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 It is with great pleasure that I write this foreword for two reasons: 
 First, the concept of this book emerged from two seminars held in our  institution 

with the same title,  Introduction to Translational Cardiovascular Research , with 
Professor Dennis V. Cokkinos, Director of the Heart and Vessel Department, 
who is also the Editor of this book as the course organizer, and Professor 
Evangelia Kranias, Director of Molecular Biology, Hanna Professor of 
Cardiology, Chair, Department of Pharmacology and Cell Biophysics, 
University of Cincinnati College of Medicine as co-organizer. 

 These courses were attended by young researchers either from a basic or a clini-
cal background; many of them are students at or collaborating with our center. 

 Also, most of the instructors in this course, who have also authored the 31 
chapters of the book, are either researchers or collaborators of our foundation. 

 Second, the Biomedical Research Foundation Academy of Athens, at its 
inception in 1992 and its inauguration in 2002, has been dedicated to the 
concept of translational research. This concept originated in the decade of 
1990, and in essence, it concerns the successful implementation of laboratory 
fi ndings in clinical care. When we refer to clinical care, we include the indi-
vidual patient with his inalienable rights to health, quality of life, and well- 
being, but also the community and, fi nally, world health policies. 

 Although the value of basic research, which pertains to the quest of pure 
scientifi c knowledge, and clinical research, which includes mechanisms of 
human disease, therapeutic interventions, clinical trials, and the development of 
new technologies is well appreciated, there clearly exists a need for their inte-
gration, which defi nes translational research. This is not an easy task; meticu-
lous planning, organizational expertise, and a generous budget allotment are 
essential. Our foundation strives to meet these challenges in collaboration with 
other institutes in Greece and abroad dedicated to these same meritorious goals. 

 I believe that this book, which represents a great effort by its Editor, 
Professor Dennis V. Cokkinos and all the participating authors, will further 
contribute to the awareness of the value of translational research. 

 I hope that it may prove successful and pursue a course productive to our appli-
cation of research toward an improved quality of health services for our patients.  

   Professor-Academician 
   Gregory     D.     Skalkeas  ,   MD    

President, Biomedical Research Foundation Academy of Athens, 
  Athens ,  Greece      

   Foreword   
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 The term “translational research” has come to stay. It refl ects today’s 
 integration of basic research (“bench”) fi ndings with the clinical practice of 
medicine and, in a wider scope, the application of results from the individual 
patient (“bedside”) to entire populations for the improvement of public 
health. 

 In this book, we try to offer future researchers a stimulus in as many 
aspects of cardiovascular research as possible so as to promote their interest 
in future fi elds of cardiovascular disease, diagnosis, and treatment. 

 The idea for this book emerged from two series of seminars given at the 
Biomedical Research Foundation of the Academy of Athens under the title 
 Introduction to Translational Cardiovascular Research . 

 Many presentations were added, deleted, or, more importantly, upregu-
lated and transformed as the lessons progressed. 

 However, the constant “leitmotif” of the book is the interaction of basic 
and applied knowledge. 

 Another aspect that is constantly stressed by the editor by many cross- 
referrals is that the various processes described are very closely interrelated. 

 Inevitably, this book is incomplete and will be partially outdated by the 
time it appears, given the constant explosion of both knowledge and 
information. 

 As editor, I have tried to give a logical sequence to the chapters. Thus, 
fundamental and important aspects are discussed fi rst: an introduction to the 
subject, translational research, cardiac development and regeneration, basis 
of cell excitability, and conduction. Next, I thought appropriate to describe 
the great axes such as the renin-angiotensin-aldosterone system, the beta 
adrenergic receptors, and the hypothalamic-pituitary-adrenal axis. 

 After this, the ubiquitous and constantly enlarging subject of genetic poly-
morphisms is discussed both generally and specifi cally as regards the vascu-
lar endothelium, which involves so many mechanisms regulating cardiac and 
vascular structure and function. MicroRNAs are another constantly expand-
ing subject; they are practically involved in all processes affecting the cardio-
vascular system as well as the organism as a whole. 

 The next unit that is discussed concerns fundamental processes such as 
cardiac hypertrophy, calcium cycling, infl ammation, stress proteins and the 
adaptive response, cell death, repair of the infarcted myocardium, and myo-
cardial remodeling, together with the arrhythmic potential of the heart. 
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 Animal models of cardiovascular disease are subsequently described 
together with the aspects of the assessment of cardiac function and imaging 
in vitro in animals and in man. Next are discussed two currently widely stud-
ied entities in which novel, both basic and clinical knowledge is constantly 
emerging: the cardiomyopathies and the cardiorenal syndrome. 

 The book fi nishes with therapeutic aspects strongly pertaining to the inter-
action of basic and clinical research: pre-, peri-, and postconditioning and 
gene and cell therapy. 

 As a fi nal chapter, an article on the translational application of the results 
of the continuously expanding heart failure trials is included. 

 Inevitably, there is considerable overlap of the data presented in the vari-
ous chapters. However, all the processes described have many common path-
ways and mechanisms of action. 

 When starting this endeavor, I was asked by Springer to whom this book 
was addressed. The answer came gradually through the comments of the stu-
dents attending these seminars and their numerous enlivening questions. 
Thus, it can be proposed that this book pertains to young physicians, nurses, 
and other scientists engaged in the clinical cardiovascular fi eld who want to 
add a research-oriented dimension to their efforts toward a better understand-
ing and practice of medicine. It also aims to attract young basic researchers 
who want to develop a better comprehension of the organism as a whole, man 
or animal, which they are investigating. 

 I want to express my gratitude to all the authors of this book, who also are 
signifi cant contributors in their respective fi elds. First as teachers, they gave 
their best efforts to educate the young translational investigators of the future. 
We should not forget the wise aphorism of Henry Brooks Adams:

  A teacher affects eternity. He can never tell where his infl uence stops. 

   The same teachers, often with the aid of other colleagues, expressed their 
thoughts in print with great diligence. Our collaboration has always been 
friendly, punctual, and rewarding. They are the protagonists of this book, 
together with our students, whose interest and curiosity prompted many out-
standing considerations included in this volume. 

 If the current endeavor proves successful, an ongoing process of evolution 
will hopefully commence.  

 Acknowledgments and thanks are due to many:  
 I am indebted to all the contributors: teachers, authors, and students. 

Foremost, Professor Evangelia Kranias is my cochair of the course from 
which this book originated. She added her prestige, suggestions, and insight. 

 Theodora Tzanavari is a constant asset as course organizer. Additionally, 
her help in editing manuscripts and the work in print is invaluable. 

 My secretary Athinais Danou generously contributed her outstanding tal-
ents and painstaking conscientiousness throughout this effort. Tonia 
Kyriakoulakou and Konstantinia Karpouzi also contributed their valuable 
secretarial aid. 

 The Biomedical Research Foundation Academy of Athens, a center of 
international excellence, is strongly represented in this book both by faculty 
and students. This foundation, which, in essence, made this book possible by 
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its organizational help, practical support, and creative environment, is the 
result of the vision and inspired leadership of Professor Academician Gregory 
D. Skalkeas, my mentor of 45 years, who contributes a foreword to the 
volume. 

 The initiation of this series and the support of the efforts toward the pro-
duction of the book would not be possible without the generous fi nancial 
support of the Onassis Foundation and its President Mr. Anthony 
Papadimitriou, a true and long-standing friend. Mr. Grant Weston of the 
Springer Publishing Company strongly encouraged me in planning, editing, 
and fi nishing this book. 

Ms. Govindan Meena has been an outstanding project manager.
 The Editor joins the faculty in dedicating this book to our families and to 

our students over the years, especially those who attended these seminars; 
they are all a constant inspiration. 

 I personally dedicate it additionally as a translation of my lifelong grati-
tude to my wife Vana. 

 I have tried to give due thanks to all my co-contributors for the possible 
success of this book. If this does not materialize as hoped, the responsibility 
rests solely with the Editor.  

     Dennis     V.     Cokkinos  ,   MD, FESC   
 Professor Emeritus University of Athens,

Honorary Director Onassis Cardiac Surgery Center ,
 Heart and Vessel Department, 

Biomedical Research Foundation of the Academy of Athens,   
 Athens ,  Greece      
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    Abstract  

  There are many defi nitions of Research, Basic, Clinical and Translational 
Research. A very practical and short defi nition of Translational Research 
could be, the application of fi ndings from Basic Research to patient, com-
munity and population care and to the advancement of the delivery of 
health services. 

 Usually three steps can be defi ned:
   T1 (T for translation): is the transfer of new understanding of disease 

mechanisms gained in the laboratory into the development of new 
methods for diagnosis and therapy.  

  T2 is the translation of results from clinical studies into everyday clinical 
practice and health decision making.  

  T3 is the dissemination and implementation of research translation into 
practice/community/large populations.    
 Corresponding blocks or impediments are delineated to the successful 

employment of these steps. A newly introduced concept is the Valley of 
Death, separating research results from successful innovation-application. 

 To overcome these problems, the foundation and collaboration of centers 
able to conduct Translational Research, such as the National Institutes of 
Health and the National Clinical and Translational Science Award 
Consortium is important. 

 The teaching, training, and formation of translational researchers is 
diffi cult, varied and a matter of constant effort. 

 To overcome increasing costs the com bination of “wet” –i.e. biological 
labs with “dry” or computational data is being increasingly employed.  

  Keywords  

  Research   •   Basic research   •   Valley of death   •   Translational Research  
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  Abbreviations 

   ACRT    Association for Clinical Research 
Training   

  AHCs    Academic Health Centers   
  BRFAA    Biomedical Research Foundation 

Academy of Athens   
  CTSA    Clinical and Translational Science 

Awards   
  GCRCs    General Clinical Research Centers   
  NCATS    National Center for Advancing 

Translating Services   
  NCI    Translational Research Institute   
  NIH    National Institutes of Health   
  TR    Translational Research   

1.1          Defi nitions 

    The term “Translational Research” (TR) is 
being increasingly employed in the last 20 
years. It has come to imply to some scientists a 
more advanced type of research. Before an 
attempt is made to defi ne TR one should fi rst try 
to defi ne Research. According to the National 
Science Foundation [ 1 ]:
    Research  is planned search or critical investigation 

aimed at discovery of new knowledge with the 
hope that such knowledge will be useful in devel-
oping a new product or service or a new process 
or technique or in bringing about a signifi cant 
improvement to a planned product process.    
 In the Oxford English Dictionary, Research is 

defi ned more simply as [ 2 ]: A search or investi-
gation directed to the discovery of some fact by 
careful consideration or study of a subject; 
a course of critical or scientifi c inquiry. 

 K. Popper in 1972 discussed the philosophy of 
research. According to him [ 3 ] research should 
follow fi ve steps:
    1.    Seek a problem,   
   2.    Propose a solution   
   3.    Formulate a testable hypothesis from that 

proposal   
   4.    Attempt to refute the hypothesis by observa-

tions and experiments   
   5.    Establish preference between competing 

theories.    

  According to Jan Illing [ 4 ], the following prac-
tical considerations apply when studying research: 
The area, the topic, and general, specifi c and data 
collection questions. She also points out that the 
important aspects of research are:
   The aim, testing hypothesis, cause and effect, 

generalizability, adding to existing knowl-
edge, and vigour, viability and reliability.  

  Before trying to defi ne TR, which in very plain 
words is the link between Basic and Clinical 
Research, one should try to defi ne its two 
components:     

1.2    Basic Research 

 According to the National Science Foundation 
[ 1 ]: Basic Research is performed without practi-
cal ends. It results in general knowledge and an 
understanding of nature and its laws. This gen-
eral knowledge provides the means of answering 
a large number of important practical problems, 
though it may not give a complete specifi c answer 
to any one of them. 

 In other words it is research for the acquisition 
of knowledge. This would take us to the early 
Greek philosophers, Thales and Empedocles 
among others. 

 However, even those thinkers in the eve of 
knowledge acquisition, must have had a problem 
in mind, i.e. some potential application towards 
improving the state of the world they were 
living in. The function of Applied Research (to 
be further defi ned) is to provide such complete 
answers [ 5 ]. 

 According to Hecker and Birla [ 6 ], Basic 
Research is the planned systemic approach of new 
knowledge or understanding toward general appli-
cation. According to the same authors, Applied 
Research is the acquisition of knowledge or under-
standing to meet a specifi c recognized need. 

 Please note that in neither of the defi nitions is 
the object of research explicitly mentioned. 

 Many of the early studies, i.e. of the pulse and 
the ECG can be in some way be considered basic, 
although undoubtedly Sir Thomas Lewis, Karel 
Frederic Wenckebach and Willem Einthoven had 
therapeutic goals in mind.  

D.V. Cokkinos
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1.3    Clinical Research 

  Clinical Research  is much more widely applied. 
Again one can use the NIH Directors Panel defi -
nition [ 7 ,  8 ]: It is tantamount to:
   Patient-oriented research,  
  Epidemiologic and behavioral studies, and  
  Health services research.    

 Seely and Grinspoon point out [ 9 ] that from 
Clinical Research are excluded in vitro studies 
utilizing human tissues that cannot be linked to 
living individuals. They add that according to 
the National Institution of Health (NIH), under 
Patient-oriented Research can be included 
Research conducted with human subjects, or on 
material of human origin such as tissues, speci-
mens and cognitive phenomena for which an 
investigator (or colleague) directly interacts with 
human subjects. 

 Obviously, no defi nition can be correct or 
complete in a waterproof manner. Thus, if one 
investigates or just studies “mechanisms of 
human disease”, without interacting with the 
patient as an individual, he could well claim to be 
carrying-out Basic Research. 

 Clinical Research is currently much more 
widely practiced than the other two types of 
research described. It is widely divided into 
Retrospective and Prospective. Obviously the 
latter is considered more worthwhile. However, 
when a clinical question arises, it is easier 
and faster to look back at already existing 
data than start acquiring new ones. Of course, 
only prospective trials can be randomized, and 
placebo- controlled, thus requiring Ethics 
Committee approval and informed consent. 
Our era has seen the triumph of the multi-
center randomized placebo- controlled meg-
atrials. Some concerns about them still exist. 
Thus Robert M. Califf [ 10 ], one of the most 
experienced clinical trial researchers, points 
out that less than 15 % of major guidance rec-
ommendations are evidence- based. It should 
not be forgotten that since September 2004 it 
has been announced by the International 
Committee of Medical Journal Editors that 
registration of clinical trials is a prerequisite 
of publication. 

 However, description of this process is not the 
subject of this chapter, nor is ethics of research.  

1.4    Translational Research 

 The term “Translational Research” (TR) or 
Science was fi rst used in the 1990 decade and 
referred to efforts devoted to the discovery of the 
new antitumor genes [ 11 ]. 

 It was soon extended to other disciplines and 
of course to Cardiology [ 12 ]. 

 Very soon the term “from bench to bedside” 
was introduced. Other names had been previously 
employed, i.e., pre-clinical research, research 
targeted to the disease [ 13 ]. 

 One of the pioneers in the endeavour of estab-
lishing the identity of TR, Steven H. Woolf gives 
these defi nitions [ 14 ]: Bench-to-bedside enter-
prise, harnessing basic science to produce new 
drugs, devices and treatment options for patients. 

 An Interface between basic science and clini-
cal medicine. 

 Dische and Saunders [ 15 ] mention the defi ni-
tion given by Julie Denekamp: Translational 
Research is the application of scientifi c method 
to address a health need. Barry S. Coller has very 
simply defi ned [ 16 ] it as: 

 Successful implementation of a laboratory 
concept into a clinical protocol. 

 He also reiterates the older paradigm of the 
three-legged stool, in which Research is one of 
the three legs, together with patient care and edu-
cation, and the newer paradigm in which 
Research is the cushion that covers a four 
legged stool – patient care, Education, 
Community service and Global health, being the 
four legs. He further points out that TR differs 
from scientifi c discovery in both its goals and 
processes. The latter pertains to adding to the 
store of human knowledge. The former springs 
from the motivation to improve human health, 
searching for the identifi cation of discoveries that 
can fi ll this need [ 17 ]. 

 Williams and Robertson [ 18 ] in the introduc-
tion to their excellent book “Clinical and 
Translational Science” state that TR originally 
used to describe the translation of animal studies 
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to humans, but that more recently it has applied 
to a great variety of activities, from cell-based 
experiment results to whole organs and organ-
isms, to epidemiologic data and the delivery of 
health or health services. The information pro-
vided by translating epidemiology data ulti-
mately affects the delivery of health services. 

 The same authors [ 19 ], add the population- 
based study dimension. 

 For the academic community TR signifi es the 
effort to close the gap between knowledge and 
practice, as well as the transfer of results of 
research studies to practice [ 20 ]. 

 According to the TR Working Group of the 
National Cancer Institute (NCI): Translational 
Research transforms scientifi c discoveries arising 
from laboratory, clinical or population studies into 
clinical application to reduce cancer incidence, 
morbidity, and mortality [ 21 ]. 

 If one interprets the Institute of Medicine 
Clinical Research Roundtable [ 22 ,  23 ]:
   T1 (T for translation): is the transfer of new 

understanding of disease mechanisms gained 
in the laboratory into the development of new 
methods for diagnosis and therapy.  

  T2 is the translation of results from clinical stud-
ies into everyday clinical practice and health 
decision making. These authors, and 
Robertson and Williams, point out [ 19 ] that 
one more subgroup is commonly provided: 
T3, i.e. dissemination and implementation of 
research translation into practice/community/
large populations.    
 According to Westfall et al. [ 24 ] T1 involves 

Basic Research. 
 T2 includes guideline development, meta- 

analyses, and systematic reviews, while T3 
includes dissemination and implementation 
research. It is obvious that all these steps are 
essential if a fruitful transfer of research fi ndings 
to improved public health is desired. 

 It is stressed that a continuum exists from 
Basic Science to Clinical Science- In essence this 
constitutes the bench to bedside process (T1). 

 Then comes the implementation of fi ndings. 
From the bedside to practice, i.e., to the general 
population, Healthcare and Health Services (T2 
and T3). 

 Malliaras et al. [ 25 ] very opportunely correlate 
these three stages to phase I, II, III trials 

 Waldman and Terzic [ 26 ] maintain that 6 T 
steps can be differentiated:
   TO: Targets, Biomarkers, Genes, Pathways, 

Mechanisms  
  T1: First in Human phase I-II Trials. Proof of 

Concept  
  T2: Phase III Trials. Clinical Effi ciency. Clinical 

Guidelines  
  T3: Dissemination. Community Engagement. 

Health Service Research. 
 Comparative Effectiveness.  
  T4: Public Health. Prevention. Population Health 

Impact. Behavioural 
 Modifi cations. Lifestyle Modifi cations  
  T5: Social Health Care. Political Security. 

Economic Opportunity. Access to Education. 
Access to Health Care.    
 Of course the problem with defi nitions and 

aphorisms is that they can get very pedantic. 
 According to Schteingart [ 8 ] and to Mc 

Gartland Rubio et al. [ 27 ] to improve community 
practice, T2 should cater to the development of 
new treatments and to the use of new tools to 
validate diagnosis and treatment. Other aspects to 
be addressed are comparative effectiveness, the 
use of bioinformatics to integrate large datasets, 
and the application of genomics to determine 
effi cacy and safety of drugs. The same authors 
[ 27 ] describe how the members of the ACRT 
(Association for Clinical Research Training) 
developed this working defi nition of TR:
    Translational Research  fosters the multidirec-

tional integration of Basic Research, patient- 
oriented research, and population-based 
research, with the long-term aim of improving 
the health of the public.  

  T1 research expedites the movement between 
Basic Research and patient-oriented research 
that leads to new or improved scientifi c under-
standing or standards of care.  

  T2 research facilitates the movement between 
patient-oriented research and population- 
based research but leads to better patient 
outcomes, the implementation of best 
practices, and improved health status in 
communities.  
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  T3 research promotes interaction between 
laboratory- based research and population- 
based research to stimulate a robust scientifi c 
understanding of human health and disease.    
 They also mention that the NIH has followed 

another defi nition in directions about applying 
for Clinical and Translational Science Awards 
(CTSA) (  http://grants.nih.gov/grants/guide/rfa- 
fi les/RFA-RM-07-007.html    ): 

 Translational Research includes two areas of 
translation. One is the process of applying dis-
coveries generated during research in the labora-
tory, and in preclinical studies, to the development 
of trials and studies in humans. The second area 
of translation concerns research aimed at enhanc-
ing the adoption of best practices in the com-
munity. Cost-effectiveness of prevention and 
treatment strategies is also an important part of 
translational science. 

 Again, it is realized according to the NIH 
Roadmap for Clinical Research, that there are 
three TR models [ 8 ]:
   In the unidirectional model, the laboratory fi nd-

ings are applied to the patient and then to the 
wider public. A good example is the develop-
ment of a new drug. In the bidirectional model, 
population fi ndings have to be tested back in 
the laboratory. The new hypothesis that statins 
are associated with increased prevalence of 
type 2 diabetes mellitus, emerging mostly 
from observational studies, can be studied in 
the laboratory.  

  A more realistic model is the multidirectional 
one in which Basic Research, patient oriented 
research and population-based research are 
interconnected [ 8 ].    
 In a very recent lecture Walter J. Koch [ 28 ] 

described the following process:
   A clinical observation creates a design for its 

therapeutic application. Small and large ani-
mal models are then studied. The fi ndings 
from these studies prompt the design of the 
appropriate clinical trials.  

  In another representation, after the “bench” 
results are applied to the “bedside”, the time 
comes for clinical trials. The knowledge 
acquired from these is then applied to wide 
population implementation.    

 Kieburtz and Olanow propose another 
approach [ 29 ], while describing The Experimental 
Translational Therapeutic Pathway:
   From the in vitro experiments in which mecha-

nisms and candidate interventions are defi ned, 
whole animal (in vivo) experiments are car-
ried out to assess effi cacy. Safety experiments 
and drug activity studies follow. Then comes 
FDA application in the US and to correspond-
ing organizations elsewhere. After approval, 
one moves to phase I, II, and III studies. Very 
important is postmarketing surveillance which 
further determines both safety and effi cacy.    
 Charalambos Antoniades [ 30 ] has proposed 

another roadmap in Fig.  1.1 .
   Again it must be pointed out that these are 

defi nitions given by experienced investigators 
which are similar among them, but differ some-
what according to their creators’ backgrounds 
and research interests. 

 Hecker and Birla [ 6 ] stress that strategy in 
research consists of two differing directions: The 
more frequent, especially, I would think, in well 
organized departments in the academic setting, is 
the Top Down Strategy, in which a vision is set. 
To ensure successful implementation of this 
vision, one must set objectives to be attained, and 
research activities to be undertaken. 

 The same authors describe that in the bottom-
 up approach, the outcome of experimentation 
dictates the overall strategic research direction. 

 The fi nding by Murry et al. [ 31 ] of ischemic 
preconditioning is such an example. This latter 

Novel hypothesis

Cell culture models

Animal models

Applicability
in humans

Small mechanistic
studies

Clinical endpoint(s)
studies

?

?

Translational
research

  Fig. 1.1    Transferring knowledge from basic science to 
the clinical area (Reproduced from Antoniades [ 30 ] with 
permission)       
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approach allows for a dynamic environment and 
promotes creativity. However, the authors very 
thoughtfully point out [ 6 ] that integration of the 
two models is quite frequent and can lead to the 
greatest success. 

 Of course just establishing defi nitions for 
these research patterns does not automatically 
ensure investigational bliss and clinical success.  

1.5     Blocks to Translational 
Research 

 Lauer and Scarlatos [ 23 ], reiterate the three trans-
lational blocks or obstacles identifi ed by the 
Institute of Medicine Clinical Research 
Roundtable [ 22 ], pertaining to T1, T2 and T3. 

 Chautard et al. [ 32 ] have further defi ned the fi rst 
block as this limiting translation of new knowledge 
into clinical practice and health decision making 
towards improved health. As components of the 
former they cite lack of willing participants, regula-
tory burdens, fragmented infrastructure, incompat-
ible databases, and lack of qualifi ed investigators. 
As components of the latter, they mention career 
disincentives, practice limitations, high research 
costs and lack of funding. A T3 block can be 
regarded as limitation of dissemination into prac-
tice, communities, and large populations. 

 Here it must be stressed that the NIH itself 
points out that funding between T1 and T2 is not 
evenly balanced, to some extent explaining the 
block between these stage. 

 Thus, according to some 2007 data the NIH 
allots 13 billion dollars to Basic Research but 
only 787 millions to Health Services Research. 
Researchers from the National Cancer Institute 
stresses another important point, that research 
dissemination and diffusion are costly by them-
selves [ 33 ]. 

 Hecker and Birla [ 6 ] give two interesting addi-
tional defi nition pertaining to research. 

 Thus they propose two more entities:
    (a)    Development is the systematic use of the 

knowledge or understanding gained from 
research of practical experience directed 
toward the production or signifi cant improve-
ment of useful products.   

   (b)    Applied Research is the acquisition of 
knowledge or understanding to meet a spe-
cifi c recognized need”.     

 According to Vanovar Bush [ 5 ] the function of 
applied research is to give answers which Basic 
Research cannot provide. 

