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Abstract

Since the 1950s, the field of pharmacogenomics has rapidly expanded,
yielding valuable evidence of the link of genetics and drug response
whether due to alterations in drug metabolism, transport, target proteins,
or genetically determined disease severity. The patient genome is postu-
lated to account for 20-95 % of the variability of drug response. The
impact of pharmacogenomics transcends the individual, with major reper-
cussions upon drug discovery and development in pharmaceutical industry
as well as the economics of health care. This chapter summarizes impor-
tant principles and relevant examples.
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Introduction

The history of pharmacogenetics dates from
the 1950s with the observation of primaquine-
induced hemolysis in the presence of glucose-
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6-phosphate dehydrogenase deficiency,
establishing that drug-related toxicity may occur
in genetically predisposed individuals. Since
then, the field of pharmacogenomics has rapidly
expanded, yielding valuable evidence of the link
of genetics and drug response whether due to
alterations in drug metabolism, transport, target
proteins, or genetically determined disease sever-
ity. The patient genome is postulated to account
for 20-95 % of the variability of drug response.
The analysis of DNA sequencing and variation
in single-nucleotide polymorphisms (SNPs)
brings the hope of personalizing drug therapy
for an individual. However, the impact of
pharmacogenomics transcends the individual,
with major repercussions upon drug discovery
and development in pharmaceutical industry as
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well as the economics of health care [1-3]. The
following summarizes important principles and
relevant examples [1-21].

Definitions and Overview

Pharmacogenomics, which is inclusive of the
field of pharmacogenetics, may be defined as
the study of variations in DNA and RNA charac-
teristics in relationship to drug response
reflecting the variation in the entire genome,
describing often a more population-based focus
[1-8]. Pharmacogenetics is the study of the role
of genetic variations affecting an individual
patient and the drug-specific response, often
focused on a single or on a few gene analyses.
The concept of “personalized medicine” is the
extension of these studies intended to optimize
drug therapy while limiting toxicity based upon
genetic patterns or to choose therapy that is most
likely to be effective and safe [1, 2].

The “genotype” refers to the genetic pattern of
an individual, while the “phenotype” refers to the
outcome of the interaction of genes with environ-
mental factors (such as diet, drugs, and other
exposures). Single-nucleotide polymorphisms
(SNPs) constitute 90 % of all human genome
variation with over four million mapped in the
human genome [4]. These differences in one base
pair in DNA may affect biotransformation path-
ways as demonstrated for many key hepatic iso-
enzyme families. Genetic copy-number variations
(CNVs) also account for genomic variation. SNPs
occurring within the same DNA region may be
inherited in concert as haplotypes.

The term genetic polymorphism refers to nat-
urally occurring differences in DNA sequence in
individuals, usually present in a frequency of at
least 1 % [4, 6]. These polymorphisms may affect
enzymes, drug transporters, and/or receptors,
with changes resulting in increased, decreased,
or unchanged drug activity [5]. Polymorphisms
may affect individuals or reflect pattern within
ethnic groups. A given genetic polymorphism
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may significantly determine drug pharmacokinet-
ics or pharmacodynamics and/or disease activity
and severity.

Pharmacogenetics and
Biotransformation

Although pharmacogenetics is perceived as
arelatively recent area of study, there is extensive
retrospective history of the impact of genetics
upon biotransformation and toxicity. Examples
include isoniazid-related peripheral neuropathy
in patients with N-acetyltransferase deficiency
(“slow acetylators” in 50 % African-Americans
and Caucasians) and glucose-6-phosphate dehy-
drogenase deficiency with subsequent risk of
hemolysis with multiple drugs [2].

In the 1970s, variability of drug metabolism
was first documented through evidence of reduced
metabolism in up to 10 % of Europeans for
debrisoquine [6]. Subsequent research into cyto-
chrome P450 isoenzyme families resulted in iden-
tification of this pathway as CYP2D6. Extended
knowledge of drug-metabolizing enzymes pro-
vided the early foundations of pharmacogenetics.
Variation in individual genotypes may correspond
to observed phenotypic presentations, with char-
acterization of drug metabolism varying from
“poor” to “ultrafast” [8].

Of the over 57 different CYP isoenzymes and
42 involved in metabolism [4], polymorphisms
leading to absence of enzyme activity exist in
four major families: CYP2D6, CYP2C19,
CYP2AG6, and CYP3AS [4, 6]. Limited relevance
of CYP3A4 variants has been proposed, despite
extensive variation in CYP3A4 activity and
the large number of drugs undergoing biotrans-
formation through this system. However,
polymorphisms of CYP3A5 may be present
in 60 % of African-American and 33 % of
Caucasians [4].

