use of progestogens contraceptive 
are the protective factors. 

 The fi rst step of treatment includes surgery 
which may be conservative or radical, debulk-
ing, palliative, or only exploratory depending 
upon the spread of the disease. High-energy 
radiation therapy has been used in the past 
which has been replaced by chemotherapy (Vella 
et al.  2004 ). 
  First-Line Therapy:  The most frequently used 
alkylating agents are anthracycline and melpha-
lan. Cyclophosphamide, thioTEPA, and chlo-
rambucil are some other commonly used drugs. 
Lately, platinum and taxanes have been shown 
to be the most active drugs. Cisplatin has numer-
ous adverse reactions and is highly toxic. 
Carboplatin, a platinum derivative, shows similar 
activity but is less toxic. Taxanes are also con-
sidered to be effective drugs. The combination 
therapy with platinum and paclitaxel has 
improved the disease- free and overall survival 
rate of ovarian cancer. 
  Second-Line Chemotherapy:  There is a high per-
centage of relapse patients after they have under-
gone fi rst line of chemotherapy. In this group of 

patients, three categories can be identifi ed, namely, 
those (1) with complete response in fi rst-line 
therapy with platinum or platinum- containing 
regimens relapsing at different times, (2) with partial 
response to fi rst-line chemotherapy, and (3) with 
no response to fi rst-line drugs. 

 Although available therapy has improved 
complete clinical remission and progression-free 
survival, yet ovarian cancer is a disease with a 
high risk of relapse. Hence, the effi cacy of newer 
drugs or anticancer agents needs to study. 

 Polymorphisms in a number of genes have 
been implicated in differential drug response to 
platinum drugs or taxanes. The genes studied in 
this regard are involved in drug metabolism, drug 
transport, and DNA repair. Characterization of 
the drug-metabolizing genetic profi le of individ-
uals is of great interest in clinical oncology as 
this can help to determine optimal chemotherapy 
for each patient with improved effi cacy and at the 
same time reduce the incidence of drug toxicity 
and poor drug response (Lee et al.  2005 ). Some 
of the studied genes are as follows: 

5.1      GSTM1-T1 Polymorphisms 
in Ovarian Cancer 

 GSTs are a family of detoxifi cation enzymes. 
The general reaction catalyzed by all isoforms is 
the conjugation of glutathione (GSH) to a 
 molecule containing an electrophilic group. The 
conjugated form is more soluble and can be 
easily eliminated by excretion. A recent study 
revealed the correlation between the polymor-
phisms of GSTM1-T1 enzymes and disease 
outcome in advanced ovarian carcinoma patients, 
following platinum-/paclitaxel-based chemotherapy 
(Medeiros et al.  2003 ).  

5.2      MDR1 and CYP2C8 
Polymorphism and Paclitaxel 

 The MDR1 gene encodes for P-glycoprotein 
that acts as an ATP-dependent drug export 
pump for taxanes and other cytotoxic drugs 
through the cell membranes. A high expression 
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   of P-glycoprotein on tumor cells leads to 
chemoresistance (Gottesman and Pastan  1993 ) 
and appears to be correlated with a poor response 
to paclitaxel treatment (Kamazawa et al.  2002 ; 
Penson et al.  2004 ). C3435T polymorphism of 
the MDR1 gene was found to be associated with 
a lower P-glycoprotein expression (Hoffmeyer 
et al.  2000 ). Out of approximately 25 SNPs for 
the MDR1 gene, G2677T/A and C3435T have 
been shown to be involved in P-glycoprotein 
expression and phenotype (Marzolini et al. 
 2004 ; Tanabe et al.  2001 ) among Caucasians. 
Gréen et al. found that patients with ovarian 
cancer and homozygous for the G2677T/A 
MDR1 SNP responded better to paclitaxel treat-
ment, whereas the C3435T SNP appears not to 
have any impact on the treatment outcome 
(Green et al.  2006 ). These authors also studied 
the relationship between neurotoxicity in pacli-
taxel therapy and genetic alterations of the 
MDR1 gene and the genotypes of CYP2C8. A 
higher clearance of paclitaxel was demonstrated 
in patients heterozygous for G2677T/A MDR1 
and a lower clearance of paclitaxel in patients 
heterozygous for CYP2C8*3. Thus, MDR1 and 
CYP2C8 genotypes may be used to predict 
inter-patient variability in paclitaxel pharmaco-
kinetics and might be informative for tailored 
therapy (Green et al.  2009 ).  

5.3      ERCC1 and MRP 2 
Polymorphism and Platinum/
Paclitaxel 

 ERCC1 is a protein encoded by the excision 
repair cross-complementation group 1 gene. The 
   ERCC1 protein belongs to the nucleotide exci-
sion repair (NER) pathway and is activated when 
DNA is damaged by platinum-based chemother-
apeutic agents such as cisplatin and carboplatin 
(Khrunin et al.  2012 ). 

 An elevated expression of ERCC1 in ovarian 
cancer has also been correlated with the develop-
ment of resistance to platinum-based therapy 
(Dabholkar et al.  1992 ,  1994 ). 

 The  C118T  polymorphism of the    ERCC1 
gene can be used as a marker of ERCC1 
expression as presence of T allele is associated 

with lower levels of ERCC1 mRNA and conse-
quently a reduced DNA repair capability (Yu 
et al.  2000 ). 

 Also the association between the C/C geno-
type and increased resistance to platinum-based 
chemotherapy, resulting in poor treatment 
response, has been observed (Kang et al.  2006 ). 
Ovarian cancer patients harboring C/C genotypes 
were less responsive to chemotherapy and main-
tained a higher risk for disease progression 
and death in contrast to those harboring C/T or 
T/T genotypes or patients with a high ERCC1 
expression or the C/C genotype at codon 118 
may benefi t from a platinum/paclitaxel combina-
tion, while the treatment with platinum without 
paclitaxel may be benefi cial for the patients with 
low ERCC1 expression as well as for the patients 
with C/T or T/T genotype. 

 Very recently, Yan et al. have reported another 
SNP of  ERCC1  19007C/T and found that T/T 
genotype may be a useful marker for predicting 
worse survival in EOC patients as it is associated 
with decreased response to platinum-based 
chemotherapy and increased risk of disease pro-
gression and death (Yan et al.  2012 ) in Chinese 
women with epithelial ovarian cancer. 

 MRP2, an organic anion transporter, is 
involved in methotrexate, cisplatin, and irinote-
can active metabolite glucuronide transport 
(Green et al.  2009 ). In some studies carried out 
on the cell lines of clear cell carcinomas of 
ovary, MRP2 mRNA expression was associated 
with the development of pharmaco-resistance to 
anticancer agents, such as cisplatin (Itamochi 
et al.  2002 ). Another study reported that MRP2 
expression may be a potential predictor of the 
response to standard chemotherapy in ovarian 
cancer. However, other in vivo studies failed to 
confi rm this association in a population of epi-
thelial ovarian carcinoma patients treated with 
combination therapies, including cisplatin (Arts 
et al.  1999 ). 

 Cytochrome P450  CYP1A1  is involved in 
estrogen metabolism, and polymorphisms have 
been associated with functional changes and risk 
for ovarian cancer. Heubner et al. found a statisti-
cally signifi cant association between the 462Val 
allele and the development of platinum resistance 
in ovarian tumors (Heubner et al.  2010 ).  
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5.4      IL-8 Polymorphism 
and Cyclophosphamide 
and Bevacizumab 

 In case of IL-8 gene (-251T/A) polymorphism 
patients with at least one A allele have an 
increased IL-8 production and a signifi cant lower 
response to cyclophosphamide and bevacizumab 
chemotherapy rate than those patients who 
were homozygous for the wild-type (T allele) 
(Steffensen et al.  2010 ). 

 Findings of a Russian study showed the relation-
ship between the GSTP1 Ile105Val polymorphism 
and cisplatin effi cacy in ovarian cancer patients. 
These authors observed a better progression- free 
survival in patients with the homozygous genotype 
(Ile/Ile) as compared to patients with one or two Val 
alleles. On the other hand, overall survival did not 
present signifi cant difference, although ovarian can-
cer patients carrying the Ile/Ile genotype exhibited a 
longer lifespan than those with the Ile/Val genotype 
(Khrunin et al.  2012 ).  

5.5      Xeroderma Pigmentosum 
Gene Polymorphisms and 
Carboplatin/Paclitaxel 

 Members of xeroderma pigmentosum gene 
family ( XPA-XPG ) are important in nucleotide 
excision repair and hence have an important role 

in platinum therapy. Saldivar et al. ( 2007 ) have 
studied polymorphisms in many genes of this 
family and demonstrated an increased risk of 
recurrence in patients harboring XPA G allele and 
an increased risk of death in XPG C allele carri-
ers.    XPA G allele was associated with increased 
overall survival too. Moreover, two SNPs studied 
in case of XPD gene were found to be reducing 
the risk of death by fi vefold in ovarian cancer 
patients undergoing platinum chemotherapy. 

 Xeroderma pigmentosum group D (XPD) is a 
member of the NER family and plays an impor-
tant role in the repair of DNA damage caused by 
alkylating drugs, platinum analogs, and radia-
tion. On the other hand, protein levels were dem-
onstrated to correlate with resistance to these 
agents in human tumor cell lines (Chen et al. 
 2002 ). Notably, Khrunin et al. studied the rela-
tionship between XPD Asp312Asn and 
Lys751Gln polymorphisms (both responsible for 
lower DNA repair capacity) and survival in ovar-
ian cancer patients treated with carboplatin/pacli-
taxel. These authors found that patients carrying 
at least one variant allele (312 Asn or 751 Gln) 
had a signifi cant reduction of death risk com-
pared to patients with the Asp/Asp or Lys/Lys 
genotype (Saldivar et al.  2007 ). 

 Certain other genes whose SNPs are studied 
with respect to response to various drug ther-
apy in ovarian cancer patients are listed in 
Table  30.4 .

   Table 30.4    Gene polymorphism associated with ovarian cancer therapies   

 Gene  SNP  Drug  Effect  References 

 GSTP1  lle105val  Platinum  Progression-free 
Survival worsens 

 Stephens et al. ( 2001 ) 

 XPD  ASP312 Asn  Carboplatin/Pactitaxel  Decreased risk 
of death 

 Chen et al. ( 2002 ) 
and Saldivar et al. ( 2007 )  Lys 751Gln 

 MTHFR  C677T  Methotrexate  Increased toxicity, 
reduced response 

 Ueland et al. ( 2001 ) 

 ABCB1  2677G > T/A  Pactitaxel  Increased response  Grenetier et al. ( 2006 ) 
 ABCB1  1236C > T  Docetaxel  Decreased clearance 

of drug 
 Bosch et al. ( 2006 ) 

 ABCB1  2168G/A, 2677 T/A  Carboplatin/Pactitaxel  Increased response 
to drug 

 Obata et al. ( 2006 ) 
and Sampath et al. ( 2006 ) 

 Cytochrome P450  CyP3A4*1B  Docetaxel  Increased clearance 
of drug 

 Tran et al. ( 2006 ) 

 P53  R72P exon 4  Platinum  Reduced overall 
survival 

 Gadducci et al. ( 2006 ) 
and Galic et al. ( 2007 ) 
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5.6         Cisplatin-Based 
Chemotherapy in Ovarian 
Cancer Patients of Different 
Ethnic Origins 

 Upon comparative evaluation of pharmacogenomic 
relevance of the most common polymorphisms in 
glutathione  S -transferases and DNA repair genes, 
the  p53  gene, and the  CYP2E1  in Yakut and 
Russian patients with ovarian cancer treated with 
the same cisplatin-based  chemotherapy, 10 out 
of 19 studied SNPs showed differences. In spite 
of marked ethnic differences in the frequency of 
polymorphic variants of important cisplatin che-
motherapy-related genes, none emerged as a clear 
casual candidate (Khrunin et al.  2012 ). 

 The information compiled above suggests that 
polymorphisms in several genes may be correlated 
with response or toxicity to chemotherapy or 
outcome in ovarian cancer. However, such studies 
are generally small and extrapolatory and have 
not been validated in independent population. 
Therefore, reliable validation is required before 
utilizing such data clinically. In this regard, a large 
study was carried out by Dabholkar et al. ( 1994 ) 
and Finucane et al. ( 2011 ). They examined the 
pharmacogenomics of ovarian cancer in 914 DNA 
samples collected within Scottish Randomised 
Trial in Ovarian Cancer (SCOTROC1) phase III 
trial. The patients receiving either carboplatin-
paclitaxel or carboplatin- docetaxel were screened 
for 27 SNPs in a set of 16 genes which were previ-
ously shown to have associations with therapy. 
The genes included  ABCB1, CYP2C8, CYP3A4, 
GSTP1, ERCC1, XPD, and p53.  No signifi cant 
reproducible association between the genotypes 
and the outcome or toxicity of the treatment was 
observed. This study stresses the importance of 
large, well- defi ned clinical sample sets for validat-
ing pharmacogenomic markers.  

5.7      BRCA1 and BRCA2 Mutations 
in Ovarian Cancer and PARP1 
Inhibitor Therapy 

 In normal cells, double-strand breaks are repaired 
via homologous recombination, which relies 
upon functional BRCA1 and BRCA2 enzymes 

(Ashworth  2008 ). Cancer with BRCA mutations 
has diffi culty repairing double-strand DNA dam-
age. In tumors with BRCA-associated mutations, 
therefore, PARP-1 inhibition leads to increased 
tumor cell death (Edwards et al.  2008 ). The pres-
ence of BRAC1 and BRAC2 mutations in around 
40 % of sporadic serous ovarian cancers has 
made these cancers as good targets for PARP-1 
inhibitors. PARP inhibition results in unrepaired 
DNA single-strand and double-strand breaks and 
eventual cell death. Cancer cell sensitivity and 
resistance to both PARP inhibition and platinum 
have been associated with loss and restoration 
of homologous recombination DNA repair, 
respectively, indicating similar mechanisms of 
anticancer activity and resistance. Use of PARP 
inhibitors for treatment of these cancers has 
given good results. Ovarian cancers with PTEN 
mutations can also serve as good candidates for 
PARP inhibitor-mediated treatment (Sakai et al. 
 2008 ,  2009 ). 

 Olaparib (AZD2281; KU-0059436) is a 
potent oral PARP inhibitor that is selectively 
cytotoxic to cells lacking either  BRCA1  or 
 BRCA2  function, while sparing repair-profi cient 
cells expressing  BRCA1  or  BRCA2 , as in hetero-
zygous mutant or wild-type cells. Preliminary 
results of a phase I clinical trial of olaparib in 
patients with a range of advanced solid tumors, 
including  BRCA  mutation carriers, suggested 
that Olaparib was well tolerated and had durable 
single-agent anticancer activity in  BRCA1  and 
 BRCA2  mutation carriers. This phase I study was 
further extended to evaluate olaparib in a cohort 
of  BRCA1  and  BRCA2  mutation carriers, includ-
ing patients with advanced ovarian cancer with 
differing platinum- free intervals. It was observed 
that responses to PARP inhibition do correlate 
with platinum sensitivity, with a response rate of 
61.5 % in patients with platinum-sensitive dis-
ease. However, patients with platinum-resistant 
and even platinum- refractory disease still have 
the potential to benefi t (41.7 and 15.4 % response 
rate, respectively). However, association with 
prior platinum response requires confi rmation in 
larger studies (Fong et al.  2010 ). Randomized 
trials are ongoing to study olaparib and other 
PARP inhibitors in both  BRCA  mutation-associated 
and sporadic ovarian cancers. Strategies being 
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explored include different regimes in which 
PARP inhibitors are combined with chemotherapy 
(Table  30.5 ).

6          Preeclampsia 

 Preeclampsia (PE) is identifi ed clinically by 
maternal hypertension and proteinuria occurring 
after the 20th week of gestation (≥140 mmHg for 
systolic blood pressure, ≥90 mmHg for diastolic 
blood pressure and on at least two occasions, and 
more than 300 mg/day of protein in the maternal 
urine). It is also known as gestational hyperten-
sion. Hypertensive disorders concern up to 8 % 
of all pregnancies. PE is a major cause of mater-
nal, fetal, and neonatal morbidity and mortality 
(Duley  2009 ), with an estimate of >60,000 mater-
nal deaths per year (Goldenberg et al.  2008 ). 
Preeclamptic pregnancies are terminated early by 
cesarean delivery; such early deliveries may 
result in premature fetus or fetus with low birth 
weight, respiratory distress syndrome, and other 
complications of early delivery. Further pre-
eclamptic pregnancy increases the risk of cardio-
vascular and renal disease in future years 
(Garovic and Hayman  2007 ; Smith et al.  2001 ). 
In PE trophoblast cells fail to invade uterine spi-

ral arteries (Meekins et al.  1994 ), leading to a 
decreased perfusion with consequent placental 
hypoxia. PE is caused as a result of endothelial 
cells dysfunction with the decrease of vasodila-
tors (prostacyclin, nitric oxide) and increase of 
vasoconstrictors (thromboxane, endothelin-1) 
levels, which results in systemic hypertension 
and proteinuria (Baumwell and Karumanchi 
 2007 ; Myatt and Webster  2009 ). These clinical 
features can be attributed to the renin–angioten-
sin system, endothelial dysfunction (Dekker and 
Sibai  1998 ), activity of coagulation cascade ele-
ments, infl uence of oxidative stress, and improper 
infl ammatory reactions (Kupferminc  2005 ; 
LaMarca et al.  2007 ; Middeldorp  2007 ). 

6.1      Preeclampsia and Gene 
Polymorphism 

 Genes that can act as good candidates for the role 
of polymorphism in PE development are those 
which are involved in regulating fl uid homeosta-
sis, blood pressure, and development of placental 
vasculature. There are few genes with known 
gene polymorphism associated with the risk of 
preeclampsia development like AGTR1 (rs5186), 
AGT ( rs4762 ), NOS3(rs1799983), and 
TGFB1(rs1982073) .  Some of the genes studied 
in detail in this regard are as follows. 

6.1.1      Endothelial Nitric Oxide 
Synthase (eNOS) 

 The eNOS gene product has a role in blood pres-
sure regulation, vascular dilation, vascular 
smooth muscle proliferation and inhibition of 
platelet aggregation, making it an attractive can-
didate for predisposition to PE (Arngrimsson 
et al.  1997 ). eNOS synthesizes nitric oxide (NO) 
in endothelial cells from  L -arginine. In normal 
pregnancy, nitric oxide (NO) level increases dur-
ing the time of gestation contrary to PE in which 
very low NO molecule production discriminate 
vasodilatation (Napolitano et al.  2000 ). It is a 
potent vasodilator, which accounts for the bio-
logic activity of endothelium-derived relaxing 
factor. It is important in regulation of vasomotor 
tone and blood flow by inhibiting smooth 
muscle contraction and platelet aggregation 

   Table 30.5    Novel drugs and their targets under study in 
ovarian cancer   

 Drugs  Targets 

 Bevacizumab, cediranib, 
sorafenib, sunitinib, 
afl ibercept, pazopanib, 
BIBF-1120 

 Angiogenesis 

 Erlotinib  Epidermal growth factor 
receptor 

 BIBF-1120  Fibroblast growth factor 
receptor 

 Temsirolimus, everolimus, 
deforolimus 

 Mammalian target of 
rapamycin 

 Perifosine, PBI-05204, GSK 
2141795 

 Phosphatase and tensin 
homolog, AKT protein 
kinase family 

 Cediranib, pzapanib  Platelet-derived growth 
factor receptor 

 ABT-888 (veliparib), AZD 
2281(olaparib), AG014699, 
BSI-201(iniparib) 

 Poly (ADP-ribose) 
polymerase 
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(de Pace et al.  2007 ; Myatt and Webster  2009 ). 
eNOS activity generates around 70 % of plasma 
nitrite, and inhibition of its activity is associated 
with corresponding decreases in circulation nitrite 
concentrations (Kleinbongard et al.  2003 ). Nitrite 
is a product of NO metabolism that can be recycled 
in vivo to form NO (Lundberg et al.  2008 ). 

 There are three known polymorphisms in the 
eNOS gene having role in PE, the T-786C 
(rs2070744), which is a single-nucleotide poly-
morphism (SNP) in the promoter region (Metzger 
et al.  2005 ), the G-894T (rs1799983) in exon 7 
which causes the conversion of a glutamic acid to 
an aspartic acid (Glu298Asp) residue(Metzger 
et al.  2007 ; Yoshimura et al.  1998 ), and a 27 bp 
variable number of tandem repeats (VNTR) in 
intron 4 (Sandrim et al.  2007 ). eNOS polymor-
phisms affect endogenous NO formation in nor-
mal pregnancy. The “   CGlub” haplotype acts as a 
protective haplotype against the development of 
PE by increasing endogenous NO formation. The 
“CGlub” haplotype is more frequent in the 
healthy pregnant women than in the PE women 
( P  = 0.0044). The healthy pregnant women with 
CC genotype instead of TT genotype for T-786C 
polymorphism have a higher nitrite levels 
( P  < 0.05), while a lower nitrite level is found in 
healthy pregnant women with 4a4a genotype 
compared with the 4b4b genotype for the VNTR 
polymorphism in intron 4 ( P  < 0.05) (Sandrim 
et al.  2010 ). 

 G894T variant is known as a risk factor for the 
development of PE (Hakli et al.  2003 ). The com-
bined frequency of combined frequency of the 
variant in heterozygous (GT) and homozygous 
(TT) of G894T polymorphism signifi cantly 
increases the risk of abruption placentae develop-
ment in PE women (OR 3.51), which is prema-
ture separation of placenta from uterine wall. 
Further eNOST allele is a major risk for develop-
ment of abruption placentae ( P  < 0.0001) 
(Hillermann et al.  2005 ). In general CC genotype 
of T786C polymorphism increases the risk of PE 
development 1.62-fold and mutated C allele as a 
risk allele with OR = 1.36. Moreover CC geno-
type increased the risk of severe preeclampsia 
development by 2.37-fold. CT and CC genotypes 
are overrepresented in severe preeclampsia 
women. Values of systolic and diastolic blood 

pressure vary according to the genotype of T786C 
polymorphism, TT:TC:CC¼171.9:173.2:176.3  
mmHg and 110.9:109.2:112.4 mmHg, respec-
tively; likewise proteinuria value also varies 
according to  genotype (215.5:210.7:230.3 mg/dl, 
respectively) (Seremak-Mrozikiewicz et al.  2011 ).  

6.1.2      Angiotensinogen (AGT) 
 AGT is a key component of renin–angiotensin 
system, encoding for angiotensinogen, which 
acts as a precursor of angiotensin II. It is a potent 
vasoconstrictor, modulating blood pressure regu-
lation, body-fl uid homeostasis, and vascular 
remodeling in pregnancy. 

 There are two known SNPs of AGT that has 
been studied in context of PE (M235T and 
T174M) both in AGT exon 2. M235T variant 
rs699 is a transversion involving a T-C change at 
nucleotide position 704 of the AGT gene, encod-
ing threonine instead of methionine at residue 
235. The T174M variant rs4762 encodes methio-
nine instead of threonine at residue 174. There 
are controversial studies regarding the role of 
these two SNPs in PE. A recent meta-analysis 
study has shown that the TT genotype of M235T 
polymorphism increases the risk of PE compared 
to MM genotype by 1.61-fold ( P  = 0.001). TT 
genotype acts as a risk factor in Caucasians and 
Mongolians but not in Africans. TT genotype 
compared to the MM genotype is also associated 
with an increased risk of hypertension in Asians 
(Sethi et al.  2003 ) and in Han Chinese (Ji et al. 
 2010 ). The T174M variant was not found signifi -
cantly associated with PE development (Lin et al. 
 2012 ). In nulliparous French-Canadian pregnant 
women (Levesque et al.  2004 ), Thr allele of the 
polymorphism Met235Thr is a signifi cant risk fac-
tor predisposing pregnant women to PE develop-
ment (OR = 2.1,  P  = 0.015); further the Met allele 
of Thr174Met is also associated with preeclamp-
sia ( P  < 0.0033) increasing 2-fold risk for PE 
development. G1035A (rs3889728) genotype is 
also involved in PE development via haplotype 
A-Met-Thr (G1035A-Thr174Met-Met235Thr) 
and increases a 2.1-fold increased risk of pre-
eclampsia. The C allele of polymorphism A-20C 
(rs5050, SNP in the promoter region) is associ-
ated with an increase in plasma angiotensinogen 
levels. Thus, the women with A-Met-Thr haplotype 
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have higher concentration of angiotensinogen in 
their decidual cells which leads to higher risk of 
placental hypoxemia by increasing vasoconstriction 
of spiral arteries. This further makes trophoblasts 
unable to invade spiral arteries there by leaving 
arteries responsive to angiotensin II, thus predis-
posing women to PE (Ishigami et al.  1999 ).  

6.1.3      Angiotensin II Receptor 
Type 1 (AGTR1) 

 The maternal renin–angiotensin–aldosterone sys-
tem (RAAS) is a hormone system involved 
pathogenesis of PE (Shah  2006 ; Vitoratos et al. 
 2012 ). In normal pregnancy, plasma levels of 
renin, angiotensin II, and aldosterone are upregu-
lated via RAAS (Irani and Xia  2008 ; Lindheimer 
et al.  2010 ). The angiotensin-converting enzyme 
(ACE) is a key RAAS component and plays an 
important role in blood pressure homeostasis by 
generating the vasoconstrictor peptide angioten-
sin II and by inactivating the vasodilator peptides 
bradykinin and Ang-(Velloso et al.  2007 ). 
Angiotensin II is the major signaling molecule of 
the RAAS, and its major cardiovascular effects 
are mediated by AGTR1. This balance is dis-
turbed in PE and the plasma level of these pro-
teins decrease to normal nongravid range. 

 Seven SNPs are known in AGTR1, but the 
most well studied is the transversion in the 
3′-UTR (+1166A > C) of this gene. In a meta- 
analysis based on 10 populations from eight stud-
ies, it was found to have no signifi cant association 
with PE development (OR = 1.19,  P  = 0.11) (Zhao 
et al.  2012 ), while in Western Iranian women the 
frequency of AC + CC of A1166C polymorphism 
predisposes women for mild preeclampsia 
( P  > 0.05) (Rahimi et al.  2013 ). 

 A deletion polymorphism (I/D) of the ACE 
gene is known to be involved in PE development, 
where the D allele acts as a risk factor by increas-
ing ACE activity. The presence of D allele of ACE 
increases the risk of PE development by 1.8-fold 
( P  = 0.002) ID genotype decreases the level of total 
antioxidant capacity (TCA) signifi cantly in mild 
preeclamptic women compared to those with II 
genotype (Rahimi et al.  2013 ). DD genotype has 
been found to be present in higher frequency in 
Turkish preeclamptic women than normal preg-
nant women ( P  = 0.006) (Bereketoglu et al.  2012 ).  

6.1.4      Infl ammatory Mediators 
 Preeclampsia involves an excessive maternal sys-
temic infl ammatory response with cytokine- 
mediated endothelial damage seems which makes 
a number of proinfl ammatory mediators possible 
candidates involved in PE development. Some 
studies have shown abnormal production of inter-
leukin 1 (IL-1) cytokine in preeclamptic patients. 
Infl ammatory cytokines like IL-12 and IL-18 
induce apoptosis of trophoblast and may inhibit 
angiogenesis. Therefore, both IL-12 and IL-18 
have been assessed in PE patients. Toll-like 
receptors (TLRs) expressed at the fetal–maternal 
interface play an important role in normal placen-
tal development; since pathogenesis of PE 
involves an intense innate immune response, with 
a central role for TLRs, there is a possible asso-
ciation between abnormal expression of TLR 
and PE. 