 Another goal of TR which the European 
Society of Cardiology specifi cally endorses is 
innovation, which should be the strong point of 
discovery. 

 Deborah Zucker [ 34 ] describes that  innovation 
connotes something novel, original, visionary, 
and hopefully improved. It necessitates the gen-
eration of new ideas and hypotheses. 

 These newer notions signify the quest for the 
attainment of results and not just the acquisition 
of new data, which is becoming more pressing 
with time. 

 The question then arises, by what measures 
can TR be carried out and produce favorable 
results for the improvement of the care of the 
individual patient and the human populations?  

1.6    Organizational Aspects 

 The evolution towards organizing TR in the 
United States is interesting and didactic, as pre-
sented by Robertson and Williams [ 19 ]. They 
describe how the General Clinical Research 
Centers (GCRCs) evolved to the Clinical and 
Translational Science Award (CTSA) program in 
2005. 

 They give a draft of the conceptual framework 
of the National CTSA Consortium. 

 The CTSA consortium comprises numerous 
Academic Health Centers (AHCs) in various 
states. 

 From their Fig.  1.1  one can readily appreciate 
the complexity but also the scope of these clinical 
and Translational Research Institutes. 

 Recently, Gordon R Bernard [ 35 ] described 
the establishment of a new NIH center, the 
National Center for Advancing Translational 
Services (NCATS) with a budget of $576.5 
millions, comprising the Clinical and Trans-
lational Science Award (CTSA) program, a con-
sortium of 60 sites. 

D.V. Cokkinos
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1.6.1     The Value of Collaborations-
Paradigms 

 First, the necessity of collaborations must be 
realized and appreciated. Thus, Lauer and 
Scarlatos [ 23 ] point out in the Progenitor Cell 
Biology Consortium that collaborations among 
institutions are essential. They describe the path 
from discovery (presumably produced through 
Basic Research), as producing early (pilot) T1 
studies and ancillary studies towards yielding 
clinical applications. 

 In the Basic Research component, this 
Consortium is the main vehicle. A large number 
of Research Units is coordinated by the 
Administrative Coordinating Center, which is the 
University of Maryland, Baltimore. 

 As regards clinical applications, the 
Cardiovascular Cell Therapy Research Network 
consists of important clinical departments: i.e. 
the Vanderbilt University, the University of 
Florida, the Cleveland Clinic and the Texas Heart 
Institute. 

 A similar paradigm is offered by the Pediatric 
Cardiovascular Translational Bench to Bassinet 
Program. 

 Again one can mark three stages:
   Discovery is managed by the Cardiovascular 

Development Consortium, managed by four 
research Units (Gladstone, Harvard, 
Pittsburgh, Utah).  

   Early T1  is effected by the Pediatric Cardiac 
Genomics Consortium, comprising outstand-
ing units (Boston, Columbia, Philadelphia, 
Mt. Sinai, Yale).  

  Finally the Clinical Application part is imple-
mented by eight clinical sites which constitute 
the Pediatric Heart Network, a multicenter 
approach.    
 Bernard [ 35 ] also stresses the importance of 

collaboration to enable multi-site translational 
science. 

 This accent on collaboration brings into focus 
a consideration by Hecker and Birla [ 6 ]: They 
stress that many investigators or departments 
have a conception of territorial belonging or 
ownership of an idea. This narrow outlook is 
counter- productive and hampers collaboration.  

1.6.2     Training Translational 
Research Scientists 

 This brings into focus the question: Can and 
should TR be taught? The answer to both is yes. 
Before considering how, let us outline the require-
ments of becoming a Translational Researcher. 

 In the aforementioned excellent and detailed 
book, K. E Hartman, E. Heitman, and N. Brown 
[ 36 ] devote a chapter on recommended knowl-
edge bases for T1 and T2 Translational Research. 
Not surprisingly the requirements for the former 
discipline are simpler. 

 Thus, they describe that for T1, recommended 
knowledge base includes:
   Human and molecular biology and pathophysiol-

ogy, animal models, and laboratory 
techniques.  

  The TR translational science components include 
genomics, proteomics, imaging technology, 
biomarker development, biomedical informat-
ics, dataset acquisition, and management.  

  Finally, core competences additionally include 
biostatistics, epidemiology, study design, 
research ethics, writing and communication.    
 For a T2 career, health care epidemiology and 

other care epidemiology methods are addition-
ally required. 

 The authors point out that guidelines exist for 
the education in Clinical and Translational 
Research of students since 2008, and residents 
since 2007. They point out that although the men-
tored/apprentice research prototype still applies, 
participation into a core didactic curriculum is 
essential, as well as participation in formal career 
and leadership development activities. They also 
describe that some academic medical centers 
have established training programs in Clinical 
and early Translational Research, are their major-
ity directed at MDs in post-doctoral training. 
These curricula vary widely. Moreover, for more 
advanced training a few programs offer PhDs in 
Clinical and TR per se. 

 Barry Coller according to David Schteintgart 
[ 8 ] proposes that the Basic and Clinical 
Researchers represent two separate cultures. 

 Similar specifi cations are proposed by many 
authors. 

1 Introduction: What Is Translational Research
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 Thus, according to Williams and Robertson 
[ 37 ], a TR team should include:
 –    Laboratory-based investigators  
 –   Clinical investigators  
 –   Statisticians  
 –   Data managers  
 –   Research nurses and coordinators  
 –   Research Pharmacists    

 The same authors, propose that the twenty 
fi rst century human research laboratory should 
have the following picture (Fig.  1.2 ).

   According to Schteingart [ 8 ] an appropriate 
collaborative model should encourage partner-
ships between researchers, practitioners and peo-
ple skilled in translation. 

 A proposed concept of who is and who is not 
a translational investigator is given by Williams 
and Robertson [ 37 ] as adapted from Lee M 
Nadler, who gave some further thoughts on this 
subject in 2007 [ 38 ]. 

 To produce such results many medical schools 
are proposing various teaching courses for pro-
ducing this type of researchers. 

 However, it must be realized that there is no 
formal training to produce a translational 
researcher. David Schteingart [ 8 ] proposes how 
to train such scientists:
   For those coming from a clinical background 

he proposes courses and seminars in genet-
ics, molecular biology, computational biol-
ogy, molecular imaging, epidemiology, and 
therapeutics.    
 From those coming from a basic laboratory, he 

proposes clinical immersion and to learn principles 
of clinical research. Furthermore, he recommends:
•   Translational Research training principles 
•   Multidisciplinary training  
•   Training customized to an individual’s back-

ground and skills  
•   Mentoring by mentoring committees with 

diverse areas of expertise  
•   Adaptation to working in multidisciplinary teams    

 The same author thoroughly accepts that many 
challenges remain:
•   Translational Research training challenges 
•   Career paths uncertain  

  Fig. 1.2    The twenty-fi rst century human translational investigator’s laboratory (Reprinted from: Williams and 
Robertson [ 37 ], with permission of Elsevier)       
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•   Limited number of well trained mentors  
•   Competences still being developed  
•   Unclear role in the academic research 

environment  
•   No specifi c evaluation criteria    

 McGartland Rubio et al. [ 27 ] discuss the 
implications for the design of training programs. 
They stress that since there exists a great diver-
sity of educational background it may be neces-
sary to design a separate curriculum for every 
individual trainee. They add that those with basic 
research background will need to acquire prac-
tice in clinical sciences and practice, while clini-
cal background trainees will need additional 
exposure to basic science. They also stress the 
importance of mentoring, which will be further 
discussed. This aspect they consider demanding 
but highly rewarding. 

 Bernard [ 35 ] stresses the importance of edu-
cating and training scientists in clinical and trans-
lational research. 

 At the Biomedical Research Foundation of the 
Academy of Athens (BRFAA), we are conduct-
ing a yearly course, which actually gave the 
momentus for this book. 

1.6.2.1    Leadership 
 It should be appreciated that, as in all fi elds of 
scientifi c endeavor, correct mentoring of the 
younger investigators is important and essential. 
The word “mentor” emerges from Homer’s 
Odyssey. The Goddess Athena is disguised as 
Mentis or Mentor, a friend of Ulysses, who offers 
to guide his son Telemachus in a journey to gather 
news about his father. 

 A strategy in any department cannot be fruit-
ful unless a sense of leadership is cultivated. 
Leadership develops leaders at all levels, with as 
a result exponential growth according to Hecker 
and Birla [ 6 ]. 

 The same authors point out that success in sci-
entifi c research can be determined by both tangi-
ble and, equally important, intangible factors, As 
tangible factors one can enumerate publications, 
impact factor, citations, Hirsch index, invited 
 lectures and articles, positions in committees, 
grants, patents, and fi nally return on investment 
stock prices, etc. 

 Intangible rewards are to this and to many 
authors more important and long-lasting. Hecker 
and Birla [ 6 ] describe them as creating a positive 
work environment momentum and managing 
innovation. Additionally, these authors point out 
that leadership is different from management:
   The latter term is impersonal and concerns 

resource allocation and accountability, while 
the former concerns the ability to work and 
connect with people and to convince them to 
implement change.  

  In this sense, in an inspiring article, Verkoeijen and 
Tabbers point out that good research requires 
productive theories and guidelines [ 39 ].  

  The PLoS Medicine Editors Tikki Pang and 
Robert F. Terry stress that in the twenty fi rst 
century it seems astonishing that decisions on 
healthcare are still made without a solid 
grounding one research evidence [ 40 ].      

1.6.3    The Blocks and Problems 

 Here, it should be stressed that the effort toward 
advancing T1 are well delineated and adequately 
stressed. 

 However, T2 is also gradually acquiring 
greater importance, because it is realized that 
many blocks in its implementation remain. 

 White et al. [ 41 ] and Green et al. [ 42 ] point 
out that the great majority of patients are treated 
in primary care centers. 

 Thus, we do not often get a real picture of 
everyday medicine if we only take into account 
the academic clinical centers, in which an “artifi -
cial” atmosphere may be said to exist. 

 To counteract this problem, has been created, 
which according to Westfall et al. [ 24 ], the NIH 
Roadmap tries to connect major academic labo-
ratories to physicians and primary physician 
offi ces. 

 The authors further point out that since recom-
mendations and guidelines are created from rela-
tively small groups in selected tertiary centers 
their applicability may be limited and not refl ect 
real world day –to-day practice. 

 Martin et al. [ 43 ] very recently point out that 
apart from the above mentioned factors, additional 
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patient and trial barriers exist. Patient- specifi c 
factors were older age, out-of-state residence and 
female gender Trial specifi c barriers exist were 
intensive trial-related testing and long anticipa-
tion (>6 months). 

 The fi rst item mentioned, which is essential to 
the success of clinical trials is simplicity, the prin-
ciple of KISS (keep it simple and stupid), since 
intensive testing militates against adherence. 

 These considerations become more important 
currently because of the increasing cost and dif-
fi culty of conducting research; a main consider-
ation is how to produce worthwhile results. 

 However, many researchers Dirk Brutsaert 
[ 44 ] being a distinguished example, question the 
future of clinical trials, in this instance in chronic 
heart failure. According to him, most single 
target- oriented clinical trials are doomed to fail. 
He advocates that we should incorporate Genome 
Wide Association Studies (GWAs), and research 
should be multiscaled- and multitarget-based and 
network medicine oriented. This is in contrast to 
the vast majority of multicenter clinical trials. 
Robert Calif [ 45 ] underlines the diffi culties fac-
ing the planners of clinical trials. He points out 
that unintended biological targets are common 
(for example intracranial haemorrhage in throm-
bolysis for acute myocardial infarction), and that 
interactions among therapies and long-term 
effects are unpredictable. He points out to the 
necessity of embedding clinical trials within dis-
ease registries [ 46 ]. 

 The Multicenter Research Group [ 47 ] realiz-
ing the shortcomings and mounting expenses of 
collaborative clinical trials have advanced many 
proposals. In accordance with the previous con-
cerns about too much simplicity, they propose the 
evaluation of the effect of combing different ther-
apies that target diverse pathways or mechanisms 
in complex medical disorders. 

 Very recently Sipido et al. [ 48 ] propose a clin-
ical trial checklist:
    1.    Robust number of observations to ensure data 

care reliable.   
   2.    Randomization and blinded observations.   
   3.    Correct data processing.    

  In this aspect Kaul and Diamond [ 49 ] point 
out that research has many levels of importance. 

Thus, it may be (tough luck) both statistically 
insignifi cant and clinically unimportant. 

 It may be statistically signifi cant but not clini-
cally important; a p < 0.05 may not mean any-
thing as it may affect cardiac remodelling after an 
anterior myocardial infarction as regards end- 
diastolic volume. The best case scenario would 
be to have both clinically and statistically impor-
tant results. 

 This brings again blocks T2 and T3. Balas and 
Boren [ 50 ] point out that it takes an estimated 
average of 17 years for only 14 % of new discover-
ies to reach clinical practice and patient care. 

 Contopoulos- Ioannidis et al. [ 51 ] examined 
the life of TR for medical interventions. Even for 
the most highly published and non refuted inter-
ventions for fi rst use in human, they found a 
range of 0–28 years. They propose the following 
measures:
 –    Multidisciplinary collaboration involving 

both basic and clinical scientists.  
 –   Large robust randomized clinical trials to pro-

vide proof of effectiveness.  
 –   Effort at producing novel agents and new 

cutting- edge technologies.    
 Antoniades [ 31 ] notes that 95 % of hypotheses 

generated by basic science fail in the clinical 
arena. Translational research is able to fi lter these 
observations, and is the fi rst priority of funding 
bodies: ERC/MRC/BHF/BRC, etc. Translational 
Research saves money! Negative fi ndings in 
Translational Research are publishable, and may 
be more important than positive ones.   

1.7     A New Concept: The Valley 
of Death 

 The diffi culties described, or blocks T1, T2, T3 
have in the last 5 year been given a new name 
referring to the Bible or Western fi lms, The 
Valley of Death concept is the phase between 
research and successful innovation [ 52 ]. 

 Declan Butler [ 53 ], describes this valley as an 
abyss in which neither basic researchers nor 
physicians busy with patient are keen to venture. 
According to this author lack of communication 
is the main problem. 

D.V. Cokkinos



13

1.7.1     Proposed Ways to Cross 
the Valley of Death 

 Roberts et al. [ 54 ] defi ne the “death valley” as the 
gap between bench research and clinical applica-
tion, and defi ned the varied barriers impending 
the crossing of this valley. 

 They point out that despite unprecedented US 
government funding of public research, the dra-
matic drop of new drugs and treatments reaching 
patient use should be of concern. They believe 
that a major factor is the increasing isolation of 
basic researchers from clinicians. They believe 
that clinician-scientists can built bridges across 
this valley. They point out that up to 2005 more 
funding goes to PhD than MD scientists. 

 Coller and Callif [ 55 ] again highlight the gap 
between fi nding a promising new agent and dem-
onstrating its safety and effi cacy. They also point 
out that basic scientists try to advance from the 
discovery to the development phase, but their 
institutions lack systems to support such research. 

 They propose six categories of questions in an 
effort to cross the valley of death.
    1.    Is it worth the effort?   
   2.    Is there an adequate potential market?   
   3.    What can be referred from human and animal 

data about likely safety and effi cacy?   
   4.    Can the agent be delivered to its target at an 

adequate concentration?   
   5.    Is there an industry partner that can develop 

the agent effectively and effi ciently?   
   6.    Can a pivotal trial be designed and 

completed?     
 Bodi et al. [ 56 ] in a very recent article actually 

describe three death Valleys:
   First: Transition to research in humans  
  Second: Preliminary validation in patients  
  Third: Use of the model in routine practice.    

 All these studies point out that barriers exist 
throughout the continuum of TR. Moses et al. 
[ 57 ] already in 2005 pointed out that the study of 
fi nancial anatomy of biomedical research pro-
vides staggering facts. They quantify 10 year 
funding trends (from 1994 to 2004) in Basic, 
Translational and Clinical biomedical research. 
Funding increased from $37.1 billions in 1994 to 
$94.3 in 2003, doubling when adjusted for infl a-

tion. There was an increase from $4.0 to $14.2 
billions for industry sponsorship of clinical trials, 
while proportions devoted to Basic and Applied 
Research were unchanged. These facts underlie 
the increasing trends for Clinical Research. 

 They urge more effective translation of Basic 
Research to clinical application, the very essence 
of TR.  

1.7.2    New Concepts. The Dry Lab 

 The spiralling costs of research have highlighted 
another necessity. According to Quinn    and Kohl 
[ 58 ] combining wet and dry research: experience 
with model development for cardiac mechano- 
electric structure function studies is important. 

 The wet lab, i.e. animal experimental work 
can be profi tably complemented by the “dry” or 
computational model. In a very far reaching spot-
light review they point out that this interactive 
combination of “wet” and “dry” experimentation 
can be very benefi cial, through many processes:
   The “wet” investigations (experimental and clini-

cal) help develop experimental and/or clinical 
theoretical models.  

  On the other hand, the computational simulation 
results generate novel hypotheses and predic-
tions. Wet lab studies are used to prove or 
disprove these model-created hypotheses.  

  Newly generated insight is employed to further 
advance computational models.    
 Another benefi t of this wet/dry integration 

according to the authors is that computational 
modelling can help avoid a “fi shing expedition”. 
They also pertinently point out that an eventual 
mismatch between model prediction and experi-
mental validation can identify directions for 
subsequent development. This integrative pro-
cess further promotes translational medicine. 

 According to the Swedish Academy of Sciences 
[ 59 ] in a report on the occasion of the award of 
the Nobel Prize in Chemistry for 2013, experi-
ments can be carried out in the laboratory but 
planned in the computer. The very recent concept 
of 3D organ printer, which is a transfer of the 
“dry” lab planning to the “wet” lab (organ pro-
duction) is a very important paradigm. 
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 Before concluding this chapter, it must still be 
mentioned that there is hope for the –even near – 
future. Hudson and Khazragui [ 52 ] point out that the 
“Valley of Death” can be crossed, even with profi ts. 
Even though they admit that co-operation between 
researchers from academia, the pharmaceutical- 
technical industry, government agencies and interna-
tional funding bodies is still far from perfect, many 
countries are beginning to employ research as a tool 
for innovation and ultimately for expanding indus-
trial and economic policy. The new HORIZON 
research project is such an example. 

 Curry [ 60 ] offers some thoughts on what 
expected from translational science over the next 
10 years.
         (i)    A boost to biomarker research in the 

universities.   
     (ii)    Transfer of early clinical testing work into 

academic control.   
   (iii)    Create better opportunities for universities 

to commercialize their discoveries, and   
    (iv)    Promote the regulation of the effi cacy and 

quality of the process and its products.    
  To give some more concrete ideas on what can 

be expected from Translational Cardiovascular 
Research, E. Braunwald [ 61 ] describes the follow-
ing aspects in which hopes exist for the next years 
from Translating Research into improved care:
   Research in microRNAs, dilated cardiomyopathy, 

adaptive immunity in atherogenesis, cardiac 
hypertrophy and failure, gene therapy, regen-
erative therapy, sudden cardiac death, myocar-
dial reperfusion injury, nitrosylation. Actually 
all of them are addressed in this book.  

  Finally, the deliberations of The Associations of 
Professors of Medicine should be taken into 
consideration: They specifi cally refer to the 
Translational of academic discovery into soci-
etal benefi t which should be the fi nal goal of 
TR [ 62 ].      

   Conclusions 

 The author has tried to give an overview on 
various modalities of Research, focusing on 
Translational Research. 
 The obstacles still existing in translation of labo-
ratory fi ndings to patient and population benefi ts 
through a multidirectional interactive model. 

 The need for educating translational Research 
and collaboration of large centers is evident. The 
integration of wet (animal) and dry (computa-
tional) laboratories for greater economy and effi -
cacy is imperative.     
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    Abstract  

  The heart is one of the fi rst organs to form and function during the devel-
opment of an organism. Cardiac development, morphology and tran-
scriptional networks involved in cardiac patterning, across species, are 
reviewed. These genes are most commonly mutated in Congenital Heart 
Disease. In parallel, recent advances in understanding how the cardiac 
development program is recapitulated during cardiac regeneration are 
also presented. We discuss models of cardiac regeneration in zebrafi sh 
and newborn mice and how these could be utilized in the context of 
translational research.  
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  2      Insights into Heart Development 
and Regeneration 
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and     Nikolaos     Tsigkas   

  Abbreviations 

   ANF    Atrial natriuretic factor   
  AVC    Atrioventricular canal   
  BMP    Bone morphogenetic protein   
  CMC    Cardiomyocytes   
  ECM    Extracellular cell matrix   
  EMT    Epithelial to mesenchymal transition   
  Eomes    Eomesodermin   
  FGF    Fibroblast growth factor   
  FHF    First heart fi eld   
  FUCCI    Fluorescent ubiquitination-based cell 

cycle indicator   

  NGF    Nerve growth factor   
  OFT    Outfl ow tract   
  PDGF    Platelet-derived growth factor   
  REG    Regeneration   
  SHF    Second heart fi eld   
  SRF    Serum response factor   
  TGF-β    Transforming growth factor beta   

2.1           Heart Development 

 The heart is one of the most elegant yet durable 
organs of an organism. It is designed to pump 
blood effi ciently, throughout its lifetime at rates 
that vary from an average of 8 beats per minute 
(bpm) in the blue whale to 72 bpm in humans, 
150 bpm in zebrafi sh and 600 bpm in mice. 
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The heart’s life-long mission is to deliver oxy-
genated blood (or hemolymph in arthropods) to 
every part of the body. Hearts come in different 
shapes and size. They have evolved from a single 
peristaltic chamber in insects, to a two-cham-
bered heart in fi sh and the complex four-chamber 
organ with septa and valves in mammals that can 
weigh up to 500 kg in whales. Despite the 
remarkable variation in shape and morphogene-
sis across species, it has become evident that con-
served transcription factors and signaling 
pathways contribute to the making of the heart. 
Therefore, studying heart development in 
Drosophila, mice and more recently zebrafi sh are 
giving increasing insight on how the human heart 
forms and functions. In addition, a number of 
experimental animals such as the fruit fl y, zebraf-
ish, chicken, mice and rats are now being used to 
model a number of Heart Diseases (HD). 

2.1.1     Embryonic Origin of the Heart 

 During gastrulation of the developing embryo, a 
single-layered blastula is re-organized into three 
germ layers: a dorsal ectodermal layer, a ventral 
endodermal layer and a mesodermal layer in 
between these two [ 1 ]. The heart tissue, which 
consists of myocardial, endocardial and epicardial 
cells, derives predominantly from the splanchnic 
mesoderm, a subpopulation of the mesodermal 
layer facing the endoderm, located on the ventral 
side, beneath the pharynx [ 2 – 4 ]. In addition, ecto-
derm-derived cardiac neural crest cells have been 
identifi ed in the cushions of the outfl ow tract, 
through genetic tools that allow tracing of the cell 
lineage [ 5 ]. In mice, the prospective cardiogenic 
cells originate from the posterior epiblast cells, 
the precursors of mesodermal tissues [ 6 ]. In the 
chick embryos these cells are bilaterally distrib-
uted on both sides of the primitive streak, caudal 
to node [ 7 ] and in zebrafi sh they are located in the 
ventral marginal zone at the mid-late blastula 
stages [ 8 ]. Fate mapping studies in mouse and 
chicken embryos indicated that the fate of gastru-
lating cells is indicated by the time and location of 
cell ingression through the  primitive streak (PS)  
in the blastula stage (Fig   .  2.1 ) [ 9 ].

2.1.2        Cardiac Differentiation Is 
Induced by Signaling Cues 
from Adjacent Tissues 

 Mesoderm induction is conserved and regulated 
by numerous signaling pathways. Some of the key 
players are: Nodal (a member of the  transform-
ing growth factor beta superfamily, TGF- β  ); 
 bone morphogenetic protein (BMP) ; the  Wnt 
signaling pathway  and  fi broblast growth fac-
tors (FGF)  [ 1 ,  9 ]. Signaling anterior to endoder-
mal cells positively regulate cardiac specifi cation, 
whereas signaling from the neural plate, somatic 
and axial mesoderm represses heart formation 
[ 10 ]. Higher levels of Nodal favor cardiac meso-
derm induction [ 11 ]. BMP function is not clear in 
the earliest stages of  cardiac commitment, 
although inhibiting BMP signaling seems impor-
tant to promote the emergence of the cardiac 
mesoderm [ 12 ]. BMP signaling is active in car-
diac progenitor cells prior to their differentiation 
into cardiomyocytes (CMC), and it is continu-
ously required during somitogenesis within the 
anterior lateral plate mesoderm (LPM) to induce 
myocardial differentiation in zebrafi sh. However, 
at later stages BMP signaling is actively repressed 
in the ventricle through Smad6a, 1  in order to allow 
for proper chamber differentiation [ 13 ]. BMPs 
seem to be important for expansion of cardiac 
progenitors, as genetic deletion of the BMP recep-
tor in Mesp1-expressing mesoderm results in 
major defects in heart formation [ 14 ]. Mesp1 
expression marks cardiogenic mesoderm (around 
E6.5 in mouse embryogenesis) and Mesp1 −/− ; 
Mesp2 −/−  double knockout mice lack all mesoder-
mal layer between endoderm and ectoderm [ 15 ]. 
BMP inhibitors noggin and chordin present in the 
dorsal neural tube and notochord restrict cardiac 
commitment through Wnt8, Wnt3a inhibition 
[ 16 ]. Wnt antagonists dickkopf1 (Dkk1) and 
Crescent, inhibit the induction of multiple cardiac 
foci in adjacent mesodermal cells [ 17 ,  18 ]. FGFs 
induces cardiac differentiation from the cardiac 
progenitor cells in early mesoderm [ 19 ,  20 ]. In 

1   Smads are cytoplasm-signaling proteins which regulate 
gene transcription in response to BMP and its receptors of 
the TGF-β superfamily. 
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zebrafi sh, fgf8 −/−  mutants fail to initiate proper 
gene expression of  nkx2.5  and  gata4  and exhibit 
severe heart malformations [ 21 ]. 