As over 25 % of all drugs undergo metabolism
via CYP2D6, genetic influences may exert
more dramatic effects upon these drugs. Over
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80 unique allelic variants in CYP2D6 have been
determined, with patterns of “poor metabolism,”
“intermediate metabolism,” and “ultrafast metab-
olism.” [7] Alleles associated with impaired
metabolism include CYP2D6*10 (East Asia),
CYP2D6*17 (Africa), and CYP2D6*9 and
CYP2D6*%41 (Europe). However, ultrarapid
metabolism has also been detected in subjects
with CYP2D6*1 or CYP2D6*2 alleles. For exam-
ple, lack of effective codeine conversion to the
active component morphine in CYP2D6%4
homozygous individuals (so-called “slow
metabolizers™) results in little or no analgesia.
However, “rapid metabolizers” may risk exces-
sive opioid toxicity due to higher than usual mor-
phine generation [1, 2, 4]. Conversion of tramadol
to O-desmethyltramadol may also be affected by
CYP2D6 polymorphism in a similar manner [4].
The conversion of tamoxifen via CYP2D6 to
endoxifen is required for biologic activity in
breast cancer so that patients showing reduced
metabolism may show increased tendency to
relapse [4, 6].

There are over 16 variations in CYP2C19
activity, ranging from deficient, reduced, normal,
to increased [7]. CYP2C19*17 is associated with
ultrarapid metabolism, while CYP2C19%*2 and
CYP2C19*3 identify poor metabolism [7].
Polymorphisms in CYP2C19 SNPs, for example,
have been correlated with altered activity of
proton pump inhibitors such as omeprazole,
with higher blood levels and acid suppression in
poor metabolizers and lower blood concentra-
tions and resulting drug effects in the ultrarapid
metabolizers [6, 7]. Other substrates for
CYP2C19 include citalopram and select benzo-
diazepines including diazepam [6]. There are at
least 27 variant alleles for CYP2C19, with fre-
quency reflecting ethnicity: 15 % Caucasians,
30 % Asians, and 17 % African-Americans.

Over 33 variant alleles for CYP2C9 have been
noted, mostly related to decreased activity. Either
or both of two common alleles, CYP2C9*2 or
CYP2C9*3, are found in 30 % of Northern
Europeans and associated with reduced enzyme
activity [7]. These polymorphisms may be of
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greatest importance with drugs such as warfarin,
explaining 10-20 % variability in dose require-
ments [6] with increased risk of anticoagulation
and lower daily dose needs [7].

Other CYP isoenzymes of potential impor-
tance in discussion of pharmacogenetics include
CYP2B6 which may predispose to efavirenz-
associated central nervous system toxicity and
CYP2A6 which may be of clinical significance
in nicotine dependency [4].

Pharmacogenetics of Other Reactions

Polymorphisms of conjugation reactions with
reduced or absent activity have been documented
for methylation reactions such as thiopurine
S-methyltransferase (TPMT; 1 in 300 Europeans)
and glucuronidation as for UDP-glucuronosyl
transferase  (uridine  diphosphoglucuronosyl
transferase). Assessment of genotype is
recommended for TPMT when mercaptopurine
or thioguanine may be prescribed, screening for
TPMP homozygous or individuals at increased
risk of severe hematologic toxicity who may
benefit from dosage adjustment or who should
not be treated with these agents [8]. UGT1A1%28
allele determination is also recommended when
irinotecan use is proposed [6].

Transporter gene pharmacogenomic studies
for ABCB1 gene and p-glycoprotein response
have yielded conflicting data. As discussed by
Cavallari and Yam, drugs that are substrates for
p-glycoprotein-facilitated transport may also be
subject to CYP450 biotransformation, leading to
more complex impacts of genetic variations [4].

Pharmacogenetics and Drug Targets
Including Receptors and Enzymes

Pharmacogenetics of drug target molecules may
also determine drug responses independent of or
in addition to biotransformation [2, 4-8].
Polymorphisms of drug receptors including
beta-adrenergic receptors have been the source



984

of extensive research, given importance in dis-
eases including hypertension, heart failure, and
asthma. Beta-adrenoreceptor genes ADRB1 and
ADRB?2 provide targets for catecholamines and
other medications, with SNPs associated with
altered responsiveness of the receptor [8].
Reduced responsiveness to beta-agonist therapy
and loss of asthma control has been observed in
patients with beta-2 receptor arginine genotype as
compared to glycine genotype, with 15-20 % of
African-Americans and Caucasians possessing
the arginine genotype.

Genetic polymorphisms for other drug recep-
tor genes are also relevant to cardiovascular phar-
macotherapy including angiotensin-converting
enzymes, angiotensinogen, apolipoprotein E,
and cholesteryl ester transfer protein [7]. Poly-
morphisms in the ACE gene may be linked to
plasma concentration of ACE but results of study
of ACE inhibitor response are conflicting. How-
ever, it is possible that multiple genetic variants
determine ACE inhibitor responsive, rather than
a single gene [4].