 A recent study has shown that genotypic and 
allelic distributions for six polymorphisms in 
infl ammatory mediators were similar between the 
study and control groups,  IL-1R1 (PstI, rs2234650) , 
 IL-12 (+1188, rs3212227), IL-18 (−137,rs187238), 
IL-18 (−607, rs1946519),      TLR-2 (+2258, 
rs5743708),  and  TLR-4 (+896, rs4986790),  show-
ing no association with PE (Franchim et al.  2011 ). 
However, allelic variants of the  TLR-2  polymor-
phism  TLR-2  SNP (Arg753Gln) and  TLR-4  SNPs 
(Asp299Gly andThr399Ile) aggregate with a lower 
threshold for the development of early-onset 
(<34 + 0 weeks’), but not late-onset (≥34 + 0 weeks’) 
preeclampsia in British women (Xie et al.  2010 ). 
Proinfl ammatory cytokine, tumor necrosis factor 
(TNF), shows only a modest association between 
the  TNF  (G308A) polymorphism and PE develop-
ment (Bombell and McGuire  2008 ).  

6.1.5      Vascular Endothelial Growth 
Factor (VEGF) 

 VEGF is a major angiogenic factor and a prime 
regulator of endothelial cell proliferation. It plays 
a crucial role in physiological vasculogenesis and 
vascular permeability (Ferrara et al.  1992 ). 
During pregnancy it plays its role in vascular 
development of embryo, trophoblast proliferation, 
and growth of fetal as well as maternal blood 
cells.    In PE there is defi ciency in trophoblast 
invasion of the spiral arteries of the placental bed 
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that leads to a poorly perfused fetoplacental unit 
resulting in poor placental growth and inadequate 
physiological changes in the vasculature of the 
placental bed. 

 A known polymorphism of  VEGF  936C/T 
polymorphism increases the risk of severe PE 
development by 2.7- to 2-fold ( P  = 0.019−0.001) 
(Papazoglou et al.  2004 ; Shim et al.  2007 ), with T 
allele acting as a major risk for severe PE, while 
in a study by Kim et al, there has been found no 
association in  VEGF  936C/T polymorphism and 
PE development (Kim et al.  2008 ). T allele was 
associated with signifi cantly lower VEGF plasma 
levels than subjects carrying the C allele (Renner 
et al.  2000 ).    

7      Gestational Diabetes 
Mellitus (GDM) 

    Gestational diabetes mellitus (GDM) is consid-
ered to be a heterogeneous metabolic disorder 
with mixed genetic etiology and phenotypes  
(Lapolla et al.  2009 ). In GDM pregnant women 
exhibit various degrees of glucose intolerance. 
Reported rates of GDM range from 2 to 10 % of 
pregnancies. Approximately 5–10 % of women 
with GDM develop type 2 diabetes (T2D) 
shortly after pregnancy. Based on current data it 
is estimated that women who have had GDM 
have a 35–60 % chance of developing diabetes 
within the next 10–20 years. GDM is more com-
mon in women with ethnic background like 
African- Americans, Afro-Caribbeans, Native 
Americans, Hispanics, Pacifi c Islanders, and 
South Asian. 

 Increased maternal estrogen and progesterone 
in early pregnancy promotes pancreatic β-cell 
hyperplasia resulting in an increase in insulin 
level (Rieck and Kaestner  2010 ). In the second 
and third trimester, there is decrease maternal 
insulin sensitivity caused by the continuous 
increase in the fetoplacental factors (Catalano 
et al.  1992 ). During pregnancy, generally there is 
threefold increase of insulin resistance in whole 
body than in nonpregnant women, but some 
women have higher insulin resistance that they 

cannot compensate with increased production in 
the β-cells of the pancreas and consequently 
become hyperglycemic, developing gestational 
diabetes (Kuhl  1991 ). Placental hormones espe-
cially cortisol and progesterone and to some 
extent human placental lactogen, prolactin, and 
estradiol contribute to increased insulin resis-
tance. GDM also increases the risk of hyperten-
sive disorders in pregnant women with the 
increasing chance of cesarean delivery. GDM 
further increases the risk of fetal disorders like 
intrauterine fetal death due to fasting hyperglyce-
mia (105 mg/dl or 5.8 mmol/l) during the last 
4–8 weeks (Freathy et al.  2010 ). 

7.1      GDM Gene Polymorphisms 

 Understanding the genetic underpinnings of 
GDM may lead to new markers to predict risk for 
earlier diagnosis and prevention in order to mini-
mize pregnancy-related complications as well as 
risk to the fetus during pregnancy and after deliv-
ery. The strategy that has been used to fi nd the 
genetic cause of GDM is based on the fact that 
both GDM and type 2 diabetes (T2D) share the 
same pathophysiological changes involving insu-
lin resistance accompanied with the defect in 
insulin secretion (Buchanan  2001 ; Kautzky- 
Willer et al.  1997 ). Therefore, the candidate genes 
that underlie the pathogenesis of T2D are poten-
tial candidates of GDM study. Functional studies 
have shown that these genes are involved in 
many processes like insulin resistance (PPARG), 
abnormal beta-cell functioning (SLC308, 
CDKAL1, CDKN2A/B, MTNR1B, IGF2BP2, 
KCNQ1), and abnormal utilization of glucose 
( GCK ) (Groenewoud et al.  2008 ; Lauenborg et al. 
 2009 ; Ubeda et al.  2006 ) (Table     30.6 ).

   Among the T2D-related genes, those that are 
involved in pancreatic β-cell function are associ-
ated with GDM ( CDKAL1, MTNR1B, IGF2BP2, 
CDKN2A/2B, SLC30A8, IDE, KCNQ1, and 
CENTD2 ), while as those genes which are 
involved in insulin resistance ( FTO, PPARG, 
IRS1, KLF14, and GCKR ) are not signifi cantly 
associated with GDM. Proving that, these 
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mutations increase GDM risk through decreased 
ability of β-cells to compensate for the insulin 
resistance associated with pregnancy (Kwak 
et al.  2012 ) (Table  30.6 ).  

7.2      CDK5 Regulatory Subunit- 
Associated Protein 1-Like 1 
(CDKAL1: rs7754840, 
rs7756992) 

 Genome-wide association studies have linked 
single-nucleotide polymorphisms in an intron of 
CDKAL1 with the risk type 2 diabetes develop-
ment (Steinthorsdottir et al.  2007 ). There are two 
SNPs (rs7756992 and rs7754840)  in CDKAL1  
which are associated with GDM risk at a genome- 
wide signifi cance level (Cho et al.  2009 ; 

Lauenborg et al.  2009 ). rs7754840 C allele of 
 CDKAL1 , which is the risk variant of GDM, 
alters the function of CDK5 in β-cell compensa-
tion during pregnancy and is signifi cantly associ-
ated with decreased fasting insulin concentration 
and decreased homeostasis model assessment of 
beta-cell function (HOMA-B) in women with 
Korean GDM subjects. This shows a compro-
mised β-cell compensation (Kwak et al.  2012 ). 
rs7754840 is signifi cantly correlated with area 
under the curve (AUC) of insulin during a 100 g 
OGTT which is performed at the time of GDM 
diagnosis with insulin AUC ( b  = −0.080 mU l −1  × h, 
 P  = 0.007) in Chinese population (Wang et al. 
 2011 ). The variants in  CDKAL1  are associated 
with decreased birth weight, which could be 
explained by reduced fetal insulin secretion 
(Freathy et al.  2009 ).  

    Table 30.6    Summary of gene polymorphism related to GDM      

 Gene  SNP  Effect 
 Risk 
allele  OR value  References 

 CDKAL1  rs7754840  Decreases AUC  C  1.11  Wang et al. ( 2011 ) 
 rs10440833  A  1.72  Kwak et al. ( 2012 ) 
 rs7756992  Decreases FIC,HOMA-B, AUC  1.55, 1.22  Cho et al. ( 2009 ) 

and Lauenborg et al. 
( 2009 ) 

 IGF2BP2  rs4402960  Decreases insulin secretion, HOMA-B  T  1.207, 1.18  Wang et al. ( 2011 ) 
and Cho et al. ( 2009 ) 

 rs1470579  C  1.332  Kwak et al. ( 2012 ) 
 CDKN2A–
CDKN2B 

 rs2383208  Decreases HOMA-B, increases FPG  A 
 rs1081166  1.49  Cho et al. ( 2009 ) 
 rs10965250  G  1.31  Kwak et al. ( 2012 ) 

 SRR  rs391300  Increases FPG  T  1.2  Wang et al. ( 2011 ) 
 MTNR1B  rs10830962  Decreases FIC  G  1.45  Kwak et al. ( 2012 ) 

 rs10830963  Decreases HOMA-B, increases FPG  G  1.46  Kim et al. ( 2011 ) 
 rs1387153  T  1.44  Kim et al. ( 2011 ) 

 TCF7L2  rs7903146  Increases glucose during OGTT  T  2.04, 1.90  Pappa et al. ( 2011 ), 
Freathy et al. ( 2010 ), 
and Papadopoulou 
et al. ( 2011 ) 

 rs12255372  T  1.58  Papadopoulou et al. 
( 2011 ) 

 rs7901695  C  1.87  Papadopoulou et al. 
( 2011 ) 

   FIC  fasting insulin concentration,  FPG  fasting plasma glucose,  HOMA-B  homeostasis model assessment of beta-cell 
function,  AUC  area under the curve,  OGTT  oral glucose tolerance test  
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7.3      Insulin-Like Growth Factor 2 
mRNA-Binding Protein 2 
(IGF2BP2: rs4402960, 
rs1470579) 

 IGF2BP2 binds to the 5′-UTR of the insulin-like 
growth factor 2 (IGF2) mRNA and regulates 
IGF2 translation. There are two known SNPs that 
play a role in GDM development: rs4402960 and 
rs1470579. In Chinese population rs4402960 has 
been found to be associated with GDM 
(OR = 1.207, 95 % CI = 1.029–1.417,  P  = 0.021) 
(Wang et al.  2011 ); a similar association is also 
found with GDM in Korean population for this 
SNP with an OR value 1.18, 95 % CI = 1.01–1.38, 
 P  = 0.034    (Cho et al.  2009 ). However, in Danish 
population a nonsignifi cant association was 
found for rs4402960 (OR = 1.18, 95 % CI = 0.97–
1.42,  P  = 0.096) (Lauenborg et al.  2009 ). 
rs1470579 in  IGF2BP2  shows a positive associa-
tion with GDM (Kwak et al.  2012 ). 

 IGF2BP2 plays its role in GDM since it affects 
fi rst-phase insulin secretion and the disposition 
index. The presence of T allele for rs4402960 
shows a negative association with HOMA-B 
( b  = 20.057,  P  = 0.046), thus showing its effect in 
beta-cell dysfunction (Wang et al.  2011 ).  

7.4      Cyclin-Dependent Kinase 
Inhibitors 2A and 2B 
(CDKN2A–CDKN2B: 
rs2383208, rs10811661) 

  CDKN2B  lies adjacent to the tumor suppressor 
gene CDKN2A; it forms a complex with  CDK4  
or  CDK6 . This complex performs its cell growth 
regulatory function by preventing cyclin 
D-mediated activation of CDK kinase, thereby 
inhibiting cell cycle G1 progression. Two known 
polymorphisms of  CDKN2A–CDKN2B  are 
rs2383208 and rs10811661. rs10811661 
increases the risk of GDM development (OR 
1.49,  P  = 1.05 × 10 −7 ) (Cho et al.  2009 ). rs2383208, 
a variant at the same LD block with rs1081166, 
acts as a risk factor for GDM development in 
Chinese population (OR = 1.24,  P  = 0.003). 
Compared with wild-type carriers, homozygous 

harboring the risk alleles of rs2383208 had a 
1.5- fold increased risk of GDM. The carriers of 
rs2383208    A allele show a lower level of HOMA-B 
and increased fasting plasma glucose (Wang 
et al.  2011 ). Thus, rs2383208 plays a role in 
GDM development by regulating pancreatic 
beta-cell and fasting plasma glucose.  

7.5      Serine Racemase 
(SRR: rs391300) 

 Serine racemase eliminates water from  L -serine, 
thereby forming pyruvate and ammonia. It is also 
involved in the generation of D-serine from 
L-serine (De Miranda et al.  2002 ). rs391300 is 
associated with GDM risk (OR = 1.202, 95 % 
CI = 1.020–1.416,  P  = 0.028). Further homozy-
gous TT genotype increases the risk of GDM 
by 1.856-fold (95%CI = 1.236–2.789,  P  = 0.003). 
rs391300 is associated with increased fasting 
plasma glucose indicating that this variant 
affects the incidence of GDM by modulating 
the secretion of insulin and/or glucagon (Wang 
et al.  2011 ).  

7.6      Melatonin Receptor 1B 
(MTNR1B: rs10830963, 
rs1387153, rs10830962) 

 MTNR1B encodes the MT2 protein, one of two 
high-affi nity forms of a receptor for melatonin, 
which is an integral membrane protein that is a 
G-protein-coupled, 7-transmembrane receptor. 
rs10830963 shows nonsignifi cant association 
with GDM in Chinese population although show-
ing the role of risk allele G of rs10830963 in a 
lower value of HOMA-B and higher level of fast-
ing plasma glucose with HOMA-B ( b  = 20.096, 
 P  = 0.001) and fasting plasma glucose ( b  = 0.062, 
 P  = 0.019) (Wang et al.  2011 ). Kim et al. has 
reported that two SNPs in MTNR1B (rs1387153 
and rs10830963) are strongly associated with 
GDM in Korean women (Kim et al.  2011 ). A 
variant near MTNR1B, rs10830962, is also sig-
nifi cantly associated with the risk of GDM (OR 
1.454;  P  = 2.49 × 10 −13 ). The rs10830962 variant 
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is in strong LD ( r  2  = 0.98) with rs10830963, 
which is known to be associated with fasting glu-
cose concentrations, insulin concentrations, and 
type 2 diabetes. The rs10830962 G allele near 
MTNR1B is associated with decreased fasting 
insulin concentrations ( b  = 20.018;  P  = 0.029) in 
women with GDM (Kwak et al.  2012 ).  

7.7      Transcription Factor 7-Like 2 
(TCF7L2 rs7903146, 
rs12255372, rs7901695) 

 T2D risk T allele of rs7903146 is found to be 
signifi cantly associated with an increased risk of 
GDM (Pappa et al.  2011 ). The HAPO study has 
also found similar association between 
rs7903146 and GDM (Freathy et al.  2010 ). GDM 
subjects with the T allele of rs7903146 have 
higher glucose levels during an OGTT than in 
noncarriers. These fi ndings suggest that defects 
in insulin secretion, associated with rs7903146 
in TCF7L2, modestly increase glucose levels 
during pregnancy as well as risk of GDM (Konig 
and Shuldiner  2012 ). The heterozygous gen-
otypes CT, GT, and TC of the rs7903146 (T is 
risk for type 2 diabetes), rs12255372 (T is risk 
for type 2 diabetes), and rs7901695 (C is risk for 
type 2 diabetes), respectively, as well as the 
homozygous genotypes TT, TT, and CC of the 
rs7903146, rs12255372, and rs7901695, respec-
tively, were strongly associated with gestational 
diabetes ( P  < 0.0001) (Papadopoulou et al. 
 2011 ). The  TCF7L2  rs7903146 SNP is asso  
ciated with an increased risk of GDM also in 
Scandinavian women (Shaat et al.  2007 ), while 
the rs12255372 SNP is associated with suscepti-
bility for gestational diabetes and affected the 
insulin response to oral glucose through interac-
tion with the percentage of body fat in probands 
with gestational diabetes (Watanabe et al.  2007 ). 
These three  TCF7L2  SNPs show the risk to 
type 2 diabetes and gestational diabetes in the 
order rs7903146 C > T, rs12255372 G > T, and 
rs7901695 T > C (Tong et al.  2009 ); these are 
also located within a well-defi ned linkage dis-
equilibrium block (Grant et al.  2006 ; Helgason 
et al.  2007 ; Scott et al.  2006 ).  

7.8      Peroxisome Proliferator- 
Activated Receptor-γ (PPARγ) 

 PPARγ is a nuclear receptor that plays a critical 
role in insulin signaling and adipogenesis and is a 
target for the insulin sensitizing thiazolidinedio-
nes. PPARγs regulates the number and size of 
peroxisomes produced in the cells by binding to 
peroxisome proliferators. It mediates the devel-
opment of several chronic diseases, including 
diabetes. PPARγ2 isoform (Pro12Ala) is a known 
polymorphic form of PPARγ2. GDM patients 
carrying the Ala12 allele gained signifi cantly 
more weight during their pregnancy (Konig and 
Shuldiner  2012 ).  

7.9      Additive Effect of SNPs 

 Different studies have shown the additive effects 
of risk variants on GDM development. In 
Lauenborg et al. study, it increases the risk of 
GDM development by 1.18-fold per allele 
( P  = 3.2 × 10 −6 ) while studying the association of 
11 examined T2D risk variants. There is 3.30- fold 
increased risk (95%CI 1.69–6.39) of GDM for 
women carrying 15 or more risk alleles compared 
with women with nine or fewer risk alleles 
( P  = 2.8 × 10 −4 ). Similarly additive effect was 
observed for of the risk alleles (T allele of 
rs4402960, A allele of rs2383208, and G allele of 
rs10830963) on HOMA-B level ( b  = −0.108 unit 
per risk allele,  P  = 1.86 × 10 −4 ) in Chinese popula-
tion. In this study proportion of women with GDM 
increases in the subgroups with each additional 
risk allele increased GDM risk by 1.196- fold 
(95%CI = 1.092–1.309,  P  = 1.08 × 10 −4 ). Moreover, 
the subjects having 4, 5, and 6 risk alleles has 
2.008-fold ( P  = 0.011), 5.576-fold ( P  = 3.31 × 10 −4 ), 
and 9.717-fold ( P  = 0.047) increased risk of devel-
oping, respectively (Wang et al.  2011 ).   

8      Conclusions 

 Emerging data suggest that in case of gynecologi-
cal diseases, susceptibility to disease, responses to 
treatment, and toxicity to treatment vary according 
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to genetic makeup of individual as well as genetic 
variations among various populations. Single-
nucleotide variations in drug- metabolizing 
enzymes, DNA repair enzymes, various signaling 
proteins, tumor suppressor, and oncogenes con-
tribute to these interindividual variations. 
Suffi cient information has been gathered in some 
disease but data need to be strengthened in others 
to identify subgroup of patients based on genomic 
patterns. Appropriate drug trials should be then 
designed for the identifi ed subgroups in order to 
aim toward individualized therapy. Government 
and industrial participation is required to encour-
age women and their clinicians to participate in 
such academic trials.     
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1             Overview 

 Infertility is a condition of reproductive system 
which affects a couple with almost equal frequency. 
Infertility is defi ned as an inability to conceive a 
child by a couple in a stable relationship during 
the year of regular intercourse  without the use of 

        S.  S.   Majumdar      (*) 
  Division of Cellular Endocrinology , 
 National Institute of Immunology ,   Delhi ,  India   
 e-mail: subeer@nii.ac.in   

    I.   Bhattacharya    
  Department of Zoology ,  Hindu College, 
University of Delhi ,   Delhi ,  India     

    M.   Khan    
  Department of Physiology ,  AIIMS ,   Delhi ,  India    

  31

 Abstract 

   Around 60–80 million couples are infertile around the globe, and in a large 
proportion of western world, constant decline in fertility is a major cause 
of concern. Although infertility per se may not threaten physical health, it 
is a source of distress, as societal norms tend to equate infertility with 
failure. Given the complexity of the process of gametogenesis and the 
large number of genes involved, it is likely that a signifi cant proportion of 
infertility phenotypes are genetic in origin. Pharmacogenomics has aggres-
sively been studied and addressed for life-threatening illnesses like cancer, 
cardiovascular disorders, depression, HIV, tuberculosis, asthma, and 
diabetes. However, this fi eld has not advanced suffi ciently to address 
issues related to personalized treatment for infertility, mainly because 
infertility fails to fi t into the defi nition of a major disease and is lower in 
order of priority than other ailments. Here, we will discuss the present 
status of knowledge which may be a starting point for expansion into 
pharmacogenomics of male and female infertility. Polymorphisms in 
several genes are studied in relation to controlled ovarian hyperstimulation 
(COH) outcome in infertile women undergoing IVF treatment in clinics, and 
therapies based on genetic background has just begun to emerge. Except 
this, no major advancement has yet occurred in this fi eld, but a huge scope of 
pharmacogenomics and personalized medicine for treatment of infertility 
exists because several genes and their SNPs have already been proven 
to be associated with infertility, and they may provide strong basis for 
personalized therapies. 

      Pharmacogenomics 
and Personalized Medicine 
in Infertility 
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contraceptive methods. Around 60–80 million 
couples are infertile around the globe, and it con-
tributes a great proportion to the overall repro-
ductive disability (   Baird et al.  2002 ; Altmäe et al. 
 2011 ). Although infertility per se may not threaten 
physical health, it is a source of distress, as soci-
etal norms and perceived religious dictums may 
equate infertility with failure. About 61 countries 
are facing fertility-related problems at or below 
the replacement level (United Nations Population 
Fund. Report of the International Conference on 
State of the World Population. United Nations 
Annual Conference 1999. UNFPA: state of world 
population, 1999). Although constant effort to 
identify the causes of infertility in both the sexes 
is being made, about half of the cases are classi-
fi ed as idiopathic in nature, and normalcy cannot 
be restored after hormonal supplementation 
(Matzuk and Lamb  2002 ,  2008 ). Given the com-
plexity of the process of gametogenesis and the 
large number of genes involved, it is likely that a 
signifi cant proportion of infertility phenotypes 
are genetic in origin. 

1.1      Pharmacogenetics 
to Pharmacogenomics 
to Personalized Medicine 

 The development of genomic tools has led to a 
number of important discoveries in reproductive 
physiology and the etiology of infertility. Knockout 
mouse models have also proven to be a crucial 
tool to understand the functional signifi cance of 
changes in gene expression (Matzuk and Lamb 
 2002 ,  2008 ; Hwang et al.  2011 ). With the use of 
new deep sequencing methods, the discovery 
of small RNAs, and the increased sensitivity of 
molecular methods, it is expected that mecha-
nisms regulating the function of gonad and 
reproductive tract will become evident. Defi ning 
the etiology and progression of these abnormali-
ties and pathologies is important for the identi-
fi cation of novel and more reliable therapeutics. 
Moreover, the development of new molecular 
tools in the fi elds of genomics, proteomics, and 
pharmacogenomics is providing new windows on 
personalized physiology and their impact on our 

knowledge of molecular orchestration to better 
understand the infertility. The biological system 
is not essentially linear; there are thousands of 
genes and proteins interacting in networks with 
time and space contexts along with redundancy, 
thus resulting in complex emerging properties. 
In the present time, there are available tools 
and techniques of generating high-throughput 
genomics and proteomics data. Such data mining 
and their analyses towards pattern discovery 
and prediction provide a promise for improvising 
novel approach to address complex multifactorial 
health condition like infertility. It is known that 
biological functions and transcriptomics are 
linked by translation of proteins and their com-
plex interaction. Therefore high-throughput pro-
teomics approach may compliment in the process 
of molecular classifi cation. With the availability 
of interactome bank and powerful computational 
and mathematical modeling tools, it is now 
possible to predict the function of newly dis-
covered proteins also (Chengalvala et al.  2006 ). 
Preemptive medicine is an emerging concept of 
predicting, anticipating, and preventing diseases 
and disease sequels before the irreversible 
tissue damage takes place. Analysis of data from 
genomic and proteomic profi les, as discussed 
above, may help in such predictions and may pro-
vide a lead time for designing preventive strategies 
in infertility and associated disorders. If a gene 
variant is associated with a particular drug 
response in a patient, there is the chance for mak-
ing clinical decisions based on genetics by adjust-
ing the dosage or selecting a specifi c drug. Modern 
approaches include multigene analysis or whole-
genome  single-nucleotide polymorphism  ( SNP ) 
profi les, and these approaches are just coming into 
clinical use for drug discovery and development. 

 Therapeutic and preventive approaches in large 
populations can be markedly improved by a per-
sonalized evaluation of their genetic background. 
Many new methods are available now, and others 
are steadily improving, that can be used to rapidly 
genotype large numbers of genetic variants. 
These methods will lead to the creation of a com-
plete SNP database that will prove to be a crucial 
tool for defi ning the genetic  mechanisms under-
lying a given disease. This will lead to identify 
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loci that infl uence the individual patient’s response 
to therapy and, consequently, new pharmacological 
targets for the development of novel drugs (   Roberto 
et al.  2004 ). Pharmacogenomics has aggressively 
been studied and addressed for life-threatening 
illnesses like cancer, cardiovascular disorders, 
depression, HIV, tuberculosis, asthma, and diabetes. 
However, this fi eld has not advanced suffi ciently to 
address issues related to personalized treatment 
for infertility, mainly because infertility fails to 
fi t into the defi nition of a disease and is lower in 
order of priority than other ailments. Here, we 
will discuss the present status of knowledge 
which may be a starting point for expansion 
into pharmacogenomics of male and female 
infertility.   

2      Male Infertility 

 About 15 % of couple globally are childless, 
where 50 % contribution stems from the “male 
factor” (Matzuk and Lamb  2002 ,  2008 ; Hwang 
et al.  2011 ). With the complexity of the sper-
matogenic process where a large number of genes 
are involved, there is a high likelihood that a sig-
nifi cant proportion of male infertility phenotypes 
are of genetic origin (Matzuk and Lamb  2002 , 
 2008 ; Hwang et al.  2011 ). However, till date the 
majority of all the clinical cases remain idiopathic 
in nature (Nuti and Krausz  2008 ), and no drug 
targets are yet been developed. Figure     31.1  des-
cribes the prevalence of male infertility.

2.1        Amenable Targets 

 Target amenable for use in pharmacogenomics 
of male infertility are discussed in this section. 
In case of male infertility, the numerical and 
structural chromosomal abnormalities interfere 
with normal meiosis and can cause spermatogenic 
failure, for example, the Klinefelter’s syndrome 
( 47 ,  XXY ) is the most commonly found abnor-
mality. Structural abnormalities that are often 
encountered include reciprocal translocations, 
Robertsonian translocations, and pericentric 
inversions. Secondly, fi ve microdeletions in the 
long arm of the Y-chromosome, e.g.,  AZFa ,  P5/
proximal P1  ( AZFb ),  P5/distal P1 ,  b2/b4  ( AZFc ), 
and  gr/gr  deletions, are reported to be associated 
with spermatogenic failure (Matzuk and Lamb 
 2002 ,  2008 ; Hwang et al.  2011 ). The AZFc locus 
contains  DAZ1–4 , paralogs to the autosomal 
 DAZL . Interestingly, 4 novel missense mutations 
in  DAZL  with one homozygous  DAZL -null male 
patient showed infertility. It is noteworthy that 
71.4 % of patients with an AZFc deletion had 
sperm in their testes and their partners achieved 
pregnancy via assisted reproductive techniques. 
Interestingly, new AZFc haplotypes named “gr/
gr” or b2/b3, which both result in loss of  DAZ3  
and  DAZ4 , have been identifi ed to be linked with 
infertility but also been found in normozoospermic 
individuals (Matzuk and Lamb  2002 ,  2008 ; 
Hwang et al.  2011 ). The link between autosomal 
 DAZL  function and severity of male infertility with 
AZFc deletion in the population is not properly 
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  Fig. 31.1    Prevalence of male infertility.  UT  untreatable,  T  treatable       
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established yet. Table  31.1  summarizes the genetic 
basis of male infertility along with the frequency 
of such disorder, globally.