 Specifi cation of splanchnic mesoderm into 
cardiogenic mesoderm also requires the T-box 
transcription factor  Eomesodermin (Eomes)  [ 22 ]. 
In PS stage embryo, Eomes directly activates the 
basic helix-looped helix transcription factor 
mesoderm posterior 1 (Mesp1) [ 23 ]. 

 T-box factors direct  serum response factor 
(SRF)  gene activity early in development and 
SRF is essential for cardiac regulation of the 
T-box factors during mesoderm specifi cation 
[ 24 ]. Finally,  Tinman  (nkx2.5) is the fi rst regula-
tory gene in any species that was described to be 
expressed in the precardiac mesoderm and to 
function in the differentiation of cardiac precur-
sors. In  tinman  mutants, cardiogenesis is arrested 
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  Fig. 2.1    ( a ) Early steps in heart development. Diagrams 
of heart development are shown in ventral views. At the 
earliest stages of heart formation (cardiac crescent), two 
pools of cardiac precursors exist. The fi rst heart fi eld 
( FHF ) contributes to the left ventricle ( LV ), and the sec-
ond heart fi eld ( SHF ) contributes to the right ventricle 
( RV ) and later to the outfl ow tract ( OT ), sinus venosus 
( SV ), and left and right atria ( LA  and  RA , respectively).  V  
ventricle. In ( b ) a cross section at the level of the dotted 

line is depicted. Myocardial (cmc) and endocardial (e) 
progenitors migrate to the midline (m) to form the linear 
heart tube. They are fl anked by endodermal cells (end) 
and the yolk syncytial layer (YSL) in zebrafi sh or the 
endoderm (that invaginates from where the YSL is 
depicted) in mouse and chick embryos. (An interactive 
version of the fi gure can be found at   http://pie.med.
utoronto.ca/HTBG/index.htm    . Images courtesy of 
F. Yeung, University of Toronto, Canada)       
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before looping morphogenesis [ 25 ]. Nkx2.5 is 
expressed in the lateral plate mesoderm within 
the heart fi eld in mouse, frog and avians [ 26 ]. In 
mouse, targeted ablation of Nkx2.5 does not pre-
vent formation of the heart tube, although it does 
block heart development at the stage of looping 
morphogenesis, indicating that, if it is critical for 
the initiation of cardiac cell fate decisions, there 
must be redundant pathways [ 27 ]. The hemato-
poietic/erythroid cell fate is suppressed via 
Nkx2.5 during mesodermal fate determination, 
and that the Gata1 gene is one of the targets that 
are suppressed by Nkx2.5 [ 28 ]. In zebrafi sh, 
 nkx2.5  and  nkx2.7  are redundant during develop-
ment [ 29 ]. Wnt signals from the neural tube nor-
mally act to block cardiogenesis in the adjacent 
anterior paraxial mesendoderm in chick embryos 
at HH8-9 stage [ 16 ]. 2  

2.1.3      Cardiac Crescent Formation 

 The bilateral precursor pools unite in the mid-
line, cranial to the stomatopharyngeal mem-
brane, forming the cardiac crescent at 3 weeks of 
human development (E7.5 in mouse) when the 
embryo is a fl at tri-laminar disc [ 5 ,  30 ]. The dif-
ferentiation of the cardiac crescent into CMCs is 
dependent on signals derived from the adjacent 
endoderm. Multiple signals from the craniolat-
eral endoderm are most likely required to induce 
myocardial specifi cation, and these are balanced 
by inhibitory factors from other tissues. 
Candidates that promote specifi cation of myo-
cardial fate include members of the TGF-β, 
BMP, and FGF [ 31 ]. Downstream of these, are 
members of the MEF2 family expressed in the 
primary myocardium. In zebrafi sh,  mef2c  is 
expressed in the precardiac mesoderm, followed 
by  mef2A , both apparently limited to the pre-
myocardial and not pre- endocardial cells [ 32 ]. 
 GATA transcription factors  are also found in 

2   Differences in nomenclature rules between species are 
indicated in the way orthologue genes and proteins are 
written: for example GATA4 refers to the human gene, 
Gata4 to the mouse and gata4 to the zebrafi sh orthologue. 
When referring to proteins GATA4 refers to the human or 
mouse while Gata4 to the zebrafi sh one. 

the precardiac mesoderm. Gata4 −/−  mice have an 
embryonic heart phenotype with more  profound 
the lack of proepicardial cells while, GATA5 
induction directs mesoderm-committed progeni-
tors to a cardiac fate and the development of car-
diomyocytes [ 33 ]. Tbx5 is also essential for 
cardiac differentiation. It is expressed in the 
bilateral heart fi elds but at later stages it is 
restricted to the future atria [ 34 ]. Mutation in 
human Tbx5 cause the  Holt-Oram syndrome , 
which consists of heart defects and hand bone 
defects [ 35 ]. In zebrafi sh,  tbx5.1  is expressed in 
cells from the 15-somite stage and marks the 
bilateral (at both sides of the midline) migrating 
heart population [ 36 ]. Zac1 is strongly expressed 
in the heart from the cardiac crescent stages and 
in the looping heart show a chamber- restricted 
pattern. Zac1 −/−  mice exhibit ventricular and 
atrial septal defects, chamber abnormalities and 
defects in neural tube closure [ 37 ].  

2.1.4     Linear Heart Tube Formation 

 At E8 in mouse, or 3 weeks in human gestation, 
the cardiac crescent fuses at the midline and gives 
rise to the  First Heart Field (FHF)  derived linear 
heart tube. This structure starts beating and subse-
quently undergoes rightward looping and rapid 
growth [ 38 ]. During the stages that follow, the 
heart tube expands and additional cells are 
recruited [ 5 ,  39 ]. Cells from the  Second Heart 
Field (SHF)  are added to the heart tube, with pref-
erence to the venous and arterial poles [ 40 ]. The 
SHF is located medially to the FHF in the cardiac 
crescent [ 5 ] and the anterior lateral plate meso-
derm in zebrafi sh [ 41 ]. SHF cells contribute to the 
formation of the  outfl ow tract (OFT) , the septa, 
right ventricle, and the infl ow of atria [ 42 – 45 ]. 
SHF is required also in zebrafi sh for its arterial 
pole formation [ 46 ] and activates FGF signaling 
pathway [ 47 ]. Isl-1 (LIM homeodomain transcrip-
tion factor) is a marker of SHF, dependent on the 
Wnt pathway [ 48 ]. Isl-1 is required for prolifera-
tion and survival of SHF cells as well as for the 
migration of cardiac progenitors [ 45 ]. BMP medi-
ates TGF-β signaling and functions to induce SHF 
progenitors to differentiate into myocardium [ 49 ]. 
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The Notch signaling pathway, negatively regulates 
β-catenin and keeps progenitors in an undifferenti-
ated state [ 49 ]. Loss of β-catenin leads to reduction 
of Islet-1 cells due to reduced proliferation of these 
cells. Canonical Wnt signaling 3  is involved in the 
differentiation of the right ventricle, the OFT 
and the atria [ 50 ]. Non canonical- wnt5a, wnt11 
ligands are expressed in OFT and are essential for 
SHF progenitor development and act by restraining 
the canonical Wnt/β-catenin signaling [ 48 ].  

2.1.5     Endocardium Development 

 Cardiac crescent contains both endocardial and 
myocardial progenitors. The endocardium con-
tributes to the heart tube assembly by directing 
myocardial migration during heart tube fusion 
[ 51 ]. Studies in zebrafi sh and chicken embryos 
showed that endocardial progenitor cells are 
sequestered within the Heart fi eld [ 52 ,  53 ]. In 
zebrafi sh studies, endocardial precursors are 
restricted in the most ventral zone of the heart 
fi eld in the early blastula stage [ 52 ]. The  endo-
cardium  of the primary heart tube forms directly 
from the ventral plexus of endothelial precursor 
cells, which are in close association with the 
anterior endoderm. Importantly, endocardial cells 
have a common origin with  myocardial cells , as 
suggested in quail embryos [ 54 ]. QH-1, a quail 
endothelial marker was fi rst detected in quail 
embryos at stage 7 [ 55 ]. Mouse studies suggested 
that mesodermal precursor cells in the cardiac 
crescent maintain fate plasticity and can give rise 
to both myocardium and endocardium or that the 
cardiogenic precursors are pre-specifi ed when 
they migrate from the primitive streak to the car-
diac crescent [ 56 ]. Endothelial progenitor cells 
from SHF contribute to the development of endo-
cardium through OFT migration. There is hetero-
geneity in the origin of endocardium; a part of it 
derives from vascular endothelial cells [ 57 ]. Tal1 
is a transcription factor required for endocardial 
cells migration. In  tal1  −/−  zebrafi sh mutants mor-
phogenesis the endocardial cells do not form a 

3   Wnt canonical signaling refers to the signaling mediated 
by the β-catenin. 

single cell layer lining the myocardium, and do 
not form atrial endocardium. Instead, endocardial 
cells aggregate at the arterial pole of the heart 
[ 58 ]. GATA5 is required for differentiation of 
cardiogenic precursors into endothelial endocar-
dial cells [ 59 ]. Gata5 is expressed in the endocar-
dium, early in mouse development (E12.5) in 
atrial endocardium and regulates smooth muscle 
cell transcription program. NFATC1 interacts 
with GATA5 to activate endocardial transcription 
factors [ 59 ]. Etv (Etsrp71) transcription factor is 
expressed in endocardium/endothelium at E8.5 
stage and regulates tie2 expression [ 60 ]. The 
transcriptional network involved in endocardial 
specifi cation is reviewed in [ 61 ].  

2.1.6     Looping of the Heart 

 The Heart tube is the fi rst organ that exhibits left- 
right (L-R) asymmetry. It becomes apparent in 
chicken embryos at stage HH9 [ 62 ] and in zebraf-
ish embryos as cardiac jogging (leftward dis-
placement of the heart cone) at 28 h post 
fertilization (hpf), and as s-loop at 36 hpf [ 8 ]. In 
humans, s-looping occurs at CS9-10 with the for-
mation of an inner and an outer curvature that 
gives rise to the ventricles. There is proliferating 
and differentiating myocardium (secondary/
chamber myocardium) from which arise the heart 
chambers [ 5 ]. In zebrafi sh, the cardiac cone 
rotates clockwise (venous pole left side, arterial 
pole midline). In this way, L-R polarity is con-
verted to Dorsal-Ventral axis during heart tube 
formation, a process dependent on BMP signal-
ing in the LPM, which also directs cardiac pro-
genitor cells migration. For this rotation and 
migration (cardiac jogging) the Hyaluronan syn-
thase 2 (Has2) expression in cardiac progenitors 
cells is required [ 63 ]. In zebrafi sh,  southpaw , 
( spaw ) a Nodal related gene, is expressed in the 
left LPM and activates Nodal at the onset of 
asymmetric morphogenesis in an  one eyed pin-
head , ( oep )-dependent manner at 21-somite 
stage. Nodal acts in L-R asymmetry by regulat-
ing the speed and the direction of CMCs [ 64 ]. 
Nodal signaling directs asymmetric cardiac mor-
phogenesis through establishing and reinforcing 
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laterality information over the course of cardiac 
development. Cardiac jogging is driven by an 
asymmetric atrial myocardial migration, infl u-
enced by the laterality of gene expression [ 65 ]. 
 bmpr1  and  bmpr2  are essential for L-R asymme-
try in zebrafi sh, are upstream of  pitx2  and  spaw  
and regulate  lefty1  [ 66 ]. Wnt-GATA4 signaling 
controls the asymmetric signal propagation from 
the LPM to the cardiac fi eld. Wnt/β-catenin sig-
naling negatively regulates Gata4 expression in 
the cardiac fi eld, which subsequently modulates 
Lefty2 expression in the cardiac primodium. In 
contrast to the inductive role of Spaw, Wnt/β-
catenin signaling imposes a permissive function 
on the cardiac fi eld, allowing it to respond to 
asymmetric cues such as Spaw [ 67 ]. Sonic 
Hedgeghog (Shh) in mouse is expressed in the 
node (the source of mouse left-right asymmetry), 
the notochord and the gut endoderm [ 68 ]. 
Hedgehog controls L/R asymmetry by the induc-
tion of left-side determinants and is required for 
activation of Gdf1 (Tgf family, upstream of 
Nodal, lefty1/2, Pitx2) within the node [ 69 ].  

2.1.7     Chamber Formation 

 The heart starts functioning and transitions from a 
linear tube to a looped structure with distinct dif-
ferentiated chambers. During cardiac looping an 
inner and an outer curvature of the myocardium 
are being specifi ed [ 6 ,  70 ]. The outer curvature 
gives rise to the future ventricles and in the dorso-
lateral side of the primary heart tube, two atrial 
appendices form [ 6 ]. The Atrial Natriuretic Factor 
(ANF) gene is expressed in the working myocar-
dium in the outer curvature of ventricle and atrium 
of chicken stage HH9 [ 71 ]. In zebrafi sh embryos 
by 28hpf, sided by the heart tube, in regions sup-
posed to become outer curvatures of ventricle and 
atrium [ 72 ]. The molecular signals in chamber 
formation are  Nppa  ( anf ), the gene encoding ANF 
and the transcription factors COUP-TFII, Hand1, 
Irx4 and Irx5, Nkx2-5, Gata4 and members of the 
T-box gene family. These, in turn, regulate a num-
ber of chamber specifi c genes such as those 
encoding the gap-junction proteins connexins 
[ 73 ] and as reviewed in [ 1 ]. 

2.1.8      Cardiac Valves and Septa 

  Cardiac valves  originate from endocardial cells 
at specifi c positions along the anteroposterior 
axis of the heart after the heart starts  beating. 
They serve throughout the lifespan of an organ-
ism to prevent retrograde blood fl ow. A number 
of processes, including  Epithelial to 
Mesenchymal Transition (EMT),  lead to the 
differentiation of valve progenitor cells at the 
 AtrioVentricular (AV) canal  from the endocar-
dium [ 74 ]. In mice, this process initiates at day 
(E9.5–10.5) with the formation of cushions by 
the migration of these mesenchymal cells into the 
cardiac jelly secreted by the overlying myocar-
dial cells. Highly regulated signaling pathways 
orchestrate their development. These pathways 
include Notch, BMP/TGF-β, Wnt/β-catenin, 
NFATc, VEGF, Erb2/4, has2, microRNAs and 
others, as reviewed in [ 75 ], [ 76 ] and chapter   9     of 
this book. In addition to the above- mentioned 
signaling pathways, cardiac valve morphogenesis 
is regulated by the heart function and intracardiac 
fl ow dynamics. Endocardial cells at the  AV canal  
as well as the OFT of the heart, experience retro-
grade blood fl ow when the heart starts to function 
and before the valves are formed. Studies in 
zebrafi sh embryos, which can survive for several 
days and develop in the absence of a functional 
heart beat or blood circulation, revealed the 
importance of intracardiac fl ow dynamics in 
valve morphogenesis [ 77 – 80 ]. Valve cushion 
mesenchyme differentiates into the fi brous con-
nective tissue of both inlet and outlet valvular 
leafl ets. In addition, the tricuspid valves as well 
as the septa are partially myocardialized, due to 
the invasion of cushions by myocardial cells to 
give a muscular component to the terminally dif-
ferentiated tissues. Thus, myocardialization 
appears to be a normal morphogenetic event 
occurring in most vertebrates, including humans, 
to give specifi c cushion structures their mature 
phenotype. The  extracellular cell matrix 
(ECM)  proteins fi brillin and fi bulin as well as 
proteoglycans are thought to be involved in the 
remodeling of the cushions into valvuloseptal tis-
sue. These molecules accumulate at the cell sur-
face or pericellular matrix of the migrating 
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cushion cells that secrete them and appear to play 
a role in the fi nal positioning and spacing of cells 
within the differentiated tissue, reviewed in [ 74 ].   

2.2     The Signaling Pathways 
Involved in Cardiac 
Development Are 
Responsible for Congenital 
Heart Diseases 

 It is no surprise that the above-described com-
plexity of form and function of the heart, leads to 
an increased incidence of related diseases. A core 
of conserved transcription factors, including 
Nkx2.5, GATA4 and Tbx5 are critical in regulat-
ing the development of the heart. These transcrip-
tion factors, as well as their regulatory network 
(upstream activators and downstream targets) rep-
resent a signifi cant percentage of  congenital 
heart diseases  (CHD) in humans reviewed in 
[ 81 ]. GATA4 has multiple roles during develop-
ment in the specifi cation of the myocardium as 
well as in later stages in AV cushion morphogen-
esis. In addition, GATA4 is activated during 
pathologic hypertrophy. Both in the United States 
and Europe, heart disease (HD) is the leading 
cause of death and disability and the greatest pub-
lic health problem. HD is the result of a genetic 
mutation, congenital diseases, as well as different 
types of insults in the adult heart, such as coro-
nary artery disease, hypertension and chemother-
apy [ 82 ]. Although these insults have a different 
pathophysiological mechanism of action, they all 
lead progressively to CMCs loss and consequently 
to the deterioration of heart function. For exam-
ple, in myocardial infarction, after the initial 
deprivation of O 2  in the myocardium an ischemic 
cascade is activated with the end result being cell 
death and its replacement by a collagen rich scar 
tissue. Scar tissue deposition allows for the initial 
stabilization of the induced damage, but it is not 
contractile and thus compromises heart function 
in the long run. The loss of contractility elicits a 
hypertrophic response through the activation of 
signaling pathways like GATA4 but this does not 
result in an increased number of cardiomyocytes 
in mammals, that lack the regenerative response 

capable of replenishing the lost cardiomyocytes. 
A new research fi eld has emerged, aiming to 
understand the mechanisms in animal models that 
maintain the ability to regenerate their hearts and 
how this could be activated in humans.  

2.3     Regenerative Capacity 

 Regeneration (REG) is the replacement of cells 
after trauma and results in a partially or fully 
restored and functional organ. The renewal of the 
intestinal lining or the maintenance of skin, hair 
and bone of an organism, are examples of regen-
erative potential. This natural replacement of 
cells lost in day-to-day minor and physiological 
damage, is referred to as homeostatic REG, while 
the actual REG per se is a unique posttraumatic 
response. The fi rst paradigm of REG was fi rst 
observed and reported in Hellenic mythology 
through the myth of the Titan Prometheus. The 
myth describes that Prometheus was chained to a 
rock where each day an eagle devoured his liver, 
which was growing back. Hundreds of years had 
passed since the myth of Prometheus until 1768 
when Spallanzani reported that amputated sala-
mander limbs were capable to fully regenerate 
[ 83 ]. In the following centuries, more organisms 
were added to the list of organisms capable to 
regenerate, among them lizards, frogs and fi sh. 
These can regenerate not only their limbs but also 
different organs. 

2.3.1     Heart Regeneration Across 
Different Species 

 In mammals, several organs retain their regenera-
tive capacity during adult life. Skin and liver, for 
example, demonstrate robust examples of mam-
malian organ REG. Other organs, in the contrary, 
such as the nervous system and the heart lose their 
regenerative potential early after birth. However, 
when hearts of neonatal mice were amputated 
1 day after birth, they demonstrated a robust 
regenerative response completely restoring the 
damaged ventricle [ 84 ]. In addition, neonatal 
mice retain a regeneration response up to 7 days 
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after birth not only after ventricle amputation but 
also after coronary ligation, an experimental 
model closer to the pathophysiology of myocar-
dial infarction [ 85 ]. Interestingly, contrary to the 
long-standing belief that adult human hearts lose 
their regenerating capacity, there is growing evi-
dence of cardiomyocyte renewal during the lifes-
pan of an adult human. Using the integration of 
radiocarbon 14C, cardiomyocytes were found to 
renew at a rate of ~1 % of the entire population 
per year in a person at the age of 25 years, but this 
rate drops progressively with the advancement of 
age [ 86 ]. Although the heart of higher adult verte-
brates loses its ability to regenerate after an injury, 
the above studies reveal that regenerative poten-
tial is not an evolutionary advantage (Fig.  2.2 ).  

2.3.2     Regeneration in Zebrafi sh 

 The urodeles (for example, salamanders) are the 
champions of heart REG. They can regenerate it 
even after a 50 % injury [ 87 ], by a mitotic 
response of the preexisting mature cardiomyo-
cytes, which undergo successive cell divisions 
[ 88 ]. Lately, zebrafi sh has emerged as a novel 
model with remarkable regenerative capacity and 
with numerous additional advantages, such as the 
amenability to in vivo cell biological studies and 
to forward and reverse genetics approaches [ 89 ]. 
Zebrafi sh (Danio rerio) is a fi sh found in fresh 
water streams from South and East Asia. 
Zebrafi sh is a cyprinid and belongs to the greater 
family of teleosts. Organs such as the kidney, 
liver, pancreas, spinal cord, CNS, retina and fi n 
can be regenerated in zebrafi sh after injury [ 90 –
 92 ]. The ability of zebrafi sh to regenerate its 
heart, was fi rst demonstrated in 2002 when part 
of the ventricle was amputated and it fully regen-
erated within 60 days [ 93 ]. This unique charac-
teristic of the zebrafi sh heart it is not a transitory 
ability but it is preserved throughout its lifetime 
[ 94 ]. The technique of ventricular apex amputa-
tion creates initially a thrombus and subsequent 
activation of the regeneration response [ 93 ]. 
Since then, several techniques have been 
 developed to study heart REG in zebrafi sh. In 
cryoinjury- induced damage, a probe that is pre-

cooled in liquid nitrogen is applied on the surface 
of the ventricle, resulting in massive cell death 
[ 95 ,  96 ]. This type of injury elicits initially an 
infl ammatory response where infl ammatory cells 
invade the injured tissue. In the following days, 
there is a gradual activation of different type of 
cells that migrate to the site of injury and initiate 
the reparative phase with collagen deposition. 
The cryoinjury method resembles the events that 
follow a myocardial infarction. In both methods 
of injury, fully replenished myocardial tissue is 
achieved after 60 days. 

 In addition to these surgical methods, genetic 
approaches have been developed, using trans-
genic zebrafi sh that express the bacterial nitrore-
ductase specifi cally in the heart. Nitroreductase 
is an enzyme that catalyzes the reduction of the 
prodrug metronidazole in a cytotoxic product. 
When zebrafi sh are exposed to media with met-
ronidazole, cell death is induced in a time and 
dose dependent manner [ 97 ]. Alternatively a 
heart specifi c tamoxifen inducible Cre recombi-
nase line was created and crossed with a line 
capable of expressing diphtheria toxin under the 
promoter of β-actin upon recombination achiev-
ing more than 60 % cardiomyocyte specifi c 
death [ 98 ]. Finally, ventricular specifi c embry-
onic ablation during development showed that 
atrial cells can transdifferentiate to contribute to 
ventricular regeneration [ 99 ]. In conclusion, 
genetic methods allow a more global injury of 
the ventricle in respect to the focally located 
mechanical injury, thus allowing the study of 
acute and chronic heart failure mechanisms in 
regenerative models. 

 Chemical induction of hypoxia and hypoxia- 
induced injury is also used to study zebrafi sh 
heart REG. Hypoxia refers to the lack of oxygen 
in the blood and is the hallmark of the ischemia 
induced heart injury in higher mammals. Since 
the previously described methods lack the ability 
to generate an oxygen-deprived environment in 
the heart tissue, this methodology provides an 
alternative and a more reliable method to study 
ischemia induced rather than infarcted injuries 
[ 100 ]. Finally, exposure to aristolochic acid dur-
ing early development causes a reduction of car-
diomyocyte proliferation and heart failure at the 
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larval stage [ 101 ]. This model allows the study of 
progression to heart failure and heart regenera-
tion at early stages, where zebrafi sh retains a 
plethora of advantages, including the ability to do 
large-scale chemical screens.