Genetic variation in target enzymes is also of
importance for warfarin and statins. Variability in
the gene encoding vitamin K epoxide reductase
(VKORC1) has been demonstrated, with four
haplotypes that contribute to variation in warfarin
dose requirements. HMG-CoA reductase is the
target enzyme for the statins; two polymorphisms
of the gene coding this enzyme are documented.

Pharmacogenetics of Toxicity

Drug toxicity may occur as an extension of defi-
ciency of drug detoxification or transport. How-
ever, idiosyncratic toxicities have been reported
which also are examples of pharmacogenetics.
Drug-induced liver disease has been associated
with occurrence of HPA-B*5701 allele. This
allele has also been incriminated in abacavir-
induced hypersensitivity reactions; genetic test-
ing is recommended prior to initiation of abacavir
as an antiviral agent [6]. Severe cutaneous reac-
tions with carbamazepine including Stevens-
Johnson syndrome have been associated with
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HLA-B*1502 allele in Asians, with variation in
incidence depending upon place of ancestry from
Asia. As aresult, in 2007 the FDA recommended
all patients of Asian descent be screened for this
allele prior to initiation of therapy [5].

Increased risk of thromboembolic disease dur-
ing oral contraception use is well documented,
particularly when variation in genes for factor
V Leiden or prothrombin gene variations are
present. Genetic predisposition may also be
incriminated in risk of QT-interval prolongation
and risk of torsades de pointes due to genetic
mutations in channel proteins affecting potas-
sium and sodium transport [4].

Specific Cardiovascular Agents
of Interest

The following are brief summaries of documented
relationships of cardiovascular pharmacogenomics
for target drugs, with more extensive published
reviews available [9-16].

Warfarin

Wide interindividual variations in drug dosing
and response for warfarin exemplify the potential
impact of pharmacogenetics in clinical practice
[4, 9, 12, 15, 16]. Multiple genetic variations in
warfarin biotransformation pathways have been
documented.

This anticoagulant undergoes complex bio-
transformation, as it is a racemic mixture of the
S isomer (metabolized through CYP2C9) and less
active R isomer (metabolized through CYP3A4,
CYP1A1, CYP1A2, CYP2C8, CYP20C9,
CYP2C18, and CYP2C19). As the S isomer
accounts for the majority of anticoagulant activity
with highest inhibition of the VKORC1 enzyme in
vitamin K-dependent clotting, variants in
CYP2C9 increase risk of bleeding or delayed
onset of drug effects. Although variants are rare
in Asians and African-Americans, Caucasians
may demonstrate alterations in CYP2C9*2
(8-20 %) or CYP2C9*3 (6-10 %) activity, with
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altered drug pharmacokinetics and increased risk
of elevated INR and bleeding. Importantly, there
may be delay in time to optimal INR due to
delayed clearance [15].

Additionally, multiple polymorphisms in the
target VKORC1 gene coding vitamin K epoxide
reductase activity have been documented, alter-
ing pharmacodynamic responses for warfarin
independent of CYP2C9 activity. Depending
upon the individual’s genotype pattern, warfarin
doses may be widely variable. VKORCI poly-
morphism vary by race and may explain why, for
example, Asian patients require lower daily drug
doses when compared to doses for those of Euro-
pean or African ancestry [15].

The changes in VKORC1 and CYP2C9 activ-
ity account for approximately 40 % of variation.
Polymorphisms in CYP4F2 (vitamin K, oxidase,
responsible for epoxide form metabolism) may
also affect dose requirements. Genotyping of
VKORCI and CYP2C9 may assist in drug dosing
and has been the basis for over 40 pharmacogen-
etically based dosing algorithms. Warfarin label-
ing includes a table of starting doses based upon
patient VKORC1 and CYP2C9 genotyping. War-
farin pharmacogenomic testing is available,
although expensive and with limitations in profile
of polymorphisms detected. At this time, there is
no consensus as to who should be tested, when it
should occur, and the predictive nature of dosing
tables. Clinical utility of testing remains to be
validated, with extensive studies currently
underway.

Clopidogrel

Clopidogrel, as an antiplatelet agent, demon-
strates reduced drug responsiveness in up to
30 % of patients [4, 9—13, 15]. It is a prodrug
requiring a two-step activation by multiple
CYP450 isoenzymes including CYP2C19 path-
ways to generate the active metabolite, with
reduced rates of metabolism, decreased platelet
activation, and higher risk of cardiovascular
event compared to those with normal CYP2C19
activity [10]. Carriers of CYP2C19*2 and
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CYP2C19*%3 are “poor metabolizers,” with
nonfunctional enzymes, while carriers of
CYP2C19*%17 demonstrate increased activity
(“ultrarapid metabolizers”). CYP2C19*2 poly-
morphism is found in approximately 15 % Cau-
casians and Africans and 30 % Asians [12].