   It is important to note that infertility that is not 
related to chromosomal alterations may occur due 
to single-gene mutations or polymorphisms, 
single-nucleotide polymorphisms (SNPs). A com-
plete list of human genes associated with male 
infertility with known SNPs is described by 
(Matzuk and Lamb  2002 ,  2008 ; Hwang et al. 
 2011 ) and others (see reviews in Tüttelmann et al. 
 2007 ; Nuti and Krausz  2008 ), and these can be 
used to fi nd appropriate compounds specifi cally 
acting to overcome respective defects. Androgen 
receptor is estimated to be associated with 
infertility in 2–3 % of all cases of azoospermia/
oligozoospermia. The mutated  AR  gene results 

into  mild to complete  androgen insensitivity. 
In men,    complete androgen insensitivity observed 
in 46,XY patients is presented as phenotypic 
females with undeveloped testes, whereas in the 
mild forms with phenotypic males show low 
sperm counts. Although polymorphisms that have 
been examined in the  AR  gene relate to two sites 
in exon 1 that exhibit variable stretches of CAG or 
GGC repeats and examining CAG polymor-
phisms in infertile subjects reveals a correlation 
between CAG expansion and infertility, no rela-
tion between specifi c  AR  polymorphism to this 
disease severity ( mild to complete  androgen 
insensitivity) is reported. Finally, a number of 
monogenic disorders, listed in the “Online 
Mendelian Inheritance in Man” database, are also 
associated with spermatogenic failure, e.g., the 

   Table 31.1    Genetic    and endocrine basis of male infertility   

 Defect  Phenotype  Frequency (%) 

 Chromosomal aberrations  Azoospermia to normospermia  2–10 
 Klinefelter’s syndrome 47, XXY  Azoospermia to severe oligospermia  5–10 
 Other sex chromosome alterations  Azoospermia to normospermia  0.1–0.2 
 Robertsonian translocations  Azoospermia to severe oligospermia  0.5–1 
 Reciprocal translocation  do  do 
  Y chromosomal microdeletions   do  5–10 
 AZFa  Azoospermia to Sertoli cell syndrome  0.5–1 
 AZFb  Azoospermia to spermatogenic arrest  do 
 AZFc  Azoospermia to severe oligospermia  3–7 
 AZFb + c  Sertoli cell syndrome/ spermatogenic arrest  0.5–1 
 Partial AZFc deletion  Azoospermia to normospermia  3–5 
  Gene mutation  
 CFTR  Obstructive azoospermia  60–70 
 AR  Azoospermia to oligospermia  2–3 
 INSL3–LGR8  Cryptorchidism  4–5 
  Hypogonadotropic hypogonadism  
 Congenital: Kallmann syndrome  Azoospermia  0.5 
 Acquired: tumor, infection, autoimmune, 
pituitary infarction, and drug use 

 Azoospermia to oligospermia  0.25 

  Hypergonadotropic hypogonadism  
 Classic: Klinefelter’s syndrome  Azoospermia to severe oligospermia  5–10 
  Defective androgen synthesis response  
 5-α-Reductase defi ciency  Oligospermia 

      } 0.25
    

 Complete androgen insensitivity  Azoospermia 
 Partial androgen resistance  Oligozoospermia 

  Azoospermia = complete absence of sperm; aspermia = ejaculation does not emit any semen; oligozoospermia = <10 
million sperm/ml of semen; asthenozoospermia = >40 % of sperm have low motility; teratozoospermia = >40 % of 
sperm with abnormal morphology; necrospermia = nonviable/dead sperm; oligoasthenozoospermia = motile density <8 
million sperm/ml; hematospermia = red blood cells present in semen; pyospermia = white blood cells present in semen; 
polyzoospermia = excessively high sperm concentration  
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classic  Kallmann syndrome  and  Noonan syndrome , 
where spermatogenic failure results from 
 hypogonadotropic hypogonadism ,  cryptorchi-
dism ,  delayed puberty  or  male pseudohermaphro-
ditism , and  ambiguous genitalia  (Hardelin and 
Dode  2008 ). In cystic fi brosis (CF), spermatogen-
esis is unaffected, but congenital bilateral aplasia 
of the vas deferens (CBAVD) causes ejaculatory 
azoospermia. Some genetic disorders may have 
marked phenotypic variation, e.g., in Yq microde-
letions the testicular phenotype varies from Sertoli 
cell-only syndrome to germ cell arrest or hypo-
spermatogenesis. Hence, treatments for them 
may also require different pharmacological com-
pounds suiting to the need of the individual.  

2.2      Diagnosis and Therapy 

 The common diagnosis for male infertility is rou-
tine semen analysis where sperm concentration, 
motility, morphology, and the presence of other 
cells (spermatogenic and white blood cells) are 
assessed along with the indicators of patency and 
function of the genital tract (volume, liquefaction 
time, pH, and fructose presence or absence). This 
analysis, however, is not a test of fertility poten-
tial and indicates infertility only in the case of 
azoospermia (absence of sperm in the ejaculate: 
nonobstructive and obstructive). The majority of 
endocrine disorders are relatively simple to diag-
nose by serum hormonal profi le (FSH, LH, and 
testosterone). Although major endocrine cause 
behind male infertility is either  congenital  or 
 acquired hypogonadotropic hypogonadism  which 
can be restored during puberty or adulthood by 
hormones (  http://www.endotext.org/male/male5/
maleframe5.htm    , and Salenave et al.  2012 ), it is 
important to note that in patients suffering from 
such male infertility, hormonal therapy sometimes 
fails to initiate spermatogenesis (Schaison et al. 
 1993 ; Nieschlag and Leifke  1997 ). However, due to 
lack of suffi cient knowledge regarding the biology 
of the individual cell types present inside the semi-

niferous epithelium and regarding genes expressed 
by these cells affecting pathophysiology of the 
onset and progression of infertility, the idiopathic 
nature of certain forms of male infertility prevails.  

2.3      Approaches to Understand 
Genes Regulating 
Spermatogenesis 

 There are major three independent approaches 
budding to understand the molecular basis of the 
pathophysiology of male infertility to develop 
potential therapeutics for treatment. 

 The    functional genomics approach, where 
somatic and germinal cell-specifi c genes are being 
identifi ed, which may have a probable role in the 
 regulation of spermatogenesis. Till date, a number 
of genes related to male fertility have been identi-
fi ed with the use of targeted gene disruptions in 
mouse models, in which over 400 mutant mouse 
lines displaying abnormal reproductive function 
have been developed (for details see Matzuk and 
Lamb  2002 ,  2008 ; Hwang et al.  2011 ). Microarray 
analysis of transcripts expressed in the testes 
of neonatal to adult mice identifi ed 351 genes 
expressed exclusively in the male germ line and 
1,652 genes upregulated at the time of or after the 
onset of meiosis. Overexpression models by 
transgenesis or loss of expression either by 
knockout or knockdown mice models can reveal 
the function of these genes further (for details see 
Majumdar et al.  2009 ). MicroRNA (miRNA)-
mediated posttranscriptional gene regulation has 
emerged as a fundamental mechanism controlling 
normal tissue development and function. Using a 
mouse mutant with a hypomorphic Dicer1 allele, 
Otsuka and group ( 2008 ) demonstrated that Dicer1 
defi ciency resulted into infertility in females. 
MiRNA has also been shown to be involved in the 
regulation of male infertility (Papaioannou and 
Nef  2010 ). Our current knowledge on miRNA 
regulation and posttranslational modifi cation in 
each component of the healthy reproductive 
systems and associated infertility is limited and 
superfi cial. However, a very recent study by 
Ogorevc et al. ( 2011 ) has listed SNPs of miRNA 
target sites in some of the genes associated with 
male fertility, and this miRNA-related database 
may have future relevance for the development of 
novel male infertility-associated genetic markers. 

 The second line of research includes  tran-
scriptome profi ling  of the genes differentially 
expressed using testicular biopsy samples from 
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infertile and fertile human males. The gene list 
made from the data of high-throughput profi ling 
facilitates the identifi cation of candidate genes 
involved in the pathophysiology of infertility and 
is the fi rst step for practicing the pharmacogenetics 
of male infertility. Table  31.2  summarizes some 
of the pioneering studies carried out in this area 
in various populations across the globe.

   In the    fi nal approach, the contribution of genetic 
polymorphisms to male infertility and, more impor-
tantly, as markers for a pharmacogenomic method 
to the treatment of infertile males (for details 
see reviews in Matzuk and Lamb  2008 ). Gene-
targeted sequencing studies have reported a 
number of SNPs signifi cantly associated with 
male infertility. For example, KIT tyrosine kinase 
receptor and its ligand KITLG are involved in the 
survival and proliferation of germ cells. Animal 
models and functional studies in humans suggest 
that this signalling pathway plays a role in male 
infertility (Matzuk and Lamb  2008 ). In a study, 
total of 167 idiopathic infertile men (sperm counts 
<5 million sperm/ml) and 465 unrelated healthy 
controls from the same geographical region were 
genotyped for SNPs in  KIT  gene (Galan et al. 
 2006 ). They found statistically signifi cant asso-
ciation of the rs3819392 polymorphism, which is 
located within the  KIT  gene, with idiopathic 
male infertility. In addition, a deviation from the 
Hardy–Weinberg equilibrium (HWE) law was 
observed for rs10506957 poly mor phism within 
the  KITLG  gene only in the infertile group 
indicating that the KIT/KITLG system may be 
involved in a low sperm count trait in humans. 
Similarly, SNPs of other genes associated with 
male infertility have been identifi ed and replicated 
by multiple studies including aryl hydro carbon 
receptor repressor ( AHRR ; Watanabe et al.  2004 ; 
Merisalu et al.  2007 ) and methylenetetrahydrofo-
late reductase ( MTHFR ; Park et al.  2005 ; Lee 
et al.  2006 ). Table  31.3  summarizes some other 
pioneering studies carried out in this area.

3          Female Infertility 

 Out of 15 % of couples globally who are childless, 
50 % contribution stems from the “female factor” 
(  http://www.americanpregnancy.org/infertility/

femaleinfertility.html    ). With the complexity of 
the process of oogenesis where multiple genes 
are involved (Matzuk and Lamb  2002 ,  2008 ; 
Hwang et al.  2011 ), it is diffi cult to fi gure out the 
relative contribution of a single gene in this 
process. Figure  31.2  describes the types and pre-
valence of female infertility.

3.1        Ovarian Failure 

 Ovulatory disorders are one of the most common 
reasons why women are unable to conceive and 
account for about 30 % of women’s infertility. 
Premature ovarian failure (POF) is a disorder 
affecting the ability of a woman’s ovaries to func-
tion correctly. It is also known as primary ovarian 
insuffi ciency and is characterized by absence of 
menstrual bleeding, low estrogen levels, and pos-
sible onset of autoimmune diseases in women 
younger than 40 years. A proportion of women 
with spontaneous POF have mutations in the 
FMR1 gene (Verkerk et al.  1991 ). This X-linked 
disorder is caused by the absence of a protein 
coded by the fragile X mental retardation 1 gene 
( FMR1 ). The genetic determinants of  FMR1  are 
complex and are related to the length of a poly-
morphic expansion of CGG trinucleotides in the 
5′ untranslated region of the gene. (This is the 
gene mutation responsible for fragile X syn-
drome – the most common cause of hereditary 
mental retardation). The risk of a woman having 
this mutation is higher if she has a family history 
of premature ovarian failure. Around 24 % of 
women with permutation in this gene show POF 
(Shwartz et al.  1994 ; Wittenberger et al.  2007 ). 

3.1.1      SNPs Associated with Female 
Infertility with Respect 
to Ovulation 

 Unlike the males, a large number of studies have 
been done in the recent past to indentify the asso-
ciation of SNPs in controlling female fertility. 
For example   , polymorphisms in genes including 
FSH-R, LH-R, LH-β, Cyp11A1, Cyp19A1, ESR1, 
ESR2, PGR, AMH/AMHR2, GDF9, BM15, 
SOD2, SHBG, studied in relation to controlled 
ovarian hyperstimulation (COH) outcome in 
infertile women undergoing IVF treatment, are 
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methodically studied by several investigators 
and compiled elegantly by Altmäe et al. ( 2011 ). 
Following excerpt on various genes is taken from 
this review. There is suffi cient evidence to state 
that genetic variation in FSH-R has a role in COH 
outcome. In short, the FSH-R 680Ser variant was 
originally associated with elevated basal levels 
of FSH (a key marker of ovarian reserve and the 
best-known predictor of COH response) and 
elevated gonadotrophin requirements during COH 
(Perez Mayorga et al.  2000 ). Important proof of 
principle studies have been performed on the 
p.N680S polymorphism of the FSH-receptor gene. 
A large body of evidence from a study in healthy 
volunteers and from clinical studies suggests that 
granulosa cells of homozygous Ser680/Ser680- 
type women are more resistant to FSH action. 
Genotyping of women scheduled for ovarian 
stimulation for assisted reproduction could be an 
attractive test to tailor the gonadotrophin dose 
based on the individual patient’s susceptibility to 
administered FSH (Haller-Kikkatalo et al.  2012 ). 
Several polymorphisms in the LH-β gene located 
at chromosome region 11p13 gene have been 
identifi ed (179 SNPs;   www.snpper.chip.org    ); 
three polymorphisms in the coding area have been 
related to decreased LH activity (Haavisto et al. 
 1995 ): polymorphisms Trp8Arg and Ile15Thr 
were associated with suppressed fertility (Berger 
et al.  2005 ), repeated loss of pregnancy, and 
menstrual irregularities leading to infertility 
(Furui et al.  1994 ). The Gly102Ser SNP has been 
associated with infertility and menstrual disor-
ders (Ramanujam et al.  1999 ). The variant 8Arg- 
15Thr has been found to be more frequent among 

hyporesponders to rFSH in IVF clinics (Alviggi 
et al.  2009 ). Studies in women with higher rFSH 
consumption and low COH res ponses suggested 
that ovarian outcome was improved by treatment 
with exogenous LH and which also reduced con-
sumption of rFSH (De Placido et al.  2004 ). 
Several polymorphisms have been identifi ed 
(over 520 SNPs according to   www.snpper.chip.
org     database) in LHR gene which is located at 
chromosome region 2p21, with 11 exons. In iatro-
genic ovarian hyperstimulation syndrome (OHSS) 
patients, 18insLeuGln polymor phisms in the cod-
ing region of LHR showed no asso ciation between 
these variants and the development of OHSS 
(Kerkela et al.  2007 ). The cytochrome P450, fam-
ily 11, subfamily A, poly peptide 1 (CYP11A1) 
gene is located at chromosome region 15q23–
q24, with 9 exons, and several SNPs have been 
identifi ed (241 SNPs,   www.snpper.chip.org    ). A 
polymorphism in the pro moter region of the gene 
(TTTTAn) was strongly related to hyperandrogen-
emia and polycystic ovary syndrome in COH-
treated women, including those at a high risk of 
OHSS (Gharani et al.  1997 ). 

 In ovarian steroidogenesis, aromatase is one 
of the key enzymes which catalyzes the fi nal 
stage of conversion of the androgens testosterone 
and androstenedione to estradiol and estrone, 
respectively. The aromatase gene (CYP19A1) is 
another candidate which may be targeted for 
pharmacogenetic approach of female infertility. 
The CYP19A1 gene is located at chromosome 
region 15q21.1 and comprises 10 exons, where the 
last 9 (II–X) are coding exons and the fi rst exon, 
one of nine alternative untranslated fi rst exons, 

Ovulatory failure and hypogonadism T

Pevlic disorders UT/T

Age UT

Others?

  Fig. 31.2    Prevalence of female infertility.  UT  untreatable,  T  treatable       
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regulates tissue-specifi c expression (Sebastian 
and Bulun  2001 ). Over 1,080 SNPs in the aroma-
tase gene have been identifi ed according to 
  www.snpper.chip.org    . Women carrying shorter 
CYP19A1 (TTTA)n repeats exhibit lower estro-
gen concentrations (Haiman et al.  2000 ; Tworoger 
et al.  2004 ). Undoubtedly, estrogen receptors 
(ESRs) are important candidates in ovarian 
responsiveness to FSH, since direct effects of 
estrogens on follicle growth, maturation, and 
oocyte release are well established (Goldenberg 
et al.  1972 ). Estrogens play an important role in 
endometrial preparation for implantation in addi-
tion to folliculogenesis (Speroff and Fritz  2005 ). 
SNP studies in estrogen receptors suggested that 
estrogen receptor signalling pathways have a role 
in COH outcome (Altmäe et al.  2011 ). Similarly, 
progesterone receptor (PGR) is important; several 
polymorphic variants in the PGR gene have been 
described, and over 910 SNPs have been identi-
fi ed (  www.snpper.chip.org    ). During early follicle 
development, folic acid modulates growth of 
immature follicles (Twigt et al.  2011 ). In animal 
models, insuffi cient folate intake is known to 
impair fertility (Mooij et al.  1992 ). The MTHFR 
677C/T polymorphism is the most infl uential and 
prevalent genetic variation affecting folate meta-
bo lism. MTHFR 677 CT heterozygotes have a 
higher proportion of good quality embryos and an 
increased chance of pregnancy (Laanpere et al. 
 2011 ). In addition to the MTHFR 677C/T poly-
morphism, the other studied folate pathway SNPs 
are known to affect outcome of IVF. MTHFR 
1793 GA, SLC19A1 80 GA, and CTH 1208 GT 
heterozygotes showed a lower probability of pre-
viously failed IVF treatments, while women het-
erozygous for FOLR1 1816 C/delC and linked 
1841 G/A showed an increased risk of pregnancy 
loss (Laanpere et al.  2011 ). Bone morphogenetic 
protein 15 (BMP15) and growth differentiation 
factor 9 (GDF9) are expressed in oocytes from 
early-stage follicles (Aaltonen et al.  1999 ). Both 
proteins play crucial roles in determining follicle 
growth and ovulation rates. The gene for GDF9 is 
located at chromosome region 5q31.1, and that for 
BMP15    is at Xp11.2. Naturally occurring muta-
tions in sheep have been identifi ed in both genes, 
affecting ovulation rate and fecundity (Gemmell 

and Slate  2006 ). In humans, polymorphisms in 
GDF9 and BMP15 are also associated with 
fecundity and an increased incidence of dizy-
gotic twinning (Palmer et al.  2006 ); premature 
ovarian failure has also been reported in some 
cases (Kovanci et al.  2007 ). The SOD2 Ala/Ala 
genotype was associated with a higher number 
of total and fertilized oocytes following COH, 
and it was an independent predictor of pregnancy 
(Ruiz-Sanz et al.  2010 ). A study by Legro et al. 
( 2008 ) is a substudy of a multicentric, double-
blinded, prospective study on pregnancy in poly-
cystic ovary syndrome (PCOS) and is reviewed 
by Goldenberg and Glueck ( 2008 ), as stated here. 
In this study, 626 infertile women with poly-
cystic ovary syndrome were randomly assigned 
to receive 50 mg clomiphene citrate plus placebo 
( n  = 209), 2 g extended-release metformin plus 
placebo ( n  = 208), or a combination of metformin 
and clomiphene ( n  = 209) for up to six cycles. Of 
626 patients in the original study, 312 women 
participated in the pharmacogenetic substudy; 98 
received metformin XR (2 g/day), 102 clomi-
phene, and 112 combined clomiphene–metformin 
XR treatment. This study was designed “to iden-
tify predictive genetic polymorphism and other 
determinants of ovulatory response” in prospec-
tive fashion. Candidate genes tested included 
estrogen receptor 1 ( ESR1 ), CYP genes ( CYP2C9  
and  CYP2D6 ), and  STK11 .  STK11 , formerly 
known as  LKB1 , is a serine–threonine kinase 
gene expressed in the liver, which phosphorylates 
and activates AMP-activated protein kinase. 
It was shown to be a site of metformin action. 
The C allele of a SNP in the  STK11  gene was 
associated with a signifi cantly decreased chance 
of ovulation in polycystic ovary syndrome 
women treated with metformin. In analysis of 
ovulation per cycle, the adjusted odds ratio for 
CC versus GG (wild-type normal) was 0.30 
(95 % CI: 0.14–0.66), and the odds ratio for CG 
versus GG was 0.30 (95 % CI: 0.14–0.66). This 
elegant study is of great importance because 
despite treatment, many women with polycystic 
ovary syndrome fail to ovulate, 24.9 % in the 
clomiphene group, 44.7 % in the metformin 
group, and 16.7 % in the clomiphene–metformin 
group. For further details also see Table  31.4 .
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3.2          Implantation and Endometrial 
Failure 

 Endometrium is a dynamic tissue that responds 
on a cyclic basis to circulating levels of the 
ovarian- derived steroid hormones, estradiol and 
progesterone. The orchestrated events in endo-
metrium help and permit the successful blasto-
cyst implantation and the associated events 
begin from endometrial receptivity to embryonic 
implantation in a particular time frame (Hess 
et al.  2006 ). The endometrium is receptive to 
embryonic implantation during a defi ned window 
that is temporally and spatially restricted, and if 
there is any perturbance, it may cause infertility in 
women. Kao et al. ( 2002 ) has applied paralleled 
gene expression profi ling using high- density 
oligonucleotide microarrays to investigate the 
diagnostic tests for endometriosis and targeted 
drug discovery for treatment of endometriosis- 
based implantation failure. The current lack of a 
robust test for endometrial receptivity impairs 
clinician’s ability to diagnose infertility of endo-
metrial origin, confounding decision-making in the 
application of artifi cial reproductive technolo-
gies, for example, whether or not to transfer an 
embryo in any particular cycle. Gene array analy-
ses have identifi ed genes that are regulated across 
the menstrual cycle (Giudice  2004 ; Ponnampalam 
et al.  2006 ) and in women undergoing IVF 
(Horcajadas et al.  2007 ), but no clear genetic 
markers of the receptive phase have emerged. 
New proteomics technologies provide a clear 
opportunity for biomarker discovery aimed at 
improving patient outcomes from IVF and embryo 
transfer. Proteomic studies have demonstrated 
the complexity of the human uterine secretome 
during the period in which endometrial receptiv-
ity is attained and that secretome is altered in 
women with unexplained infertility. Many of the 
regulatory proteins anticipated to be present in 
uterine fl uid were not detected. The existing stud-
ies have identifi ed large numbers of potential 
biomarkers for a number of clinically important 
diseases of the female reproductive tract and 
infertility. While existing studies have identifi ed 
large numbers of potential biomarkers for a num-
ber of clinically important diseases of the female 

reproductive tract and infertility, there remains 
ample scope to apply both existing and emerging 
proteomics technologies in the context of 
reproductive disease and unexplained infertility. 
Detection of crucial disturbances in the concen-
tration of metabolites by metabolomic profi ling 
of key biomarkers can be benefi cial in the manage-
ment of various medical conditions, including 
female factor infertility. Metabolomics can refl ect 
various phenotypes at a functional level with 
close relations to the reproductive disorders and 
infertility (Goldsmith et al.  2010 ). 

 Despite of such studies and identifi cation of 
SNPs involved in female infertility, the pharma-
cogenomics of ovulation induction facilitating 
decisions on who, when, and how to treat is in 
its infancy, and a lot is needed to be achieved 
(Overbeek and Lambalk  2009 ). However, 
genome-wide association studies (GWAS) are 
powerful tools used to identify genetic factors 
that infl uence drug responses, with no a priori 
assumptions (Altmäe et al.  2011 ). From the 
effect of individual variation on drug response, 
i.e., pharmacogenetics, GWAS has given rise 
to pharmacogenomics: whole-genome impact 
on drug responses. Ideally, pharmacogenetic/
genomic studies will eventually lead to an era in 
which an individual’s DNA sequence is regarded 
as an integral determinant of drug therapy 
(Giacomini et al.  2007 ). The most predictive 
evaluation of fertility including ovulation, preg-
nancy, and sperm production will involve a 
combination of phenotypic (patient’s age, weight, 
gonadal morphology, basal gonadotrophin levels, 
and other blood serum markers) and genetic 
markers, which will be applied in routine diag-
nostic tests before a therapy is planned. 

 Although most commonly used drugs for regu-
lation of male and female fertility and ovulation 
are antiestrogenic compounds for the release of 
gonadotrophins and other hormone agonists and 
antagonists, viz., Clomid, Serophene, Femara, 
Follistim, Gonal-F, Bravelle, Fertinex, Ovidrel, 
Proctinal, Parlodel, Novarel, Pregnyl, Menogon, 
Repronex, Menopur, Nugon, Antagon, Cetrotide, 
Lupron, Synarel, Zoladex, Ladogal, Nolvadex, 
Cetrorelix, Antagon, Buserelin, and Lucrin 
(for details see   http://infertility.about.com/od/
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infertilitytreatments/a/fertility_drugs.htm    ); none 
has yet been investigated in true sense with respect 
to genetic makeup of an individual. For the treat-
ment of infertility, it will take some time before 
the choice of drug could be truly individualized.   

4      Conclusion 

 Pharmacogenomics aims to develop rational 
means to optimize drug therapy based on gene 
expression or single-nucleotide polymorphisms, 
with respect to the patients’ genotype for maxi-
mum effi cacy with minimal adverse effects 
(Becquemont  2009 ; Squassina et al.  2010 ). In the 
fi eld of molecular-targeted therapy for infertility 
and associated reproductive disorders, the appli-
cation of array-based methodologies will be 
required for the identifi cation of molecular 
targets with “key” roles in the diagnosis and 
pathogenesis of infertility. Further since there is 
no information, an emphasis is required on 
deciphering the molecular mechanisms of drug 
action, identifying novel therapeutic targets and 
suitable agents to target them with, and discover-
ing molecular markers/signatures that predict 
response to therapy against multifactorial infer-
tility conditions in each affected men and women. 
The way a person responds to a drug is a complex 
trait that is infl uenced by many different genes 
and factors. Without knowing all of the genes 
involved in drug response, scientists have found 
it diffi cult to develop genetic tests that could pre-
dict a person’s response to a particular drug. With 
increasing incidents of infertility, pharmacoge-
nomics is expected to bring many benefi ts to 
patients and the health-care industry, increase the 
number of new drugs, and reduce the costs asso-
ciated with drug development (Grady and Ritchie 
 2011 ). It is clear that a lot of correlative studies 
with respect to mutation and the drug of choice are 
to be done before pharmacogenomics, and per-
sonalized medicine is successfully implemented 
in diagnosis and treatment of male and female 
infertility. In order to introduce  personalized medi-
cine into infertility management, the initiative 
should be taken that includes the following: (i) the 
development of large available omics data sets 

across various laboratories and countries in order 
to defi ne and isolate distinct subpopulations, 
(ii) construction of a global biological model of 
infertility and associated disorders in order to 
defi ne therapies accordingly, and (iii) shifting the 
focus on the treatment outcome from patient 
behavior to enhancing the clarity of results and 
treatment effi cacy.     
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 Abstract 

   Pharmacogenomics is an evolving research discipline within ophthalmology, 
but genetic data are not currently used to guide daily clinical decisions. 
Ophthalmic pharmacogenomic research has thus far focused on open-angle 
glaucoma (OAG) and age-related macular degeneration (AMD), two common 
and worldwide causes of visual loss. In the treatment of OAG and allied 
disorders, there are reported associations between various polymorphisms 
in adrenergic receptor genes and topical β-antagonists as well as between 
the prostaglandin receptor gene and a topical prostaglandin analogue. 
In the treatment of exudative AMD, there are reported associations 
between AMD-associated genes, such as  complement factor H  ( CFH ) 
and  age-related maculopathy susceptibility 2  ( ARMS2 ), and the effi cacy of 
different treatment modalities including photodynamic therapy and intra-
vitreal vascular endothelial growth factor (VEGF) antagonists. The steroid 
response associated with ophthalmic corticosteroids has been investigated, 
but no defi nite genetic associations have been reported. As additional 
pharmacogenomic trials are reported, the precise relationship between 
genotype and treatment response may become clearer. 

      Pharmacogenomics 
in Ophthalmology 
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1             Introduction 

 Pharmacogenomics is an evolving research 
discipline within ophthalmology. Open-angle 
glaucoma (OAG) and age-related macular degen-
eration (AMD) are common, worldwide causes of 
visual loss that are largely treated with pharma-
cologic therapies. Pharmacogenetic associations 
have been reported for both OAG (Schwartz et al. 
 2008 ; Moroi et al.  2009 ) and exudative AMD 
(Schwartz and Brantley  2011 ). At this time, genetic 
data are not typically used to make routine clinical 
decisions. However, as additional clinical trial results 
are collected, the potential benefi ts of pharma-
cogenomics knowledge in the care of patients with 
ophthalmic diseases will be better understood. 