2.3.3        Epicardial Cells 
and Transcriptional Networks 
Involved in Heart Regeneration 

 Understanding the mechanisms that are acti-
vated during the regenerative response after 
injury is necessary to be able to re-activate them 
in humans. It is therefore important to elucidate 
both the sources of the different types of cells 

and the relevant signaling pathways. One of the 
fi rst questions that were addressed was if the 
sources of the new cardiomyocytes were either 
undifferentiated progenitor cells or existing 
 cardiomyocytes, which undergo  dedifferentiation 
and proliferation. Amputation experiments in 
zebrafi sh showed that undifferentiated progenitor 
cells initiate REG, in addition to epicardial cells. 
The  activated epicardial cells  express FGF 
receptors and migrate to the site of injury play-
ing a key role to the REG process. Blocking the 
FGF receptor by expressing negative dominant 
FGF receptor or treating with an FGFR inhibitor, 
arrests heart REG. Coronary neovascularization 
is impaired because the endocardial cells fail to 
undergo endothelial to mesenchymal transition 

Zebrafish

a

b

c

Amputation
cryoinjury

genetic ablation

30 days

Regeneration

21 days

Regeneration

Scar, fibrosis,
remodeling

Coronary ligation
Amputation

7-day old mouse
or older

Human
Myocardial
infarction

Neonatal mouse

Scar, fibrosis,
remodeling

  Fig. 2.2    Regenerative capacity is lost in the adult human 
heart but is maintained in neonatal mouse and zebrafi sh. 
( a ) Zebrafi sh maintain their ability to fully regenerate 
their myocardium within a month after injury. Current 
experimental models include cryoinjury, ventricular 
amputation or genetic ablation of myocardial cells. 
Activated epicardium is necessary for the induction of 
myocardial proliferation. ( b ) In neonatal mice, upon 

ventricular amputation or coronary ligation the myocar-
dium regenerates and is fully functional with no signs of 
fi brosis. However, this competence is lost after the fi rst 
week of life. ( c ) In contrast, in humans upon myocardial 
injury, a collagenous scar is deposited compromising the 
myocardial function and initiating a remodeling tran-
scriptional program       
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[ 102 ]. Epicardial cells also regulate the extra-
cellular matrix at the injury site, by enriching it 
with fi bronectin. Fibronectin is a key component 
of the extracellular matrix and it is previously 
associated with fi brosis after cardiac damage in 
adult mammals [ 103 ,  104 ]. A transgenic zebraf-
ish that expresses under a heat-shock inducible 
promoter a truncated, not functional fi bronec-
tin after amputation of the ventricle was used 
to show that defects in fi bronectin deposition 
are associated with impaired REG and accom-
panied by increased fi brosis [ 105 ]. Genetic fate 
mapping studies demonstrated that pre-existing 
cardiomyocytes are capable of dedifferentia-
tion and proliferation after resection of zebrafi sh 
heart [ 106 ,  107 ]. Furthermore, not only de-dif-
ferentiation and proliferation of existing CMCs 
is essential for heart REG but also their migra-
tion to the injury site. Pharmacological block-
ing of a chemokine receptor expressed in CMCs 
especially after injury arrests regeneration after 
amputation of the ventricle [ 108 ]. The Notch 
signaling pathway is highly conserved across 
species and plays a key role in cell-to-cell com-
munication regulating cell fate decisions during 
embryogenesis [ 109 ]. In particular, Notch sig-
naling is involved in the development both of 
the myocardium- ventricular morphogenesis-and 
the formation of the valves [ 110 ]. Interestingly, 
the Notch signaling pathway has also been 
implicated in the REG process after ventricular 
amputation of zebrafi sh heart [ 111 ]. In particu-
lar, different components of the Notch signal-
ing pathway are upregulated before REG takes 
place, designating an activation of embryonic 
genetic program during injury. 

 Another study, using microarray technology to 
analyze genome expression during REG in heart 
zebrafi sh after amputation of the ventricle, identi-
fi ed that  platelet-derived growth factor (PDGF)  
signaling is upregulated [ 109 ]. PDGF molecules 
and their receptors are growth factors found in the 
serum of mammals. PDGFs play a key role both 
in heart development and fi brosis after myocar-
dial infarction. In cardiac fi brosis, different stud-
ies of gain or loss of function suggested the 
important role of PDFG signaling pathway in 
neovascularization and healing response [ 112 ]. 

Additionally, the PDGF signaling pathway is acti-
vated in infl ammatory cells that infi ltrate injured 
heart [ 113 ]. In amputated zebrafi sh hearts,  pdfg - a  
and  pdgf - b  are  upregulated and chemical inhibi-
tion of PDGF impairs heart regeneration [ 109 ]. 
Retinoic acid signaling pathway is a key regulator 
during heart development [ 114 ]. Retinoic acid 
also plays an important role in zebrafi sh heart 
REG. After injury, the activated epicardium and 
endocardium produce retinoic acid, which is 
required for CMC proliferation and thus for heart 
REG [ 115 ]. Also,  nerve growth factor (NGF)  
has been implicated both in mice to promote car-
diac repair after myocardial infarction [ 116 ] and 
in zebrafi sh to promote CMC proliferation and 
REG [ 101 ]. In addition, the thyroid hormone can 
induce cardiac repair and (or) regeneration by 
reactivating developmental gene programming, as 
reviewed in [ 117 ]. The concept that heart REG 
recapitulates the developmental programs has 
been applied in an elegant system to screen for 
induction of cardiomyocyte proliferation in vivo. 
A transgenic line where the cardiomyocyte prolif-
eration can be monitored in vivo was generated 
using a myocardial specifi c promoter driving the 
 fl uorescent ubiquitination-based cell cycle 
indicator (FUCCI) . This technology allows the 
screening of small compound libraries that 
enhance myocardial proliferation during cardiac 
development. This approach, identifi ed several 
compounds that when used in the resection model 
of cardiac injury, could enhance heart regenera-
tion. These include compounds that act via the 
Hedgehog pathway, the Insulin-like growth factor 
or the TGF-β, signaling pathways [ 118 ]. These 
results highlight the importance of chemical 
genetic screens in zebrafi sh but also further sup-
port the notion that regeneration and development 
are highly analogous.   

2.4     Conclusion 

 It is becoming apparent that modeling cardiac 
regeneration in fi sh and mice is a powerful 
approach to understand the mechanisms that 
need being activated after an ischemic injury in 
humans. During heart regeneration, several 
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 signaling pathways that have been identifi ed as 
key regulators of heart development are recruited. 
It is thus important to decode the mechanisms of 
heart development, since this knowledge would 
enhance the ability to control heart 
regeneration.     
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Abstract

In this chapter we review essential aspects of cellular electrical excitability, 
which apply to all excitable cells, including neurons and cardiac tissue. We 
present the concept of the equilibrium potential, describe the factors that 
create the resting potential, and discuss the channel activity that leads to the 
generation of the action potential. We subsequently focus specifically on 
the peculiarities of the cardiac conduction system. We discuss the types of 
action potentials present in myocardial cells, the anatomical and ionic basis 
of automaticity, the regulatory mechanisms of heart rate and several aspects 
of electrocardiography, as well as the different types of arrhythmias.
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3.1  Introduction: Βasis 
of Electrical Excitability 
of Cells

3.1.1 What Are Excitable Cells?

-
membrane potential, or in other words a voltage 

cells include neurons, muscle and heart cells, as 
well as fertilized eggs, glandular tissue and some 

it manifests a nonlinear response to depolari-
zation, causing an amplification and propagation 
of the depolarization, in the form of an action 
potential. Or, in other words, if it can generate  
an action potential, which can be transmitted along 
the membrane. In the fist part of this chapter, we 
present the concept of the equilibrium potential, 
which is crucial for understanding all electrical 
phenomena in cell membranes. We then describe 
the resting potential, which forms the basis of 
cell excitability and, finally, we discuss the 
voltage- gated ion channels present in excitable 
cells, whose activity results in the generation and 
propagation of the action potential

3.1.1.1 Equilibrium Potential

bilayer that acts as an electrical insulator, largely 
impermeable to charged species. It would require 
an enormous amount of energy to move an ion 
through the hydrophobic interior of the bilayer. 
Instead, the membrane permeability arises as a 
result of the presence of ion channels, which are 
specialized proteins that form aqueous pores 
across the membrane, and through which specific 
ions can flow. It is the flow of ions through mem-
brane channels that is responsible for electrical 
signalling in excitable cells.

concentration of that ion between the two sides of 
the membrane, i.e. the concentration gradient, 
which creates a force that compels the ion to 
move towards the side with the lowest con-

plasma membrane, i.e. the electrical gradient, 
which creates a force that compels the ion to 
move towards the side with the fewer similarly 

channel, i.e. the ease with which a specific ion 

plasma membrane.
Let us consider a simple membrane that sepa-

). If posi-

condition of electrical and chemical imbalance, 
or un-equilibrium, is immediately created. 

selective to that ion) then both the electrical and 
chemical gradients would force the X+ ions to 
flow towards the other side until electrical and 

).
If, instead, we also add an equal amount of 

−) to which the membrane is not 
permeable, then we do not disturb the electrical 

zero), but we create a chemical un-equilibrium 
). In this case, the 

positive ions will cross the membrane, forced by 
their concentration gradient, as before. In con-
trast, the negative ions, in spite an identical con-
centration gradient, will be unable to move 

−-
-

ation of an electrostatic imbalance, which was 
not present before, because there are now more 
negative charges on the left side of the membrane 

, where some of the per-
meant ions have moved back to the left side, so 
that the electrical un-equilibrium counterbalances 
the chemical un-equilibrium to create a resting 
steady-state.

Hence, it becomes evident that there are 
always two forces acting on the ions, one gener-
ated by the difference in concentration and the 
other by the difference in electrical charges 
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-
-

difference) resulting in a net flow = 0, is called the 
equilibrium potential for that particular ion and is 

 
E RT zF X XX e o i

= ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦
+ +/ log /

 

Where R is the gas constant, T is the tempera-
ture in degrees Kelvin, z is the charge of the ion, 
and F
coulombs carried my a mole of monovalent ions). 

 
E X XX o i

= ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦
+ +58 10log /

 

Hence, if we take the case of potassium ions 
+) as an example and we measure the K+ 

concentrations on both sides of the membrane, 
we can calculate that, for concentrations [K+]o

and [K+]i

K+

-
tally, with the voltage-clamp method), there 
would be no net flow of K+ across the membrane. 
Or, in other words, potassium ions would be at 
equilibrium.

3.1.2 Resting Potential

ions also apply in real cells, except that in this 
case there are multiple ions present, and real 
membranes have different permeabilities for the 
various ions. In the previous example with the 

Fig. 3.1 Schematic illustration of the principles govern-
-

brane separating the two sides of the container is 
permeable to ion X+ −. In the top row, 
where there are no impermeant ions, the steady state is a 

as illustrated 

in the right panel). In contrast, when impermeant ions are 
present, as in the examples depicted in the bottom row, the 

as illustrated in the rightmost panel) is the 
condition at which the electrical gradient counterbalances 
the chemical gradient

3 Basis of Cell Excitability and Cardiac Conduction System
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hypothetical membrane, the unequal distribution 
of ions on the two sides was artificially imposed 
for the purpose of explaining the principles, and 
the membrane was either completely permeable 

+) or completely 
−). In real cells the unequal 

differ-
ential permeability of cell membranes for different 

 
permeant ions inside the cell); and secondarily 

ion 
pumps, or transporters.

differential permeability arises as a result 
of the presence of selective ion channels, i.e. 

specialized proteins that form aqueous pores 
across the membrane, through which specific 

the following section, the membrane permea-
bility can change dramatically as a function of 

membrane exhibits high permeability to K+, 
i.e. many potassium channels are in an open 
state. In contrast, membranes at rest exhibit 

+ and Cl−, as most 

relationship between membrane potential and 
ionic concentrations is given by the Goldman-

P) for each 
ion, in combination with the intracellular and 
extracellular ionic concentrations determine the 

of course, other ions present besides the three 
+, Cl−, and K+), but these are 

either present at very low concentrations, or 
there are no ion channels that permit them to 
cross the membrane. Hence, they contribute very 

+ and Cl− channels 

Cl are close to zero, 
and the membrane is permeable only to potas-

).

mical gradients through ion channels, the 
membranes also contain energy-driven pumps 
or transporters, which use the energy from 

barrier imposed by the lipophilic nature of the 
plasma membrane. Such pumps or transport-
ers are proteins that physically grab ions from 
one side of the membrane and transport them 

establishment of concentration gradients of 
various inorganic ions across the plasma 
membrane. Many of them are electroneutral, 
but some are electrogenic, i.e. they contribute 

to the membrane potential, since their activity 
results in a net flow of ions across the mem-
brane. One such pump is the sodium- potassium 

+ + adenosine triphosphatase 
three sodium ions 

out of the cell for every two potassium ions 
). Hence, this specific 

pump helps to maintain the negative levels of 
the membrane potential [ ].

on the intracellular and extracellular sides of the 
plasma membrane creates the voltage difference 

-

can be viewed as a form of stored energy and lies 

potential is exactly large enough to balance the 
ion flow caused by the various permeant ions with 
their different concentration gradients and mem-

charge flow is zero and the membrane is at a rest-
).

3.1.3 Action Potential

including neurons and cardiac tissue, contains 
voltage-gated channels that are responsible for 

V RT zF K P P Na P P Cl K P P Na Pm e o Na K o Cl K i i Na K i C= +[ ] + [ ]( ) + [ ] +/ log / / / / ll K oP Cl/[ ]( )éë ùû  
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be in a closed or an open state, and the transition 
between the two is regulated in different ways 

): in some channels the probability of 
opening is determined by the voltage difference 

others by the binding of a specific molecule on 

may be activated by conformational change of 

-
tion of the action potential are the voltage-gated 
channels, which open when the membrane poten-
tial reaches a certain value, and either remain 
open for as long as the voltage remains within a 
certain range, or close after a given time period 

are selectively permeable to one or few types of 

move through it according to their electrochemi-
cal gradient, as described in the previous section.

. 
-

reflects the particular combination of ion chan-
nels present on the membrane, but is usually 

-
larizing stimuli are applied to the cell, the mem-
brane potential becomes hyperpolarized to values 

small depolarizing pulses are applied the mem-

traces). However, with a larger depolarizing pulse 
the membrane potential reaches the threshold 
level and a couple of action potentials are gener-

) reflects the opening of the 
+ channels, which were almost 

completely closed at rest. Once open, the conduc-
tance for sodium ions is dramatically increased 

+ rushes in, down its electrochemical 

Fig. 3.2 ±-K±

protein spans the plasma membrane of all animal cells and 
is an antiporter enzyme that pumps sodium out of cells, 
while pumping potassium into cells, against their concen-

-

+ + +-K+ 
pump is an electrogenic antiporter, as it contributes to 

antiporter is a cotransporter and integral membrane pro-
tein involved in secondary active transport of two or more 
different molecules or ions across a phospholipid mem-

)
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the membrane, which will exceed the zero value 
and will tend towards the equilibrium potential for 

, sodium ions 
are at electrochemical equilibrium and the net 
flow across the membrane will be zero – even if 

+

depolarization does not quite reach the level of 

sodium channels are temporally regulated and 
will have started to become inactivated, causing 

+ to go back to resting lev-
-

vated state is different from the closed state, in 

that it is a state from which the channel cannot 
+ channels, which are 

also voltage sensitive but with slower kinetics, 
will have started to open and K+ will have started 
to move outwards along its concentration gradi-
ent, which is no longer counterbalanced by the 
electrical gradient as when the cell was at rest. 

-
) reflects the delayed opening of 

potassium channels and the outflow of K+ along 

exhibit an afterhypolarization) the cell will enter 
a refractory period, which is determined by the 

+ 

a

b

c

d

Ligand binding

Membrane potential

Stretch

Kinase activity

Phosphatase activity

++++ ++++

- - - - - - - -

Out

In

Closed configuration Open configuration

Out

In

++++ ++++

- - - - - - - - Out

In

Out

In

Fig. 3.3 a) In ligand-
black triangle) binds to the 

extracellular side of the channel protein and causes a con-

example of a ligand-gated channel is the γ-aminobutyric 

the channel leads to the opening of a Cl− b) 
Channel gating can also occur by phosphorylation or 
dephosphorylation of the channel protein, caused by the 

c) 
Gating in voltage-gated channels occurs through local 
changes in membrane potential, which lead to conforma-

d
channels that are activated by physical stretching of the 
membrane. In these, the channel protein is linked to the 

blue lines) and the gating is mechanical 

)
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-

-

and axons the entire sequence of events is over in 
a few milliseconds. In other cells, as in certain 

of milliseconds, whereas in cardiac muscle they 
can be hundreds of milliseconds long, as described 
in the next section.

3.2 Cardiac Conduction System

3.2.1  Electrical Properties 
of the Heart

impulses, respond to stimuli by contracting. 

and ventricular myocardial cells; while the slow 
sinoatrial (SA) 

node, which is the natural pacemaker region of 
atrioventricular (AV) node, 

which is the specialized tissue that conducts the 
cardiac impulse from the atria to the ventricles, 
but can also act as a pacemaker [ ].

intracellular K+ concentration of myocardial cells 
+]i) exceeds the concentration outside the cell 
+]o

+, Cl−, 
and Ca . Several types of potassium channels are 
present in cardiac muscle cell membranes [ ], and 
the specific K+

Threshold level

50 msec
Vm

–90

–60

–30
1

2

0

30

60

Fig. 3.4 Current-clamp whole cell recordings obtained 

hyperpolarizing and depolarizing current pulses are 

applied to the cell body and the change in membrane volt-
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at rest is the voltage-gated channel that conducts 
the inwardly rectifying K+ current (IKi). 
Inwardly rectifying potassium channels are a spe-

channel that is “inwardly rectifying” is one that 

channels, by mediating a small depolarizing K+ 
current at negative membrane potentials, help 
establish the resting membrane potential [
for most cells, conductance for K+

K) in a resting 

+ ).

3.2.1.1  Fast-Response Action 
Potentials

. When the cell is electrically 
-

cent cell), a sequence of events is set in motion, 
involving the influx and efflux of ions. When the 
resting membrane potential is depolarized to the 

-
+ 

enters into the myocardial cells through specific 
voltage-gated Na+ channels -

ization, phase 0 + channels open very 

increase of g + channels inac-
tivate and g + channels 
remain inactivated until the membrane begins to 

phase 1) reflected in the 
notch between the end of the upstroke and the 

result of activation of a transient outward cur-
rent carried mainly by potassium ions.

phase 2
is sustained by a balance between inward move-
ment of Ca  and outward movement of K+. Ca  
enters in the cell via voltage-gated L-type Ca2+ 
channels m 

inactivate slowly thus providing a long lasting 
Ca  inflow. Opening of Ca  channels results in 
an increase in Ca Ca

[Ca ] inside the cells is much less than outside, 
the increase of gCa promotes the influx of Ca  

upstroke gK ), thus preventing 
the excessive loss of K+ during the plateau.

phase 3) 
starts at the end of the plateau phase, when efflux 

Threshold

4
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of K+ from the myocardial cells begins to exceed 
Ca  influx, with several outward K+ channels 
contributing to the repolarization of the myocar-
dial cell [ – ].

Refractory Period

absolute refrac-
tory period, during which it is impossible to 

relative 
refractory period
during which a stronger stimulus is required to 

-
ods are caused by changes in the state of sodium 

part of the chapter, sodium channels enter an 

state regardless of the membrane potential, thus 

after a sufficient number of sodium channels 
have transitioned back to their resting state, a 
fraction of potassium channels may remain open, 
making it more difficult for depolarization to 
occur, thereby leading to the relative refractory 

-

quences, as it prevents a sustained tetanic con-
traction of the cardiac muscle, which would 
interfere with the normal pumping function of 
the heart.

3.2.1.2  Slow-Response Action 
Potentials

). Here, the upstroke is much 
slower and the depolarizing current is carried into 
the cell primarily by relatively slow Ca  cur-

+ -
teau is less prolonged and the transition to the 

of the heart and will be described in detail in the 
following paragraphs.

3.2.1.3 Automaticity
In heart physiology, automaticity is the ability of 
cardiac cells, contrary to skeletal muscles, to 
depolarize spontaneously without external stimu-

-
).

SA node

AV node

AV bundle
(bundle of His)

Purkinje’s
fibers

Left/right bundle
branches

Fig. 3.6
system of the heart 

 
with permission from: 
medical-dictionary.
thefreedictionary.com)
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series of specialized tissues in the heart respon-
sible for the initiation and co-ordination of the 

a wave of depolarizing impulses originating 
from a group of cells collectively called the 
sinus node.
the atria, activating the myocardium to contract, 
and is collected in the atrioventricular node. It 
is then slowed, before spreading rapidly through 
the histologically specialized and insulated 
fibers of the atrioventricular bundle (bundle of 
His) and its branches, to the finest ramifications 
of the peripheral ventricular conduction system, 
thus activating the ventricular myocardium to 
contract [ ].

in the nineteenth and early twentieth centuries. 

-

by Wilhelm His, a Swiss cardiologist and anato-
mist; and the atrioventricular node was disco-

farmhouse in Kent together with a young medical 
].

3.2.2 Sinoatrial Node

sinoatrial (SA) node is the main pacemaker 
of the heart, and is responsible for the initiation 

pacemaker site is not fixed as the initiation site 

regulatory inputs, temperature, atrial stretch, as 

leading pacemaker site is situated wherever local 

sympathetic input will shift the leading site where 
automaticity is most sensitive to adrenergic stim-
ulation, while parasympathetic activity will shift 
pacemaking where automaticity is less inhibited 

by cholinergic transmitters [ ]. In humans, the 

from the superior vena cava to the inferior vena 

vena cava with the right atrium, as most text-

] and it is 
also the case in rats and rabbits [ , 

-
mediate in appearance between the round and the 

are the primary pacemaker site within the heart. 
In these cells the resting membrane potential is 

 

because nodal cells lack the inward rectifying 

i) type K+ channels.

distinguishes it from an atrial or ventricular cell 
is that in the latter the resting membrane potential 
remains constant, whereas a pacemaker cell is 
characterized by slow diastolic depolarization 
throughout the resting membrane potential 

-
gered. It is believed that a common element  
in the formation of the conduction system is  
its failure to differentiate into mature working  
myocardium [  

-
ficient to reactivate focal automaticity and some 

, ].

-
mal negativity during the resting membrane 

). When the rate of slow depo-
larization is increased, the threshold potential is 
attained earlier, and the heart rate increases. 
When the maximal negative potential is at more 
hyperpolarized values, a longer time is required 
to reach the threshold potential and the heart rate 
decreases.

I. Skaliora et al.
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3.2.2.1 Ionic Basis of Automaticity
Many studies have examined the ionic basis of 
cardiac automaticity [ – -

+ ). 
“funny” currents f) 

and cause the resting membrane potential to begin 
to depolarize, thereby initiating phase 4. Since 

f

multiple studies have shown that rhythmic 

voltage clock”) underlie the mechanisms of auto-
maticity. Recent studies, however, suggest that 
increased intracellular calcium [Ca ]i induced by 
spontaneous rhythmic sarcoplasmic reticulum 

-
]i activates another ionic cur-

I -

needed to initiate the heart beat. Malfunction of 
the clocks is associated with sinus node dysfunc-
tion in heart failure and atrial fibrillation. More 
studies are needed to determine how both clocks 
work together to initiate the heart beat under nor-
mal and disease conditions [ ]. Ivabradine, a 
novel medication used for symptomatic manage-
ment of stable angina pectoris, acts by reducing 
the heart rate via specific inhibition of the If chan-
nel, a mechanism different from beta blockers and 
calcium blockers, two commonly prescribed anti-
anginal drugs [ , 

T-type 
Ca2+ channel.  enters the cell through 
these channels down its electrochemical gradient, 
the inwardly directed Ca  currents cause further 
depolarization of the cell and when the membrane 

 
-

ing or L-type Ca2+ channels.
there is also a slow decline in the outward move-
ment of K+ as the K+ channels responsible for 

+ conduc-
tance contributes to the depolarizing pacemaker 
potential. Phase 0 depolarization is primarily 

caused by increased Ca  conductance through the 
L-type Ca  channels that began to open toward 

phase 
3) as K+ channels open, thereby increasing the 
outwardly directed, hyperpolarizing K+ currents. 

 channels 
become inactivated and close, which leads to a 
decrease in Ca  conductance and the inward 
depolarizing Ca ).

3.2.3 Atrial Conduction

radially throughout the myocardium of the right 

along ordinary atrial myocardial fibers with a 

conduction is somewhat more rapid in several small 
bundles of atrial muscle fibers, some of which 

nature has not been definitely established.