In 2010, a black box label was added for
clopidogrel (Plavix) to highlight the role of
CYP2C19 gene variants in drug response, specif-
ically “slow metabolizers.” However, as reviewed
by Goswami et al., studies of CYP2C19 polymor-
phism and drug efficacy have yielded variable
results, suggesting that this polymorphism may
account for only 12 % of response variability [11].

CYP2C19 genotyping is available for diag-
nostic testing. Complete genotyping profiles are
not available and the testing is expensive. The
Clinical Pharmacogenetics Implementation Con-
sortium has provided an algorithm for antiplatelet
agents using genetic testing [13]. However, rou-
tine genetic testing is not yet supported and
the clinical utility of such testing has not been
demonstrated [15].

Beta-Blockers

Response to beta-blockers may also be influenced
by genetic polymorphism [4, 12, 14]. Polymor-
phisms in CYP2D6 may determine pharmacoki-
netic variation for selected beta-blockers such as
metoprolol and carvedilol, as highlighted in drug
labeling. Other SNP variations in beta-1 and beta-
2 receptor genes as well as polymorphisms in
alpha-receptors may also influence drug
response, although data has been inconsistent.

Statins

HMGCR inhibitors also provide examples of
pharmacogenetic linkage to observations of
drug dosing, efficacy, and toxicity [4, 12]. Phar-
macokinetic variations with altered dose require-
ments may result from polymorphisms of
CYP3A4 enzymes. The presence of H7 haplo-
types of HMGCR and LS5 haplotype of LDLR
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may reduce state responsiveness. Genotyping
may also be helpful in prediction of risk of myal-
gias and other muscle toxicity. The SLCO1B1*5
allele mediating hepatic uptake has been associ-
ated with higher statin concentrations and may
dramatically increase risk of myopathy or myal-
gias [4, 12].

Pharmacogenomic Testing
and Utilization

In 2011, over 70 medications contained
pharmacogenomic information in FDA-approved
drug labeling. FDA-required labeling revisions
have been made for dozens of drugs including
warfarin, carbamazepine, imatinib, warfarin,
irinotecan, and  mercaptopurine  [17-21].
Pharmacogenetic testing is available for many
commonly used medications ranging from
anti-infective agents, chemotherapeutic agents,
immunosuppressants, antiepileptic agents, cardio-
vascular agents, to warfarin, although there are
relatively few FDA-approved pharmacogenetic
test methods available [11]. Stanek et al. reported
only 10.3 % of surveyed physicians had ordered
such testing in the preceding 6-month interval,
while 26.4 % anticipated ordering testing in the
next 6-month period. Although 97.6 % of physi-
cians agreed that pharmacogenetics may affect
drug response, less than 30 % had received rele-
vant education in the area [18]. In a random tele-
phone survey, most US adults favored testing to
evaluate side effect risk and to improve dosing or
drug selection. However, those surveyed were
unlikely to authorize testing if there was a chance
of DNA sharing and loss of confidentiality [19].
Pharmacogenetic testing generally occurs for
an individual patient for a target drug. However,
a more prospective use of pharmacogenetics has
been proposed using data embedded in electronic
medical records so as to prospectively aid drug
prescribing. Initial work by Schildcrout et al. has
demonstrated that approximately 65 % of over
50,000 patients were exposed to at least one
pharmacogenetic target drug and that 383 toxic-
ity events could have been prevented with pre-
emptive genotyping programs [17]. Johnson et al.
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described a customized system for generating
patient-specific genotyping for a wide array of
SNPs with relatively low cost and rapid turn-
around, with capability of placement in a patient
medical record [20]. O’Donnell et al. also
reported a medical model for implementing pre-
emptive genotyping which could be the basis for
further study of genetic utility [21].

The universal use of pharmacogenetic testing
remains controversial, even for drugs with known
genetic variations that may significantly affect
toxicity risks or efficacy. Variable reimburse-
ment practices, especially for private insurers,
high test cost, and significant lag time to results
provide logistical impediments. The greater
question is the utility of testing and impact on
outcomes of therapy, which remain active areas
of research for major drugs at this time.

Conclusion

Drug response is the result of the complex inter-
play of environmental and genetic factors. Drug
biotransformation and interaction with target
receptors or enzymes is determined by genotype
and is significantly a product of patient heredity.
“Personalized medicine” using preemptive
pharmacogenetic information linked to medical
records for use at time of initial prescribing may
reduce patient risk and enhance outcomes. As
rapid scientific and technologic advances are
enabling these advancements, the next critical
research questions must examine the utility of
pharmacogenetic testing in patient care.
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