 There are at least two potential roles for 
applying pharmacogenomics in the treatment 
of ophthalmic diseases. First, more therapies 
specifi cally targeted for individuals may lead to 
improved treatment outcomes and reduce patient 
exposure to ineffi cacious medications. Second, 
pharmacogenomics may lead to the development 
of novel therapies for these diseases.  

2      Open-Angle Glaucoma 

 Control of intraocular pressure (IOP) is generally 
effective in delaying the progression of optic 
neuropathy and visual loss in patients with OAG, 
normal tension glaucoma (NTG), ocular hyper-
tension, and related disorders (Costagliola 
et al.  2009a ,  b ). Two of the major categories of 
medications used to lower IOP are β-adrenergic 
antagonists and prostaglandin analogues, both of 
which have a considerable rate of nonresponse. 
Pooled data from multiple randomized clinical 
trials reported a nonresponse rate of 28 % with 
the β-blocker timolol maleate and 18 % with the 
prostaglandin analogue latanoprost (Camras and 
Hedman  2003 ). There is currently no way to 
identify these nonresponders prior to initiation of 
therapy. This “trial and error” strategy may lead 
to extra offi ce visits and exposure to additional 
medications for some patients. 

2.1      β-Adrenergic Antagonists 

 The β-adrenergic antagonists include several 
nonselective agents (β 1 - and β 2 -blockers), such as 
timolol, and one β 1 -selective agent, betaxolol 
hydrochloride. The nonselective agents are gen-
erally more effective in IOP reduction than betax-
olol (Allen et al.  1986 ). The high nonresponse 
rate associated with topical betaxolol is similar to 
the high nonresponse rate associated with systemic 
β 1 -blockers used to treat systemic hypertension 
and other diseases (Materson et al.  1993 ). 

 Most pharmacogenomic studies of β-adrenergic 
antagonists have focused on the polymorphisms 
in adrenergic receptor genes (Table  32.1 ). The 
β 1 - adrenergic receptor (β 1 -AR) gene contains 
two well-characterized single nucleotide poly-
morphisms (SNPs): Ser49Gly and Arg389Gly 
(Maqbool et al.  1999 ; Mason et al.  1999 ). 
The β 2 - adrenergic receptor (β 2 -AR) contains 
four common SNPs: Gly16Arg, Cys19Arg, 
Gln27Glu, and Thr164Ile (Green et al.  1993 , 
 1994 ; Parola and Kobilka  1994 ; Liggett  2000 ). 
The α-adrenergic receptor (α-AR) contains 
multiple subtypes, many of which have well-
characterized polymorphisms, including Del 
301–303 in  α   2B   -AR  and Del 322–325 in  α   2C   -AR  
(Flordellis et al.  2004 ). Furthermore, timolol is 
metabolized by cytochrome P40 2D6 (CYP2D6), 
and polymorphisms in  CYP2D6  are associated 
with the effi cacy of oral timolol in the treatment 
of systemic hypertension (McGourty et al.  1985 ).

   The relationship between adrenergic receptor 
genotype and presence of OAG or NTG has 
been evaluated in several studies. In a Japanese 
study of 211 OAG patients, 294 NTG patients, 
and 240 controls, there was a signifi cant associ-
ation between NTG and the  β   1   -AR  Arg389Gly 
polymorphism (Inagaki et al.  2006 ). A US series 
of 299 OAG patients and 284 controls found 
no associations between  β   2   -AR  polymorphisms 
and clinical status (McLaren et al.  2007 ). In a 
Japanese series of 92 untreated NTG patients, 
associations were reported between diurnal IOP 
measurements and  β   1   -AR  Ser49Gly,  α   2B   -AR  
Del 301–303, and  α   2C   -AR  Del 322–325 (Gao 
et al.  2010 ). 
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 In a multiracial US series of 48 normal 
volunteers, the  β   1   -AR  Arg389 homozygote geno-
type was associated with higher baseline IOP and 
a greater magnitude of response to treatment with 
betaxolol. There were no associations with  β   1   -AR  
Ser49Gly (Schwartz et al.  2005 ). An Austrian 
series of 89 normal volunteers treated with timo-
lol reported no association between IOP response 
and the homozygous haplotypes of  β   2   -AR  
polymorphisms Arg16/Gln27, Gly16/Gln27, and 
Gly16/Glu27 (Fuchsjager-Mayrl et al.  2005 ). 
In contrast, in a US series of 210 patients with 
OAG or suspected glaucoma,  β   2   -AR  Gln27 homo-
zygotes were more likely to have a 20 % or 
greater decrease in IOP following treatment with 
topical β-blockers (McCarty et al.  2008 ). 

 At least two series have studied associations 
between genotype and systemic toxicity to oph-
thalmic timolol. In a Finnish group of 19 OAG 
patients and 18 normal volunteers treated with 
timolol,  β   1   -AR  Ser49 homozygotes had higher 
systolic blood pressure and higher diastolic blood 
pressure than Gly49 carriers following a head-up 
tilt test. In this series, the investigators also studied 

polymorphisms of  CYP2D6  and the α-subunit of 
G protein ( GNAS1 ). Subjects determined to be 
poor  CYP2D6  metabolizers (zero functional 
alleles) had less favorable pharmacokinetic and 
pharmacodynamic parameters than other sub-
jects with aqueous timolol, but not with hydrogel 
timolol. The CC allele of the thymine-by- cytosine 
replacement at the base 393 (T393C) in  GNAS1  
was associated with a lower change in diastolic 
blood pressure from rest to maximum during 
exercise (Nieminen et al.  2005 ). Similarly, in a 
Chinese series of 133 OAG patients, systemic 
bradycardia associated with topical timolol was 
more common with the  CYP2D6  Arg296Cys 
polymorphism (Yang et al.  2009 ).  

2.2      Prostaglandin Analogues 

 Latanoprost is a highly selective agonist of the 
prostaglandin F 2α  (FP) receptor (Stjernschantz 
et al.  1995 ). A Japanese series of 100 normal 
volunteers treated with latanoprost reported 
that the SNPs rs3753380 and rs3766355 in the 

   Table 32.1    Pharmacogenomics of β-adrenergic antagonists   

 Gene(s)  Results  References 

 β 1 -AR  β 1 - AR  Arg389Gly associated with normal tension glaucoma  Inagaki et al. ( 2006 ) 
 β 2 -AR  No association between β  2   -AR  and open-angle glaucoma  McLaren et al. ( 2007 ) 
 Multiple  Association between diurnal IOP in untreated NTG patients 

and β 1 - AR  Ser49Gly, α 2B - AR  Del 301–303, and α 2C - AR  
Del 322–325 

 Gao et al. ( 2010 ) 

 β 1 -AR  β  1   -AR  Arg389 homozygotes had higher baseline IOP 
and greater response to betaxolol 

 Schwartz et al. ( 2005 ) 

 β 2 -AR  No association between β  2   -AR  and response to timolol  Fuchsjager- Mayrl et al. ( 2005 ) 
 β 2 -AR  β  2   -AR  Gln27 homozygotes more likely to experience 

a 20 % or greater decrease in IOP following treatment 
with β-blockers 

 McCarty et al. ( 2008 ) 

 Multiple  Upon treatment with timolol, β  1   -AR  Ser49 homozygotes 
had higher systolic and diastolic blood pressure using 
head-up tilt test; poor  CYP2D6  metabolizers had less 
favorable pharmacokinetic and pharmacodynamic 
responses to aqueous timolol;  GNAS1  CC homozygotes 
of T393C polymorphism associated with lower change 
in diastolic blood pressure from rest to maximum 
during exercise 

 Nieminen et al. ( 2005 ) 

  CYP2D6    CYP2D6  Arg296Cys associated with greater risk 
of systemic bradycardia when exposed to timolol 

 Yang et al. ( 2009 ) 
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FP receptor gene were associated with the 
magnitude of response to therapy (Sakurai et al. 
 2007 ). Using pathway analysis, the following 
related polymorphisms were studied and reported 
to have no relationship with IOP reduction: 
 prostaglandin transporter  T396A (van der Zwaag 
et al.  2002 );  fatty acid amide hydrolase  P129T 
(Sipe et al.  2002 );  matrix metalloproteinase-1  
promoter- 1607 insG (Rutter et al.  1998 );  matrix 
metalloproteinase- 2   promoter C-1306T (Price et al. 
 2001 );  matrix metalloproteinase-3  promoter-
 1171 delA (Ye et al.  1995 ); and  matrix 
 metalloproteinase- 9     promoter C-1562T and CA 
repeats (Zhang et al.  1999 ; St. Jean et al.  1995 ).   

3      Age-Related Macular 
Degeneration (AMD) 

 Age-related macular degeneration (AMD) is the 
leading cause of irreversible visual loss among 
the elderly in Western nations (Resnikoff et al. 
 2004 ). Patients with AMD are typically classifi ed 
as having exudative (neovascular) disease if 
there is evidence of choroidal neovascularization 
(CNV) and non-exudative (non-neovascular) if 
there is not (Ambati et al.  2003 ). 

3.1      Non-exudative AMD 

 At this time, there is no proven effective therapy 
to reduce visual loss due to non-exudative AMD. 
The Age-Related Eye Disease Study (AREDS) 
reported that a specifi c combination of antioxi-
dants and zinc reduces progression to advanced 
disease and visual loss in certain patients with 
non-exudative AMD (Age-Related Eye Disease 
Study Research Group  2001 ). 

 A polymorphism in the complement factor H 
gene ( CFH ) is strongly associated with AMD 
presence (Edwards et al.  2005 ; Haines et al. 
 2005 ; Klein et al.  2005 ; Hageman et al.  2005 ) 
and progression (Seddon et al.  2007 ). A second 
major risk locus includes the  ARMS2  ( age- 
related maculopathy susceptibility 2 , also 
known as  LOC387715 ) and  HTRA1  ( HtrA serine 
peptidase 1 ) genes and is also strongly associated 

with AMD (Jakobsdottir et al.  2005 ; Rivera et al. 
 2005 ; Yang et al.  2006 ; Dewan et al.  2006 ). 
Because the two genes are in strong linkage 
disequilibrium and their effects are statistically 
indistinguishable, it has yet to be determined if it 
is  ARMS2  or  HTRA1  that is responsible for the 
association with AMD. 

 A subset of patients in the AREDS trials was 
evaluated with respect to polymorphisms in  CFH  
and  ARMS2 . In this group from the AREDS, 264 
of 876 AREDS category 3 and 4 patients (30.1 %) 
progressed to advanced AMD over 5 years. 
In these patients, nutritional supplementation 
with antioxidants and zinc was associated with a 
greater reduction in disease progression in 
patients with the  CFH  Y402H TT genotype 
(68 %) than in patients with the CC genotype 
(11 %). There were no signifi cant differences in 
disease progression with respect to genotype at 
 ARMS2  A69S (Klein et al.  2008 ).  

3.2      Exudative AMD 

 A variety of pharmacologic treatments have 
demonstrated effi cacy in the treatment of CNV 
secondary to exudative AMD. Photodynamic 
therapy (PDT) with verteporfin (Visudyne, 
Novartis, Basel, Switzerland) was reported to 
reduce the risk of visual loss in patients with pre-
dominantly classic CNV (Treatment of Age- 
related Macular Degeneration With Photodynamic 
Therapy (TAP) Study Group  1999 ). Intravitreal 
injection of VEGF inhibitors (Fig.  32.1 ) has now 
become standard treatment for exudative AMD 
(Kovach et al.  2012 ). At this time, four anti- 
VEGF agents are in clinical use. Pegaptanib 
(Macugen, Eyetech, Palm Beach Gardens, FL) 
(Gragoudas et al.  2004 ), ranibizumab (Lucentis, 
Genentech, South San Francisco, CA) (Rosenfeld 
et al.  2006 ; Brown et al.  2006 ), and afl ibercept 
(Eylea, Regeneron, Tarrytown, NY) (Heier et al. 
 2011 ) are US FDA-approved for the treatment 
of exudative AMD. Bevacizumab (Avastin, 
Genentech, South San Francisco, CA) is FDA- 
approved for the systemic treatment of metastatic 
colorectal and other cancers (Yang et al.  2003 ), 
but is used extensively as an off-label intravitreal 
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treatment of exudative AMD (Rosenfeld et al. 
 2005 ). Intravitreal triamcinolone acetonide 
(Fig.  32.2 ) has proven somewhat effi cacious as 
an adjunctive therapy, especially when combined 

with PDT (Chan et al.  2009 ) or bevacizumab 
(Ahmadieh et al.  2011 ).

    Each of these agents has demonstrated effi cacy, 
but there remains a persistent and unexplained 

  Fig. 32.1    Photograph demonstrating the technique of intravitreal injection, left eye       

  Fig. 32.2    Fundus photograph, left eye, demonstrating the typical appearance of triamcinolone acetonide in the vitreous 
cavity following injection (Image courtesy of Harry W. Flynn, Jr., M.D.)       
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variability among patients’ individual treatment 
response, especially with the anti- VEGF agents 
(Menghini et al.  2010 ). In addition, triamcinolone 
is associated with several adverse events, espe-
cially elevated IOP, which remains poorly under-
stood (Smithen et al.  2004 ). PDT is delivered as 
an intravenous infusion combined with the use 
of a photoactivator. The anti-VEGF agents are 
delivered as intravitreal injections, which are 
associated with a low risk of endophthalmitis and 
other serious complications (Schwartz et al. 
 2009 ). Similar to medications used to treat OAG, 
there is currently no reliable way to identify non-
responders prior to treatment. 

3.2.1      Photodynamic Therapy (PDT) 
 Most pharmacogenetic studies of PDT have 
focused on the AMD-associated variants  CFH  
Y402H and  ARMS2  A69S, although other genes 
have been studied, including  C-reactive protein  
( CRP ),  VEGF  (or  VEGFA ),  pigment epithelium- 
derived factor  ( PEDF ), and  apolipoprotein E  
( APOE ) (Table  32.2 ).

   In a series of 27 patients from England treated 
with PDT, those with the  CFH  Y402H CC genotype 
lost, on average, more letters of visual acuity than 
did patients with the CT genotype (Goverdhan 
et al.  2008 ). A subsequent series of 69 patients 
from the USA reported that mean visual acuity 
following PDT was worse in patients with  CFH  
Y402H TT than with CT or CC, in patients with 
classic CNV but not occult CNV. There was no 
association seen between visual outcome and 
 ARMS2  A69S (Brantley et al.  2009 ). 

 In a series of 110 patients from Japan,  HTRA1  
rs11200638 GG was associated with improved 
visual acuity outcomes and less risk of disease 
recurrence following PDT. In this study, the com-
bination of  CFH  rs1410996 and rs2274700 was 
associated with a reduction in the time interval 
until disease recurrence following PDT. There 
was no association between PDT outcomes 
and  CFH  rs1061170 (Y402H) and rs800292; 
 VEGF  rs699947, rs1570360, and rs2010963; and 
 PEDF  rs12150053, rs12948385, rs9913583, and 
rs1136287 (Tsuchihashi et al.  2011 ). 

 Other series from Finland (Seitsonen et al.  2007 ), 
Israel (Chowers et al.  2008a ), and Australia 

(Feng et al.  2009 ) reported no association 
between PDT outcomes and  CFH  Y402H. A sub-
sequent series form Israel reported no associa-
tions between PDT and  ARMS2  A69S or  HTRA1  
rs11200638 (Chowers et al.  2008b ). 

 Polymorphisms in other genes have been 
linked to PDT outcomes. An Australian series of 
273 patients reported an association between 
PDT outcomes and two of nine polymorphisms 
(rs2808635 GG and rs876538 AA) in  CRP  (Feng 
et al.  2009 ). In a series of 86 patients from 
Finland, two (rs699947 and rs2146323) of three 
 VEGF  polymorphisms were associated with PDT 
treatment outcomes, using a binary responder/
nonresponder classifi cation (Immonen et al.  2010 ). 

 A series of 90 Italian patients treated with 
PDT for classic CNV was screened for polymor-
phisms in genes related to coagulation, including 
 factor V  G1691A,  prothrombin  G20210A, 
 factor XIII-A  G185T,  methylenetetrahydrofolate 
reductase (MTHFR)  C677T,  methionine synthase  
A2756G, and  methionine synthase reductase  
A66G. Using a binary responder/nonresponder 
classifi cation, responders were associated with 
 prothrombin  G20210A and  MTHFR  677T carriers, 
and nonresponders were associated with  factor 
XIII-A  185T carriers (Parmeggiani et al.  2007 ). 
The same group subsequently reported a series 
of 84 patients treated with PDT for occult CNV; 
in these patients, responders were associated 
with the combination carriers of  factor V  1691A 
and  prothrombin  20210A alleles, while nonre-
sponders were associated with f actor XIII-A  
G185T (Parmeggiani et al.  2008 ). The same 
investigators also reported a series of 234 patients 
treated with PDT for CNV secondary to patho-
logic myopia, rather than AMD. They reported 
an association between responders and carriers 
of  MTHFR  677T allele and between nonre-
sponders and  factor XIII-A  185 GT/TT genotypes 
(Parmeggiani et al.  2010 ).  

3.2.2      Anti-VEGF Agents 
 At this time, all reported pharmacogenetic 
studies of anti-VEGF agents have involved 
bevacizumab or ranibizumab. Again, most studies 
have focused on  CFH  Y402H and  ARMS2  A69S 
(Table  32.3 ).
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   Table 32.2    Pharmacogenomics of photodynamic therapy   

 Gene(s)  Results  References 

  CFH    CFH  Y402H CC associated with worse 
visual outcomes 

 Goverdhan et al. ( 2008 ) 

  CFH  and ARMS2   CFH  Y402H TT associated with worse 
visual outcomes in classic CNV; 
no association with  ARMS2  

 Brantley et al. ( 2009 ) 

  CFH, HTRA1, 
VEGF , and PEDF 

  HTRA1  GG associated with more favorable 
treatment outcomes; combination of 2  CFH  
genotypes associated with reduced time interval 
until disease recurrence; no other associations 

 Tsuchihashi et al. ( 2011 ) 

  CFH   No association  Seitsonen et al. ( 2007 ) 
  CFH   No association  Chowers et al. ( 2008a ) 
  CFH  and CRP  No association with  CFH ; 2 of 9  CRP  polymorphisms 

associated with more favorable treatment response 
 Feng et al. ( 2009 ) 

  ARMS2  and HTRA1  No associations  Chowers et al. ( 2008b ) 
  VEGF   2 polymorphisms associated with response to treatment  Immonen et al. ( 2010 ) 
 Multiple  Classic CNV:  prothrombin  G20210A and 

 MTFHR  C677T associated with treatment 
response;  factor XIII-A  G185T associated 
with nonresponse; no other associations 

 Parmeggiani et al. ( 2007 ) 

 Multiple  Occult CNV: combination of  factor 
V  1691A and  prothrombin  20210A alleles associated 
with response;  factor XIII-A G185T associated with 
nonresponse; no other associations 

 Parmeggiani et al. ( 2008 ) 

 Multiple  Pathologic myopia:  MTHFR 677T allele associated 
with response;  factor XIII-A 185 GT/TT genotypes 
associated with nonresponse 

 Parmeggiani et al. ( 2010 ) 

   Table 32.3    Pharmacogenomics of anti-vascular endothelial growth factor therapy   

 Treatment  Genes  Result  References 

 Bevacizumab   CFH  and ARMS2   CFH  Y402H CC associated with worse 
visual outcomes; no association with  ARMS2  

 Brantley et al. ( 2007 ) 

 Bevacizumab   CFH    CFH  Y402H CC associated with 
worse visual outcomes 

 Nischler et al. ( 2011 ) 

 Ranibizumab   CFH    CFH  Y402H CC associated with more 
injections required 

 Lee et al. ( 2009 ) 

 Ranibizumab   CFH  and ARMS2   ARMS2  A69S TT and  CFH  Y402H CC 
associated with worse visual outcomes 

 Teper et al. ( 2010 ) 

 Ranibizumab   CFH     CFH  Y402H CC associated with poor 
treatment response; combination 
heterozygotes at  CFH  Y402H and  FZD4  
rs10896563 associated with more 
favorable outcomes; no other 
associations 

 Kloeckener-Gruissem 
et al. ( 2011 ) 

 Ranibizumab   CFH, HTRA1 , 
and VEGF 

  CFH  Y402H TC associated with better 
visual outcomes; no association with 
number of injections with any gene 

 McKibbin et al. ( 2012 ) 

 Bevacizumab 
and/or ranibizumab 

  APOE    APOE  ε4 associated with better 
treatment outcomes 

 Wickremasinghe 
et al. ( 2011 ) 

 Bevacizumab 
or ranibizumab 

  CFH, ARMS2, 
HTRA1 , and C3 

 No statistically signifi cant differences 
for any gene 

 Hagstrom et al. ( 2013 ) 
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   In a series of 86 US patients treated with bev-
acizumab, patients with the  CFH  Y402H CC gen-
otype experienced less favorable visual results than 
other two genotypes (TC and TT), while there were 
no associations with  ARMS2 / LOC387715  
(Brantley et al.  2007 ). Similar results were reported 
in a series of 197 patients from Austria, in which 
patients with  CFH  Y402H CC on average lost 
visual acuity, while patients with CC or TC on 
average gained visual acuity following treatment 
with bevacizumab (Nischler et al.  2011 ). 

 In a series of 156 US patients treated using an 
as-needed protocol with ranibizumab, the  CFH  
Y402H CC polymorphism correlated with an 
increased number of injections performed 
(Lee et al.  2009 ). Similar results were reported 
in a series of 90 patients from Poland, in which 
 CFH  Y402H CC and  ARMS2  A69S TT were 
associated with relatively less favorable visual 
outcomes following treatment with ranibizumab 
(Teper et al.  2010 ). In a series of 243 Swiss 
patients treated with ranibizumab and classifi ed 
as poor responders vs. good responders,  CFH  
Y402H CC was associated with poor responders 
and the combination of heterozygous genotypes 
at  CFH  Y402H and  frizzled homolog 4  ( FZD4 ) 
rs10896563 was associated with good respond-
ers;  ARMS2 ,  HTRA1 ,  VEGFA ,  complement factor 
B  ( CFB ),  kinase insert domain receptor  ( KDR ), 
and  low-density lipoprotein receptor-related 
protein 5  ( LRP5 ) were not associated with 
treatment outcomes (Kloeckener-Gruissem et al. 
 2011 ). A UK series of 104 patients treated with 
ranibizumab reported an association between 
visual acuity improvement of fi ve letters or more 
and  CFH  Y402H CT compared with  CFH  Y402H 
TT; the investigators also reported nonsignifi cant 
trends towards more favorable outcomes associ-
ated with  HTRA1  and  VEGF  polymorphisms 
(McKibbin et al.  2012 ). 

 In a series of 172 Australian patients treated 
with bevacizumab, ranibizumab, or a combination 
of the two medications, the  APOE  ε4 allele asso-
ciated with better visual acuity outcomes com-
pared with the  APOE  ε2 allele (Wickremasinghe 
et al.  2011 ). 

The Comparison of AMD Treatments Trials 
(CATT) was a prospective randomized clinical 

trial comparing ranibizumab to bevacizumab. 
A subset of 834 patients enrolled in CATT under-
went pharmacogenetic testing. No statistically 
signifi cant differences were found with respect to 
variants at  CFH, ARMS2, HTRA1 , and  C3  
(Hagstrom et al.  2013 ).  

3.2.3       Triamcinolone Acetonide 
 In a pilot study of 52 US patients treated with 
intravitreal triamcinolone acetonide for a variety 
of retinal diseases, including wet AMD, there 
were no signifi cant associations between visual 
outcome and six common polymorphisms of the 
glucocorticoid receptor gene ( GR ) (Gerzenstein 
et al.  2008 ). In another study of 102 Hungarian 
patients, the  GR  N363S polymorphism was 
associated with steroid-induced ocular hyperten-
sion upon treatment with topical corticosteroids 
(prednisolone acetate 0.5 %, fl urometholone 
0.1 %, or combined) after photorefractive kera-
tectomy (Szabo et al.  2007 ). 

 Other genes have been investigated with 
respect to steroid-induced IOP elevation, including 
spliceosome proteins (Xu et al.  2003 ; Yan et al. 
 2010 ) and immunophilins (Zhang et al.  2008 ). 
In a US series of 197 OAG patients, 107 steroid 
responders, and 400 normal volunteers, there 
were no associations with polymorphisms in  GR , 
the immunophilin  FKBP4 , or the spliceosomes 
 SFRS3 ,  SFRS5 , or  SFRS9  (Fingert et al.  2010 ).    

4      Summary 

 At this time, pharmacogenomics is primarily useful 
as a research tool within ophthalmology. Pharmaco-
genomic testing of ophthalmic medications is not 
generally performed in clinical settings. 

 The Pharmacogenomics Knowledgebase 
(PharmGKB) states: “Timolol is a non-selective 
beta-adrenergic agonist applied to the eye to 
reduce intraocular pressure. It is metabolized 
via CYP2D6. The FDA recommends, but does 
not require, genetic testing prior to initiating or 
reinitiating treatment with Timolol (Istalol)” 
(  http://www.pharmgkb.org/drug/PA451690    , 
accessed 9/12/12). However, the FDA Table of 
Pharmacogenomic Biomarkers in Drug Labels, 
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which lists medications that include pharmaco-
genomic information on their labels, includes 
the systemic beta-blockers carvedilol, metoprolol, 
and propanolol, but not timolol or any other 
ophthalmic medication (  http://www.fda.gov/
Drugs/ScienceResearch/ResearchAreas/
Pharmacogenetics/ucm083378.htm    , accessed 
9/12/12). 

 Although several studies of glaucoma and AMD 
therapeutics have reported statistically signifi cant 
associations between genotype and treatment 
response, none of these associations has been 
confi rmed in large-scale clinical trials. In many 
instances, the data appear inconsistent among 
studies. This may be due to important underlying 
differences in baseline genetic characteristics 
between studies, particularly between studies from 
different continents. Different studies also used dif-
ferent enrollment criteria (normal volunteers vs. 
glaucoma patients, classic CNV vs. occult), dif-
ferent study endpoints (visual acuity, anatomic 
response, number of re-treatments required), and 
statistics (continuous outcomes vs. binary “good 
responder”/“poor responder” outcomes). 

 As data from clinical trials continues to be 
collected, various pharmacogenomic relationships 
may become clearer.     
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1             End of the Beginning of a 
Great Revolution in Medicine 

 We are at the verge of a scientifi c revolution which 
is going to change how we human beings look, live, 
think, and interact. So far the revolutions have been 
in the shape of machines, which enabled us to fl y 
faster than birds, swim faster than fi sh, run faster 
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 Abstract 

   Developments in cell therapy and organ transplantation would transform 
personalized medicine as perceived today. Adult stem cells and induced 
pluripotent stem cell (iPSC) derivatives can be used to repair, rejuvenate, 
or replace damaged organs. Transplanted cells act by secreted factors, cell- 
cell interaction, and immune modulation or by repopulating the damaged 
tissue. Repopulating organs with genetically corrected progenitor cells or 
differentiated cells could correct several rare genetic diseases at a very 
personal level. Cell therapy has applications in curing infections as well from 
life-threatening fungal infections to HIV. Today tools such as zinc fi nger 
nucleases and TALENS make it possible to manipulate human genome 
precisely. In the future transplantable personalized whole organs will be 
generated using iPSC and tetraploid complementation, and techniques 
which are still in infancy. Cells and organs will be engineered and stan-
dardized to be compatible with a wide range of drugs and environmental 
conditions or become more personalized for special needs. Three dimen-
sional printing technologies can now generate simple organs like urinary 
bladder in a personalized way, but in the future, it might be possible to 
“print” more complex organs. Genetically engineered cells would play a 
major role in the future of fi ghting cancer in a personalized manner. Stem 
cell biology, genetic engineering, and regenerative medicine catapulted by 
latest deve lopments in basic sciences would revolutionize human life, and 
we need to prepare and sensitize our society well ahead. 