3.2.4 Atrioventricular Conduction

-
tive system is so organized that the cardiac 
impulses will do not travel unimpeded from the 

node and accounts, in the electrocardiogram, for 
-

ifestation of the atrial excitation) and the QRS 
-

atria to empty their contents into the ventricles 

teleological explanations are avoided in science, 
-

tion utilizes the starling law to provide optimal 

act as a backup pacemaker in the case of failure 
of the sinus node, and can hamper rapid atrial 
contractions as in atrial fibrillation, from being 

3 Basis of Cell Excitability and Cardiac Conduction System
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conducted into the ventricles. On the other hand, 

still exists between morphologists and physiolo-
gists about which structures of the atrioven-

]. In this review, we will endorse 
the definition that includes all structures contri-
buting to the atrial-His conduction interval. 

triangle of Koch, a region located at the base of 
the right atrium defined by the following land-

-

node can be further divided morphologically into 

and arranged more parallel to one another, 

as the rightward nodal extension in humans [ ].

extension), present only in humans, extends from 

pathways – the slow pathway and the fast path-
way. It has been shown that the anatomical sub-
strate for the slow pathway involves structures 
embedded within an isthmus of myocardium 
located along the tricuspid annulus below the 
coronary sinus [ , ]. Consequently, evidence 

-
tomical substrate of the slow pathway [ ]. It is, 
however, still debated whether the slow pathway 
conduction also includes inferior transitional 

pathway is less well-defined from an anatomical 
-

cal substrate of this pathway is the transitional 

septum [
-

-
diate properties between nodal and atrial or His 

site has also been a matter of debate. Initiation of 

of the node [

generate pacemaking and can effectively pace the 

-
-

ing to test if pacemaker shift exists in the 
-

conditions. In clinical terms this explains the great 

3.2.5 Ventricular Conduction

the right side of the interventricular septum for 

branch is a direct continuation of the bundle of 
His, and proceeds down the right side of the 

proceeds on the subendocardial surface of the left 
side of the interventricular septum, and splits into 
a thin anterior division and a thick posterior  

divide into a network of conducting fibers, called 
-

fibers are the broadest cells of the heart [ ]. 

velocity in these fibers exceeds that of any other 
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conduction velocity permit rapid activation of  

of the long refractory period many premature 

the left and the right side of the interventricular 
-

vation and contraction of the septum makes it 
more rigid and allows it to serve as an anchor for 
the contraction of the myocardium of the ventri-

-

the endocardial surfaces of both ventricles are 
excited rapidly, the wave of excitation spreads 
from the endocardium to the epicardium at a 

right ventricle is activated earlier than that of the 
left ventricle because the right ventricular wall is 

regions of the epicardium of both ventricles are 
activated somewhat earlier than the respective 

to be excited are the posterior basal epicardial 
regions and a small region in the basal portion of 
the interventricular septum.

3.3  Control of Excitation 
of the Heart

even without the participation of external inputs. 

the changing needs of the organism is, to a large 
degree, dependent upon the cardiac nerves 

), whose function can modify the follow-

at which impulses are initiated in the pacemaker, 
chronotropism)

speed of conduction of excitation, especially in 

dromotropism
contraction, i.e. the contractility of the heart 
inotropism

bathmotropism). 
-

tion of the heart can be influenced are the para-
sympathetic fibers of the vagus nerve 

sympathetic nerves.

-

emotional excitement or muscular activity it may 

tonically influence the cardiac pacemaker, nor-

enhances the heart rate, whereas the parasympa-
-

narily increases as a result of the combined 
decrease in parasympathetic activity and increase 
in sympathetic activity, whereas it decreases with 

-
ally predominates in healthy, resting individuals.

3.3.1  Effects of the Parasympathetic 
System

medulla oblongata, in cells that lie in the dorsal 
motor nucleus of the vagus nerve or in the nucleus 
ambiguous. Centrifugal preganglionic parasympa-
thetic fibers of the vagus nerve synapse with post-

either in the epicardial surface or within the walls 
-

βγ sub-
unit of a G protein, leads to the opening of a spe-

increase in potassium efflux hyperpolarizes the 
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membrane potential caused by the flow of sodium 
inside the cell requires much longer to reach the 
threshold potential for excitation. Obviously, this 
causes a large reduction in the rate of rhythmicity 
of these nodal cells and, consequently, of the 

stimulation is strong enough, the rhythmical self- 
excitation of this node may even completely stop. 

causes a delay in the conduction of the impulse 
-

tion, especially of the left vagus, may produce 
, ].

3.3.2  Effects of the Sympathetic 
System

intermediolateral columns of the upper five or six 
thoracic and lower one or two cervical segments 

emerge from the spinal column through the white 
communicating branches and enter the paraverte-

sympathetic fibers are distributed to the various 

then penetrate the myocardium, usually accompa-
). Sympathetic 
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stimulation causes the opposite effects to those 

Second, it increases the rate of conduction and 

-
tractility of both the atrial and ventricular myocar-

sympathetic system increases the overall activity 
of the heart and hence the cardiac output.

Stimulation of the sympathetic nerves leads 
to the release of norepinephrine at the sympa-

released norepinephrine are mediated by β 

-

system is used for intracellular signal transduc-
tion, such as transferring into cells the effects 
of hormones or neurotransmitters like epineph-
rine and norepinephrine, which cannot pass 
through the plasma membrane. It is involved in 
the activation of protein kinases, causing them 
to phosphorylate ion channels of the cell mem-
brane and thereby increasing their probability 
of activation [
norepinephrine and epinephrine increase the 

automaticity. However, the slope of the resting 

because the augmentation of depolarizing chan-
nels If and ICa is greater than the increase of the 
repolarizing channels IK

-
tropic effect) of the impulses from the atria to 
the ventricles [ , ].

3.3.3  Central Control of Heart 
Rate-Baroreceptor Reflex

cardiovascular centers of the brain, which are 
located bilaterally in the reticular formation of 
the medulla and the lower part of the pons. 
Certain important areas of the cardiovascular 

center have been identified: The pressure zone 
of the centers is located in the anterolateral por-

fibers of the neurons of this area are distributed 
throughout the spinal cord where they excite the 
sympathetic neurons, causing an increase of the 

de- 
pressure zone of the centers is located in the 
anterolateral portion of the lower part of the 

the pressure zone and inhibit its activity, thus 
causing a decrease of the heart rate and vasodila-

tractus solitarius.
receive nerve signals mainly from the vagus and 
the glossopharyngeal nerves.

Stimulation of various brain regions can 
either excite or inhibit the cardiovascular cen-
ters, thereby causing significant effects on car-
diac rate and contractility. Stimulation of the 
motor cortex, for instance, excites the pressure 
zone because of impulses transmitted down-
ward to the hypothalamus and thence to the car-

anterior temporal lobe, the orbital areas of the 
frontal cortex, the anterior part of the cingulate 
gyrus, the amygdala, the septum and the hippo-
campus can all either excite or inhibit the car-
diovascular centers. Sudden changes in arterial 
blood pressure initiate a reflex that evokes an 

). 

carotid sinuses are responsible for this reflex. 

extremely abundant in the wall of each internal 
carotid artery slightly above the carotid bifurca-
tion, an area known as the carotid sinus, and in 

stretches the baroreceptors and causes them to 
transmit signals to the central nervous system. 

tractus solitarius of the medulla, secondary sig-
nals activate the depressor zone and the center 

throughout the peripheral circulatory system. 
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in the arteries reflexly causes the arterial pres-
sure to decrease because of reductions both in 
cardiac output and peripheral resistance. 
Conversely, low pressure has the opposite effect, 
reflexly causing the pressure to rise back toward 

extremely rapidly to changes in arterial pres-
sure, in fact the rate of impulse firing increases 
during systole and decreases during diastole. 

which does not permit extreme fluctuations of 
blood pressure during the cardiac cycle [ , ].

Conclusions

We gave a concise view of cell excitability 
which governs the cardiac rhythm and the car-
diac conduction system, and is involved in 
many pathological conditions these data pro-
vide a translational new integrating basic 
knowledge to cardiac structure and function.
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    Abstract  

  Angiotensin II and aldosterone have both benefi cial and deleterious effects 
that affect the function of cardiovascular system (blood vessels and heart), 
the kidneys and other organs. The history of the discoveries of Angiotensin 
II and aldosterone, and of the molecules that inhibit their synthesis or 
antagonize their receptors, is an excellent example of translational 
research. Indeed, a series of experiments have been determinant to initiate 
clinical studies, and conversely, some unexpected secondary effects 
observed in treated patients have been understood by experimental 
research. This chapter will describe the functions of the renin-angiotensin-
aldosterone system and the progression of ideas which have allowed to 
introduce some of the most successful drugs used in hypertension and 
heart failure.  
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  Abbreviations 

   ACE    Angiotensin converting enzyme   
  ALD    Aldosterone   
  Ang I    Angiotensin   
  Ang II    Angiotensin II   
  ARB    Angiotensin receptor blockers   
  ARNi    Angiotensin Receptor-Neprilysin 

Inhibitors   
  CVD    Cardiovascular diseases   
  CTGF    Connective tissue growth factor   
  DRI    Direct Renin Inhibitors   
  EF    Ejection fraction   
  11β-HSD2    11-β-hydroxysteroid dehydrogenase 

type II   
  GR    Glucocorticoid receptor   
  HF    Heart failure   
  LV    Left ventricular   
  MI    Myocardial infarction   
  MR    Mineralocorticoid receptor   
  MRA    Mineralocorticoid receptor 

antagonists   
  PRA    Plasma renin activity   
  RAAS    Renin-angiotensin-aldosterone 

system   
  REM    Remodeling   
  SHR    Spontaneously hypertensive rats   
  VSMC    Vascular smooth muscle cell   

4.1           Introduction 

 The renin-angiotensin-aldosterone system (RAAS) 
plays a key role in the regulation of blood pres-
sure on the short and long term through renal and 
nonrenal mechanisms. The main hormones of 
this system are Angiotensin II (Ang II) and 
aldosterone (ALD); they have both benefi cial 
and pathological effects that affect the function 
of blood vessels, heart, kidney, brain, and other 
organs. The RAAS functions as an endocrine sys-
tem, but it also serves local paracrine and auto-
crine functions in organs and tissues. 

 Cardiovascular diseases (CVD) are an important 
health problem in the modern world and their 
incidence will increase with the aging of popula-
tions. The cardiovascular system is one of the 

fi rst targets of hypertension, in which hypertrophy 
and fi brosis are evidenced in the arterial wall and 
in the myocardial interstitium. This remodeling 
(REM) secondary to hypertension is generally 
attributed to mechanical factors and to the hyper-
trophic, pro-infl ammatory and pro-fi brotic effects 
of vasoactive hormones, namely Ang II, catechol-
amines, ALD, and endothelin [ 1 ]. Arterial hyper-
tension induces long-term structural changes in 
several organs that are risk factors for myocardial 
infarction (MI) and heart failure (HF). Thus, the 
pharmacological treatment of hypertension, MI, 
and chronic HF, is mainly based on the combined 
inhibition of the vasoactive hormones that are 
chronically activated in these syndromes. 

 The history of the discoveries of Ang II and 
ALD, and of the molecules that inhibit their syn-
thesis or antagonize their receptors, is an excellent 
example of translational research. Indeed, a series 
of experiments have been determinant to initiate 
clinical studies, and conversely, some unexpected 
secondary effects observed in treated patients 
have been understood by experimental research. 
This chapter will describe the progression of ideas 
which have introduced some of the most success-
ful drugs used in hypertension, heart failure, coro-
nary disease and diabetic nephropathy. It must be 
realized that the RAAS domain is very active as 
indicated by the number of Pubmed citations 
(Ang: 106,901; renin: 53,097; ALD: 35,404), and 
numerous reviews are available, especially related 
to cardiovascular diseases [ 2 – 10 ]. 

4.1.1     Overview of the Renin-
Angiotensin- Aldosterone 
System 

 The effects of the activation of the RAAS include 
vasoconstriction, sodium and water retention, 
increased arterial blood pressure and increased 
myocardial contractility, which in combination 
increase the circulating volume. Any decrease in 
perfusion of the kidney triggers production of 
renin by juxtaglomerular cells. Conversely, an 
increase in perfusion of the juxtaglomerular 
apparatus inhibits the release of renin through a 
negative feedback mechanism. Renin is a protease 
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of 40 kDa that regulates the initial and rate- limiting 
step of the RAAS by converting angiotensinogen 
to angiotensin I. Angiotensin I is a biologically 
inactive decapeptide, which requires further 
activation by the angiotensin converting enzyme 
(ACE), a dipeptidyl carboxypeptidase, to form 
the biologically active octapeptide Ang II. ACE is 
a membrane-bound zinc metalloprotease, mainly 
produced by the lungs. Angiotensin II binds to 
membrane receptors AT1 and AT2 to induce 
numerous cellular effects via kinases activation 
and calcium mobilization. Ang II modulates 
blood pressure by acutely regulating sodium and 
water homeostasis, and inducing vasoconstriction; 
it is one of the strongest known endogenous 
vasoconstrictors. Chronic stimulation of Ang II 
induces hyperplasia and hypertrophy of vascular 
smooth muscle cells, and cardiac hypertrophy 
and REM. Ang II acts on the adrenal cortex and 
causes the release of ALD, whose main role is to 
induce sodium reabsorption in epithelial tissues 
(namely kidney and colon), which triggers 
movements of water and electrolytes, and therefore 
increases plasma volume. Aldosterone binds to the 
intracellular mineralocorticoid receptor, a transcription 

factor that triggers transcription of genes mainly 
related to ionic movements (Fig.  4.1 ).

4.1.2        Angiotensin II 

4.1.2.1     History (Table  4.1 ) 

      Early Discoveries 
 The story of the RAAS begins with the discovery 
that the injection of an extract of renal cortex 
from ischemic rabbits induced an increase of 
blood pressure in control rabbits [ 11 ]. However, 
it was not until 1934 that Goldblatt and other 
groups confi rmed the pressor effects of ischemic 
kidney extracts, identifi ed as a product of renin 
and called hypertensin or angiotonin [ 12 ]. Then, 
it was realized that the effect of renin was due to 
a peptide produced by the proteolytic enzyme 
renin [ 13 ,  14 ]. In 1952, an increased “hyperten-
sin” activity was evidenced in arterial blood 
samples of hypertensive humans compared to 
normotensive subjects [ 15 ]. The protein  substrate, 
a globulin mainly produced by the liver [ 31 ], was 
later named angiotensinogen and the peptide 
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named angiotensin [ 32 ]. Further works have 
demonstrated that angiotensin existed in two dis-
tinct forms: angiotensin I (Ang I) and angiotensin 
II (Ang II), where Ang I was cleaved by ACE to 
generate the biologically active Ang II. The rela-
tionship between Ang II and ALD hypothesized 
by Gross [ 20 ] was rapidly confi rmed [ 33 ].    

4.1.3     Clinical Observations 
in Hypertension 

 In the 1960s, the clinical problem of essential 
hypertension was identifi ed but there was no con-
sensus on the interest to treat this disorder. It had 
previously been shown that ganglionic blockade 
improved cardiac output in dogs with experimen-
tally induced hypertension [ 34 ]. In addition, 
clinical observations had already demonstrated 
that nitroglycerin provided immediate relief in 
patients with dyspnea. In the 1960s, several 
groups demonstrated increased sympathetically 
mediated vasoconstriction in HF patients [ 35 ]. 
These discoveries paved the way to the observa-
tions that nitroprusside or nitroglycerin given in 
patients within the fi rst 24 h of acute MI improved 
congestive symptoms, left ventricular pressure, 
and cardiac output. Further studies demonstrated 
similar hemodynamic benefi ts of afterload reduction 
in patients with chronic HF using phentolamine 
or nitroprusside. Thus, the role of afterload reduc-
tion in the treatment of HF was fi rmly established 
in patients and the stage was set for the next 
series of clinical studies using RAAS blockade in 
patients with hypertensive HF [ 36 ]. 

 Before 1970, it was well-appreciated that over-
secretion of ALD and renin-angiotensin were 
responsible for end-organ damage in adrenal 
tumors and in malignant hypertension. In 1972, 
however, Brunner et al. were the fi rst to report that 
high renin levels were associated with heart attack, 
stroke, and LV hypertrophy in patients with essen-
tial hypertension [ 23 ]. At the same time, striking 
reductions in blood pressure were observed in 
patients with renovascular hypertension using the 
angiotensin peptide analog, saralasin. Saralasin 
had to be administered intravenously and had a 
2-min half-life. It bound to the Ang II receptor and 
prevented Ang-II binding but, in being structurally 

similar to Ang II, had agonist activity. The discovery 
of the conversion of Ang I to the active form Ang II 
by angiotensin- converting enzyme (ACE), and the 
full characterization of the kininase II ACE were 
determinant for the development of the fi rst oral 
ACE inhibitor, captopril.  

4.1.4     The Development 
of ACE Inhibitors 

 The story of the design and synthesis of the fi rst 
inhibitors of ACE is one of the great success sto-
ries of modern medicinal chemistry. It has been 
described as one of the fi rst examples of true 
‘rational drug design’. Several detailed reviews 
of this story have been published [ 37 ,  38 ]. In the 
1960s, Sergio Ferreira prepared an extract of the 
venom of the Brazilian viper Bothrops jararaca 
and established that it potentiated the actions of 
bradykinin. The extract was tested on ACE and 
found to be a potent inhibitor thereof. A nonapeptide 
named teprotide, was isolated from the venom 
extract and tested intravenously in hypertensive 
patients by Dr John Laragh, a strong supporter of 
the ACE concept. The result was positive and this 
led to a top priority effort at Squibb pharmaceuti-
cal company to develop an orally active form of 
the drug, which company scientists (namely David 
Cushman and Miguel Ondetti) accomplished. 
Captopril (trade name Capoten) was approved by 
the FDA in the early 1980s and it opened a new 
approach for the treatment of this serious disease. 
When the adverse effects of Captopril (skin rash 
and loss of taste) became apparent new derivates 
were designed, fi rst Enalaprilat and Lisinopril, 
then many others. Indeed, several major clinical 
trials using ACE inhibitors were initiated in the 
late 1970s, fi rst in hypertension then in HF. 

 Most of the ACE inhibitors on the market 
today are non-selective towards the two active 
sites of ACE because their binding to the enzyme 
is based mostly on the strong interaction between 
the zinc atom in the enzyme and the chelating 
group on the inhibitor. Although N- and C-domain 
have comparable rates in vitro of ACE hydrolyzing, 
it seems like that in vivo the C-domain is mainly 
responsible for regulating blood pressure. Ang 
I is mainly hydrolyzed by the C-domain in vivo 
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but bradykinin is hydrolyzed by both active sites. 
Apparently, the N-domain does not play a big 
role in controlling blood pressure but it seems to 
be the principal metabolizing enzyme for Acetyl-
SDKP, a natural haemoregulatory hormone. 
Thus, C-domain selective inhibition could possi-
bly result in specialized control of blood pressure 
with less vasodilator-related adverse effects.  

4.1.5     The Development of AT1 
Antagonists 

 The dipeptidyl carboxypeptidase ACE cleaves 
not only Ang I but also bradykinin, which gener-
ates enkephalins and substance P. These sub-
strates are involved in bronchoconstriction and 
infl ammation and their accumulation may con-
tribute to cough or asthma-like symptoms or both. 
In addition, before the development of captopril, 
there was evidence for alternative pathways to 
ACE for formation of Ang II through chymase, 
trypsin, kallikrein, tissue plasminogen activator 
and cathepsin-G. The potential pathophysiologi-
cal signifi cance of alternative Ang II-forming 
pathways in human CVD remained obscure until 
Urata and Husain reported that a chymotrypsin-
like serine protease accounted for 90 % of the 
Ang II-forming capacity in tissue extracts from 
human myocardium [ 39 ], suggesting that ACE 
was not the major Ang II-forming enzyme in the 
human left ventricle. To address the problems of 
ACE inhibitor-induced cough and alternative 
pathways for Ang II production, Saralasin was 
developed in the early 1970s. Saralasin was an 
octapeptide analogue of Ang II, in which three 
amino acids were different. Saralasin was not 
orally bioavailable, had a short duration of action 
and showed partial agonist activity and therefore 
it was not clinically suitable as a drug. Research 
investigators at Takeda company discovered in 
1982 the weak nonpeptide Ang II antagonists 
S-8307 and S-8308 which had moderate potency 
and short duration of action, however they were 
selective AT1 receptor antagonists without partial 
agonist activity. Then, the pharmaceutical com-
pany DuPont modifi ed the Takeda molecule and 
produced the fi rst AT1 receptor antagonist, losar-
tan (DuP-753) in 1989 [ 40 ]. A series of AT1 

antagonists, called angiotensin receptor blockers 
(ARB), have been rapidly synthesized by several 
companies. The modifi cations on the molecule 
aimed to increase the bioavailability, elimination 
half-life, affi nity for the AT1 receptor and activ-
ity, namely on blood pressure reduction. 
Telmisartan is the only ARB that can cross the 
blood–brain barrier and can therefore inhibit cen-
trally mediated effects of Ang II, contributing to 
even better blood pressure control (Table  4.1 ).   

     Table 4.1    Chronology of discoveries and clinical 
observations in the RAAS   

 Authors/year  Discovery 

 Tigerstedt and 
Bergman 1898 [ 11 ] 

 Renal extracts contain a 
pressor substance 

 Goldblatt et al. 1934 
[ 12 ] 

 Renal artery constriction 
produces hypertension in dogs 

 Braun-Menendez et al. 
1940 [ 13 ]; Page and 
Helmer 1940 [ 14 ] 

 Renin is a peptidase 
producing angiotonin/
hypertensin 

 Kahn et al. 1952 [ 15 ]  Increased “hypertensin” 
activity in blood of 
hypertensive humans 

 Simpson et al. 1953 [ 16 ]  Discovery of aldosterone 
 Skeggs et al. 1954 [ 17 ]  Identifi cation of Ang I and 

Ang II 
 Skeggs et al. 1956 [ 18 ]  Identifi cation of ACE 
 Liddle 1957 [ 19 ]  SC-5233 increased urinary 

excretion of Na in a patient 
with HF 

 Gross 1958 [ 20 ]  Ang II releases aldosterone 
 Kagawa et al. 1959 [ 21 ]  Isolation of spironolactone 

at Searle laboratories 
 Pals et al. 1971 [ 22 ]  Saralasin, the 1st Ang II 

peptide antagonist 
 Brunner et al. 1972 [ 23 ]  High renin levels associated 

with heart attack and stroke 
 Cushman et al. 1977 
[ 24 ] 

 Synthesis of the 1st ACE 
inhibitor, captopril 

 Carini and Duncia 
1988 [ 25 ] 

 Synthesis of 1st orally active 
nonpeptide ARB, losartan 

 Brilla et al. 1993 [ 26 ]  Cardiac fi brosis by 
aldosterone- salt, prevented by 
spironolactone 

 Pitt et al. 1997 [ 27 ]  ELITE I study, captopril: 
decreased mortality in HF 

 Pitt et al. 1999 [ 28 ]  RALES study, spironolactone 
decreases mortality in HF 

 Pitt et al. 2000 [ 29 ]  ELITE II study, 
losartan = captopril to 
decrease mortality in HF 

 Pitt et al. 2003 [ 30 ]  EPHESUS study, eplerenone 
decreases mortality in post-MI 
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4.2     Cellular Mechanisms 

 The ACE cleaves Ang I to give the octapeptide 
Ang II. In addition, several peptidases (chymase, 
chymotrypsin, ACE2 (a homolog of ACE) and 
aminopeptidase A) generate a number of bioac-
tive peptides from angiotensin I and/or Ang II, 
such as Ang III, angiotensin IV and angiotensin 
(1–7). In the heart the majority of Ang I is con-
verted by chymase [ 41 ]. The carboxypeptidase 
ACE2 cleaves one amino acid from either Ang I 
or Ang II, decreasing Ang II levels and increas-
ing the metabolite Ang 1–7, which has vasodila-
tor properties. Thus the balance between ACE 
and ACE2 is an important factor controlling Ang 
II levels. The main pathway of Ang II synthesis 
occurs in plasma, but so-called local RAASs 
have also been evidenced in the kidneys, heart, 
brain, adrenal glands, and possibly other tissues 
[ 42 ,  43 ]. The local RAASs operate in a paracrine 
or autocrine manner and it is generally consid-
ered that they work with the classical circulating 
RAAS in a complementary manner. 

 The receptor subtypes AT1 and AT2 are poly-
peptides containing seven trans-membrane 
domains [ 44 ]. Despite their similar affi nities for 
Ang II, AT1 and AT2 receptors are functionally 
distinct, with a sequence homology of only 30 %. 
Composed of 359 amino acids, the AT1 receptor 
(40 kDa) belongs to the superfamily of G protein- 
coupled receptors. AT1 receptors bind Ang II 
with an affi nity similar to its circulating concen-
tration (0.1 nM) and they are regulated by their 
rates of biosynthesis and recycling (up- and down-
regulation). Most known physiological effects of 
Ang II are mediated by AT1 receptors, which are 
widely distributed in all organs, including liver, 
adrenals, brain, lung, kidney, heart, and vascula-
ture. AT2 receptors exert anti- proliferative and 
pro-apoptotic changes in vascular smooth muscle 
cells, mainly by antagonizing AT1 receptors via 
activation of tyrosine or serine/threonine phos-
phatases. AT2 receptor expression declines after 
birth, suggesting that it may play an important 
role in fetal development, and it is induced again 
in adult heart under  pathological conditions. 