      Personalized Medicine in Cell 
Therapy and Transplantation 

                         Madhusudana     Girija     Sanal    

D. Barh et al. (eds.), Omics for Personalized Medicine, 
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than a cheetah, peer through the cosmic clouds, 
and communicate with people far away in space 
and so on. But the ongoing revolution in biotech-
nology is capable of changing the very nature of 
humankind – not only by conquering diseases but 
also enhancing the longevity, physical and intel-
lectual power and even our physical appearance 
as human beings. The relentless scientifi c deve-
lopments in this direction could result in several 
social issues. It is necessary to alert and prepare 
society early enough to accept these revolutionary 
consequences. Personalized medicine and stem 
cell medicine are just a part of the beginning 
events of this great revolution. It will not be sur-
prising if a reader was to interpert this chapter to 
be a mosaic of facts and fi ction. The fast-moving 
technology is realizing yesterday’s fi ctions.  

2      Cell Therapy Is Not New: 
Beginnings in Blood 
Transfusion 

 Cell therapy and other forms of regenerative 
medicine such as tissue engineering form a 
highly evolving branch of medicine. It may 
appear as a recent breakthrough but that is not the 
case. The cell therapy has its origins in blood 
transfusion, bone marrow transplantation, and 

reproductive in in vitro fertilization (freezing 
down semen and zygotes). Earlier (meaningful 
and successful) attempts at blood transfusion 
were carried out by the British obstetrician 
James Blundell. In 1818 Blundell performed the 
fi rst successful blood transfusion of human 
blood, saving the life of a woman, bleeding 
during child birth. He extracted four ounces of 
blood from her husband’s arm to transfuse into 
his bleeding wife (Welck et al.  2010 ). Modern 
cell- based therapies have progressed quite far 
from the fi rst recorded human cell therapy – 
human blood transfusion to the advanced cellular 
therapies of today (see Table  33.1 ).

   Probably the oldest, commonest, and successful 
form of “personalized cell therapy” is blood trans-
fusion. The early history of immune cell therapy 
began 20 years ago for the treatment of  blood 
cancer. Barnes and Loutit in 1957 performed an 
experiment on a mouse model of leukemia 
(cancer of the white blood cells) by injecting 
bone marrow from another mouse after giving a 
high dose of radiation to the leukemic mouse to 
destroy its own bone marrow cells. Following the 
success of this experiment, in  1965 , Mathé and 
colleagues infused pooled white blood cells into 
patients suffering from leukemia. They observed 
a correlation between the dose and the incidence 
of graft-versus-host disease (GVHD): a disease 

Applications Mechanisms Examples Major organ/cell type involved

Correction of genetic diseases Repopulation by genetically
corrected cells 

Urea cycle disorder
Primary oxaluria
α1-anti trypsin deficiency
Sickle cell anemia  

Liver
Liver, kidney
Liver, lungs
Red blood cells 

Degenerative disorders Repopulation by healthy  cells Alzheimer’s disease
Parkinson’s disease
Osteoarthritis 
Myocardial ischemic injury
Cirrhosis 

Brain
Brain
Joints
Heart
Liver 

Auto immune Repopulation by healthy  cells Type 1 diabetes Pancreas/β cells

Radiation injury Repopulation by healthy  
cells/immunomodulation or 
secreted factors 

Accidental exposure to lethal
radiation/radiotherapy

Hematological/gastrointestinal/lungs

Reconstruction Repopulation/replacement or
augmentation 

Burns/cosmetic procedures 
Congenital esophageal atresia 

Skin/soft tissue
Food piipe 

   Table 33.1    Personalized cell therapy       
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which follows transplantation when the immune 
system of the transplant recipient recognizes the 
transplant as foreign and starts attacking it 
resulting in the destruction and rejection of the 
transplant. It was later reported by Weiden 
and colleagues ( 1981 ) that there is an inverse 
correlation between relapse of the cancer and 
GVHD. Another landmark    in blood cell therapy, 
in the late nineteenth century, was the use of 
blood mononuclear cells to treat severe immu-
nodefi ciency in people suffering from chronic 
fungal infections. The fungal infections were 
immediately cleared, and this proved the immu-
nological benefi ts of mononuclear cell therapy 
(Shehata et al.  2007 ). 

 The use of adult stem cells in disease manage-
ment is a relatively old practice (bone marrow 
stem cell, infusion in treatment of blood cancers 
and certain childhood immunological diseases are 
classic examples of stem cell therapy). There are 
mainly two kinds of bone marrow transplants: 
autologous bone marrow transplant, in which stem 
cells are removed from the patient himself, as 
when he gets a high dose of radiation or chemo-
therapy and preserved at ultralow temperatures 
(cryopreservation). The same cell would be infused 
back to the patient after the “destructive” therapy. 

 Allogenic bone marrow transplant is when 
bone marrow stem cells are collected from a 
donor preferably genetically identical like a 
sibling or from an immunologically matched but 
genetically normal (for treatment of certain 
inherited diseases). Allogenic transplantation, as 
noted before, has benefi ts in certain immunolo-
gical diseases and cancers compared (immuno-
therapy) to autologous transplants. 

 Umbilical cord blood transplant is a recent 
addition. Stem cells are harvested from umbilical 
cord soon after birth. The stem cells are frozen 
down in cord blood banks till used. Umbilical 
cord stem cell transplant can be allogenic or 
autologous. However, umbilical cord blood cells 
are relatively immature but multipotent and are 
suitable for allogenic transplantations without 
signifi cant immunological complications. Many 
parents are now storing the umbilical cord 
blood in “banks” because it might be lifesaving 
in an unlikely event that their child requires a 

transplant sometime in the future. In fact not 
only the child but the parents and siblings could 
be benifi ted as well. Umbilical cord cells possess 
better repopulating capacity, when transplanted, 
as well as increased proliferative capacity, good 
engraftment, and less GVHD compared to bone 
marrow (Rosler  2000 ). It may be noted that 
umbilical cord blood cells also act by modulating 
the stem cell niche of the host by secreting cell 
signaling molecules.  

3      Stem Cells in Cell Therapy 

 Stem cells are cells which have the remarkable 
capacity to develop into one or many different 
cell types in our body. In adults they are impor-
tant in maintaining the body cell mass and func-
tion by replenishing the cells we lose every day. 
They are also important in many tissues they 
serve as a sort of internal repair system, dividing 
essentially without limit to replace other cells as 
long as the person or animal is alive (Ref.   http://
stemcells.nih.gov/info/basics/basics1.asp    ). As 
noted by Till and McCulloch in  1963 , they have 
two properties: (1) “unlimited” self-renewal and 
(2) differentiation. All stem cells do not have the 
capacity to give all other cell types found in the 
human body. Embryonic stem cells are special 
because they have the potential to give rise to all 
types of cells and tissues in our body. This quality 
of embryonic stem cells is known as “pluripo-
tence.” Embryonic stem cells differentiate to give 
rise to various adult-type stem cells which 
are committed stem cells which can also divide 
“unlimited” but can only differentiate to a limited 
types of cells. Theoretically embryonic stem cells 
can make any cell type/tissue/organ for trans-
plantation, and unlike mature cells, they can 
divide without any limit. This means, a single 
embryonic stem cell has the potential to give rise 
to an entire adult. However the problem is that 
embryonic stems cells normally occur only once 
in a person’s life time: when the individual was 
an embryo inside his or her mother’s womb. This 
makes it impractical to relay on embryonic 
stem cells for personalized regenerative medical 
applications. It may be possible to isolate few 
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 embryonic stem cells from an early embryo, 
expand them, and freeze for future use of the 
developing individual. However this is a risky and 
expensive path which also involves ethical issues. 

 Adult stem cells offer another alternative for 
personalized regenerative medicine. Adult stem 
cells and mature cell types are used for treatment. 
Adult stem cells do not occur in large numbers; 
they are very sensitive and live in very special 
environments/niches and are diffi cult to isolate. 
So, getting suffi cient number of cells for therapy 
is often diffi cult. It may be noted that several 
organs have huge regenerative capacities. Liver 
and bone are great examples. Even if two thirds 
of a liver is removed, the remaining mass is suf-
fi cient to grow back the entire liver. A single liver 
cell has the capacity to divide about 100 times, 
while an ordinary cell undergoes senescence 
after about 32 doublings. An interesting feature 
of a liver is that new liver cells come from adult 
liver cells rather than from “liver stem cells.” It is 
even interesting that proliferating hepatocytes, 
for example, after a partial liver resection, can 
give rise to not only hepatocytes but also differ-
entiate into cholangiocytes, epithelial cells lining 
the biliary tract (Michalopoulos and DeFrances 
 1997 ; Overturf et al.  1997 ; Kisseleva et al.  2010 ). 
After all it is relatively easy to isolate and trans-
plant liver cells. Despite all these favorable pro-
perties, liver cell therapy has not become a main 
therapeutic option because it is still diffi cult to 
get healthy liver cells for transplantation. For 
example, in a patient with a failing liver, most of 
the patient’s own liver cells are damaged. So we 
have to depend on his children, parents, or sib-
lings or any genetically suitable individual for 
donating a part of their liver or liver cells. 
However, in many occasions, it is diffi cult to fi nd 
a genetically matched voluntary donor. As noted 
earlier in this chapter, even after transplantation 
engraftment of transplanted cells is poor – not to 
mention the engraftment into a failing liver were 
the “environment” is even hostile – which is true 
in several causes of liver diseases such as long-
time (chronic) hepatitis C viral infection and 
fi brosis of the liver from alcoholism. On the other 
hand, cell therapy may be of great use in liver 

failure from certain types of poisoning, inherited 
genetic diseases, etc. 

3.1      Stem Cell Technology 
Might Eliminate the Need 
for Personalized Medicine 

 Stem cell technology would complement (or 
overtake and obliviate) the fi elds of genomics 
and proteomics in providing the “currently per-
ceived” benefi ts of personalized medicine. It is 
believed that genomics and proteomics would 
facilitate medicine to become more personal-
ized. However, during the next growth phase, we 
would be able to generate, replace, and even 
mass produce human organs which will not be 
rejected by the patient’s immune system. These 
organs would match the HLA types (human leu-
kocyte antigen: a cell surface determinant of 
acceptance or rejection of a transplanted organ 
by the organ recipient). In the early phase of this 
technological evolution, these “manufactured 
organs” would be generated from the patient’s 
own cells or from an induced pluripotent stem 
cell (iPSC) bank, a bank much like a blood bank 
or semen bank which stores and retrieves iPSC 
for public or private use. iPSCs are cells which 
are derived usually from mature cells, which 
have the potential to differentiate into almost any 
cell type in an adult (more details are provided 
later in this chapter) (Table  33.2 ). It is estimated 
that a tissue bank from 150 selected homozy-
gous HLA-typed volunteers could match 93 % 
of the UK population with a minimal require-
ment for immunosuppression (Taylor et al. 
 2012 ). The later generation organs would be 
more personalized and custo mized (by the 
patient himself or his doctor) having better 
genetic profi les than patients own original 
organs. For example, these later generation 
organs would be devoid of inherited/genetic 
defects and would have optimized, standardized 
performance profile. This would probably 
obliviate the need for medicine as organs would 
become more standardized and uniform. We will 
come back to this topic later in this chapter.
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4          The Promise of Cell Therapy: 
Evolving Role of Cells 
as Medicine 

 Currently transplantation is the only hope for 
several terminal diseases, but the need for organs 
far exceeds the availability. For example, a per-
son with liver failure can be saved by transplant-
ing liver cells which were cultured and expanded 
in plates and stored frozen in the laboratory 
(when an appropriate donor is available for organ 
transplantation). Currently there are several 
practical hurdles. In the case of liver cells, for 
example, it is diffi cult to grow freshly isolated 
hepatocytes (which are the most abundant liver 
cells) over a week in vitro in the laboratory with-
out losing their important functions. Even if they 
are grown, they will not engraft upon transplanta-
tion. The reasons are poorly understood. 

 Another example to illustrate the usefulness of 
cell therapy: a patient with fatal myocardial 
infarction (“heart attack”) is unlikely to survive 
without the help of artifi cial life support. In the 
future cell therapy could give a patient a new life. 
Stem cell therapy would regenerate the damaged 
cardiac muscle. A phase II, multicenter, random-
ized, double-blind, placebo-controlled study to 
evaluate the safety and effi cacy of ex vivo cul-
tured adult human mesenchymal stem cells by 
intravenous infusion following acute myocardial 
infarction is being conducted by Osiris Thera-
peutics, a US-based company (ClinicalTrials.gov 

Identifi er: NCT00877903). Mesenchymal stem 
cells (MSC) are stem cells that can preferentially 
mature into cells/tissue of “mesodermal” origin 
such as blood vessels, bone, blood, lymph nodes, 
heart, muscle, fat tissue, and fi brous tissue. 

 Diabetes (especially type 1 diabetes which is 
usually caused by autoimmune reaction in which 
one’s own cells are destroyed by altered immune 
system) can be cured by repopulating the pan-
creas with functional insulin-secreting beta 
cells, which produce the insulin. A worn carti-
lage inside a knee joint may be repaired or 
replaced by repopulating the cartilage tissue with 
cartilage- forming cells called chondrocytes. It is 
hypothesized that type 2 diabetes could be miti-
gated by adipocyte (fat cell) transplantation and 
repopulation of the old fat-ridden adipocytes 
because it is recently found that adipocytes secrete 
hormones, namely, adipokines. Adiponectin, an 
adipokine, is important in sensitizing muscles and 
liver to insulin and glucose. Another adipokine, 
leptin, decreases appetite (Sanal  2009 ). 

 Similarly, a thalassemia (an inherited disease in 
which red blood cells are produced with defective 
hemoglobin resulting in anemia and weakness) 
patient could get a permanent cure by transplanta-
tion of blood-producing stem cells which are cor-
rected for the genetic defect. A person suffering 
from Parkinson’s disease would recover following 
cell therapy intended to replenish the “dopami-
nergic” neurons which are the special type of 
nerve cells selectively damaged in this disease. 

Stages Features Technologies

1 Limited areas of medicine: drug metabolism, transplantation,
psychiatry, neurology, cardiology, diabetes, oncology

SNP-based : PCR, microarray

2 Every field of medicine, social structure and planning (family 
stucture, education, employment), finance (health care policies, 
insurance, banking)

Whole genome deep sequencing

3 Patient, specific/custom organs, drugs, and treatments Whole genome and epigenome deep sequencing,
iPSC

4 Standardized organs, tissues, standardized genomes Future technologies propelled by major advances in
basic sciences

5 Engineered and designer/custom genomes/ “metahomininans” Future technologies, change from reverse
engineering and copying  nature to independent
engineering

   Table 33.2    Stages    of evolution of personalized medicine       
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 Another major application of cell therapy is in 
the treatment of blood cancers (Shehata et al. 
 2007 ). Multiple myeloma is a type of blood cancer 
that is diffi cult to treat with anti-cancer drugs 
(chemotherapy) or radiation alone. More intense 
chemotherapy results in very low blood cell counts 
resulting in opportunistic infections, anemia, 
bleeding, and death. Using the patient’s own stem 
cells (autologous) to help increase the blood 
counts after high doses of chemotherapy is called 
autologous stem cell transplantation (ASCT). 
During an ASCT, a patient’s stem cells are given 
back to the patient all at once on a single day or in 
multiple small divisions. It has been shown that 
giving back stem cells over a period of days helps 
to increase bone marrow activity and decrease 
the time it takes for blood counts to recover after 
ASCT, lowering a patient’s risk of side effects 
and infections and overall treatment costs. 

 Few clinical trials have shown the benefi cial 
effects of cell therapy in blindness resulting from 
corneal opacity (cornea is the transparent layer 
through which the light enters the pupil, the 
aperture infront of the lens). Limbus insuffi -
ciency syndrome, for example, which is char-
ecterized by corneal surface neovascularization 
(sprouting of new blood vessels in cornea making 
it progressively opaque), loss of corneal transpar-
ency, epithelial irregularities, or repetitive ulcers 
of cornea, can be mitigated if not cured by cell 
therapy that uses cells from bone marrow 
mesenchymal stem cells or limbal stem cells in 
amniotic membrane transplant (ClinicalTrials.gov 
Identifi er: NCT01562002). Another approach is 
to make bioengineered corneas. The damaged, 
opaque parts of the cornea can be replaced by 
bio synthetic mimics of corneal extracellular 
matrix. Fagerholm, Griffi th of Linköping 
University, Sweden and others, in a population of 
ten patients, replaced the opaque anterior cornea 
without the use of any human donor tissue. They 
used synthetically cross- linked collagen, a fi brous, 
transparent protein which is amenable to modifi -
cation. It was reported that even after a 24-month 
follow-up, the biosynthetic implants remained 
without blood vessels invading and loss of trans-
parency and without the need for long-term use of 
steroids (usually administered after transplantation 

to suppress the patient’s own (host) white blood 
cells from destroying the graft) (Fagerholm et al. 
 2010 ). Yoshiki Sasai et al. from Kobe, Japan, 
have grown the precursor of a human eye in the 
lab. This was an eye-opening win for stem cell 
biologists. They successfully recapitulated the 
embryonic development of an embryonic eye, a 
structure called an optic cup which is 550 μm in 
diameter that contains multiple layers of retinal 
cells including light receptors. In future, it is 
possible that permanently damaged eyes can be 
repaired or replaced (Nakano et al.  2012 ). 

 Most of the therapies mentioned are highly 
experimental and have a high failure rate. These 
miraculous cures are highly possible, but it may 
be a long way before we develop and optimize all 
the necessary technology. However it may be 
noted that scientists are already successful in 
making artifi cial trachea (wind pipe) and uri-
nary bladder by using cells. Paolo Macchiarini, a 
Professor at the Karolinska University Hospital, 
replaced the cancerous windpipe of a 36-year-old 
man with late-stage tracheal cancer, with one 
made in a laboratory and seeded with the 
man’s cells (Macchiarini  2011 ). Anthony Atala, a 
Urologist at Wake Forest University’s Institute 
for Regenerative Medicine, was the fi rst to build a 
functioning urinary bladder made cell by cell, and 
it was transplanted into the patient (Figs.  33.1  
and  33.2 ), a child who was born with a deformed 
bladder (Pincock  2011 ).

5          Mechanisms of Cell Therapy 

 Regeneration is widespread throughout the 
animal kingdom. The capacity for regeneration 
decreases as we go “up” along the ladder of evo-
lution. Worms like planarian can regenerate their 
entire body from any tiny bit of their body. A 
salamander can regenerate an entire limb after 
amputation. Regeneration of a lizard’s tail is a 
good example from reptiles. 

 Use of MSC therapy has increased tremen-
dously in recent times – the MSC hype. MSC 
currently are being used for healing several types 
of injuries such as nerve cell injury, skin burns 
(ectodermal), gastric, colonic ulcers, pancreatitis 
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(endodermal), bone, and kidney injury (mesen-
chymal). It is possible that during natural 
evolution, mesenchymal cells were selected for 
protection of body against injuries – a mobile 
protection force against injuries and facilitating 
regeneration, the same way white blood cells 
evolved as the defense force. MSC are attracted to 
an injury site, and they would get involved in the 
repair and regeneration process at the injury site 
by undergoing differentiation into the injured cell 
type taking signals from the environment. It is 
proposed that they undergo a niche-dependent 
differentiation to help regeneration or they aid 
regeneration by stimulating the surrounding cells 
through cell signaling molecules. As noted before, 
the MSC may have their ancestors in hydra, pla-
narian, and lizard tail, but their regenerative 
capacity diminished progressively as life forms 
became “more complicated and evolved.” It is 
hypothesized that regenerative capacity is a 

double-edged sword. The same genes which 
bestow regenerative and proliferative capacity 
are linked with formation and evolution of cancer 
as well. In long-lived multicellular organisms, 
cancer is a bigger threat compared to diminished 
ability to regenerate. 

 One direct mechanism is that stem cells or pro-
genitor cells can engraft, differentiate, and replace 
damaged tissue. In this scenario the stem cells are 
directly transplanted into the damaged tissue or 
are differentiated into a specifi c cell type in vitro 
and then injected. In the former case, it will dif-
ferentiate into the desired cell type after reaching 
the site of injury. These cells then integrate into 
the site of injury, repopulate the damaged tissue/
organ, and thus improve the function of the organ/
tissue, for example, improve ment of liver function 
following injection of healthy hepatocytes in a 
child suffering from a  life- threatening liver disease 
like a urea cycle disorder (Horslen et al.  2003 ). 

Bladder cells are
isolated and expandedBladder tissue

biopsy

Bladder
augmentation

Bladder construct is
seeded with cells

Bladder mold
is configured

3-D CT images are obtained
for bladder design

  Fig. 33.1    Schemata for engineering a personalized uri-
nary bladder for a patient. First a catheter is inserted 
through the external urinary orifi ce into the bladder.  A 
small piece of the bladder tissue is removed (biopsy). This 
is grown in the laboratory in cell culture plates. The cells 
are allowed to proliferate to the required quantity. A three-
dimensional CT/MRI scan of the patient’s pelvis is done to 
decipher the dimensions of the bladder to be engineered. 
A bladder mold is confi gured based on this. Cells would 

be harvested from the culture and would be seeded on to 
the bladder mold and cultured further till cells proliferate and 
populate the bladder scaffold optimally. The bladder would 
be evaluated for quality and if it passes the tests would be 
implanted into the patient (The fi gure is adapted from the 
material provided by Dr. Antony Atala, W.H. Boyce Professor 
and Director of the Wake Forest Institute of Regenerative 
Medicine, Wake Forest Baptist Medical Center, Medical 
Center Boulevard, Winston-Salem, NC 27157)       
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 Certain forms of cell therapy rely more on the 
paracrine effects of transplanted cells than on 
transdifferentiation and functional replacement 
of damaged cells. To take advantage of this fact, 
scientists have tried to encapsulate naïve/geneti-
cally modifi ed mature cells/stem cells with semi-
permeable/selectively permeable membranes and 
to implant them at or near the site of injury to 
enhance a supportive healing microenvironment. 
The cells are administered locally (e.g., a “Band- 
Aid” containing live mesenchymal progenitor 
cells) or systemically (e.g., intracoronary admini-
stration of endothelial cells engineered to secrete 
antiplatelet factors) and will remain viable only 
for a relatively short period (hours to weeks). 
However, this much time is suffi cient for them to 

secrete the natural “healing factors” or the relevant 
“engineered” therapeutic factors or to induce 
epigenetic changes in the microenvironment. 
Cells that secrete factors that facilitate angio-
genesis, anti-infl ammation, and anti-apoptosis are 
prime examples of this. It has been observed that 
bone marrow transplantation mitigates hemato-
poietic syndrome (a disease condition caused by 
mass destruction of bone marrow cells resulting 
in decreased immunity and bleeding) and gastro-
intestinal syndrome (due to destruction of gut cells). 
Mitigation of radiation injury that occurs after 
transplantation of mesenchymal stem cells may 
be the result of paracrine effects of the released 
growth factors (Saha et al.  2011 ). There need to 
be several factors and cell signaling mechanisms 

  Fig. 33.2    A urinary bladder engineered in the laboratory. 
Printing of organs is still in experimental stage. Currently 
organs with relatively simple structure, such as a urinary 
bladder (shown in this picture), can be printed in the labo-
ratory for transplantation into human patients. v. Scaffold 
b. Scaffold populated by patient’s own cells c.  Getting 

ready for implantation (Photographs A, B, and C are from 
Dr. Antony Atala, W.H. Boyce Professor and Director of 
the Wake Forest Institute of Regenerative Medicine, Wake 
Forest Baptist Medical Center, Medical Center Boulevard, 
Winston- Salem, NC 27157)       
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to explain these observed benefi cial effects, but a 
detailed discussion is beyond the scope of this 
book. Encapsulating and implanting pancreatic 
beta cells in a diabetic patient is an example 
of using the endocrine effects of the secreted 
protein, insulin. 

 The benefi cial effects of cell therapy (espe-
cially cell therapy using cells other than induced 
pluripotent stem cells (iPSCs) or embryonic stem 
cells) are more complex and dependent on the 
type of cell therapy and the reason for the therapy 
(Fig.  33.3 ). The possible mechanisms are listed 
below:
     1.    Immunological/immune modulation   
   2.    Release of cytokines/growth factors/vesicles/

microRNA   
   3.    Induction/prevention of apoptosis   
   4.    Cell-cell fusion   
   5.    Repopulation by the transplanted cells   

   6.    Induction of repair and regeneration by 
attracting circulating mesenchymal/other cell 
types   

   7.    Induction of epigenetic changes in the local 
niche    

6        Current State of Cell Therapy 

 As of today (August 30, 2012) 4,176 clinical 
trials involving stem cells directly or indirectly 
are listed in ClinicalTrials.gov, a service of US 
National institute of Health. The bulk of cell 
therapy (excluding blood/blood products) is 
“autologous,” meaning cells are harvested from 
the subject and then transplanted back to the same 
individual with or without processing. Processing 
can involve separation/chemical or biological 
stimulation/activation/in vitro proliferation/

New cells 
engraft or 

repopulate the 
damaged organ 

Induction of repair 
mechanism

Modulation of the niche: example  
degradation of  extracellular 

matrix by  matrix 
metalloproteinase 

Stimulation of progenitor cell 
population and proliferation

New cells secrete  or 
release cytokines/other 

factors  

Cell-cell  direct interaction
with the resident cells of 

the damaged organ

New cells fuse with 
resident cells of the 

damaged organ

Immunomodulation
Modulation of 

apoptotic response

New cells undergo  an 
environment dependent 

differentiation/proliferation

Secretion of 
cytokines/growth 

factors

Stimulation of mature cells

Chemotaxis  and 
migration  of circulating 

monocytes, mesenchymal 
stem cells

Trans-differentiation? Cell fusion ? Proliferation of resident cells

Infusion/transplantation of cells (stem cells/mesenchymal/mature cells )

  Fig. 33.3    Mechanisms involved in the benefi cial effects of cell therapy. One or more mechanisms, often closely inter-
acting and forming a complex web are involved depending on the type of cell therapy       
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tagging/genetic manipulation of the relevant 
fraction of the harvested cells (Trounson  2009 ). 
Cell  therapy can be classifi ed based on the types 
of cells used – like mesenchymal stem cells or 
cord blood cells – based on the mechanism 
(immunological, cell/tissue replacement, gene 
therapy, etc.), systemwise (cardiovascular, liver, 
respiratory, etc.), based on the technology (tissue/
bioengineering, plastic surgery, genetic improve-
ment, organ culture), and so on. However, these 
kind of classifi cations are often ‘artifi cial’ and are 
meant to ease the discussion because there hardly 
exist any boundaries.  

7      Applications of Cell Therapy 

7.1      Cell Therapy in Hematological 
Diseases 

 Cell therapy applications and recent develop-
ments with reference to blood and bone marrow 
diseases are enormous and beyond the scope of 
this book. Only a few interesting recent develop-
ments which are more relevant to personalized 
medicine would be discussed. 

 Technology has enabled us to generate iPSC 
from adult human cells with reasonable effi -
ciency. This actualized the modeling of several 
diseases as well as personalized correction of 
genetic defects in several inherited diseases. 
In 2009, Belmonte’s lab in Spain reported cor-
rection of Fanconi-anemia-specifi c iPSC that can 
differentiate into hematopoietic progenitor cells 
of the myeloid and erythroid lineages which are 
disease-free. This was a proof of concept that 
iPSC technology could revolutionize inherited 
hematological diseases (Raya et al.  2009 ). A clin-
ical trial in progress is launched in 2012 by the 
University of Washington Cancer Consortium, 
USA, to “assess the toxicity and effi cacy of infu-
sion of genetically modifi ed cells, as well as the 
feasibility of mobilization of peripheral blood 
stem cells with fi lgrastim and plerixafor for 
patients with Fanconi anemia.” (Filgrastim is a 
drug that is a granulocyte colony-stimulating 
factor (G-CSF) analog used to stimulate the pro-
liferation and differentiation of granulocytes, and 

plerixafor is an immunostimulant drug used to 
multiply hematopoietic stem cells in cancer 
patients.) They are infusing Fanconi anemia 
patients with autologous patient blood stem cells 
which are genetically corrected in the lab by 
introduction of the correct version of the 
defective gene. This study is expected to be 
completed by 2017 (ClinicalTrials.gov Identifi er: 
NCT01331018). 

 It is known that individuals, who carry a 
mutation “CCR5-Δ32” in the CCR5 gene, are 
protected against certain strains of HIV and 
hence won’t develop AIDS. Samson et al. 
reported in 1996 that “white blood cells from an 
individual homozygous for the null allele were 
highly resistant to infection by M-tropic HIV-1 
viruses, confi rming that CCR-5 is the major 
co-receptor for primary HIV-1 strains” (Samson 
et al.  1996 ). Based on this fi nding, a clinical trial 
was launched by the University of Pennsylvania 
in collaboration with Sangamo Biosciences in 
January 2009 (ClinicalTrials.gov Identifi er: 
NCT00842634), to investigate the usefulness of 
“zinc fi nger nuclease-” or ZFN-mediated muta-
tion of CCR5 gene. ZFNs are proteins that can be 
engineered to bind and cut specifi c DNA 
sequences, for example, the sequence of CCR5 
gene in the current example (Fig.  33.4 ). Mutation 
of CCR5 gene will make CD4 T cell, the specifi c 
type of white blood cell involved in AIDS, resis-
tant to HIV infection. This trial is expected to be 
completed by January 2013. This is a unique 
example in the history of gene therapy, where an 
otherwise normal gene is mutated and “improved” 
to make it disease resistant.

   Natural killer (NK) cells are large, granular 
cells, a subtype of lymphocytes which in turn are 
a type of white blood cells. NK cells can kill 
cancer cells and virus-infected cells. Major 
histocompatibility complex (MHC) is a class of 
protein on cell surface which tags “self” from 
“nonself.” NK-92 is an immortalized NK cell line 
of high potency isolated (92 stands for 1992, the 
year in the pre-Y2K notation). The immortaliza-
tion procedure bestows NK cells with a capacity 
to proliferate inside cell culture plates unlimi-
tedly (unlike normal healthy cells). These cells 
are harvested in the laboratory and irradiated, to 
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prevent in vivo proliferation and engraftment. The 
processed cells are injected into cancer patients 
and the allogenic infused NK-92 cells are expected 
to destroy the cancer cells in the recipient. ZRx-
101 cells are modifi ed NK-92 cells with superior 
antitumor activity against hematologic and solid 
tumor targets in vitro and in vivo. A clinical trial 
was launched in 2009 at the University of 
Pittsburg to determine the safety and effi cacy of 
the ZRx-101 cell line in patients with refractory 
or relapsed acute myeloid leukemia (Clinical
Trials.gov identifi er: NCT00900809). 

 The classic methods of gene therapy involves 
the use of viral vectors to transfer the correct 
version of the gene to the patient’s cells. The 
disadvantage is that viruses such as retrovirus or 
lentivirus permanently integrates to the patient’s 

genome. Integration of retrovirus and lentivirus is 
somewhat ‘random’ and alters the patient’s 
genome. These changes in genome have the 
potential to initiate a cancer. After all, the original 
defective copy is retained, and this may be a 
problem in certain dominant disorders like 
a1-antitrypsin defi ciency where the defective 
gene produces a protein that is toxic to cells 
(Ding et al.  2011 ). We will come back to this 
example later in this chapter. A rather successful 
example of gene therapy using virus-mediated 
insertion of corrected genes is severe combined 
immune defi ciency (SCID) – a disease of the white 
blood cells. There are many causes for this disease 
like inherited defi ciency of the enzyme adenosine 
deaminase (ADA). Children with ADA-defi cient 
SCID often die because of infections in infancy 

Mutated DNA 
sequence

Right zinc 
finger domain

Dimerised Fok-1 DNA-
cutting enzyme

Normal
 DNA

Left zinc
 finger domainDouble strand break

Normal DNA
Homologous
recombination

Corrected DNA sequence

  Fig. 33.4    Simplifi ed mechanism of zinc fi nger nucle-
ases correcting a genetic defect. Zinc-fi nger nucleases 
(ZFNs) are DNA binding proteins which can identify and 
cut a given sequence very precisely.  Zinc-fi nger nucle-
ases can be targeted to unique sequences within complex 
genomes. The endogenous DNA repair machinery is 

used to correct the genetic defect through homologous 
recombination in the presence of the right DNA sequence 
which is provided along with the ZNFs (Normal DNA 
means the ‘wild type’ DNA or the DNA sequence 
which is seen in individuals who are ‘disease free’ 
or ‘normal’.)       
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or early childhood. Effective treatments are 
bone marrow transplantation (only if a suitable 
donor is available) or expensive lifelong treat-
ment injections of PEG-ADA (marketed as 
Adagen) enzyme replacement therapy. The 
University of California launched a clinical trial 
in 2008 to evaluate the effi cacy and safety of 
gene therapy using retrovirus as the gene carrier 
into stem cells from the bone marrow of patients 
with ADA-defi cient SCID. The patient’s own 
bone marrow cells are suppressed using busulfan, 
a chemotherapy agent that kills some of the bone 
marrow stem cells in the patient, to “make space” 
for the gene- modifi ed stem cells to grow once 
they are infused back to the patients. This study is 
expected to be completed by 2014 (ClinicalTrials.
gov Identifi er: NCT00794508).  

7.2      Cell Therapy in Myocardial 
Diseases 

 As noted elsewhere in this chapter, scientists as 
well as the public have huge expectations on the 
benefi ts of cell therapy in “incurable” ailments 
like myocardial infarction. A few studies have 
demonstrated some benefi t in left ventricular 
function after intracoronary injection of patient’s 
own bone marrow preparations. The serial car-
diac magnetic resonance imaging substudy of 
the randomized multicenter REPAIR-AMI trial 
(Reinfusion of Enriched Progenitor Cells and 
Infarct Remodeling in Acute Myocardial Infarc-
tion study) undertaken at Kerckhoff Heart Center, 
Germany, reported a signifi cant improvement 
(6.6 %,  p  = 0.01) in global ejection fraction in 
patients treated with bone marrow-derived pro-
genitor cells (Dill et al.  2009 ). 

 A 5-year follow-up of the local autologous 
transplantation of bone marrow cells enriched for 
stem cell fraction (selecting for CD133+ a marker 
of “stemness”) in patients with myocardial 
infarction, completed in Tehran Heart Center, 
Tehran University of Medical Sciences, Iran, 
showed no clear benefi t for patients treated by 
implantation of a CD133+ bone marrow cell pop-
ulation into an ischemic myocardium. However, 

it seems from this study and similar small studies 
that long-term result of transplantation of 
CD133+ is a safe and feasible procedure. This 
study had only 13 patients and three controls. It 
may be noted that there is a lack of blind, multi-
center trials with larger study population (Ahmadi 
et al.  2012 ). 

 A similar study from Harvard Medical School, 
Boston, reported (2011) a decrease in the degree 
of ischemic myocardium, which was accompa-
nied by a trend towards reduction in anginal 
symptoms. This study was designed to assess the 
safety and feasibility of a dose-escalating intra-
coronary infusion of autologous bone marrow 
(BM)-derived CD133+ stem cell therapy to the 
patients with chronic total occlusion (CTO) and 
ischemia. They injected CD133+ cells into the 
epicardial vessels supplying the collateral fl ow 
to areas of viable ischemic myocardium in the 
distribution of the CTO (Adler et al.  2011 ).  

7.3      Cell Therapy in Liver Diseases 

 There are various approaches of “cell therapy” 
which can be allologous or autologous. The 
autologous “cell therapy” can be performed in 
different ways using different types of cells – 
hepatic administration of autologous CD34- 
positive cells (a marker of hematopoietic 
progenitor cells; see below) induced by granulo-
cyte colony-stimulating factor, portal vein 
administration of CD133+ mononuclear cells, 
administration of autologous bone marrow- 
derived or adipose tissue-derived mesenchymal 
stem cells, administration of cord blood cells 
(if stored frozen at the time of birth of the patient), 
and transplantation of patient’s own corrected 
hepatocytes. Induced pluripotent stem cell- 
derived “hepatocytes” or “mesenchymal cells” 
and hepatocytes derived through transdifferentia-
tion of the patient’s own fi broblasts or mesenchy-
mal cells are still in the horizon. Effectiveness of 
CD34 + cells has been shown by some groups but 
not generally agreed upon. Scientists have 
reported decrease in liver fi brosis and function 
following infusion of autologous bone marrow 

M.G. Sanal



787

cells in mice, and on the basis of those results 
started autologous bone marrow cell infusion 
therapy for liver cirrhosis. The results so far are 
not convincing. 

 CD34 is a cell surface glycoprotein and func-
tions as a cell-cell adhesion factor present in 
several types of cells especially stem cells in 
blood and bone marrow. It is known that certain 
subpopulation of CD34+ cells have the potential 
for regenerating damaged tissue. Granulocyte 
colony- stimulating factor (G-CSF or GCSF) is a 
potent inducer of bone marrow stem cell (HSC) 
mobilization from the bone marrow into the 
bloodstream. Gordon et al. from Imperial College 
London reported an improvement in serum bili-
rubin and serum albumin in four of fi ve patients 
suffering from chronic liver disease when treated 
with G-CSF. They isolated CD34 +  cell from 
peripheral blood of these patients by a technique 
called leukapheresis and injected these cells back 
into the portal vein (Gordon et al.  2006 ). However, 
it may be noted that the study period was too 
short; the study was done on just fi ve patients, 
and there is a lack of more convincing studies in 
this line after 6 years of this pilot study. A group 
from India led by Sarin reported short-term ben-
efi ts in acute-on-chronic liver failure (ACLF) 
patients following treatment with G-CSF (Garg 
et al.  2012 ). The authors hypothesize that the 
benefi ts could be the result of mobilization of 
stem cells from bone marrow which helped in 
liver regeneration or mitigation of the symptoms. 
It may be argued that the observed benefi ts in this 
study following G-CSF administration could be 
attributed to a boost in the patient’s immunity as a 
result of increased production of white blood cells 
and decreased bleeding tendency from increased 
platelet synthesis and function. Bleeding and 
infections are major causes of mortality in liver 
failure patients. This highlights the importance of 
investigator-blind, multicenter trials. 

 The most successful of the liver cell therapies 
is currently allologous or autologous transplan-
tation of mature liver cells. Hepatocyte trans-
plantation is considered as an alternative to 
whole-organ transplantation to support many 
forms of liver diseases. When it is diffi cult to fi nd 

a living donor/brain dead for whole-organ trans-
plantation, the alternative is to harvest hepato-
cytes for cell transplantation from fresh cadavers 
or parts of the whole organ removed for other 
purpose. As noted earlier in this chapter, these 
harvested hepatocytes can be frozen for later use. 
These hepatocytes are then injected into a patient 
when he is in need, especially in a hepatic emer-
gency like an acute (sudden) liver failure (Guha 
et al.  2001 ; Puppi et al.  2012 ). Another applica-
tion of hepatocyte transplantation is in gene 
therapy. Certain inherited liver diseases like urea 
cycle disorder, which requires very stringent 
medical management, can be corrected by trans-
planting immunologically compatible healthy 
hepatocytes in case a healthy donor is not avail-
able. Since hepatocyte transplantation does not 
preclude future organ transplantation, multiple 
hepatocyte transplantation and repopulation can 
be attempted. On the other hand it is diffi cult to 
perform multiple liver transplantations (Dhawan 
et al.  2006 ). A more ingenious and personalized 
approach would be to correct the genetic defect 
using biotechnological tools (such as zinc fi nger 
nucleases, TALEN proteins, CRISPR/Cas sys-
tems which enhance site directed recombination) 
(Papaioannou et al.  2012 ; Jinek et al.  2012 ). The 
idea is to take the patient’s own cells, correct the 
gene defects using molecular scissors like TALEN 
proteins or zinc fi nger nucleases, and transplant the 
corrected cells back to the patient. There are two 
major road blocks. The fi rst block is that the hepa-
tocytes do not grow well and proliferate outside 
the body. The second and perhaps the biggest road 
block in liver cell therapy is poor engraftment or 
repopulation of the transplanted cells. The trans-
planted liver cells engraft well, proliferate, and 
repopulate only when there is signifi cant advan-
tage for the new comers over the old residents. 
The biggest challenge, perhaps, for the acceptance 
of liver cell therapy in clinics lies in the creation 
and maintenance of this selective advantage for 
the transplanted liver cells over host liver cells 
(Grompe  2002 ). Irradiating the host liver with 
appropriate radiation intensity will incapacitate 
the host liver cells from dividing and competing 
with the transplanted cells. Treating host liver 
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with mitotic inhibitors is an alternative approach in 
this line, but neither radiation nor mitotic inhibi-
ters are quite safe as they are potential mutagens 
and hence considered as carcinogens. So far a 
safe, reliable, and practical method of conditioning 
host liver for the proliferation of transplanted 
donor cells has not yet been established.  

7.4      Cell Therapy in Lung Diseases 

 We have already mentioned in the previous section 
an example of the advances in bioengineering: 
how doctors and bioengineers worked together to 
create a bioengineered trachea with a man’s own 
cells. 

 Lung cancer, pulmonary hypertension, chronic 
obstructive pulmonary disease (COPD), and 
asthma are the common diffi cult to cure if not 
incurable diseases in the respiratory medicine. It 
is well known that cigarette smoking is one of the 
most common risk factors in COPD. Another 
major cause is α1-antitrypsin defi ciency, which is 
an inherited disease. α1-Antitrypsin is an enzyme 
produced in the liver, and one of its functions is to 
protect tissues, such as lung tissue from damage 
by protecting from certain protein-digesting 
enzymes released by neutrophils. Mutations in the 
α1-antitrypsin gene in some forms of the disease 
result in the production of a defective enzyme 
which is not only nonfunctional but also toxic as 
they aggregate inside liver cells over time. 
Recently Nagy’s lab in Canada was able to “repair” 
the gene mutation in vitro using mutation- specifi c 
zinc fi nger nucleases, as noted in the previous 
section, protein scissors which can be engineered 
to recognize and cut highly specifi c DNA 
sequences. They corrected the gene defect in the 
iPSC derived from a human patient suffering 
from this disease. They were able to further dif-
ferentiate these iPSC cells into liver cells, which 
were functional in terms of a1- antitrypsin activity 
and transplanted them into a mouse liver to show 
engraftment (Yusa et al.  2011 ). 

 Some animal models have demonstrated the 
benefi cial effects of mesenchymal stem cell trans-
plantation, especially in moderating infl ammatory 
response (Li et al.  2012 ; Hansmann et al.  2012 ). 

However, there is a lack of more convincing 
studies – well controlled and double blind – 
published in reputed journals. However, based 
on the benefi cial effects of animal studies, few 
clinical trials were undertaken. Safety Study 
of Cell Therapy to Treat Chronic Obstructive 
Pulmonary Disease (COPD-01) was carried out 
in Brazil to determine whether the cell therapy 
with bone marrow mononuclear cells is safe in 
the treatment of chronic obstructive pulmonary 
disease, specifi cally the pulmonary emphysema 
(ClinicalTrials.gov Identifi er: NCT01110252). 
According to the undertakers, “twelve month 
follow-up showed a signifi cant improvement in 
the quality of life, as well as a clinical stable 
condition, which suggest a change in the natural 
process of the disease.” The study is insuffi cient 
because of the very small study population and 
short follow-up period highlighting the need of 
large multicenter well-controlled long-term 
blinded studies in this area. 

 Administration of MSC is believed to have a 
“soothing” effect on irradiated tissues and organs 
treated with cytotoxic agents. Several drugs used 
in chemotherapy as well as radiotherapy are 
cytotoxic and preferentially stop tumor cells 
from dividing, but normal cells are also affected, 
especially fast-dividing cells in the alveoli, 
intestine, and bone marrow. Therefore combining 
chemotherapy with bone marrow stem cell or 
mesenchymal stem cell transplantation may 
allow the physician to administer higher doses of 
radiation or chemotherapy drugs or to mitigate 
the damage on normal tissue (ClinicalTrials.gov 
Identifi er: NCT00003284). Pulmonary (lung) 
fi brosis is another disease in which stem cell 
therapy may be of use. The lung tissue becomes 
thick, stiff, and scarred, diminishing the gas 
exchange over time. Certain forms of this disease 
have an immunological component and the 
immunomodulatory and cytoregulatory functions 
of transplanted cell may retard the progress of the 
disease. A clinical trial was initiated in 2010 at 
The Prince Charles Hospital, Australia, to evalu-
ate the safety and feasibility of placental MSC 
treatment for subjects diagnosed with idiopathic 
pulmonary fi brosis (ClinicalTrials.gov Identifi er: 
NCT01385644).   
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8      Induced Pluripotence: 
A Breakthrough Technology 
Facilitating Personalized 
Cell Therapy 

 Induced pluripotent stem cells (iPSCs) are plu-
ripotent stem cells generated in vitro from non- 
embryonic stem cells, like skin cells or blood 
cells, but they have very similar if not the same 
properties of embryonic stem cells. They were 
fi rst generated by Yamanaka’s team by “forced” 
expression of specifi c genes now known as the 
Yamanaka’s factors: Sox2, Oct3/4, Klf4, and 
Myc (Fig.  33.5a, b ). This happened in 2006 and 
the experiment was in mouse fi broblast-like cells. 
This was followed by generation of human iPSC 
by the same group as well as by another group led 
by James Thomson in 2007 (Stadtfeld and 
Hochedlinger  2010 ). The iPSCs have advantages 
over embryonic stem cells. iPSCs can be derived 
from any individual of any age, and generation of 
iPSCs do not involve “killing” or manipulation of 
an embryo and hence not associated with those 
ethical issues which surround embryonic stem 
cells. It is possible to generate iPSC from any 
person, using his own cell, and from iPSC it is 
possible to generate any cell/tissue present in that 
individual. However, generation of a whole organ 
such as liver or kidney is theoretically possible, but 
there are several practical and ethical issues which 
are expected to be resolved in the near future.

   Investigators have realized the potential of 
iPSCs in regenerative and transplantation medi-
cine and disease modeling and as a tool for drug 
development. iPSCs can be generated from any 
individual to a great level irrespective of age and 
health condition. This has many advantages such 
as patient’s own tissues could provide him/ her 
almost limitless, immune-matched supply of plu-
ripotent cells which could be used to regenerate/
repair his body parts. Therapeutic cloning indeed 
is a possibility that is unacceptable due to ethical 
issues which could be solved in the future. 
Current road blocks for iPSC to clinics are the 
possibility of undesirable genetic and epigenetic 
changes in iPSC which could result in tumor 
formation or malignancy (Martins-Taylor et al. 
 2011 ; Ji et al.  2012 ). However the high- throughput 

DNA sequencing and epigenetic screening 
techniques are growing very fast. So it would be 
possible in the near future to select for human 
applications the best iPSC colonies, genetically 
and epigenetically sound, from hundreds of 
colonies in a cost-effective manner. 

 iPSC could be a lifesaver not only for humans 
but also for laboratory animals providing a non- 
exhausting source for primary cells. This means 
several studies (like drug testing) which use ani-
mals can be done on iPSC-derived cell types 
(e.g., iPSC-derived hepatocytes) or tissues. Every 
individual is different, genetically and epige-
netically. Scientists currently use stem cells to 
test/screen drugs in a more personalized way or 
identify molecules or genes implicated to a disease, 
drug response, or a genomic or phenomic trait in 
highly personalized manner. This would be revo-
lution in personalized medicine. Immunologic 
tests, genotyping, or quantifying drug response 
on a patient by patient basis using iPSC/iPSC- 
derived cells would provide the doctor the 
information needed to select and fi ne-tune 
drugs or drug combinations or to plan a cell 
therapy or transplantation. Techniques to derive 
more and more iPSC-derived functional cell 
types from hepatocytes, neuronal types, to 
cardiomyocytes are improving at great speed 
(Cayo et al.  2012 ; Swistowski and Zeng  2012 ; 
David and Franz  2012 ). 

 It is uncontroversial that iPSC-based techno-
logies have the potential to improve medical 
practice by circumventing immunorejection, 
curing several genetic diseases, replacing/
rejuvenating aging tissues, and taking persona-
lized medicine to the next level. iPSC combined 
with embryo manipulation technologies have 
huge potential for de novo organogenesis and 
permanent cure for degenerative diseases and 
several age- associated diseases. 

 World over governments are taking efforts to 
plan, formulate, and fund iPSC research. For 
example, in 2009 the American Recovery 
and Reinvestment Act (ARRA) NINDS funded 
three consortium “to develop and characterize 
iPSC cell lines for familial forms of Amyo-
trophic Lateral Sclerosis (ALS), Huntington’s 
Disease (HD) and Parkinson’s Disease (PD)” 
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  Fig. 33.5    Prof. Shinya Yamanaka, MD, PhD ( a ). Prof. 
Yamanaka was trained as an orthopedic surgeon but 
moved to full time research. He won the 2012 Nobel Prize 
in Physiology or Medicine for his discovery of how to 
transform ordinary adult skin cells into induced pluripotent 
stem cells which are capable of developing into any cell in 
the human body – this has revolutionary consequences in 

transforming personalized medicine. Induced pluripotent 
stem cell (iPSC) colony (cluster of cells in the center) 
growing on a layer of fi broblasts (elongated cell in the 
background). These iPSC are produced by putting DNA 
sequences inside fi broblasts (a process called transfection) 
which code for Yamanaka’s transcription factors Oct3/4, 
Sox2, Klf4, and c-Myc ( b )       
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(  http://www.ninds.nih.gov/funding/areas/
neurodegeneration/2nd_iPSC_Executive_
Summary.htm     ). 

 Reprogramming of adult cells offers the poten-
tial to treat many inherited diseases through gene 
therapy such as Parkinson’s disease, Alzheimer’s 
disease, amyotrophic lateral scle rosis (ALS/Lou 
Gehrig’s disease), certain inhe rited forms of car-
diovascular disease, and diabetes. The genetic and 
epigenetic bases of more and more diseases are 
getting revealed day by day. A couple of recent 
research reports demonstrated the proof of princi-
ple. iPSCs generated from a patient with ALS 
were differentiated into motor neurons, the type of 
cells which are specifi cally destroyed in ALS 
(Dimos et al.  2008 ). Successful transplantation 
and integration (which is yet to be achieved) 
would permanently cure such diseases. This was 
to illustrate the usefulness of iPSCs in cell-
replacement therapies. Few groups have demon-
strated “derivation and diffe rentiation of functional 
dopaminergic neurons from hESCs and iPSCs 
under xeno-free defi ned conditions” in a scalable 
manner following good manufacturing practice 
(GMP)-compliant protocols (Swistowski and 
Zeng  2012 ). Similarly several short steps are being 
made around the world to make mass production 
of iPSC a reality which is required in several 
disease conditions, for example, to mass produce 
patient-specifi c hepatocytes for transplantation. 
iPSCs are typically derived and are maintained in 
adherent culture. There is a recent report of an effi -
cient protocol for derivation of mouse iPSCs in 
stirred suspension bioreactors, with and without 
the use of c-Myc (an avoidable transcription factor 
because of its bad reputation as an oncogene). The 
suspension-reprogrammed cells derived using this 
protocol expressed pluripotency markers and 
showed the potential to differentiate into multiple 
lineages both in vitro and in vivo and contributed 
to the germline in chimeric mice. In another 
report, Shafa M et al. demonstrated a yield of 
58-fold expansion of iPSCs derived from human 
patients over 4 days in stirred suspension bio-
reactors. The resulting cells were karyotypically 
normal, expressed pluripotency markers. These 
experiments demonstrated the removal of another 
road block in bringing iPSC-derived cells from 
bench to bedside (Shafa et al.  2012a ,  b ).  

9      Personalized Cell Therapy 
to Organ Therapy 

 So far, we are rather limiting our discussion to cell 
therapy. Generation of whole personalized organs 
is the next big leap. Several technologies are at the 
horizon. Scanning and printing of patient’s entire 
organ is an evolving reality rather than science fi c-
tion. Growth of basic sciences, namely, mathe-
matics, physics, and chemistry, has realized the 
dreams of biologists. Another more promising 
and natural yet controversial method is to grow an 
entire organ in an engineered womb which is per-
fused with oxygenated defi ned nutrient medium. 
Growing larger mammals like chimpanzees or 
‘lesser animals’ like pigs or sheep, with patient-
specifi c human organs growing inside would be 
perhaps more acceptable for the society. This is 
because the general public would be more com-
fortable in killing pigs or sheep than more human-
like animals like apes. Similarly the public or even 
scientists may not accept growing human bodies 
devoid of a cerebral cortex or sensory system 
solely for organ harvesting despite the fact that it 
is more ethical than killing intact animals (even 
after anesthesia) for biological experiments, 
drug testing, or human consumption.  

10      Tissue on Demand: Progress 
in Organ Printing 

 The last three years have witnessed a huge revolu-
tion in 3D printing technologies. Now practically 
any complex shape can be printed, sometimes 
with the help of temporary scaffolding. Printer 
“inks” can range from plastics, gels, and cellular 
matrix to matrix containing human cells. Beating 
myocardium, blood vessels, and urinary bladder, 
the list of tissues/organs successfully printed are 
long. However, printing of complex organs like 
brain, kidney, or liver has not yet achieved and 
perhaps we have  miles to go before! 

 Like stem cells and cell therapy, 3D tissue 
printing has also indeed attracted venture capital-
ists, and we fi nd companies like “Organovo,” a 
company based in San Diego, California, which 
has developed a printer to “print out” tissue 
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 structures and perhaps organs “on demand”! 
Currently the application is limited to drug 
testing by pharmaceutical companies and for 
laboratory use (  http://www.organovo.com    ). 
Organovo’s 3D printer can deposit a variety of 
live cells in any pattern desired, starting with 
small building blocks of any shape. These “small 
bricks” are further loaded into a print cartridge that 
is then attached to the tissue printer which “prints” 
the cell aggregates layer by layer, producing 
multiple stacked 2D patterns, this ultimately result 
in the 3D tissue or organ. The cell aggregates are 
held in place by a noninvasive gel and will retain 
suffi cient rigidity and fl exibility. 

 However the concept of “cell printing” is at 
least 15 years old, perhaps even more. In 1997, 
Mrksich M et al. from Harvard University 
reported “using microcontact printing to pattern 
the attachment of mammalian cells to self- 
assembled monolayers” (Mrksich et al.  1997 ). 
Currently research is going on to develop fully 
functional organs using scaffoldless, print-based 
engineering techniques described before that use 
self-assembling multicellular units and tissue 
matrix as “ink” and employ early developmental 
morphogenetic principles, such as cell sorting 
and tissue fusion (Jakab et al.  2010 ).  

11      Future Possibilities: 
Growing Human Organs 
in “Anencephalic” Systems 
or Animals 

 The brain is the center of human senses, con-
sciousness, and personality. Engineering a tissue 
mass without a developed nervous system cannot 
perceive any senses including pain. Therefore, it 
would be more ethical to work on this kind of 
systems than using live animals for experiments 
or organ harvesting. These bio-artifi cial systems 
(“vegetable systems”) can be developed to model 
murine, porcine, or human systems for drug test-
ing to organ harvesting (Sanal  2011 ). The path 
towards this kind of systems is complex but more 
practical and realizable in near future compared 
to “printing” of fully functional organs especially 
when it comes to complex organs like kidney and 

liver which are also the most commonly trans-
planted organs. We will discuss briefl y about this 
possibility. 