4.2.1     Cardiovascular Effects 
of Ang II 

 Ang II, within seconds to minutes of binding to AT1 
receptors, activates signaling pathways leading to 
vascular smooth muscle cell contraction, maintain-
ing vascular tone. In addition to stimulating the syn-
thesis and release of ALD and increasing renal Na +  
absorption, Ang II’s actions on the central nervous 
system are critical in maintaining sympathetic out-
fl ow to the vasculature and in autoregulating cere-
bral blood fl ow. Ang II is extremely important in 
modulating minute to minute changes that occur in 
spatial adaptation. For example, when we stand up 
from a supine position, Ang II increases myocardial 
inotropy and chronotropy via an increase of inward 
Ca 2+  current through L-type channels. 

 The binding of Ang II to AT1 receptor leads to 
the dissociation of subunits of a guanine-nucleotide- 
binding protein (Gq/11), which activates phos-
pholipase C to generate diacylglycerol, and inositol 
trisphosphate which releases calcium from intra-
cellular stores. Ang II also increases the entry of 
calcium into cells. Calcium and diacylglycerol 
activate various enzymes, such as protein kinase 
C and calcium-calmodulin kinases that catalyze 
the phosphorylation of proteins, and this ultimately 
regulates the cell functions affected by Ang II. 
These signal-transduction events are completed 
within seconds or minutes. However, they also 
initiate slower responses to Ang II including 
vascular growth and ventricular hypertrophy. The 
stimulation of growth by Ang II also involves 
other processes common to growth factors in 
general, such as the phosphorylation of tyrosine, 
and the activation of mitogen-activated protein 
kinase and Stat 91, proteins that affect the cell 
nucleus and activate DNA transcription. In vivo 
experiments in rats reported that AT1 receptor 
antagonists prevent Ang II-induced cardiac 
hypertrophy. The cellular responses depend on 
receptor biosynthesis, insertion into the membrane, 
internalization and degradation. The internalization 
of receptors is initiated by binding to hormone 
and is one mechanism by which target cells can 
become desensitized during prolonged exposure 
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to agonists. RAAS blockade causes an increase 
in renin levels as a result of interference with a 
negative feedback loop between Ang II and renin 
release. This effect explains, at least in part, why 
Ang II and ALD breakthroughs occur. In addition 
to renin, the levels of its precursor, prorenin, 
might also increase during breakthroughs. Since 
the discovery of the prorenin receptor [ 45 ], which 
induces profi brotic effects in vitro in response to 
renin or prorenin binding, it has been proposed 
that increases in renin and prorenin levels will 
not only result in diminished RAAS suppression, 
but also in unwanted effects via the prorenin 
receptor stimulation.  

4.2.2     Pathophysiological Role 
of Ang II in Cardiovascular 
Disorders 

 Experimental studies have demonstrated that 
abnormal elevation of Ang II and ALD levels in 
plasma induce structural and functional altera-
tions in the heart, kidneys, and vessels with 
effects such as vascular infl ammation and 
REM, cardiac fi brosis, nephrosclerosis, and 
disturbed fi brinolysis. This large spectrum of 
actions explains that dysregulation of the RAAS 
is a major factor in the development of cardio-
vascular pathologies including hypertension, 
MI, congestive HF and stroke, as well as renal 
disorders especially diabetic nephropathy. In 
atherosclerotic plaques, the local RAAS system 
is activated, with high levels of ACE, Ang II, 
and AT1 receptor. Ang II’s cytokine-like effects 
usually occur with longer exposure, and pro-
mote cell growth and migration, extracellular 
matrix deposition, and vascular and electrical 
remodeling. It is important to underscore that 
the dramatic increase of salt (and fat) in the 
modern food will amplify the effects of the 
RAAS in cardiovascular pathologies. In other 
words, the primitive function of the RAAS is 
less and less adapted to the conditions of high 
salt intake, and this is a problem of increasing 
importance [ 46 ]. 

4.2.2.1     Experimental Models 
 The experimental models of hypertension or 
HF are detailed in another chapter of this book. 
To summarize, hypertension is experimentally 
obtained in rodents by either strain selection 
(spontaneously hypertensive rats, SHR), lower 
aorta or renal artery ligation, or genetic interven-
tion (REN-2 rats, Ren-TgKC mice, etc.). Severe 
experimental hypertension evolves generally 
towards with time (this is also the case in humans, 
but their hypertensin is cured). Heart failure is 
produced in rats or mice by MI, aortic stenosis, 
aortic insuffi ciency, infusion of angiotensin, 
ALD-salt, isoproterenol or other hormones or 
drugs, generally infused by osmotic minipumps, 
and by numerous genetic models of gene over- 
expression or invalidation. Each of the RAAS 
genes has been eliminated by gene targeting in 
embryonic stem cells and blood pressure pheno-
types have been established for each, see review 
in [ 47 ]. For example, the complete absence of 
angiotensinogen, ACE or AT-1a receptor cause a 
signifi cant decrease in blood pressure. Specifi c 
knockout of the tissue-bound ACE that does not 
alter circulating ACE also causes a decrease in 
blood pressure, thus supporting the hypothesis 
that tissue-bound ACE is critical in the physio-
logic generation of Ang II. These studies are also 
in agreement with those showing a lack of corre-
lation between the hypertensive effect of ACE 
inhibitors and circulating levels of ACE. The 
decrease in arterial pressure in the AT-1a (an AT1 
receptor subtype only present in rodents) knock-
out is similar to the blood pressure observed in 
angiotensinogen and ACE knockout mice, in 
agreement with previous observations that most 
of the effects of Ang II on blood pressure are 
mediated by AT-1a receptors. Many transgenic 
models have used the insertion of human renin 
(hRen) and/or angiotensinogen (hAGT) genes in 
the mouse or rat genome in order to develop mod-
els emulating human hypertension. For example, 
overexpression of the renin gene in liver induces 
hypertension and renal alterations, with a relation 
between the severity of the symptoms and the 
number of gene copies inserted [ 48 ].  
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4.2.2.2     Ang II, Infl ammation 
and Remodeling 

 In rats, Ang II infusion for 2-weeks leads to 
hypertension and vascular smooth muscle cell 
(VSMC) hypertrophy [ 49 ]. Shear stress from 
elevated blood pressure has been shown to upreg-
ulate Ang II receptors [ 50 ], linking hypertension 
to vascular REM. Independently from the 
mechanical effect of hypertension that stimulates 
cell growth, several in vitro and in vivo experiments 
have shown that Ang II is an important growth 
factor, causing cell proliferation, VSMC hypertrophy, 
cell differentiation, and apoptosis [ 51 ]. The main 
targets of Ang II are VSMC [ 52 ]. However, it has 
multiple effects on endothelial cells, such as 
producing reactive oxygen species, activating 
apoptotic signaling pathways, and promoting 
thrombosis. The increase in oxidative stress 
caused by Ang II leads to impaired endothelial 
relaxation and endothelial dysfunction. Ang II 
has been shown to stimulate the production of 
TNF-α, an important contributor to vascular 
infl ammation in adult mammalian heart. Ang II 
also stimulates the production of matrix metallo-
proteinases, which are necessary for vascular 
REM. Ang II-induced EGFR- and MAPK- 
dependent pathways participate in the matrix 
formation and regulation. Ang II-mediated EGFR 
transactivation regulates fi bronectin and TGF-β 
synthesis. Additionally, production of matrix 
metalloproteinases like MMP-2 and breakdown 
of collagen IV is also modulated by Ang II. Cardiac 
repair occurs in the infarcted myocardium 
and structural REM is developed in noninfarcted 
myocardium, which are accompanied by activated 
cardiac RAAS. The spatial and temporal sequence 
of cardiac expression of key- components of RAAS 
has been nicely described using autoradiography 
in sections of rat infarcted myocardium [ 53 ]. In 
these experiments, ACE and AT1 receptor expres-
sions are enhanced in the infarcted myocardium 
within a few days post-MI and cells expressing 
ACE and AngII receptors are primarily macro-
phages in the early stage of repair. These obser-
vations suggest that locally produced AngII may 
regulate the function of macrophages in an auto-
crine manner.   

4.2.3     Clinical Studies 

 Besides the successful classes of ACE inhibitors 
and AT1 blockers, other RAAS inhibitors have 
been developed, namely direct renin inhibitor 
(DRI), ALD antagonists or better termed miner-
alocorticoid receptor antagonists (MRA), and 
ALD synthesis inhibitors. All these classes of 
drugs have proven good effi ciency in animal 
models of hypertension, HF and MI. But the end- 
point being treatment of human diseases, it is 
necessary to verify that the promising results are 
confi rmed in the “real life” of clinical practice. 
This is necessary for at least two reasons: fi rst, 
patients with chronic, and often severe, CVD 
have treatments involving several drugs, and 
possible deleterious interactions between all 
these drugs (which are never tested in the labora-
tory for reasons of time and money) may only 
be evidenced in clinical studies enrolling hun-
dreds to thousands of patients; secondly, approval 
for sale may be obtained only if the new drug 
brings a signifi cant benefi t over the standard of 
care. In this highly competitive fi eld, several 
drugs have been eliminated on one of these 
criteria after large clinical studies. 

 It would be tedious here to analyze in detail 
the results of all clinical studies involving ACE 
inhibitors and ARBs. Numerous extensive and 
comprehensive reviews on this important topic 
have be published [ 5 ,  6 ,  8 ,  9 ]. 

4.2.3.1     Hypertension and Heart Failure 
 To summarize, ACE inhibitors have an established 
role as the fi rst-line treatment for a number of 
cardiovascular and renal diseases. Their role in 
the management of hypertension is proven, and 
they have been shown to reduce mortality 
associated with both HF with reduced ejection 
fraction and left-ventricular dysfunction after 
MI. Furthermore, ACE inhibitors have been 
shown to reduce the rate of stroke, MI, and death 
in high-risk individuals without known HF. ACE 
inhibitors are indicated by the European Society 
of Cardiology in potentially all patients with 
symptomatic (NYHA functional class II– IV) 
systolic HF, with a Class of recommandation I and 

C. Delcayre et al.



59

a Level of evidence A (together with beta blockers 
and mineralocorticoid receptor antagonists) [ 54 ]. 
In fact, there is consensus that a beta- blocker and 
an ACE inhibitor should both be started as soon 
as possible after diagnosis of HF with reduced 
left ventricular (LV) ejection fraction (EF). This 
is in part because ACE inhibitors have a modest 
effect on LV whereas beta- blockers often lead to 
a substantial improvement in EF. Furthermore, 
beta-blockers are anti- ischaemic and probably 
more effective in reducing the risk of sudden 
cardiac death, and lead to a striking and early 
reduction in overall mortality. 

 Angiotensin receptor blockers (ARBs) have 
been compared with other classes of drugs and 
namely ACE inhibitors in large clinical trials. The 
results show that ARBs remain an appropriate 
alternative in patients who are intolerant to ACEI.
However, according to the Guidelines of the 
European Society of Cardiology, ARBs are no 
longer the fi rst choice recommendation in 
patients with HF and an ejection ≤40 % who 
remain symptomatic despite optimal treatment 
with an ACE inhibitor and beta-blocker. This is 
because in the EMPHASIS-HF trial (discussed in 
the Aldosterone paragraph), eplerenone led to a 
larger reduction in morbidity-mortality than seen 
in the ARB ‘add-on’ trials, and because in both 
the RALES and EMPHASIS-HF studies, MR 
antagonists treatment reduced all-cause mortality, 
whereas ARB ‘add-on’ treatment did not [ 54 ]. 
Useful meta-analyses are often published, which 
help to keep a clear mind on the subtle conclu-
sions of the large clinical trials. For example, a 
recent pooled analysis of 20 cardiovascular mor-
bidity–mortality trials in hypertension, involving 
a total of around 160,000 patients, showed that 
use of ACE inhibitors was associated with a 
signifi cant 10 % reduction in all-cause mortality, 
whereas no mortality reduction could be demon-
strated with ARB treatment [ 55 ].  

4.2.3.2     Combination Therapy of ACEI 
and ARB 

 The rationale of giving ACE inhibitors in combi-
nation with ARB is based on the evidence that 
standard doses of ACE inhibitors only offer a par-
tial blockade of ACE. One proposed explanation 

was that Ang II may be generated from angio-
tensinogen and other peptide substrates, in a 
mode independent of ACE, by enzymes such as 
chymase or cathepsin G. Moreover, one would 
expect more specifi c Ang II blockade at AT1 
receptors and theoretically unopposed AT2 recep-
tor agonism. However, the results of several trials 
(CHARM-Added, VALIANT, ONTARGET) 
were somewhat confl icting and failed to fi nd 
benefi t for a combination treatment over a single 
drug use.  

4.2.3.3     Other Pathologies 
 The pharmacological treatment of HF with pre-
served LV ejection fraction remains challenging, 
and effective treatment is urgently needed for this 
disease, which may be as common and lethal as 
HF with reduced LV ejection fraction. Activation 
of RAAS and other neurohormonal pathways 
occurs in HF with preserved LV ejection fraction; 
however, several studies of ACE inhibitors and 
ARBs in this disease have failed to show convincing 
benefi t. On the other hand, several clinical trials 
have shown that the frequency of new onset of 
type 2 diabetes can be reduced by ACE inhibitors 
and ARBs (as opposed to beta- blockers and 
diuretics), thus supporting a role of RAAS in diabe-
tes mellitus. However, the level of renin activity 
or Ang II in plasma of diabetic patients is gener-
ally normal and the mechanistic links remain to 
be determined.  

4.2.3.4     Direct Renin Inhibitors (DRI) 
 Development of DRIs dates back to the 1980s, 
but the early DRIs had poor bioavailability 
(<2 %), a short half-life, lack of specifi city, and 
low potency. Aliskiren is the fi rst of a new class 
of nonpeptide-orally active DRIs, and further 
DRIs are in development. Aliskiren has limited 
bioavailability (2.7 %), but its half-life is 45 h, 
and it is therefore suitable as a once-daily medi-
cation. Aliskiren blocks the active site of renin 
and therefore can block the action of both renin 
and prorenin. It has the potential to block both 
circulating and tissue RAAS and has been shown 
to reduce renin activity. In a study of spontane-
ously hypertensive rats, aliskiren blocked RAAS 
more effectively than ACE inhibitors or ARBs. 
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Aliskiren is effective at reducing blood pressure 
and is approved for the treatment of hypertension. 
The role of DRIs in HF has not yet been well 
defi ned, with early trials suggesting that they may 
have a role in HF but subsequent studies failing 
to show a signifi cant impact on mortality and 
hospital admissions, raising clear concerns about 
safety. We await the outcome of the ATMOSPHERE 
trial, designed to test the effect of aliskiren in 
systolic HF, for further clarifi cation [ 5 ].  

4.2.3.5     Angiotensin Receptor- 
Neprilysin Inhibitors (ARNi) 

 Neprilysin, like ACE, is a zinc metalloproteinase 
enzyme that is expressed, in the kidney, lung, 
endothelial cells, vascular smooth muscle cells, 
cardiac myocytes, fi broblasts, and neutrophils, 
with the highest concentrations being present in 
the renal proximal tubule. Neprilysin degrades 
biologically active natriuretic peptides, including 
atrial natriuretic peptide, BNP, cardiac natriuretic 
peptide, angiotensin I, bradykinin, and endothelin-
 1. By augmenting the active natriuretic peptides, 
neprilysin inhibition increases generation of 
myocardial cyclic guanosine 3′,5′-monophos-
phate, which improves myocardial relaxation and 
reduces hypertrophy. However, neprilysin also 
contributes to the breakdown of angiotensin, 
which is the rationale for dual-acting compounds 
that both inhibit this enzyme and block the action 
of angiotensin. Hence, drugs that inhibit both 
neprilysin and ACE were developed and were 
referred to as vasopeptidase inhibitors. These 
drugs decrease peripheral vascular resistance and 
improve both local blood fl ow and the sodium/
water balance. However, in the OCTAVE trial, 
the frequency of angioedema was three to four 
times higher with the fi rst vasopeptidase inhibitor 
to be developed, omapatrilat, than with enalapril. 
Novel approaches have been explored to avoid 
angioedema. One proposed concept was to  combine 
neprilysin inhibition with ARBs, i.e., a dual- 
acting ARB-neprilysin inhibitor (ARNI), which 
would not directly affect ACE or aminopeptidase 
and may therefore be a safer approach to inhibiting 
the RAAS and increasing natriuretic peptide 
levels. LCZ696 is a fi rst-in-class angiotensin 
receptor-neprilysin inhibitor that comprises the 

molecular moieties of the ARB valsartan and 
AHU377 (the prodrug of the neprilysin inhibitor) 
in a 1:1 molar ratio. AHU377 is metabolized 
by enzymatic cleavage to LBQ657, the active 
inhibitor of neprilysin. Preliminary data in hyper-
tension and in HF are promising [ 5 ].    

4.3     Aldosterone 

 The classic role of ALD is to adjust the 
hydro- mineral balance in the body, and thus to 
participate to the regulation of blood pressure. 
ALD has several modes of action. The best 
known involves activation of the cytoplasmic 
mineralocorticoid receptor (MR) by binding of 
ALD; the MR-aldosterone complex enters the 
nucleus and binds to a specifi c DNA sequence 
which initiates transcription of target genes (as 
subunits of the amiloride-sensitive sodium chan-
nel, Na + K +  -ATPase and others) which activates 
sodium reabsorption in the kidney and epithelial 
tissues. The MRAs prevent the binding of ALD 
to its receptor and thus prevent its action. As dis-
cussed below, these antagonists have been fi rst 
marketed as diuretics, which is probably too 
restrictive in regard to their recently recognized 
effi cacy in CVD. Like other steroid hormones, 
ALD may also cause ionic effects (activation of 
sodium currents) in a few minutes at the mem-
brane level, without activation of the MR. A third 
mode of action has been evidenced more recently 
by which ALD can quickly activate kinases, 
through binding to the MR but without gene 
transcription [ 56 ]. The physiological role of this 
latter intermediate mode is still poorly defi ned. 

4.3.1     History of Aldosterone 
Discovery (Table  4.1 ) 

 Aldosterone, the last A of RAAS, was isolated 
60 years ago. A substance secreted by the cortex 
of adrenal glands and having the ability to retain 
salt has been evidenced in the 30s by the teams of 
Kendall and Reichstein (for a more detailed 
review on the discovery of aldosterone, see [ 57 ]). 
From the crystallization of glucocorticoids and 
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mineralocorticoids, researchers have discovered 
that a fraction extracted from adrenals was not 
crystallized. This so-called “amorphous” fraction 
had an important mineralocorticoid activity, 
albeit different from that of deoxycorticosterone 
or other steroids. A potentially confounding issue 
was the fact that cortisol possessed effects both 
on carbohydrate metabolism and electrolyte 
secretion, leading to a widely held opinion 
that cortisol was the physiologically important 
mineralocorticoid hormone. Nevertheless, some 
researchers were convinced of the existence of 
a mineralocorticoid different from deoxycortico-
sterone. The isolation of electrocortin (subsequently 
termed aldosterone) relied on two important 
technical developments: the use of partition 
chromatography and the development of a specifi c 
radiolabeled bioassay (Na24/K42). Sylvia and 
James Tait, working in London, purifi ed a very 
small quantity of ALD, carried out pilot studies 
and identifi ed some chemical groupings. In 1952, 
they began a collaboration with Pr Tadeus 
Reichstein in Basel. The initial isolation of ade-
quate quantities of ALD was carried out at Ciba 
AG, Basel, where material from 1,500 kg of pig 
adrenals yield 60 mg of amorphous pure ALD, 
which Reichstein crystallized in August 1953. 
The hormone was then better characterized under 
the name of ALD [ 57 ]. That this hormone was 
secreted by the adrenal gland was then evidenced 
by Tait’s team, showing that the hormones 
extracted from beef or dog adrenal perfusate 
were identical.  

4.3.2     Development of MR 
Antagonists 

 The development of spironolactone by the Searle 
laboratories in the 1950s was intended to provide 
a diuretic drug with a complementary mode of 
action to that of the diuretics currently used. 
When coadministered with a thiazide, it would 
cause an additional Na + /water loss, but also 
reverse the hypokalemic effects of chronic thiazide 
therapy. Frank Sturtevant was working on experi-
mental mineralocorticoid and renal hypertension 
while in the nearby labs Charlie Kagawa was 

examining the effects of a spirolactones series in 
blocking the activities of the sodium- retaining 
actions of DOCA and ALD. At lunchtime, they 
discussed their exploratory fi ndings with the 
spirolactones and suggested that the compound 
SC-5233 be taken into clinical trials. Thus the 
fi rst ALD antagonist was discovered serendipi-
tously using compounds synthesized for very 
different reasons. ln 1957, Grant Liddle at 
Vanderbilt University showed that SC-5233 
increased the urinary excretion of sodium in a 
patient with congestive HF, as well as the sodium- 
retaining actions of DOCA in patients with 
Addison’s disease [ 19 ]. Then, Liddle’s group 
published the clinical effects of fi ve analogs of 
SC-5233 in edematous patients. They concluded 
that a number of steroid 17-spirolactones have 
proved to be effective diuretic agents in man 
by antagonizing the renal tubular actions of ALD. 
One of the spirolactone analogs was SC-9420, 
which was subsequently named spironolactone. 
Spironolactone was marketed as a novel diuretic 
with additional antihypertensive effects [ 21 ]. 
While spironolactone has useful clinical effects, it 
has signifi cant tolerability problems due to pain-
ful gynecomastia and menstrual disturbances in 
premenopausal women. These side effects are 
attributed to its androgenic and progesteronergic 
properties. The introduction of epoxy groups into 
the spironolactone molecule resulted in more 
potent and highly selective MR antagonists, of 
which epoxymexrenone (CGP30083) proved to 
be the optimal compound. This compound, now 
called eplerenone, was patented in 1984 and later 
taken into clinical trials [ 58 ].  

4.3.3     Cellular Mechanisms 

4.3.3.1     Biosynthesis of Aldosterone 
 Aldosterone is a steroid hormone synthesized 
from cholesterol in the zona glomerulosa of 
adrenal cortex. The fi rst rate-limiting step 
involves a transport of cholesterol into mitochon-
dria controlled by the steroidogenic acute 
regulatory protein (StAR). The last steps of 
its biosynthesis involve the mitochondrial 
P-450 aldosterone- synthase which catalyses the 
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11beta- hydroxylation of deoxycorticosterone to 
form corticosterone, then a 18-hydroxylation and 
18-methyloxidation to yield ALD. This enzyme 
is encoded by the CYP11B2 gene and its activity 
is stimulated mainly by Ang II and potassium, 
and more weakly by ACTH and sodium. 
Inhibitors of aldosterone-synthase have been 
developed but, despite promising results in 
experimental HF [ 59 ], side-effects compromise 
their use in humans. Extra-adrenal sites of pro-
duction of ALD have been also described, such as 
the brain, vessels and heart. The level of ALD 
synthesis in these organs is generally low in resting 
conditions, suggesting that the secreted hormone 
could have local autocrine or paracrine actions, if 
any. The relevance of ALD synthesis in heart is a 
matter of debate, but several observations have 
been made in pathological conditions where 
the well described stimulation of the intracardiac 
renin-angiotensin system could lead to an 
increased level of ALD within the cardiac tissue, 
with likely deleterious consequences. This has 
been observed in post-MI in rat, where the 
increased AngII and ALD cardiac production 
played a key role in the development of cardiac 
fi brosis [ 60 ]. Similarly, ALD production is 
activated in proportion to severity in failing 
ventricle in humans [ 61 ], and myocardial ALD 
and aldosterone synthase mRNA levels are elevated 
by 4- to 6-fold in humans with hypertrophic 
cardiomyopathy, and provoke expression of 
hypertrophic markers in rat cardiac myocytes and 
expression of collagens and transforming growth 
factor-beta1 in rat cardiac fi broblasts [ 62 ]. 

   The Mineralocorticoid Receptor (MR) 
 The MR and glucocorticoid receptor (GR) belong 
to the nuclear hormone receptors superfamily, 
and they have a high sequence homology. Sequence 
evolution studies suggest that MR is the fi rst 
receptor to have diverged within this subfamily 
[ 63 ]. Interestingly, primitive fi shes living in salt 
water express the MR but not ALD, suggesting 
that this « orphan » MR is activated by glucocor-
ticoids. Glucocorticoids (cortisol in humans and 
corticosterone in rats and mice) bind to GR and 
MR with a strong affi nity. ALD binds to MR with 

strong affi nity, while its affi nity for GR is much 
lower. Since plasma ALD levels are three orders 
of magnitude lower than those of GR, the latter 
should occupy most of the MRs. However, this 
theoretical excess is around ten- fold decreased 
by the 97 % binding of GR to plasma transcortin, 
while the binding of ALD to albumin is lower 
(30 % of plasma ALD is free). In addition, trans-
fection studies have shown that cortisol has a 
transactivation activity of MR ten- fold lower than 
that of ALD despite identical binding affi nities, 
and the cortisol-MR complex is less stable than 
the ALD-MR complex due to differences in the 
conformation changes of MR induced by hor-
mone binding. A fi rst conclusion is that ALD 
seems disadvantaged compared to cortisol to 
bind to MR, but probably not as much as the ratio 
of plasma concentrations suggests. But in these 
conditions, how can ALD have a specifi c action? 

 The answer depends on the cell type. In 
epithelial cells and in endothelial and smooth 
muscle cells, which express the MR, the binding 
of ALD to the MR is made possible by the presence 
of the 11-β-hydroxysteroid dehydrogenase type 
II (11β-HSD2), which metabolizes cortisol and 
corticosterone in inactive metabolites [ 64 ]. In 
contrast, in cells such as cardiomyocytes which 
express the MR but not the 11-HSD2, the MR is 
probably mostly occupied by GR. But, as outlined 
above, there are possible other mechanisms that 
allow the binding of ALD on the MR, even in the 
absence of 11β-HSD2. The studies on isolated 
cardiomyocytes evidence effects of ALD on 
calcium or potassium currents, but these effects 
are observed using high concentrations of ALD 
in a milieu containing no GR. Transgenic mice 
overexpressing the MR in cardiomyocytes [ 65 ] 
or in other cell types are a powerful and elegant 
means to explore these mechanisms, this is dis-
cussed below. To conclude, a distinction must be 
made between inhibition of MR and antagonism 
of the effects of ALD. Indeed, the high concen-
tration of GR in plasma, their close structural 
similarity to ALD, and of their receptors, the 
hormone-receptor affi nities measured in vitro 
that conclude to the possible binding of GR on the 
MR (and vice-versa), complicate the understanding 
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of the mode of action of aldosterone in the 
cardiovascular system.   

4.3.3.2     Pathophysiological 
Role of Aldosterone 
in Cardiovascular Disorders 

 An increase of ALD concentration in plasma 
occurs in several clinical situations, as primary 
aldosteronism, acute MI, and HF. A major conse-
quence of primary aldosteronism is sustained 
hypertension that can be explained by both sodium 
retention and vascular effects. Recent studies evi-
dence that the incidence of primary aldosteronism 
in hypertensive patients has been largely underes-
timated in the past, and should be between 11 and 
15 %. As to regards the major CVD, experimental 
studies have demonstrated that elevation of aldo-
sterone induces structural and functional changes 
in the heart, kidneys and blood vessels that include 
fi brosis, infl ammation, vascular remodeling, and 
impairment of fi brinolysis. 

   Aldosterone Induces Cardiac Fibrosis (…?) 
 Studies on cardiac fi brosis induced by ALD give 
an excellent example of translational, or “bench 
to bedside” research. The fi rst observations of a 
deleterious effect of a mineralocorticoid on the 
heart were made by Bois and Selye who described 
periarteritis nodosa of the cardiac arteries and 
hyalinized nodules in myocardium of rats treated 
by deoxycorticosterone acetate for 20 days [ 66 ]. 
Twenty four years ago, a relationship has been 
established between the plasma level of ALD and 
mortality in patients with HF [ 67 ], or with left 
ventricle mass [ 68 ] which is a highly predictive 
index of morbidity and mortality. This was one of 
the fi rst indications that ALD may have effects on 
myocardial function in clinical HF. In the same 
line, plasma cortisol and ALD levels have more 
recently been identifi ed as complementary and 
incremental predictors of mortality [ 69 ]. In the 
early 1990s, the group of Karl Weber demonstrated 
in rats that high levels of infused ALD induced a 
severe cardiac fi brosis, and that spironolactone 
prevented this fi brosis [ 26 ]. Importantly, this 
fi brosis was independent of the ALD-induced 
hypertension, i.e. it was not induced by mechani-
cal stretch of the cardiac tissue. These pioneering 

works were confi rmed and extended by other 
laboratories [ 70 ,  71 ]. In all these early studies, 
salt (1 %) was added to the drinking water to 
amplify the cardiac damage. This is an important 
point discussed below in this paragraph. The high 
level of MR expression in heart and blood vessels 
provided an explanation for the observed effects 
of ALD in these tissues. Although far from clini-
cal situations, the above- described experimental 
models have allowed to describe the determinants 
and the biochemical steps of cardiac fi brosis. It is 
important to underline that these effects were due 
to concentrations of ALD that were strongly and 
chronically elevated, and inadequate for the 
body salt requirements. These experiments 
have also shown that spironolactone prevented 
the aldosterone- induced cardiac fi brosis, which 
brought one argument for launching clinical 
studies using MRAs. The plasma levels of Ang II 
and of ALD are increased in HF, and decrease 
upon ACE inhibitor treatment. Unfortunately, the 
level of ALD increases again after several months 
in the plasma of patients with HF treated with 
ACE inhibitors [ 72 ]. The mechanisms of this 
escape (or breakthrough) of ALD under ACE 
inhibition are not clearly established. Nevertheless, 
the ALD escape was a second strong argument to 
selectively inhibit the actions of ALD in HF. 

 The pathways of ALD action leading to infl am-
mation and cardiovascular fi brosis are partially 
established [ 2 ,  4 ,  52 ,  73 ,  74 ]. Induction of a 
perivascular infl ammatory phenotype has been 
demonstrated in the heart of uninephrectomised 
rats treated with ALD-salt [ 75 ]. Increases in 
infl ammation markers such as Cox-2 and MCP-1, 
and upregulation of plasminogen activator inhib-
itor- 1 (PAI-1), have been seen from the fi rst week 
on, making the proliferation of infl ammatory 
cells around the coronary arteries among the fi rst 
events leading to fi brosis. A causal role for oxidative 
stress is suggested by the observations that ALD 
stimulates expression of NADPH oxidase in 
macrophages, induces cardiac CaMKII oxidation 
and activation through ROS generated by 
NADPH oxidase in cultured cardiomyocytes [ 4 ] 
and that spironolactone and antioxidants prevent 
these changes independently in the coronary 
and peripheral arteries. Activated fi broblasts and 
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myofi broblasts that produce and release TGF-ß 1 
play an essential role in sustaining collagen syn-
thesis [ 10 ]. Interestingly, an interaction between 
ALD and AngII was found in the release of free 
radicals that can damage arterial smooth muscle 
cells [ 52 ]. This interaction between ALD and 
Ang II is a major point further discussed below, 
and it is a strong argument for a combined 
blockade of both hormones in clinical situations. 

 In the experimental models used above, the 
level of ALD in plasma was strongly increased 
(four to fi ve fold compared to normal level). By 
contrast, moderate ALD elevation through trans-
genic overexpression of cardiomyocyte-specifi c 
aldosterone synthase (CYP11B2) in mice leads 
to coronary vessel dysfunction [ 76 ] by decreasing 
the expression of the repolarizing calcium- 
activated potassium channel BKCa in coronary 
smooth muscle cells [ 77 ]. Importantly, no cardiac 
fi brosis was found in the hearts of these AS mice. 
This is apparently in contrast with what was 
observed in the ALD-salt or DOCA-salt models, 
and in post-MI, but the rather moderate increase 
of ALD in AS mice probably explains that the 
markers of oxidative stress and of infl ammation 
were not upregulated in this model. Moreover, 
the elegant work of Edith Hummler using a trans-
genic model of ENac gene invalidation (resulting 
in a 6.3- fold increased plasma ALD!) has shown 
that this chronic robust hyperaldosteronism fails 
to induce cardiac REM and fi brosis under a 
normal- salt diet [ 78 ]. It may therefore be concluded 
that increased ALD induces cardiovascular REM 
only when it is combined with another stress-
generating factor, such as salt or Ang II (which is 
increased in post-MI or HF). This is what has 
been observed in AS mice crossed with mice 
made hypertensive by genetic increased plasma 
Ang II. Hyperaldosteronism in these hypertensive 
mice was associated with increased macrophage 
infi ltration (CD68+ cells) and enhanced expression 
of mRNA for MCP1, osteopontin and galectin-3 in 
the heart [ 79 ]. Eplerenone decreased CD68 and 
galectin-3 levels in these mice. Galectin-3 is a 
beta-galactoside-binding lectin expressed in fi bro-
blasts, endothelial cells and macrophages that 
has been shown to participate in infl ammation, 
fi brosis, and HF. Interestingly, similar results 

were observed in aldosterone-treated hypertensive 
rats that have vascular hypertrophy, infl amma-
tion, fibrosis, and increased aortic Gal-3 
expression [ 80 ]. Spironolactone reversed this 
phenotype, and ALD had no pro-fi brotic actions 
in galectin-3 knock-out mice [ 80 ]. Together, 
these results indicate a key role of ALD in the 
stimulation of macrophages and of their synthe-
sis of galectin-3. Moreover, the moderate ALD 
excess in AS hypertensive mice was associated 
with a decrease in BNP [ 79 ] and ANP [ 81 ] 
expression. The natriuretic peptides ANP and 
BNP are antifi brotic and antihypertrophic [ 82 ]. 
Thus, ALD appears to play a determinant role 
in a balance between pro- fi brotic (TGF-ß, 
galectin-3) and anti-fi brotic (BNP, ANP) factors 
(Fig.  4.2 ).

   The adverse consequences of fi brous tissue 
are: (a) tissue heterogeneity, accentuated in the 
diseased heart because fi brillar collagen ensnares 
neighboring cardiomyocytes and, by doing so, 
reduces cardiomyocyte workload and therefore 
induces cardiomyocyte atrophy, (b) increased 
passive tissue stiffness, and (c) electrical REM 
and enhanced arrhythmogenicity. It is thus of 
primary importance to better understand the 
mechanisms leading to cardiac fi brosis, with the 
aim to reduce or prevent it. This is especially 
important since atrial fi brosis is considered to 
be a critical determinant of cardiac arrhythmoge-
nicity. The role of ALD in the generation of atrial 
fi brillation has been established in patients since, 
for a same level of hypertension, a history of 
atrial fi brillation was diagnosed in 7.3 % of 
patients with primary aldosteronism and in only 
0.6 % of patients with essential hypertension 
[ 83 ]. In the same way, conditional MR over-
expression in the mouse heart leads to life-threat-
ening arrhythmias [ 65 ]. Moreover ALD blockade 
can reduce ventricular arrhythmias [ 84 ], and 
decreases ventricular premature complexes, LV 
collagen and noradrenaline content and improve 
heart rate variability parameters (meanRR and 
sdRR) [ 85 ]. Further, addition of atenolol, a beta-
blocker, enhanced spironolactone effects on all of 
these parameters in a rat model of MI [ 85 ]. It is 
thus clear that ALD blockade could be of interest 
in prevention of cardiac arrhythmias.   

C. Delcayre et al.



65

4.3.3.3     Activation of the MR 
Is Determinant 
in the Development 
of Cardiac Alterations 

 Perivascular fi brosis resulting from infl ammation 
in the coronary arteries is a major step in the trig-
gering of cardiac fi brosis by ALD. However, the 
question of the target cell of ALD in the heart 
remained unsolved. Several works have recently 
shed a brilliant light on the consequences of the 
activation of the ALD receptor in specifi c cell 
types on cardiac function and fi brosis, see review 
in [ 86 ]. It is now clear that imposition of stress 
(aortic stenosis, L-NAME/AngII, or aldosterone/
salt) induces myocyte hypertrophy, oxidative 
stress and infl ammation/fi brosis, thus predispos-
ing to the development of HF. These effects are 
prevented by MR antagonists [ 87 ]. Studies using 
mice with cell type-selective deletion of the 
MR in cardiomyocytes [ 88 ], fi broblasts [ 88 ], 
macrophages [ 89 ], or myeloid cells that control 
macrophage polarization [ 90 ] demonstrated that 
fi brosis in hearts subjected to the above stresses 
was prevented only in the mice with macrophage- 
selective deletion of MR, although the recruit-
ment of these cells to the stressed heart was not 
prevented. Interestingly, fi broblast-selective MR 
deletion did not affect the cardiac structural and 

functional alterations, whereas cardiomyocyte- 
elective MR deletion resulted in improved cardiac 
function. Macrophages are infl ammatory cells 
that are present in the heart in very small numbers 
under normal conditions. However, stresses such 
as those mentioned above trigger the release of 
cytokines like MCP-1 which induce the infi ltra-
tion of macrophages into the heart. These obser-
vations provide evidence that MR-mediated 
signaling in macrophages elicits the cardiac 
fi brosis associated with hemodynamic or hor-
monal challenges, even when plasma ALD is not 
elevated [ 91 ]. 

 The question of which hormones bind to MR 
in the myocardium, ALD, or GR that bind effi -
ciently to MR and whose plasma concentration 
is much higher than aldosterone, persists to this 
day [ 92 ]. A recent study using mice overex-
pressing MR in cardiomyocytes and treated with 
ALD, demonstrated that it specifi cally regulates 
the expression of 265 genes in cardiomyocytes 
despite the high concentration of GR in the 
plasma [ 93 ]. The connective tissue growth factor 
(CTGF) is one of the aldosterone-upregulated 
genes in cardiomyocytes, which seems patholog-
ically relevant as the increase in CTGF observed 
in a model of HF (transverse aortic constriction) 
in rats was prevented by eplerenone [ 93 ].    
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TGF-β,
CTGF

p-Smad3 p-Smad 1.5.8
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  Fig. 4.2    The interaction of Ang II and aldosterone in car-
diac fi brosis. Aldosterone amplifi es the Ang II-induced 
fi brotic process by stimulating macrophages infi ltration in 
the heart. Macrophages are activated by AngII and release 
osteopontin (OPN) and galectin-3 which strongly potenti-

ate the action of TGFb and CTGF. Aldosterone also inhib-
its the hypertension-induced BNP synthesis and release, 
this decreases the antifi brotic action of BNP (Redrawn 
with permission from Azibani et al. [ 79 ])       

 

4 The Renin-Angiotensin-Aldosterone System in Cardiovascular Diseases



66

4.4     From Experimental 
Observations to Clinics 

 The fi rst study to show a benefi cial cardiac effect 
in humans was published in 1995. The study 
found that spironolactone reduced cardiac sym-
pathetic activity, ventricular arrhythmias, and 
markers of myocardial collagen [ 94 ]. The 
RALES study was the fi rst large clinical study to 
evaluate the effects of adding a MRA to standard 
of care in 1,663 patients with severe HF [ 28 ]. 
Spironolactone was the only approved MRA at 
this time, and it was used despite the known side 
effects and the weak hope of fi nancial return on it 
since it was already out of patent. But the results 
were very positive. The risk of death from all 
causes decreased by 30 %, and that of death of 
cardiac origin by 31 % using a mean dose of 
26 mg/day of spironolactone in treated patients. 
There was also a reduction in hospital admissions 
for HF by 35 %. This unexpectedly excellent 
result has been an important step in the history of 
MRAs. A correlation between mortality and a 
reduction in cardiac fi brosis after spironolactone 
treatment has been observed in a subgroup of 
patients from the RALES study [ 95 ]. 

 Eplerenone was tested in 6,642 patients with 
LV dysfunction (LV ejection fraction <40 %) 
after MI in the EPHESUS study [ 30 ]. Like in 
the RALES study, the results were positive. All- 
cause mortality decreased by 15 % in the eplere-
none group, cardiovascular mortality was reduced 
by 17 %, and sudden cardiac death by 21 % when 
compared to placebo. Interestingly, a post hoc 
analysis of the EPHESUS trial showed a 
 reduction of the risk of global mortality (−31 %), 
cardiovascular mortality (−32 %), and sudden 
death (−37 %) as early as 30 days after the onset 
of eplerenone treatment [ 96 ]. One of the main 
differences between the RALES and EPHESUS 
studies is the number of patients treated with 
beta-blockers, since the percentage was 11 % in 
RALES vs 75 % in EPHESUS. For this reason, 
the mortality benefi t seen in the eplerenone 
group was primarily due to sudden cardiac death 
reduction. Importantly, plasma ALD and sodium 
levels in both RALES and EPHESUS studies 
trials were normal. This observation suggests 

pathophysiological MR activation by ligands 
other than ALD, likely by normal levels of 
cortisol, and provides clear evidence for the 
therapeutic utility of MR blockade in HF with 
normal ALD levels. 

 In contrast to the above described studies that 
tested MRAs in severe HF, the EMPHASIS-HF 
Study explored mortality and morbidity out-
comes in patients with mild systolic HF and LV 
systolic dysfunction [ 95 ]. Eplerenone was used 
at a dose of up to 50 mg daily in addition to 
standard of care. This study enrolled 2,737 
patients with NYHA class II HF and LV ejection 
fraction <35 %. The primary outcome was a 
composite of death from cardiovascular causes or 
hospitalization for HF. The trial was stopped 
prematurely, according to prespecifi ed rules, 
after a median follow-up period of 21 months. 
Eplerenone, as compared with placebo, reduced 
both the risk of death and the risk of hospitaliza-
tion among patients with systolic HF and mild 
symptoms. A multicentric randomized study to 
analyze the effect of MRAs in patients with HF and 
preserved LV ejection fraction has been recently 
completed. The TOPCAT study randomizes 
patients to spironolactone or placebo. This study 
begun in 2006 and results are expected in 2014. 

 These large clinical studies demonstrate that 
the inhibition of MR has very benefi cial conse-
quences in mild to severe HF, suggesting that an 
activation of the MR occurs over the course of 
the disease and plays an important role in the 
pathophysiology of HF. The European Society of 
Cardiology guidelines refl ect these fi ndings 
and now recommend MRAs in patients with LV 
ejection fraction <35 % and persisting NYHA 
class II–IV [ 54 ]. However, it seems that MRAs 
suffer from a somewhat “fuzzy” image in some 
physician’s mind: spironolactone has been initially 
viewed as a potassium-sparing diuretic among 
the pool of other drugs for HF treatment, such as 
diuretics, ACE inhibitors, and beta-blockers. The 
discovery in the 1980s that ALD had a range of 
extrarenal receptors and actions, especially in 
the heart and blood vessels, has certainly 
renewed interest in the fi eld of ALD antagonists. 
Nevertheless, a clear understanding of the 
mechanisms of the MRAs that may fully explain 
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their benefi cial effects in HF is still lacking. 
Together, these reasons are probably determinants 
to the underuse of MRAs in HF [ 97 ,  98 ]. 

4.4.1     Future Developments 

 The properties of spironolactone (high affi nity but 
low selectivity for the MR) and eplerenone (good 
selectivity but low affi nity for MR) led several 
laboratories to develop nonsteroidal ARM. BAY 
94–8862 from Bayer laboratories is a last genera-
tion nonsteroidal MRA. In pre- clinical studies, it 
has demonstrated a high selectivity and a higher 
affi nity for MR that eplerenone. It is evaluated in 
the randomized ARTS phase II study comparing 
BAY 94–8862 to spironolactone [ 99 ]. This study 
is conducted in HF with mild to moderate renal 
impairment, mostly NYHA class II. At doses of 5 
and 10 mg per day, BAY 94–8862 reduced the 
BNP, NT- proBNP and albuminuria in the same 
proportions as 25–50 mg of spironolactone, with 
a signifi cantly lower risk of hyperkalemia than 
spironolactone. While concentrations of spirono-

lactone observed are six times higher in the 
kidney compared to the heart, BAY 94–8862 was 
found similarly in heart and kidney. This suggests 
that the cardiac action will be observed even at 
low doses (Fig.  4.3 ).

4.4.2        Markers of RAAS Activity 

 As discussed above clinical symptoms of 
increased blood pressure or cardiac dysfunction 
are strong indications that the RAAS is activated. 
Obviously, this deserves to be verifi ed and pre-
cised by assay of the plasma renin activity (PRA) 
and concentration, and Ang II (ELISA kits) and 
of aldosterone (ELISA kits, radio-immuno assay) 
in plasma. PRA is measured by generating Ang I 
from endogenous angiotensinogen, followed by 
measurement by RIA of the generated Ang 
I. Ang II and ALD are assayed using ELISA kits. 
Measurement of serum ALD in conjunction with 
plasma renin is used clinically to differentiate 
between primary and secondary aldosteronism. 
Primary aldosteronism is characterized by a very 
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  Fig. 4.3    The family of mineralocorticoid receptor antag-
onists. The “old” MR antagonists spironolactone and 
eplerenone are derived from aldosterone (the steroid core 
is shaded in  grey ). The new non steroidal BAY 94-8862 

and its analogues to come are derived from the dihydro-
pyridine molecule (shaded in  grey ). BAY 94-8862 com-
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low renin:aldosterone ratio leading to the reten-
tion of sodium and increased blood pressure, and 
is typically the result of renal gland hyperplasia 
or tumors. In secondary aldosteronism, hyperpro-
duction of ALD results from external conditions 
such as HF and renal artery disease that reduce 
renal blood fl ow and stimulate the RAAS 
mechanism.   

    Conclusion 

 The inhibition of the RAAS has a tremendous 
benefi t in the management all CVD. The most 
successful interventions have been the use of 
ACE inhibitors and MRAs, both of which 
consistently produced positive results in tri-
als. Alternative approaches to inhibiting the 
RAAS have been developed but with less suc-
cess. ARBs are clearly an excellent substitute 
in cases of ACE inhibitor-induced cough, but 
they may have no other role in HF. DRIs have 
also been developed with some success, but 
recent results have raised concerns about their 
side-effect profi le, meaning that more data are 
required to determine whether recent adverse 
effects are just chance occurrences. One excit-
ing new possibility is the use of ARNis, for 
which the very preliminary data look encour-
aging. At present, the RAAS- modulating 
strategy recommended for HF is a combina-
tion of ACE inhibitors and MRAs. It will 
therefore be diffi cult for renin inhibitors to 
replace ACE/ARB and MRAs because these 
have proven effi cacy.     
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    Abstract  

  β-Adrenergic receptors (β-ARs) have a key position not in to the overall 
regulation of cardiac function and have been shown to play an important role 
in various cardiac diseases and heart failure in particular. Beta adrenergic 
receptors (β-ARs) belong to the G protein-coupled receptor (GPCR) super-
family with widespread expression and cardiovascular functions. Three β-AR 
subtypes (β 1 -AR, β 2 -AR, and β 3 -AR) are expressed in cardiomyocytes. The 
positive inotropic effect of β-AR stimulation is one of the most effective 
measures for maintaining cardiac output. The β-AR stimulation induces pro-
tein kinase A (PK-A) activation through G protein, adenylyl cyclase (AC) and 
cyclic adenosine monophosphate (cAMP). PK-A mediated phosphorylation 
of many calcium-handling molecules enhances ventricular wall motion. 
However, long term stimulation of these receptors can lead to the deterioration 
of cardiac function. In addition, the prognosis of heart failure patients improves 
with β-AR blocking therapy. Prospective, randomized, placebo-controlled 
outcome trials of β-blockers in heart failure have demonstrated sustained 
improvements in left ventricular remodeling and signifi cant reductions in mor-
tality and hospitalizations. The clinical evidence for the long-term benefi t of β 
-blocker therapy is so strong that it is now recommended therapy in all patients 
with Class II or III heart failure symptoms who do not have specifi c contrain-
dications. Cardiac G protein–coupled receptor kinases are tightly related to the 
status of β-AR function in the heart and they have lately emerged not only as 
a potential therapeutic target in HF but also as a biomarker of HF status and 
response to treatment, potentially useful in HF clinical practice.  
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  Abbreviations 

   ANS    Autonomous nervous system   
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  βARKct    G βγ  protein sequestering peptide   
  BBs    β-blockers   
  CVD    Cardiovascular diseases   
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  cAMP    cyclic Adenosine Monophosphate   
  eNOS    Endothelial Nitric Oxide Synthase   
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  GPCR     G protein-coupled receptor   
  GRKs    G protein–coupled receptor kinases   
  LVEF    Left Ventricular Ejection Fraction   
  MI    Myocardial infarction   
  NE    Norepinephrine   
  RAAS    Renin-Angiotensin-Aldosterone 

System   

5.1           Introduction- History 

    In the early 1900s John Newport Langley fi rst pro-
posed that there were specifi c receptors which bind 
certain medications resulting in specifi c biological 
effects within the cell itself [ 1 ]. Paul Ehrlich, who 
received the Nobel Prize for Medicine in 1908, sug-
gested that these receptors were selective [ 2 ]. In 
1897, John Jacob Abel successfully isolated epi-
nephrine and in 1933, W. B. Cannon, while study-
ing the sympathetic nervous system concluded that 
there were two chemical transmitters that he called 
sympathins [ 3 ]. However, it was not until 1948, 
where Raymond Ahlquist described the actions of 
epinephrine on two distinct receptors called alpha 
and beta [ 4 ]. After the discovery of the beta recep-
tors the fi rst β-blockers were synthesized and later 
on Sir James W. Black was the fi rst to use proprano-
lol for the management of angina pectoris [ 5 ]. His 
contribution was considered to be one of the most 
important to clinical medicine and as such he 

received the Nobel Prize for his work. β -Blockers 
became very popular for their cardiac clinical uses 
in angina pectoris, post myocardial infarction, hyper-
tension, and arrhythmias. The fi rst study which 
tested the use of β -blockers for the treatment of heart 
failure (HF) was published in 1975 [ 6 ] and after-
wards many randomized controlled clinical trials 
in the 1980s and 1990s established the use of β 
-blockers in the treatment of HF.  