 As noted before the recent developments in 
induced pluripotent stem cell, biology has huge 
potential applications. Combining the iPSC tech-
nology with the modern embryo manipulation 
techniques would allow us to develop human 
organs in other animals or within “vegetable” 
human bodies. Most of the normal cells are dip-
loid meaning they have two sets of chromosomes. 
Gametes, eggs, and sperms are haploid and will 
fuse together to form a diploid zygote which 
would form an embryo which is capable of grow-
ing into a fetus. When two diploid cells fuse, it 
will give rise to a tetraploid cell. Cells can be 
forced to fuse by application of electric shock 
(Fig.  33.6 ). Artifi cially generated tetraploid cells 
from most of the cell types won’t proliferate for 
long. Tetraploid cells are rare in human body 
except in organs such as liver or placenta. 
Tetraploid embryo can be produced by inducing 
two zygotes to fuse. A tetraploid embryo when 
implanted inside a uterus is incapable of growing 
into a living animal. However a tetraploid embryo 
can give rise to extraembryonic tissues such as 
placenta. On the other hand, embryonic stem 
(ES) cells or iPSCs cannot form a fetus when 
implanted into the uterus because ES or iPSC 
cells are incapable of generating extraembryonic 
tissue normally. If embryonic stem cells or iPSCs 
are injected into a tetraploid embryo, they 
will complement each other: a phenomenon 
called tetraploid complementation. The tetraploid 
embryo will give rise to extraembryonic tissues, 
while iPSC/ES will give rise to a viable fetus 
(Fig.  33.7a ). The fetus thus generated is solely 
from ES/iPSC. This technique has wonderful 
applications. Injecting a patient-derived iPSC 
into a tetraploid embryo could give rise to a fetus 
genetically identical to the patient. This is thera-
peutic cloning. It may be noted that this is a very 
different method with reference to the method 
used to clone Dolly the sheep (the fi rst mammal 
ever cloned) by Sir Ian Vimut in 1996 (cloning of 
Dolly made use of an ineffi cient technique called 
somatic cell nuclear transfer (SCNT) which 
involves transfer of the nucleus of an adult cell 
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into an oocyte) (Caulfi eld et al.  2007 ). However, 
it is very much unethical to grow a human fetus 
for therapeutic cloning, even if it is for the benefi t 
of his genetically identical twin. A practical solu-
tion is to generate an iPSC line which is geneti-
cally edited out of the genes required for the 
formation of nervous system and reproductive 
system. If we are interested only in liver and 
heart geneses, several other organs such as limbs, 
facial structures, ears, and intestines can be edited 
out (knocked out). Many organs may not have 
single critical genes like pancreas, or knocking 
out certain genes could have effects on multiple 
organs. Currently, we know only a limited number 
of “organ critical genes.” But in the future, the list 
will become longer and there will be more ways 
to circumvent these issues.

    A milestone achievement in this direction is 
reported by Kobayashi et al. in Cell, a reputed 
journal in 2010. They injected wild-type mouse 
iPSCs into Pdx1 −/− rat blastocysts (an early 
stage of developing embryo). Pdx1 is the critical 
gene for genesis of the pancreas. Pdx1 −/− rats 
are genetically modifi ed by editing out this gene 
(Kobayashi et al.  2010 ). These animals therefore 
do not develop pancreas – they are pancreato-
genesis disabled. Upon injection of mouse iPSC 
cells which express Pdx1 gene, they will compen-
sate the vacancy of the pancreatic “developmental 

niche,” generating almost an entirely iPSC- 
derived mouse pancreas inside the rat. Following 
this path it could be possible to generate a human 
pancreas (or another organ) in animals – monkey, 
pig, or sheep, which may be genetically modifi ed 
to enhance the implantation and survival of an 
embryo containing a human organ which is 
genetically identical to a patient from whom the 
iPSC was derived (Fig.  33.7b ). Instead of using 
animals to “grow” human organs, it is possible to 
use “container bodies” derived from human cells 
but devoid of a developed nervous system. These 
will be the ultimate personalized organs because 
the organs derived by this method will be geneti-
cally identical to the patient in need. The only 
organ which cannot be generated and trans-
planted by this method would be the brain 
because the brain of an individual and the infor-
mation which it stores defi nes and decides an 
individual. It is meaningless to transplant a new 
brain, despite being fully functional, without 
memories and all other information the individual 
accumulated over his life. 

 The British-Indian scientist J. B. S. Haldane 
(Fig.  33.8 ) as early as 1924 coined the term 
“ectogenesis” to describe how human pregnancy 
would 1 day give way to artifi cial wombs (Salako 
 2008 ). Haldane wrote, “Now that the technique is 
fully developed, we can take an ovary from a 

  Fig. 33.6    Actual setup for giving electric shock to embryos 
( right ) and a microphotograph of tetraploid embryo ( left ). 
Electric shock induces two diploid embryonic cells to fuse 
to form a tetraploid cell (the instrumentation set up). Cell 
membranes and cytoplasm of two cells fused as one can 

be seen in this picture ( left ). The nucleus would fuse after 
few hours (The pictures were provided by Ronald 
Naumann, Head of the Transgenic Core Facility, MPI of 
Molecular Cell Biology and Genetics, Pfotenhauerstrasse 
108, 01307 Dresden, Germany)       
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  Fig. 33.7    ( a ) Tetraploid complementation. Normal ani-
mal cells are diploid: each chromosome is present in 
duplicate while a tetraploid has four copies of each chro-
mosome. A tetraploid is made fusing two embryos at the 
two-cell stage by applying an electrical current. The 
resulting tetraploid cell will continue to divide, and can 
give rise to placenta, etc., but not the embryo upon 
implantation inside uterus. If normal iPSC are injected at 
appropriate time point into tetraploid embryo, a normal 
embryo can result from iPSC. ( b ) Tetraploid complemen-
tation can be used to generate patient specifi c organs. 

Two of more iPSC lines which mutually complement for 
certain critical genes specifi c for the organ of interest are 
mixed and allowed to form a chimera which would even-
tually result in the generation of patient specifi c organs for 
transplantation. Here in this example the liver bud is 
formed almost entirely from the patient because only 
patient iPSC derived cells will respond to the natural sig-
nals for liver budding because only these cells have the 
necessary genes for liver development. In the cell-cell 
competition they will therefore win over the other cells 
lacking these critical developmental genes       
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woman, and keep it growing in a suitable fl uid for 
as long as 20 years, producing a fresh ovum each 
month, of which 90 % can be fertilized, and the 
embryos grown successfully for 9 months, and 
then brought out into the air.” According to him 
by the year 2074, ectogenesis will become a 
popular technique – with “less than 30 % of 
children… now born of woman” (Haldane  1923 ). 
In the real world, there is a slow but reason-
able progress in embryo-endometrial coculture 
(Spandorfer et al.  2002 ) and “artifi cial uterus” 
research. As noted before in this chapter, there 
are quite few methods to grow human organs: 
(1) inside transgenic, “immunologically human-
ized” large animals (Sanal  2011 ; Jung et al.  2011 ) 
like sheep, pig, nonhuman primates, etc. and 
(2) genetically human “container bodies” which 
are modifi ed “vegetable” human bodies (such as 
a “body” without nervous system, reproductive 
system, limbs, digestive system, sensory organs, 
skeleton, or voluntary muscles which may be 

grown inside a genetically modifi ed animal, 
surrogate human uterus, or artifi cial uterus/
womb). Scientists have engineered endometrial 
tissue by populating a biodegradable scaffolding 
shaped like a human uterus. When an embryo 
was introduced to the artifi cial uterine lining, it 
attached and successfully implanted. The embryo 
was allowed to grow for only 6 days due to 
ethical concerns.

   iPSCs also offer enormous possibilities for 
genome editing: correcting existing disease- 
causing mutations, converting existing allele to a 
better disease-resistant allele (e.g., editing CCR5 
allele to confer HIV resistance) or physiologi-
cally better allele or even inserting “new” genes 
conferring superior human or “superhuman” 
qualities – physical, psychological, or intellec-
tual. Standardization of tissues or organs is a 
more socially “acceptable” application. Editing 
HLA genes would offer “invisibility” or improve 
host acceptability of tissue/organs produced for 
transplantation making mass production practi-
cal. At this level it is no longer required to pro-
duce tissue/organ from a patient’s own iPSC. On 
the same line new organs, mass produced, can be 
genetically modifi ed for better function, for 
example, cytochrome P450 superfamily (offi -
cially abbreviated as CYP) of enzymes may be 
optimized in mass-produced liver. These are liver 
enzymes involved in a variety of activities such 
as detoxifi cation and drug metabolism (Sorich 
and McKinnon  2012 ). At this point “personaliza-
tion” of medicine would meet an end (personal-
ized medicine as defi ned or explained in the 
present time). Personalization would then mean, 
perhaps, personalizing organs (the way we person-
alize a computer while making a “custom” order) 
or personalizing the very “existence” of oneself.  

12      Ethical Issues in Personalized 
Medicine, Evolving 
iPSC-Based Therapies, 
and Biotechnology 

 Development of science and technology often out 
phases the speed of dissemination of the new 
knowledge to the larger public and its  assimilation 
and acceptance by the society. Advances in science 

  Fig. 33.8     John Burdon Sanderson Haldane  FRS (5 
November 1892–1 December 1964), a scientist, visionary, 
original thinker and philosopher. He was also one of the 
founders of population genetics. He left Britain and 
became an Indian citizen. His essay, Daedalus; or, Science 
and the Future (1924), predicted many scientifi c advances 
but has been criticized heavily. His writing was treated as 
“shocking” and “science fi ction” at the time, being the 
fi rst book about ectogenesis (the development of fetuses 
in artifi cial wombs)       
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often bring unimaginable social ethical, racial, 
political, and evolutionary consequences, and the 
society won’t be prepared to absorb the shock. 
Recent advances in genetics, bioinformatics, and 
stem cell biology are going to revolutionize 
personalized medicine. 

 There exists a worldwide ban on reproductive 
human cloning which was proposed in 2001 by 
France and Germany to the UN, and it became 
effective since September 2006 (Arsanjani  2006 ). 
This followed a landmark in reproductive cloning 
which was reported by Zavos and Illmensee in 
Kentucky, USA, who extracted and injected a 
skin fi broblast nucleus from an infertile man into 
an oocyte isolated from his wife. According to 
a report one out of three SCNT attempts was 
successful – which is remarkable. However the 
four-celled embryo failed to implant and develop 
inside the uterus. However this is considered as 
the “fi rst evidence of the creation and transfer 
of a human cloned embryo for reproductive 
purposes.” The developmental arrest of SCNT 
embryo was independently verifi ed recently in 
2011 by two groups, one from New York and the 
other from Harvard. They found that “when the 
zygotic genome was replaced with that of a 
somatic cell, development progressed normally 
throughout the cleavage stages, but then arrested 
before the morula stage. This arrest was associ-
ated with a failure to activate transcription in the 
transferred somatic genome.” However, mouse 
zygotes reprogrammed the somatic cell genome 
to a pluripotent state within hours after transfer 
in contrast to human zygotes (Egli et al.  2011 ). 
   It may be noted that in the above experiment if 
human iPSC nucleus were used, probably Egli 
et al. would have been successful in taking the 
zygote into further divisions and development. 

 It is very unlikely that society is ready to 
embrace these new developments for several rea-
sons. These developments can affect, for example, 
aging and longevity of humans in an unprece-
dented way, and it is quite clear that no nation has 
enough economic resources to support the result-
ing population explosion. It may be remembered 
that over 80 % of the whole world’s wealth is 
concentrated in less than 10 % of the world popu-

lation, and indeed they would be the fi rst and prime 
benefi ciaries of these advanced and expensive 
technologies. This would aggravate the economic 
and political disparities. In many societies around 
the world, more than half of the total wealth is con-
trolled by the richest 10 %. A study by the World 
Institute for Development Economics Research at 
the United Nations University published a report 
that the richest 1 % of adults alone owned 40 % of 
global assets in the year 2000. The bottom half of 
the world adult population owns only 1 % of the 
global wealth (Davies et al.  2007 ). The ecological 
importance of death is recycling of biomass and 
energy. On the same line, the economic impor-
tance of death is that it gives the society an oppor-
tunity for redistribution and recycling of the 
wealth. Imagine a situation when rich people sur-
vive for hundreds of years accumulating more and 
more wealth compared to the poor. The increased 
lifespan has an impact on family structure, 
reproduction, parenthood, and parental behavior. 
This is just the economic side of the problem 
which is just a tip of an iceberg of problems on the 
horizon. The real effects of advances in techno-
logies like therapeutic or reproductive cloning 
would be overwhelming involving all imaginable 
aspects of human life.  

13     Conclusion 

 The concept of personalized medicine would 
undergo a revolutionary change hand in hand with 
new developments in stem cell biology, genetic 
engineering, and basic sciences. Cell therapy com-
bined with gene manipulation techniques can 
evolve potential cures for inherited, infectious, and 
chronic degenerative diseases. Emerging technolo-
gies for induction of pluripotence and embryo 
manipulation have the potential to transform medi-
cine and society to an unprecedented level by facil-
itating production of patient-specifi c cells, tissue, 
and organs in small to industrial scales and even 
cloning of  individuals. There is an urgent need to 
prepare the society to accept the consequences, 
moderate the “unwanted effects” to acceptable lim-
its, and minimize negative impact.     
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 Abstract 

   Chronic kidney disease (CKD) is a worldwide major public health problem 
associated with increased risk of mortality and rate of hospitalization and 
decreased life expectancy. Progression from early to late stages of CKD 
generally results in the onset of new symptoms and concomitant complica-
tions. Frequent complications and comorbidities of CKD include fl uid and 
electrolyte abnormalities, secondary hyperparathyroidism and renal osteo-
dystrophy (known as Chronic Kidney Disease-Bone Mineral Disorder – 
CKD-BMD), hypertension and hyperlipidemia, anemia, metabolic 
acidosis, and several other comorbidities involving malnutrition, pruritus, 
and uremic bleeding. CKD patients are at increased risk of cardiovascular 
disease (CVD), which includes coronary heart disease (CHD), cerebrovascular 
disease, peripheral vascular disease, and heart failure. The management 
and prevention of these comorbidities, as well as the kidney transplant 
complications, are complex. 

 Pharmacogenetics and pharmacogenomics have been applied to the 
management of CKD patients in both conservative and renal replacement 
treatments (dialysis and transplantation) trying to avoid the occurrence of 
drug-related problems and appearance of comorbidities. This chapter will 
discuss important fi ndings in CKD pharmacogenetic and pharmacogenomic 
studies conducted to date and future research directions in this fi eld. The focus 
will be on the CKD comorbidities (CKD-BMD and CVD) and calcineurin 
inhibitors (cyclosporine and tacrolimus) as immunosuppressive therapy. 
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1             Chronic Kidney Disease 

 Chronic kidney disease (CKD; ICD 10-International 
Classifi cation of Diseases: N18) is a pathophysio-
logical process with multiple causes, whose conse-
quence is inexorable loss in the number and 
function of nephrons, which often results in the end 
stage of renal disease (ESRD; ICD-10: N18-0) 
(WHO  2007 ), which in turn is a clinical situation in 
which there has been an irreversible loss of endog-
enous renal function of suffi cient magnitude leav-
ing the patient permanently dependent of renal 
replacement therapy (dialysis or transplant). Given 
the ability of the kidneys to recover its function 
after acute injury, the vast majority of patients with 
ESRD (over 90 %) reach this situation as a result of 
CKD (Kasper et al.  2005 ). 

 According to the  National Kidney Foundation/
Kidney Disease Outcome Quality Initiative  
(NKF/KDOQI) practical guideline to Chronic 
Kidney Disease: Evaluation, Classifi cation, and 
Stratifi cation (KDOQI  2002 ), CKD is an impor-
tant worldwide health problem, defi ned as either 
glomerular fi ltration rate (GFR) < 60 ml/
min/1.73 m 2  for more than 3 months, with or 
without kidney damage, or kidney damage for 
more than 3 months as defi ned by structural or 
functional abnormalities of the kidney, with or 
without decreased GFR. 

1.1      Pathophysiology 

 The pathophysiology of CKD involves initial 
specifi c mechanisms of cause and a progressive 
series of mechanisms that are a common conse-
quence of reduced renal mass, independent of 
etiology. This reduction in renal mass causes 
structural and functional hypertrophy of surviving 

nephrons, which is mediated by vasoactive 
molecules, cytokines, and growth factors and is 
due to an initially adapted hyperfi ltration which in 
turn is mediated by an increase in pressure and 
glomerular capillary fl ow. Finally, these short- 
term adaptations are revealed unfavorable because 
they predispose to sclerosis of residual population 
of viable nephrons (Kasper et al.  2005 ). 

 The earliest phase common to all types of 
CKD is a loss of renal reserve. Whereas renal 
function is completely normal, the GFR can 
increase about 20–30 % in response to stimula-
tion of protein overload. During the initial phase 
of decreased renal reserve, GFR can be normal or 
high (hyperfi ltration); however, the expected 
increase in response to a protein overload is miti-
gated. This early phase is particularly well docu-
mented in diabetic nephropathy. In this phase, the 
only clue could be laboratory measurements that 
determine GFR; the parameters most used are the 
concentrations of serum urea and creatinine. 
When urea and creatinine are slightly higher, 
there is already a signifi cant chronic injury in the 
nephrons (KDOQI  2002 ). 

 When the GFR drops around 30 % the normal 
level, patients could remain asymptomatic with 
the rise in serum urea and creatinine. However, a 
careful analysis often reveals additional CKD 
clinical and laboratory manifestations. Among 
them are nocturia, slightly anemia and loss of 
energy, early alterations in appetite and nutrition, 
as well as alterations on calcium-phosphorus 
metabolism (moderate renal insuffi ciency). When 
the GFR drops below 30 % the normal level, clin-
ical and biochemical manifestations of uremia 
grow in number and intensity (severe renal 
impairment). In the stages of mild and moderate 
renal insuffi ciency, intercurrent clinical situa-
tions of stress may further affect the renal 
function, with signs and symptoms of uremia. 

Although many studies are limited by small sample sizes and replication 
of the fi ndings is needed, several candidate genes have been identifi ed and 
are discussed here: CYP3A5, CYP3A4, ABCB1, CASR, VDR, GC, 
MTHFR, and RFC1. Thus, the future is promising for a personalized treat-
ment of CKD, which will improve therapeutic outcomes, minimize side 
effects, and lead to a more cost-effective care. 
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Some processes that CKD patients may be especially 
sensitive are infections (urinary, respiratory, or 
digestive), poorly controlled hypertension, hyper-
volemia or hypovolemia, and nefrotoxicidad by 
radiocontrast. When the GFR drops below 5–10 % 
of normal, the survival turns impossible without 
renal replacement therapy (KDOQI  2002 ).  

1.2      Etiology and Predictor Factors 

 There has been a dramatic increase in the inci-
dence of ESRD and relative displacement of inci-
dence of the causes of CKD during the past two 
decades. Although glomerulonephritis was the 
leading cause of CKD in the past, diabetic neu-
ropathy and hypertension are now much more 
common causes. This may be a consequence of the 
prevention and more effective treatment of glo-
merulonephritis and decreased mortality from 
other causes in diabetic and hypertensive. The 
overall longevity and decreasing premature car-
diovascular mortality also increased the average 
age of patients with ESRD. An especially common 
cause of CKD in the elderly is hypertension; in 
these patients, chronic renal ischemia caused by 
renovascular disease may be an additional factor 
that contributes to unidentifi ed pathophysiological 
process described. Many patients present an 
advanced stage of CKD, which impedes to deter-
mine conclusively its cause (Kasper et al.  2005 ). 

 Among the major risk factors for CKD are 
older age, family history of CKD, hypertension, 
diabetes, renal mass reduction, low birth weight, 
systemic autoimmune diseases, urinary tract 
infections, urolithiasis, obstructive diseases of 
the urinary low tract by use of nephrotoxic drugs, 
African-American race, and low educational or 
social level (Cabrera  2004 ).  

1.3      Prevalence and Incidence 

 The incidence rates of ESRD have increased 
steadily internationally since 1989. The USA has 
the highest incident rate of ESRD, followed by 
Japan. Japan has the highest prevalence per mil-
lion population, with the USA taking second 
place (Bakris    and Ritz  2009 ; Stenvinkel  2010 ). 

 The frequency of CKD continues to increase 
worldwide as does the prevalence of ESRD. The 
most common, but not only, causes of CKD are 
hypertension and diabetes. The presence of CKD 
is associated with a large increase in cardiovascu-
lar (CV) risk. Moreover, CV risk increases pro-
portionally as GFR drops below 60 ml/min. 
Lastly, death from CV causes is eightfold higher 
in CKD, much higher than death from cancer. 
Consequently, the identifi cation and reduction of 
CKD have become a vital public health priority 
(Bakris and Ritz  2009 ; Stenvinkel  2010 ). 

 The reported prevalence of CKD stages 1–4 in 
the most recent NHANES (National Health and 
Nutrition Examination Survey) between 1999 
and 2006 was 26 million (13 %) out of approxi-
mately 200 million US residents aged 20 and 
older. Of these, 65.3 % had CKD stage 3 or 4. 

 The most recent report of the United States 
Renal Data System estimates that nearly one-half 
million patients in the USA were treated for 
ESRD in the year 2004, and by 2010, this fi gure is 
expected to increase by approximately 40 %. The 
elderly are a growing segment of the population 
and at increased risk for renal disease. Additionally, 
males and African-Americans with preexisting 
hypertension or diabetes and CKD are also at 
much higher risk for ESRD. These observations 
have also been confi rmed throughout the devel-
oped world: Europe, Asia, Australia, as well as in 
developing regions such as China, India, and 
Africa (Bakris and Ritz  2009 ; Stenvinkel  2010 ).   

2      Chronic Kidney Disease-Bone 
Mineral Disorder Mechanism 
and Pharmacogenetics/
Pharmacogenomics 

2.1         Chronic Kidney Disease-Bone 
Mineral Disorder Mechanism: 
Calcium- Phosphorus 
Metabolism and Related 
Treatment 

 As a result of the loss of excretory functions, 
endocrine regulatory, and kidneys, CKD patients 
suffer multiple medical complications, such as 
electrolyte abnormalities, anemia, secondary 
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hyperparathyroidism, and renal dystrophy. 
Furthermore, these patients may also have other 
serious complications such as calcifi cation of soft 
tissue and bone, cardiovascular disease, infection, 
and malnutrition, showing high rates of mortality 
and morbidity (U.S. Pharmacist  2007 ). 

 With the decrease in renal function, the reduc-
tion in Ca absorption is perceived by the calcium- 
sensing receptor (CASR) expressed on the surface 
of cells of the parathyroid glands causing PTH syn-
thesis and secretion increasing. This increase leads 
to (1) increase Ca reabsorption by the kidneys, (2) 
increased activation of vitamin D in the renal 
tubules, and (3) increased release of Ca from bone. 
The CASR is also expressed in the kidney and per-
ceives Ca reduction, resulting in increased resorp-
tion of Ca. This positive feedback mechanism acts 
to increase the levels of Ca (Waller  2011 ). 

 Furthermore, there is a decrease in the elimi-
nation of phosphorus resulting hypophosphate-
mia and in a reciprocal decrease in serum calcium 
level. Hypocalcemia is the fi rst stimulus for PTH 
release by the parathyroid glands; such effects 
are mediated by the interaction between ionized 
calcium and the CASR in the cell membrane of 
the parathyroid gland. Hyperphosphatemia also 
increases the synthesis and release of PTH by 
acting directly on the parathyroid glands and the 
production of messenger ribonucleic acid (mRNA)-
encoding PTH. Aiming to regulate the ionized 
calcium, PTH reduces P reabsorption and 
increases Ca reabsorption by the kidney proximal 

tubules (at least until the GFR is reduced to less 
than 30 ml/min), also increasing the mobilization 
of calcium from bone. This results in the correc-
tion in the levels of calcium and phosphorus, at 
least in the early stages of CKD; meanwhile, this 
occurs at the expense of higher rates of PTH. 
Increased PTH is most noticeable when the GFR 
is lower than 60 ml/min/1.73 m 2  (stage 3) and 
worsens with declining renal function (DiPiro 
et al.  2005 ). 

 This imbalance in the calcium-phosphorus 
metabolism that generates SHPT is defi ned by 
the KDOQI Clinical Guide as osteodystrophy 
and was recently defi ned by the working KDIGO 
( Kidney Disease Improving Global Outcomes ) as 
 Chronic Kidney Disease-Bone Mineral Disorder  
(CKD-BMD) that is characterized by one or 
more of the following clinical parameters: abnor-
mal levels of Ca, P, PTH, and vitamin D; abnor-
malities in bone turnover, mineralization, volume, 
etc.; and vascular calcifi cations or soft tissue 
(KDOQI  2002 ; KDIGO  2009 ). 

 To clearly understand the pathogenesis of 
SHPT, see Fig.  34.1 .

   KDOQI clinical guideline (KDOQI  2002 ) 
for mineral-bone disease in CKD recommends 
that serum Ca, P, and PTH should be measured 
in all patients with CKD presenting GFR 
<60 ml/min/1.73 m 2 . The frequency of such 
determinations must be based on the stage of the 
CKD. Table  34.1  contains the values recommended 
by the KDOQI Clinical Guide for levels of PTH, 

Kidney

Calcitriol Parathyroid cell

PTH secretion

VDR

mRNA PTH

Proliferation

P

Ca CaSR

  Fig. 34.1    Mechanism of the pathogenesis of secondary hyperparathyroidism       
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Ca, P, and Ca x P, for patients with stage 5 CKD 
(Frase  2009 ). Secondary hyperparathyroidism 
is one of the most important CKD morbidities 
due to the impairment in calcium-phosphorus 
metabolism which has an impact in bone disor-
ders, called as Chronic Kidney Disease-Bone 
Mineral Disorder (CKD-BMD) (KDIGO  2009 ). 
CKD- BMD is a clinical syndrome that develops 
as a systemic disorder with a critical role in the 
pathogenesis of soft issue and vascular calcifi -
cations and fracture risk, thus increasing CKD 
patients’ mortality. CKD-BMD manifests 
through one or a combination of the following: 
(1) abnormalities of bone turnover, mineraliza-
tion, volume, linear growth, or strength; (2) 
abnormalities of calcium, phosphate, parathy-
roid hormone, or vitamin D metabolism; and/or 
(3) vascular or other soft tissue calcifi cation 
(Zaza et al.  2009 ).

2.1.1         Calcium-Sensing Receptor 
(CASR), Vitamin D Receptor 
(VDR), and Vitamin D-Binding 
Protein (DBP) Polymorphisms 
Related to Calcium-Phosphorus 
Metabolism 

 The production and secretion of PTH are regu-
lated by the concentrations of Ca ions and 
metabolites of vitamin D, having as target mol-
ecules CASR and VDR, respectively (Grzela 
et al.  2006 ). CASR and VDR play key roles in 
calcium homeostasis and, consequently, in the 
pathogenesis of SHPT. In addition to their indi-
vidual role, important interactions occur between 
them, which contribute to the regulation of serum 
calcium (McCann and Beto  2010 ; Laaksonen 
et al.  2009 ). 

 CASR is a member of the G protein-coupled 
receptors superfamily and is present primarily in 
the parathyroid glands, kidneys, bones, and intes-
tines. Its discovery in 1993 has allowed a better 
understanding of the regulation of calcium 
homeostasis. Its main function is to control para-
thyroid levels of extracellular Ca, maintaining 
balanced blood concentration and consequently 
the production and release of PTH controlling 
SHPT in CKD. It is the therapeutic target of cina-
calcet, the fi rst calcimimetic type II approved for 
use in humans to treat SHPT (Drüeke  2004 ). 

 The CASR gene (located on chromosome 3, 
position q13) encodes a membrane G protein- 
coupled receptor, which has a key role in the 
regulation of extracellular Ca level exerting its 
action on the parathyroid gland and kidney. 
CASR activation triggered by increasing the 
concentration of extracellular Ca inhibits PTH 
secretion and promotes urinary calcium excre-
tion (Yun et al.  2007 ). In CKD, CASR expres-
sion is reduced by inactivating mutations, this 
being a key factor for the development of 
SHPT. The three main CASR single-nucleotide 
polymorphisms (SNP) with clinical impact 
related to SHPT pathophysiology reported are 
those in exon 7: G986T, A990G, and C1011G 
(Erturk  2006 ). 

 CASR, in response to alterations in extracel-
lular Ca, is the key regulator of PTH secretion 
and, to a lesser degree, PTH synthesis. CASR is 
responsible for maintaining serum calcium con-
centrations within a narrow physiological range 
by sensing extracellular calcium concentrations 
and by mediating alterations in PTH secretion 
and renal calcium reabsorption (Laaksonen 
et al.  2009 ). CASR and vitamin D receptor 
(VDR) expression are decreased in patients with 
SHPT; thus, PTH secretion is downregulated, 
showing CASR role in the pathophysiology of 
SHPT (Riccardi and Martin  2008 ; Rodríguez 
et al.  2005 ; Goodman and Quarles  2008 ). CASR 
has been shown to be an important drug target in 
the SHPT treatment due to its sensitivity to 
extracellular Ca 2+  (Trivedi et al.  2008 ). Three 
CASR SNPs in exon 7, G986T, A990G, and 
C1011G, have been described to have a role in 

   Table 34.1    PTH, Ca, P, and CaxP levels recommended 
by KDOQI clinical guideline for stage 5 CKD patients   

 Parameters  Values 

 PTH  150–300 pg/ml 
 Ca  8.4–9.5 mg/dl 
 P  3.5–5.5 mg/dl 
 CaxP  <55 mg 2 /dl 2  
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the pathogenesis of SHPT (Yun et al.  2007 ). 
A study has shown that SNP A990G have a pos-
sible association with cinacalcet response, 
showing that individuals with the mutated allele 
990G were more sensitive to cinacalcet (Rothe 
and Mayer  2006 ). 

 Calcitriol (1,25-(OH)2D), the active form of 
vitamin D, has pleiotropic physiological effects, 
and their action is mediated by VDR, an intracel-
lular receptor-type protein phosphate. VDR 
expression is reduced in the parathyroid glands in 
CKD, and calcitriol metabolism and action are 
abnormal; thus, it has an important role in the 
development of HPTS and renal osteodystrophy. 
Renal production of calcitriol is decreased due to 
reduced renal mass and phosphate retention. 
Moreover, VDR SNPs may infl uence the biologi-
cal action of calcitriol. The main VDR SNPs 
(located at chromosome 12, q13.11) are  Bsm I, 
 Apa I,  Taq I (located at 3′-noncoding region),  Cdx I 
(located at 5′-noncoding region), and  Fok I 
(located at N-terminal region) (Erturk  2006 ). 

 VDR regulates intestinal calcium absorp-
tion and synthesis of PTH in the parathyroid 
glands. Furthermore, VDR binds calcitriol and 
this complex is involved in the transcriptional 
regulation of calcium homeostasis in the intes-
tine, parathyroid, kidneys, and bone tissue. It 
belongs to the family of trans-acting transcrip-
tional regulatory factors and shows a sequence 
of similarities to the steroid and thyroid hor-
mone receptors ( PharmGKB ). VDR gene was 
cloned in 1988 by Baker et al. ( 1988 ), and its 
genomic structure fi rstly defi ned in 1997 by 
Miyamoto and Colleagues ( 1997 ), which 
showed that it consists of 9 exons with at least 
6 isoforms of exon 1, located in chromosome 
12q13.11, spans 63.5 kb, and encodes a 427 
amino acid protein. Four common restriction 
fragment length polymorphisms (RFLP) in this 
gene have been related to a large number of 
diseases (Morrison et al.  2005 ). Although none 
of the VDR gene SNPs have a clear role in the 
Ca metabolism, previous studies suggested 
that  Bsm I and  Fok I VDR gene polymorphisms 
were associated with higher PTH and Ca levels 
in SHPT patients (Erturk  2006 ; Giannini et al. 
 2002 ).

•     Bsm I has been associated with the severity of 
SHPT and high-turnover bone disease (Gago 
et al.  2005 ).  

•    Fok I is a mutation located at the fi rst of the 
two start codons, ATG, changing the nucleo-
tide sequence to ACG, leading to a translation 
of three codons downstream, and fi nally 
resulting in a protein that differs in length by 
three amino acids. It has been associated with 
higher PTH level and, consequently, with the 
SHPT pathophysiology (Gago et al.  2005 ).    
 The main function of the group-specifi c com-

ponent of serum (GC-globulin) or vitamin 
D-binding protein (DBP or GC) is to transport 
vitamin D and its metabolites in the plasma. GC 
binds to vitamin D metabolites (e.g., 25-hydroxyvi-
tamin D3, the main circulating metabolite, and 
1.25-dihydroxyvitamin D3, the active form of 
vitamin D) through the sterol- binding domain; 
GC carries vitamin D to the liver, kidney, bone, 
and other tissues and stores and prolongs circulat-
ing vitamin D metabolites half-life (Fang et al. 
 2009 ). 

 GC is a member of the albumin, α-fetoprotein, 
and α-albumin/afamin gene family. The human 
GC is localized at the chromosome 4q11–13. 
The two most common genetic variations are 
D432E (rs7041–T1296C) and T436K (rs4588–
C1307A) (Speeckaert et al.  2006 ; Fu et al.  2009 ). 
The main circulating vitamin D metabolite, 
25- hydroxyvitamin D (25(OH) D), is the best 
short-term total vitamin D exposure biomarker 
and has the higher affi nity to GC (about 90 % is 
binding to GC), and thus, lower 25(OH)D serum 
levels could be associated with these two GC 
polymorphisms (Speeckaert et al.  2006 ; Ahn 
et al.  2010 ; Sinotte et al.  2009 ; Wang et al.  2010 ; 
Riccardi and Martin  2008 ).  

2.2      Cardiovascular Disease Risk 
in CKD: Homocysteine 
and Folate Metabolism 

 Hyperhomocysteinemia is a predictor of cardio-
vascular disease morbidity and mortality in 
patients with renal failure. Moderate hyperhomo-
cysteinemia is present since the early stages of renal 
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failure and increases in parallel to deterioration 
of renal function, and it is present in approxi-
mately 50–60 % of the patients. Major causes for 
fasting and post-methionine loading hyperhomo-
cysteinemia are impairment of renal function, 
folic acid (FA), and vitamin B12 and vitamin B6 
status (Domenici et al.  2007 ). 

 FA is a crucial nutrient that supports important 
physiological functions such as DNA synthesis, 
cell division, and substrate methylation. Low FA 
level caused by suboptimal intake, transport, and 
cellular utilization of FA is a risk factor for dis-
eases such as spina bifi da and cardiovascular dis-
eases ( PharmGKB ). 

 Besides the exposed above, vitamin D defi -
ciency could be related to CVD risk (Cormier 
et al.  2010 ).  

2.2.1      Methylenetetrahydrofolate 
Reductase (MTHFR) and 
Reduced Folate Carrier (RFC1) 
Polymorphisms Related to 
Homocysteine and Folate 
Metabolism 

    Methylenetetrahydrofolate reductase (MTHFR) is 
a key enzyme in homocysteine (Hcy) and folate 
(FA) metabolism, whose gene is located at the 
chromosome 1, region 1p 36.3, and presents 11 
exons ranging in size from 102 to 432 bp. The pro-
tein encoded by MTHFR gene catalyzes the 
conversion of 5,10-methylenetetrahydrofolate to 
5-methyltetrahydrofolate, a co-substrate for the 
remethylation of Hcy to methionine. Genetic varia-
tions in this gene infl uence the susceptibility to vas-
cular occlusive disease, neural tube defects, colon 
cancer, and acute leukemia, and mutations in this 
gene are associated with an enzyme defi ciency. A 
common polymorphism in MTHFR gene, C677T 
(rs1801133), results in a substitution of C by T at 
nucleotide 677 changing alanine by valine at the 
position 222 of the amino acid sequence of the pro-
tein. This SNP turns the enzyme into a thermola-
bile and less active form. In patients with renal 
disease, this mutation is linked to elevated total 
plasma Hcy levels and with lower FA level in 
homozygous compared with heterozygous or 
normal individuals (OMIM) which are in turn 

linked to increased venous thrombosis and cardio-
vascular disease. Furthermore, MTHFR has been 
associated with cardiovascular risk in CKD patients 
(Jamison et al.  2009 ). 

    Another mutation in MTHFR gene, A1298C 
(rs1801131), consists of transition from A to C in 
nucleotide 1,298 and results in alteration of a glu-
tamate (or glutamic acid) codon for alanine at 
position 429 of the amino acid sequence and also 
in enzymatic activity reduction, which is more 
pronounced in mutant homozygous individuals 
than in heterozygous. However, it has been less 
associated with the risk of vascular diseases than 
C677T mutation (Domenici et al.  2007 ; Jamison 
et al.  2009 ; Chatzikyriakidou et al.  2008 ). 

 The intracellular folate uptake is partially 
mediated by the transporter of reduced folate 
protein (RFC1), gene encoded by the human 
solute carrier family 19, member 1 (SLC19A1). 
RFC1 is a bidirectional transporter of 
5- methyltetrahydrofolate and thiamine mono-
phosphate ( PharmGKB ). 

 Reduced folate carrier (RFC1 or SLC19A1), 
located in chromosome 21q22.3, is responsible 
for FA transport into the cells (Chatzikyriakidou 
et al.  2008 ). A common non-synonymous SNP in 
exon 2 of the gene, Arg27His (80G > A), results 
in the substitution of a histidine for an arginine at 
residue 27 in the protein sequence. It has been 
associated with higher plasma FA levels in homo-
zygous AA individuals in comparison to individ-
uals who carried the G allele, and by the opposite 
association, Hcy levels are lower in AA patients 
(Chango et al.  2000 ).   

3      Kidney Transplantation 

3.1      Substitutive Renal Therapy 

 Most patients in stage 5 CKD need renal replace-
ment therapy (RRT) to correct the accumulation 
of toxins, fl uids, and electrolytes. The three basic 
choices of TRS are hemodialysis, peritoneal dial-
ysis, and transplantation. 

 The TRS is the high-cost chronic therapy in 
specialized care. According to the World Health 
Organization (WHO), in 2008 the absolute 
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number of kidney transplants in the world was 
69.300 (WHO  2010 ). Figure  34.2  shows kidney 
transplant distribution according world regions 
by the WHO.

3.2         Calcineurin Inhibitors 
Immunosuppressive Therapy 

3.2.1      Mechanism and Main Drugs 
(Cyclosporine and Tacrolimus) 

 Cyclosporine (Csa) and tacrolimus (Tac) are cal-
cineurin inhibitors (CNI), which are cornerstone 
therapies in the prevention of rejection following 
solid-organ transplantation (Staatz et al.  2010 ). 
They act by inhibiting the phosphatase activity of 
calcineurin through binding of cyclosporine- 
cyclophilin and tacrolimus-FKBP12 complexes 
to calcineurin, which is an essential enzyme in the 
nuclear factor of activated T-cell (NFAT) pathway 
involved in T-cell activation. These two drugs 
have been successfully used in immunosuppres-
sive protocol of more than 94 % of kidney trans-
planted recipients. However, their use is associated 
with toxicity beyond immunosuppression, such as 
metabolic alterations (hyperlipidemia and diabetes 

 mellitus ), hypertension, nephrotoxicity, and other 
problems (gingival hypertrophy and hypertricho-
sis). The main goal after transplantation is to 
maintain a reasonable balance between effi cacy 
(avoid rejection), side effects of general immuno-
suppression (malignancies and infections), and 
specifi c toxicity, due to their narrow therapeutic 
range. Nevertheless, therapeutic drug monitoring 
(TDM) of CNIs is not the entire solution, since 
side effects are still observed with drug levels 
below the standard therapeutic range, while high 
peripheral blood levels of Csa or Tac are not fully 
protective against rejection (Naesens and Sarwal 
 2010 ). 

 One of the main limitations for the use of the 
immunosuppressive drugs in clinical practice is 
the association of major and unpredictable inter-
individual variability in their pharmacokinetics, 
which leads to variations in drug exposure and a 
number of dose-related side effects. The CNIs 
have poor oral bioavailability; after oral admin-
istration, Csa and Tac absorption is approxi-
mately 30 %, but this may vary greatly. For 
example, the absolute bioavailability of Csa 
ranges from 10 to 60 %, and the oral bioavail-
ability of Tac varies from 4 to 89 % among 

Kidney Transplantations per Region
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  Fig. 34.2    Kidney transplantation distribution around world (Source: WHO)       
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kidney and liver transplanted patients. There are 
clear ethnic differences in dose requirements for 
these drugs (Anglicheau et al.  2007 ). 

 Csa and Tac are both metabolic substrates for 
cytochrome P450 (CYP) 3A enzymes, in particu-
lar CYP3A4 and CYP3A5, and are transported 
out of cells by the P-glycoprotein (ABCB1) 
effl ux pump. Different expression of CYP3A4, 
CYP3A5, and ABCB1 causes patient-to-patient 
variability in the absorption, metabolism, and tis-
sue distribution of CNIs. This different expres-
sion is likely to be at least partially the result of 
mutations in the genes encoding for these 
enzymes and drug transporter, which may lead to 
different blood and at target sites drug concentra-
tions, infl uencing drug effi cacy, an individual’s 
susceptibility to drug interactions or drug toxicity 
(Staatz et al.  2010 ).  

3.2.2      Adverse Drug Reactions 
Associated to Calcineurin 
Immunosuppressor Treatment 

 One of the challenges in solid-organ transplanta-
tion is the tailoring of immunosuppressant ther-
apy to specifi c requirements of individual 
transplanted recipients to optimize effi cacy and 
minimize toxicity. Immunosuppressive therapy 
must be carefully titrated for the patient. 
Therapeutic drug monitoring of calcineurin 
inhibitors (CNIs) is routinely performed, with the 
drug dosage adjusted according to whole-blood 
drug concentrations and patient clinical response. 
However, TDM can only be performed after 
transplantation and is not useful for determining 
the optimal CNIs starting dose. Furthermore, 
achieving the recommended target range does not 
guarantee absence of drug toxicity or complete 
immunosuppressant effi cacy because each trans-
planted individual responds differently to similar 
measured immunosuppressant concentrations 
(Staatz et al.  2010 ). The personalization and an 
increased understanding of drug therapy of the 
long-term graft biology changes are the best 
option available for improving transplant graft 
and patient survival and for reducing adverse 
drug reaction (ADR) (Burckart and Amur  2010 ). 

 A static long-term graft survival rate and a 
high incidence of severe ADR provide a situation 

that is ripe for intervention by complementary 
genomic technology. The population of patients 
is quite complex, and a major innovation in medi-
cal care is diffi cult to achieve but necessary 
(Burckart and Amur  2010 ). Candidate genes 
studies previously have provided a platform for 
creating a drug selection algorithm for transplant 
patients.   

3.3      Pharmacogenetics of 
Calcineurin 
Immunosuppressors 
Cyclosporine and Tacrolimus 

3.3.1      Drugs Target: ABCB1 
  Human multidrug resistance gene (ABCB1)  is a 
ATP-binding cassette membrane transporter gene 
that contributes to the protection of the organism 
against the environment and certain drugs such as 
Tac, limiting its absorption by the intestine and 
promoting its excretion via urine and bile acids 
(Op den Buijsch et al.  2007 ). P-glycoprotein is 
encoded by the multidrug resistance gene (MDR1), 
also known as the ABCB1 gene, one of many 
ubiquitous adenosine triphosphate (ATP)-binding 
cassette (ABC) genes. ABCB1 is polymorphically 
expressed, with at least 50 SNPs identifi ed to date. 
The most common and extensively studied 
ABCB1 SNP is the 3435C > T, in exon 26, a syn-
onymous SNP (the altered genetic code does not 
lead to changes in the amino acid sequence of the 
encoded protein) that may decrease ABCB1 
mRNA levels by decreasing mRNA stability or 
may affect the timing of folding and insertion of 
P-glycoprotein into the membrane, resulting in 
decreased substrate specifi city. Its clinical function 
remains unclear; however, several studies have 
associated the mutated homozygous with lowered 
intestinal P-glycoprotein expression or activity. 
This would lead, in theory, to ineffi cient export of 
drugs from cells, leading to increased absorption 
of calcineurin inhibitors across intestine and 
higher systemic and intracellular drug concentra-
tions (Staatz et al.  2010 ; Ieiri et al.  2004 ; Mourad 
et al.  2008 ). Furthermore, Naesens et al. ( 2009 ) 
reported that the effects of ABCB1 genotype are 
only evident when both donor and recipient are 
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homozygous for the TT variant (Naesens et al.  2009 ). 
As it is known, up to 30 % of patients waiting for 
renal transplantation had a previous failed kidney 
allograft. This SNP has also been associated with 
acute graft rejection and survival rates (Krüger 
et al.  2008 ) and exhibits larger inter ethnicities 
allele frequency differences (CEU = 54.3 %; 
Asian HCB = 40 %; Asian JPT = 47.7 %; YRI = 11 % 1 ) 
(Hodges et al.  2011 ).  

3.3.2      Drug Metabolism: CYP3A5 and 
CYP3A4 

   CYP3A5 (Cytochrome P450, Family 3, 
Subfamily A, Polypeptide 5) 
 Along with CYP3A4, CYP3A5 is the main 
responsible to Tac metabolization (Staatz et al. 
 2010 ; Lamba et al.  2012 ). CYP3A5 is polymor-
phically expressed, with at least 11 SNPs identi-
fi ed to date. The most extensively studied involves 
an A to G transition at the position 6,986 within 
intron 3 of the gene (6986A > G). This SNP is 
unusual as its wild-type (WT) allele (*1) occurs at 
a lower frequency than the variant allele (*3), 11.7 
and 88.3 % for Caucasian population, respectively 
( NIH ). Homozygous or heterozygous carriers of 
the allele *1 produce high levels of full-length 
CYP3A5 mRNA and express similar high levels 
of functional CYP3A5 protein (CYP3A5 express-
ers), while homozygous carriers of *3 produce 
very low or undetectable levels of functional pro-
tein (nonexpressers). Individuals that carry at least 
one *1 allele should theoretically display higher 
clearance and lower oral bioavailability of drugs 
and should be more likely to experience a lack of 
effi cacy at the standard dose. In contrary, individu-
als mutated homozygous (*3/*3) should experi-
ence lower clearance and higher bioavailability, 
and thus, they are more susceptible to suffer 
toxicity or an ADR and graft acute rejection. 
Furthermore, this SNP frequency is highly depen-
dent on patient’s ethnicity: CEU = 94.2 %, Asian 
HCB = 66.7 %, Asian JPT = 75 %, and RI = 15 % 
(*3 mutated allele frequencies reported by popula-
tion) ( HapMap ; Staatz et al.  2010 ).  

1   HapMap population classifi cation: CEU = European 
ancestry; Asian HCB = Han Chinese; Asian JPT = Japanese; 
YRI = Sub-Saharan African (Yoruban). 

   CYP3A4 (Cytochrome P450, Family 3, 
Subfamily A, Polypeptide 4) 
 CYP3A4 is the most abundant CYP enzyme, 
involved in metabolizing 45–60 % of all cur-
rently used drugs (Wang et al.  2011 ). 

 The CYP3A4 intron 6 C > T polymorphism is 
associated with altered Tac and Csa metabolism. 
CYP3A4 intron 6 C > T along with CYP3A5*3 
(especially for Tac) pharmacogenetic testing per-
formed just before transplantation may help in 
identifying patients at risk of CNI overexposure 
and contribute to limit CNI-related nephrotoxic-
ity by refi ning the starting dose according to their 
genotype (Elens et al.  2011 ). 

 Gervasini et al. ( 2012 ) reported that 
CYP3A4*1B-CYP3A5*1 haplotype may have a 
more profound impact in tacrolimus pharmacoki-
netics than the CYP3A5*1 allele alone. 

 Table  34.2  summarizes the clinical relevance 
of these eight genes SNPs.

3.3.3          SNPs Relating to Drug Effi cacy 
and Prescribed Doses of Drugs 
as Per Genotypes 

 Some authors have proposed a dosing equation 
for Tac using genetic variants and clinical fac-
tors (Passey et al.  2011 ,  2012 ). According to 
others, a biobank linked with electronic medical 
record seems to be useful to predict Tac dose 
requirements prior transplantation (Birdwell 
et al.  2012 ). 

 Thervet et al. ( 2010 ) have proposed a successful 
protocol to starting Tac dose determined by 
patient’s genotype: CYP3A5 expressers (i.e., carri-
ers of CYP3A5*1 allele) received 0.30 mg/kg/day, 
whereas CYP3A5 nonexpressers (CYP3A5*3/*3 
genotype) received 0.15 mg/kg/day. The improved 
prediction of the required tacrolimus dose was 
associated with a lower number of dose modifi ca-
tions and a shorter delay between tacrolimus intro-
duction and achievement of target blood 
concentration (Thervet et al.  2010 ). 

 The Royal Dutch Pharmacists Association – 
Pharmacogenetics Working Group has evaluated 
therapeutic dose recommendations for tacrolimus 
based on CYP3A5 genotype; however, they 
make no dosing recommendation (Swen et al. 
 2011 ).    
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4      Translation of 
Pharmacogenetic Findings 
to the Clinical Practice 
Environment 

 Although this fi eld has been extensively studied, 
there is still a need related to the implementation 
of pharmacogenomic/pharmacogenetic tech-
niques into the clinical practice. 

 Even with medicine advances, optimal phar-
macotherapy is still a clinical challenge that trig-
gers continuous improvements. Patients are still 
suffering ADR, lack of effi cacy, and the treat-
ment monitoring is even still based on trial and 
error method. Interindividual variability in medi-
cation response is well known and depends, par-
tially, on age, sex, liver and renal function, 
co-medication, etc. Furthermore, inherited vari-
ants in drug-metabolizing enzymes, transporters, 
receptors, and molecules of signal of transduc-
tion cascades may have a major impact on drug 
response (Tomalik-Scharte et al.  2008 ). 

 Pharmacogenetics (PGt) and pharmacoge-
nomics (PGx) could be considered new disci-
plines in the clinical fi eld. The approach of 
personalized medicine relies on decision-making 
based on a patient’s genetic makeup, with the aim 
of optimize patient health outcomes; however, 
the translation into the clinical routine is still 
pending and needing more reliability. 

 Pharmacogenomics can be used as a tool for 
personalizing health care on the basis of individ-
ual genetic variations and may decrease the 
amount of time needed to identify the most ben-
efi cial drug and dosage for a patient, minimize 
exposure to ineffective treatments, reduce ADR, 
and improve the economic effi ciency of the 
health-care system itself. 

 On the other hand, ADRs are a major health 
problem and its mechanism still remains poorly 
understood. Furthermore, most of them can be 
only detected after the drug has been adminis-
trated, and there is a lack of clinical reports about 
that. Pharmacovigilance’s roles are to detect and 
assess risks of ADR prior to and during the 
marketing of medicines, to evaluate drugs in clin-
ical use, to implement approaches to reduce 
risks, and in order to monitor the effectiveness. 

The application of PGt test moves toward ADR 
prevention (Alfi revic and Pirmohamed  2010 ). 

 PGt and PGx applicability must be based on 
genotype-phenotype valid biomarkers. Since 
2004, FDA and EMA have been motivating 
pharmaceutical industries to perform PGt and 
PGx test in their clinical trials and submit the 
resulting information to the agencies (Goodsaid 
et al.  2010 ). Fundamentally, genotype data per 
se does not lead to the complete information 
applicable to the patient’s care, and lack of 
knowledge regarding genotype-phenotype cor-
relation is often considered as the major barrier 
delaying the PGt translation to clinical practice. 
GWAS could be indeed a good promise to reveal 
possible associations; however, large patients 
cohort without understanding the genotype 
implication in drug- response phenotype would 
not conclude any signifi cant clinical associa-
tion, even when the investment is highly costly 
(Gurwitz and Pirmohamed  2010 ). 

 Moreover, ethnic differences are a determi-
nant issue in the response variability to the same 
drug. The FDA recognizes that standard methods 
of defi ning racial and ethnic subgroups are neces-
sary to ensure consistency in demographic subset 
analyses, to compare results across studies, and 
to assess potential subgroup differences in safety 
and effectiveness. The inclusion of different eth-
nicity studies in the medication label is encour-
aged by FDA. An example of ethnicity-related 
safety and effi cacy information included in the 
label is Tac, an older marketed drug. The label 
notes that a retrospective comparison in kidney 
transplant patients suggested that black (African- 
American) patients required higher Tac doses to 
reach trough concentrations similar to those 
observed in white patients; however, whether this 
phenotype depends only on ABCB1 and CYP3A5 
polymorphisms remains unclear (Yasuda et al. 
 2008 ; Huang and Temple  2008 ). 

 Another point of interest that should be dis-
cussed is the economic advantage that pharma-
cogenetics could bring compared to current 
standard of health care. Firstly, more studies 
demonstrating the links between genetic variation 
and response to medications in defi ned popula-
tions are required, along with development 
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of valid tests to measure these specifi c variants 
and, thus, assure legitimate biomarkers. Secondly, 
studies should be conducted to evaluate whether 
pharmacogenetic testing improves health out-
comes for patients and if the decision to per-
form the pharmacogenetic test is cost-effective 
relative to usual care (Deverka and McLeod 
 2008 ). This type of analysis must be done with 
accuracy and robustness to assure its reliability 
(Payne and Shabaruddin  2010 ). Pharmacogenetic 
testing is likely to be cost-effective because it 
uses genomic information to improve drug 
effectiveness and reduce toxicity both in the 
drug development process and at the bedside 
(Deverka et al.  2010 ). 

 Ethical and social issues are priorities in phar-
macogenetic context. Pharmacogenetic informa-
tion and patient’s anonymity must be under strict 
control and kept safe. Informed consent should 
be signed for a specifi c study purpose or biobank, 
and patient’s information must be clear and easy 
to understand (Vijverberg et al.  2010 ). 

 A multidisciplinary team to elaborate the 
pharmacogenetic report is important because a 
junction of knowledge from different specialties 
is needed. Understanding the genetics basis and 
molecular mechanism of drug response is impor-
tant prerequisite to PGt application, and continu-
ous pharmacogenetic information update is 
extremely necessary (Giacomini et al.  2007 ; 
Gong et al.  2008 ; Thorn et al.  2010 ). 

 A recent meeting by the International 
Association of Therapeutic Drug Monitoring 
and Clinical Toxicology had reported that there 
is a diverse range of opinions from the provision 
of genotype only, leaving interpretation to the 
prescribing clinician, to the provision of an inter-
preted genotype with specifi c prescribing advice 
(Mac Phee  2010 ). In fact, a consensus of the 
information contained in the pharmacogenetic 
report (counseling) is necessary besides a guide-
line. External factors as diet, sun exposure, sex, 
and others could infl uence in the disease’s and 
drug response’s phenotypes; thus, clinical team 
must take this information into account in the 
interpretation of the pharmacogenetic test to 
make the best decision.  

5      Future Perspectives 

 Patients with CKD-BMD and kidney trans-
planted will benefi t with pharmacogenetic test 
application in the clinical routine, even if further 
studies about the relevant SNPs should be made. 
The most promising SNP up to now is CYP3A5 
rs776746, as already has a clinical guideline 
being used in the routine, a step forward to start-
ing dosing protocol (Ware  2012 ). 

 A range of companies are investing in the devel-
opment of direct-to-consumer pharmacogenetic 
tests, though this has an uncertain value and needs 
to be deeply discussed (Chua and Kennedy  2012 ). 
Thus, the clinical pharmacist/pharmacologist has 
an important involvement in the multidisciplinary 
team interpreting pharmacogenomics/pharmaco-
genetics information, as it can optimize drug 
therapy, focus on disease and treatment- related 
outcomes, ensure compliance, and counsel patients 
about drug usage, and PGt seems to be a good ally 
to achieve this objectives (Stemer and Lemmens-
Gruber  2010 ). PGt will implicate changes in clini-
cal routine, as health professionals can access the 
patient’s pharmacogenetic information before the 
prescription is being decided, assuring the patient’s 
safety (Haga and Burke  2008 ). 

 Whether PGt and PGx will complement the 
actual standard of care is a question that will 
remain without answer for a while. Although 
divergent opinions about the clinical applicability 
of these technologies exist (Limdi and Veenstra 
 2010 ), PGt and PGx will progress as the new 
studies of emerging multicenter consortia will 
bring more reliable results.     
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