5.2     Beta Adrenergic Receptors 
Physiology 

 Beta adrenergic receptors (β-ARs) are members of 
the G protein-coupled receptor (GPCR) super-
family with widespread expression and cardiovas-
cular functions. Three subtypes of β-ARs have been 
cloned, the β 1 -, β 2 - and β 3 -ΑR [ 7 – 9 ]. A fourth sub-
type has been suggested based on pharmacologic 
studies, but it has not yet been cloned and could rep-
resent a particular state of one of the known sub-
types [ 10 ]. Traditionally, β-ARs can be distinguished 
according to their affi nity to epinephrine and nor-
epinephrine. The endogenous norepinephrine is 
ten-fold more selective for the β 1 - compared to the 
β 2 -AR subtype, while β 2 -and β 3 -AR subtypes have 
higher affi nity to epinephrine. Under physiologic 
conditions the human heart expresses both β 1 -and β 2 -
ARs and their stimulation increases cardiac contrac-
tility (positive inotropic effect), frequency (positive 
chronotropic effect), and rate of relaxation (lusi-
tropic effect) as well as impulse conduction through 
the atrioventricular node (positive dromotropic 
effect). In fact, about 70–80 % of the expressed 
receptors are of the β 1 -AR subtype and approxi-
mately 20–30 % of the β 2 -AR subtype [ 11 ,  12 ]. 
Cardiac contractility is primarily regulated by the 
predominant cardiomyocyte β 1 -AR subtype. The 
vasodilatory β 2 -AR subtype contributes to blood 
pressure control and pathways activated by cardio-
myocyte β 2 -ARs provide inotropic support. The β 3 -
AR subtype is mainly related to noncardiac 
metabolic actions in adipose tissue and the gastro-
intestinal tract. However, direct cardiac actions of 
cardiomyocyte β 3 -AR subtype have been also identi-
fi ed, indicating that unlike β 1 -and β 2 -AR subtypes, β 3 - 
AR subtype activation may result in inhibition of 
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myocardial contractility mediated by the nitric oxide 
synthase pathway [ 13 ,  14 ]. 

5.2.1     β-AR Activation 

 Agonist-induced activation of β-ARs catalyzes 
the exchange of guanosine triphosphate for gua-
nosine diphosphate on the Gα-subunit and causes 
a conformational change in the receptor protein 
resulting in the dissociation of the heterotrimeric 
G protein into its active subunit components, G αs  
and G βγ  [ 15 ]. The heterogeneity of G-protein α 
subunit, of which there are more than 20 sub-
types (Gs, Gi, Gq, Go, and so on), is the central 
basis of GPCR signaling. In the human heart, 
activation of β 1 - and β 2 -ARs is the most power-
ful physiologic mechanism to acutely increase 
cardiac performance. β 1 -ARs activate Gs proteins 
whereas β 2 -ARs use both Gi and Gs proteins. Gs 
signaling acts as a “receptor-accelerator,” while 
Gi signaling as a “receptor-brake” [ 16 ]. Gs sig-
naling results in stimulation of adenylyl cyclases 
leading to dissociation of adenosine triphosphate 
(ATP) into the second messenger adenosine 
cyclic monophosphate (cAMP), which in turn 
binds to the regulatory subunits of protein kinase 
A (PK-A), causing the release of active catalytic 
PK-A subunits. PK-A phosphorylates serine 
and threonine residues on a number of proteins 
thereby affecting a spectrum of cellular processes 
and multiple gene expression patterns. Important 
PK-A-induced phosphorylation targets include: 
(1) the L-type calcium channels and ryanodine 
receptors, both leading to an increase in Ca 2+  
entry into the cell [ 17 ]; (2) the hyperpolarization- 
activated cyclic nucleotide-gated channels, which 
generate the hyperpolarization-activated cation 
inward current (I f ) affecting the initiation and 
modulation of rhythmic activity in cardiac pace-
maker cells [ 18 ]; (3) phospholamban, a modu-
lator of the sarcoplasmic reticulum associated 
ATP dependent calcium pump, which acceler-
ates Ca 2+  reuptake by the sarcoplasmic reticulum 
accelerating cardiac relaxation [ 19 ]; (4) troponin 
I and myosin binding protein-C, which reduce 
myofi lament sensitivity to Ca 2+  accelerating the 
relaxation of myofi laments [ 19 ]; (5) phospho-

lemman, a subunit of Na + /K + -ATPase, reliev-
ing its inhibitory infl uence and resulting in the 
stimulation of the sodium pump [ 20 ]; and (6) the 
 sarcoplasmic reticular Ca 2+ /ATPase inhibitory 
protein (Fig.  5.1 ).

   Furthermore, PK-A phosphorylates protein 
β-ARs themselves, resulting in partial uncoupling 
and desensitization of the receptor to further 
agonist stimulation [ 21 ]. As mentioned above, 
the β 1 - and β 2 -AR signaling pathways are both 
coupled to stimulation adenylyl cyclases. However, 
there is a marked difference between the two receptor 
subtypes. It seems that in human ventricular myo-
cardium, stimulation of the β 2  -AR is much more 
effi ciently coupled to the production of cAMP 
than is the β 1 -AR [ 12 ,  22 ]. Myocardial contractility 
appears to be better associated with total β-AR 
density and β 2 -ARs do not appear to stimulate 
contractility more effi ciently than β 1 -ARs [ 23 ]. 

 Stimulation of β-ARs can also lead to the 
activation of MAP kinase members in a sub-selec-
tive way [ 24 ,  25 ], e.g. jun kinase and p38 kinase 
families [ 26 ]. These fi ndings indicate that β-AR 
signaling pathways have signifi cant mitogenic 
and proapoptotic actions. In particular, it has 
become clear that the β 1 - and β 2 -AR signaling 
pathways can be quite distinct [ 27 ]. For exam-
ple, the β 1 -AR appears to be coupled primarily to 
the Gs/adenylyl cyclase/PK-A pathway and to 
modulation of L-type Ca ++  channels and phos-
pholamban. On the contrary, the β 2 -AR is not 
only coupled to Gs/adenylyl cyclase/PK-A, but 
also to the Gi pathway, and to “G protein-inde-
pendent” functions such as regulation of the Na + /
H +  exchanger. 

 As previously stated, cardiac function is 
mainly controlled by β-ARs and signaling and 
expression are tightly controlled by G protein–
coupled receptor kinases (GRKs), which induce 
GPCR internalization and signal termination 
through phosphorylation. The GRKs are a family 
of cytosolic serine/threonine kinases consisting 
of seven isoforms that share structural and func-
tional similarities [ 28 ]. The GRKs are classifi ed 
into three subfamilies: (1) the rhodopsin kinase 
GRK1 and visual pigment kinase GRK7, (2) the β-AR 
kinases (or GRK2 and 3), and (3) the GRK4 group 
(GRK4–6). GRK2, GRK3, GRK5, and GRK6 
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are expressed in a wide variety of  tissues, whereas 
other GRKs display a more restricted expression 
pattern. GRK2, initially identifi ed as βARK1 
(βAR kinase-1), and GRK5 are the most abundant 
GRKs expressed in the heart [ 29 ]. 

 Cardiac contractility is mainly controlled by 
catecholamines that are either locally released 
from sympathetic neurons or by circulating cat-
echolamines that are released from the adrenal 
gland. When catecholamine levels are increased, 
there is an acute physiologic stimulation of car-
diac β-ARs resulting in an adaptive increase 
in cardiac output, which ultimately activates 
a negative feedback loop to suppress further 
catecholamine release. β-AR desensitization 
and signal cessation is mediated by GRKs via 

 agonist- receptor interactions. GRKs phosphory-
late β-ARs in an agonist-occupancy dependent 
manner. When β-ARs are stimulated, the dissoci-
ated G protein βγ subunits interact with GRKs, 
bringing the kinases within close proximity of 
the transmembrane β-ARs. The resultant phos-
phorylation of β-ARs by GRKs reduces the affi n-
ity of the receptor for the stimulatory G protein, 
Gs, and consequently increases the affi nity of 
interaction for the inhibitory G protein, Gi [ 30 ]. 
Furthermore, phosphorylation leads to the inter-
action of β-ARs with β-arrestin adaptor proteins 
which facilitate the internalization of receptors 
into endosomic vesicles. These processes are 
involved in receptor resensitization/reexpression 
and in receptor downregulation.   
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  Fig. 5.1    β-AR signaling. The major intracellular effect 
of the sympathetic transmitters norepinephrine and 
epinephrine is mediated by formation of 3’, 5’-cyclic 
monophosphate ( cAMP ), which increases the activity of 
the cAMP-dependent protein kinase A ( PKA ). PKA mediates 
a series of phosphorylations in diverse intracellular 
substrates, including the L-type Ca ++  channels ( LTTC ), 
hyperpolarization-activated cyclic nucleotide-gated ( HCN ) 

channels, sarcoplasmic ryanodine receptors ( RyR ), 
phospholamban ( PLN ), myofi brillar proteins troponin I 
( TnI ), cardiac myosin-binding protein C ( MyBPC ), and 
phospholemman ( PLM ).  AC  adenylyl cyclase,  AR  adren-
ergic receptor,  ATP  adenosine triphosphate,  CNBD  cyclic 
nucleotide-binding domain,  G   alpha-i   and  G   alpha-s   G protein 
alpha-subunit subtypes,  SERCA  sarcoendoplasmic reticulum 
(Adapted by permission from Triposkiadis et al. [ 21 ])       
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5.3     β-ARs and Cardiovascular 
Diseases 

 Reduced β-AR density and activity associated 
with elevated cardiac GRK expression and 
activity have been described in various cardio-
vascular diseases (CVD). Clinical and experi-
mental studies suggest that this GRK-mediated 
receptor desensitization is initially an adaptive/
protective mechanism because chronic β-AR 
stimulation can be deleterious to the heart. In 
the failing heart, diminishing cardiac output 
triggers a vicious cycle of persistent sympa-
thetic activation, resulting in further β-AR 
desensitization and maladaptive signaling due 
in large part to GRK-mediated receptor phos-
phorylation and loss of responsiveness to sym-
pathetic stimulation. GRKs are upregulated in 
HF and thus contribute to the decrease in β-AR 
signal transduction [ 31 ]. Desensitization of the 
β-AR has been associated with upregulation 
of GRK2 both at the mRNA and at the protein 
level. 

 Failing hearts have been shown to have desensi-
tized β-adrenergic receptor signaling and this adap-
tive mechanism may help maintain cardiac function 
in HF [ 32 ]. Norepinephrine stimulates all β-AR 
(β 1 -, β 2 - and β 3 -AR) subtypes and induces apopto-
sis (APO) in cardiomyocytes. Several mechanisms 
of β-AR stimulation- induced APO have been 
reported [ 33 ] (Fig.  5.2 ). However, not all subtypes 
of β-AR-mediated signaling induce cardiomyocyte 
APO. It is thought that the β 1 -AR-mediated path-
way mainly contributes to this cell death process 
[ 34 ]. Although all three subtypes are coupled to 
Gsα, β 2 -AR and β 3 - AR are also linked to the Gi 
protein. The β 2 -AR exerts antiapoptotic effects 
through Gi βγ, phosphatidyl inositol-3 kinase 
(PI3K), and Akt (also known as protein kinase B) 
activation [ 35 ]. The β 3 -AR expression is upregu-
lated in the failing heart [ 36 ]. It is reported, that 
unlike β 1 - and β 2 - AR stimulation by catechol-
amines, β 3 -AR negatively modulates ventricular 
contractility by activating endothelial nitric oxide 
synthase (eNOS). Catecholamines activate both 
positively inotropic and negatively inotropic path-
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  Fig. 5.2    The β-adrenergic receptor (β-AR) receptor-
mediated signaling pathway for apoptosis. Three β-AR 
subtypes (β 1 -AR, β 2 -AR, and β 3 -AR) are expressed in car-
diomyocytes. Although all 3 subtypes are coupled to Gs, 
β 2 -AR and β 3 -AR are also linked to the Gi protein. β 1 -AR 
is thought to be mainly involved in the apoptosis of 

cardiomyocytes. β 2 - AR exerts antiapoptotic effects 
through Giβγ, PI3K, and Akt activation. β 3 -AR negatively 
modulates ventricular contractility through endothelial 
nitric oxide synthase (eNOS) activation and might also be 
involved in the apoptosis of cardiomyocytes (Modifi ed by 
permission from Fujita and Ishikawa [ 33 ])       
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ways in human cardiomyocytes, with β 1 - and β 2 -
AR mediating the positive inotropic effect, while 
β 3 - AR mediate a negative inotropic effect through 
eNOS overexpression [ 14 ]. Although the role of β 3 -
AR-mediated signaling in cardiomyocyte APO is 
still unknown, it is possible that β 3 -AR exerts anti-
apoptotic effects through nitric oxide as well [ 37 ].

   The observation that stimulation of the β 1 -AR 
(Gsα coupling) appears to promote APO in cardio-
myocytes whereas stimulation of the β 2 -AR (Gi βγ 
coupling) induces antiapoptotic effects [ 38 ] has 
been confi rmed in animal models. In rats with 
myocardial infarction, treatment for 2 weeks with 
β 2 -AR agonists preserved cardiac contractility and 
reduced the number of apoptotic cardiomyocytes 
[ 39 ]. It has been shown that cardiac overexpres-
sion of the human β 2 -AR in a transgenic mouse 
[ 40 ] produced a signifi cant increase in cardiac 
contractility while overexpression of a mini-peptide 
inhibitor of βARK produced a hyperdynamic 
mouse with no apparent histopathology [ 41 ]. In 
contrast, a transgenic mouse overexpressing the 
human β 1 -AR in ventricular myocardium [ 42 ,  43 ], 
unlike the β 2 -AR overexpressing mouse, demon-
strated a time dependent reduction in myocardial 
contractility as well as marked myocyte hypertro-
phy, myofi brillar disarray and replacement 
fi brosis. In addition, the β 1 - AR transgenic mouse 
demonstrated upregulation of proapoptotic pro-
teins and increased APO of cardiomyocytes. Thus 
regarding APO, the β 1 -AR mouse is more similar 
to transgenic mice overexpressing the stimulatory 
G protein, Gαs [ 44 ], than it is to the β 2 -AR mouse. 
It has been also shown that β-AR blockade in Gαs 
overexpressing mice can prevent the myocardial 
damage seen in this transgenic mouse model [ 45 ]. 
Therefore, attenuation of Gαs signaling, and 
presumably β 1 - AR signaling by β-blockade, 
strengthens the positive clinical data of the use of 
β-blockade in HF treatment.  

5.4     Beta Adrenergic Receptors 
and Heart Failure 

 HF is associated to dramatic changes in neurohor-
monal balance. To compensate for the reduced 
effective arterial volume because of the diminished 

cardiac output, the autonomous nervous system 
(ANS) and the Renin-Angiotensin- Aldosterone 
System (RAAS) are highly activated. As a conse-
quence of ANS hyperactivity, norepinephrine 
(NE) and epinephrine plasma levels increase, due 
to adrenal gland secretion and adrenergic terminal 
spillover, thus leading to chronic sympathetic 
stimulation of the heart. Such stimulation of cardiac 
β-ARs increases oxygen demand and myocardial 
work, thus  contributing to cardiac muscle stress. 
Chronic ANS activation is also responsible for 
the selective down-regulation of β 1 -AR and for 
the functional uncoupling of both β 1 - and β 2 -ARs 
from their intracellular coupling mechanisms. 
These events are determined by activation of GRKs, 
particularly GRK2. Indeed, it has been demon-
strated that, in chronic HF, GRK2 is up-regulated 
in cardiomyocytes, thus leading to a reduced 
responsiveness of the cardiac muscle to cate-
cholamine stimulation [ 29 ]. GRK2-induced AR 
uncoupling and down-regulation also occur in the 
adrenal gland, where the inhibitory feedback on 
catecholamine release mediated by inhibitory α 2 -
ARs is reduced, thus determining an increase of 
circulating epinephrine [ 46 ]. 

 In the failing human heart, the β 1 -AR under-
goes subtype selective downregulation at both the 
levels of mRNA and protein such that the β 1 :β 2 -AR 
subtype proportions become approximately equal 
[ 32 ]. Although there are some differences based 
on the etiology of HF, the extent of β 1 -AR down-
regulation correlates well with the severity of heart 
disease. The expression of myocardial β 1 -ARs also 
correlates well with systemic or coronary sinus 
plasma NE concentrations. A striking feature of 
HF is a characteristic set of molecular alterations 
in the components of the β-AR signaling pathway, 
including a decrease in β 1 -AR density and mes-
senger ribonucleic acid, uncoupling of β 1 -AR from 
Gs, increased Gi protein and messenger ribonu-
cleic acid, and impaired compartmentalization of 
cAMP/protein kinase A signaling [ 47 – 49 ]. β 1 -AR 
abnormalities have been attributed to the recruit-
ment of both β-AR kinase-1 and phosphoinositide 
3-kinase to the ligand-activated receptor complex 
[ 50 ,  51 ]. In addition, the levels of both Gi signal-
ing proteins and the G-protein receptor kinases are 
increased. It seems that β-AR desensitization is a 
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predominantly protective adaptation, which follows 
the increase in NE plasma levels that keeps 
intracellular cAMP concentration constant [ 52 ]. 
As mentioned above, this is further supported by 
the fact that overexpression of human β 1 -ARs in 
transgenic mice initially augments cardiac 
function but eventually leads to pathologic hyper-
trophy and HF [ 43 ,  53 ]. Many of the changes to 
the β-AR pathways associated with HF are also 
produced by the normal process of aging and there 
is also a good correlation between β 1 -AR density 
and age; the older the individual, the lower the β 1 -
AR density [ 54 ]. 

 Aging, like HF, does not appear to have a 
signifi cant effect on β 2 -AR density. The role of β 2 - 
ARs in HF has not been delineated clearly [ 21 ]. In 
the failing human heart the β 2 -AR may be uncou-
pled from its signaling pathway but it is not down-
regulated. There are a number of potential 
explanations for this. First, the endogenous cate-
cholamine, NE, is approximately 10–30-fold more 
selective for the β 1 - than the β 2 -AR. Second, the 
β 1 -AR appears to be localized to the synaptic cleft, 
thus it is more than likely exposed to higher con-
centrations of NE. Studies in transgenic animals 
have demonstrated that, in contrast to the early 
cardiomyopathy resulting from low-level (approx. 
5-fold) cardiac overexpression of β 1 - ARs, even a 
100-fold overexpression of β 2 -ARs in the mouse 
heart signifi cantly increases cardiac contractile 
force without any cardiomyopathic consequences; 
extremely higher levels of overexpression (up to 
350-fold) are needed to induce pathological 
changes [ 55 ]. Moreover, because β 2 - AR signaling 
contributes to an increase in the levels of Gi, it has 
been suggested that this may activate a protective 
antiapoptotic pathway in the setting of catechol-
amine excess. Indeed, in an experimental study, 
selective inhibition of Gi signaling in response to 
myocardial ischemia was associated with a marked 
enhancement of myocardial infarct size and 
apoptotic signaling [ 56 ]. Because of the relative 
preservation of β 2 -AR expression in the failing 
human heart, it has been the focus of therapeutic 
interest both for the development of β 2 -AR-selective 
pharmacological agents, both agonist and antago-
nist, and for a gene-therapy approach of increased 
cardiac contractility [ 57 ]. 

 β 3 -AR mRNA is expressed in the human heart, 
but a corresponding receptor protein has not yet 
consistently been demonstrated. Furthermore, 
their physiological role remains highly controver-
sial. For example, in human atria these receptors 
apparently do not promote cAMP formation and 
β 3 -AR have no effect on atrial contraction but, as 
stated above, in human ventricles β 3 -AR stimula-
tion may exhibit negative inotropic effects [ 14 ]. 
However, more evidence is required that these 
effects indeed occur via β 3 -AR [ 58 ]. The role of 
β 3 -ARs in HF has not been fully elucidated. 
However, it has been proposed that in HF there is 
an excess of beta3-AR signaling, which exerts a 
negative inotropic effect potentially involving 
 Pertussis  toxin-sensitive G-proteins and activation 
of a NO synthase [ 36 ,  59 ]. 

 In HF, sympathetic drive is selectively 
activated in several organ systems including the 
kidney, skeletal muscle and the heart. Increases 
in cardiac adrenergic activity result in marked 
increases in interstitial concentrations of NE 
within the failing human heart [ 60 ]. As discussed 
above, one consequence of the exposure of 
cardiomyocytes to high concentrations of NE is 
an alteration in cardiac adrenergic receptor 
pharmacology [ 48 ]. These changes decrease the 
sensitivity of cardiomyocytes to both endogenous 
and exogenous catecholamines. For example, 
there is a downward and rightward shift in dobu-
tamine dose response curves in patients with 
heart failure compared to subjects with normal 
left ventricular function [ 61 ]. Maximal exercise 
workload as measured by peak VO 2  also falls in 
proportion to the loss of cardiac β-receptors [ 62 ]. 

 Cardiomyocyte growth is modulated in part by 
β 1 -, β 2 - and α 1 -ARs. Increases in signal transduc-
tion through these receptor pathways in the failing 
heart can contribute to pathological remodeling. 
Activation of these three receptors also results in 
increases in inotropic and chronotropic response. 
Myocardial energetics are adversely affected by 
these changes. Additionally, cardiac AR activation 
may promote arrhythmias. Another consequence 
of increased exposure of cardiomyocytes to 
increased concentrations of NE is myocyte toxicity. 
In tissue culture systems there is both a time- and 
concentration-dependent relationship between 
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NE exposure and cardiomyocyte death [ 63 ]. The 
toxic effects of NE incubation can be partially 
blocked with the addition of a β-AR antagonist 
and completely prevented with the addition of 
both a β- and α-blocker to the culture media. 
Apoptosis of cardiomyocytes can be induced in 
tissue culture by NE. This effect appears to be 
mediated primarily through the β 1 - AR. Clinical 
examples of toxic effects of increased cardiac 
adrenergic drive include the observation of signifi -
cant left ventricular dysfunction after catastrophic 
brain injury. However, the most compelling clinical 
support for the cardiotoxic role of cardiac NE are 
the benefi cial effects that occur with the use of 
β-AR antagonists in patients with HF. 

5.4.1     Beta Adrenergic Receptor 
Antagonists in Heart Failure 

 Beta adrenergic receptor antagonists (or 
β-blockers-BBs) are a wide and heterogeneous 
group of molecules acting as competitive and 
reversible antagonists of β-ARs. In addition to 
their ability to block β-AR-signaling, BBs show a 
variety of adjunctive actions that are often used 
as criteria for their classifi cation. BBs can be 
classifi ed according to β 1 -AR selectivity, α-AR 
antagonism and vasodilation, intrinsic sympatho-
mimetic activity (ISA), pharmacokinetics and 
other properties like metabolic effects. BBs can 
be also classified into generations: (1)  first 
generation , which are nonselective and competi-
tively block both the β 1 - and β 2 -AR (propranolol, 
nadolol, timolol); (2)  second generation , with 
much higher affi nity for the β 1 - than for the β 2 - AR 
(atenolol, metoprolol, bisoprolol); and (3)  third 
generation , which may be selective (celiprolol, 
nebivolol) or nonselective (bucindolol, carvedilol, 
labetalol) but all cause peripheral vasodilation 
mediated via α 1 -AR blockade (bucindolol, 
carvedilol, labetalol), β 2 -AR agonism (celipro-
lol), or nitric oxide synthesis (nebivolol) [ 64 ]. 
Cardioselectivity of β-blockers is dose-dependent 
and decreases with larger doses. Both selective 
and nonselective agents have negative chrono-
tropic and inotropic effects. Selective agents have 
a less inhibitory effect on the β 2 - receptors and 

are less likely to cause peripheral vasoconstriction 
[ 65 ] and bronchial spasm. Exercise performance 
may be impaired to a lesser extent by β 1 -selective 
agents, partially because β 2 -blockade tends to 
blunt the exercise- induced increase in skeletal 
muscle blood fl ow. Finally, there are BBs that at 
low concentrations antagonize the cardiostimulant 
effects of catecholamines but at high concentrations 
cause cardiostimulation. These cardiostimulant 
BBs (e.g., pindolol, alprenolol, oxprenolol), 
widely known as nonconventional partial ago-
nists, antagonize the effects of catecholamines 
through a high- affi nity site (β 1H -AR), but cause 
cardiostimulation mainly through a low-affi nity 
site (β 1L -AR) of the myocardial β 1 -AR [ 66 ]. 
Nonconventional partial agonists are considered 
potentially arrhythmogenic and should not be 
used for HF treatment. 

 The majority of BBs are partially or totally 
metabolized by CYP2D6, whose gene has more 
than 90 different variants [ 67 ]. Individuals homo-
zygous for nonfunctional alleles are considered 
poor metabolizers. Several inconsistencies have 
been reported regarding the genotype phenotype 
correlations for intermediate or extensive 
metabolizers [ 68 ]. Poor metabolizers treated 
with metoprolol have a fi ve-fold higher risk for 
adverse effects [ 69 ], whereas the adverse effects 
of carvedilol and bisoprolol are less infl uenced 
by the genetic background [ 70 ,  71 ]. Various 
protective mechanisms have been attributed to BBs, 
namely: (1) inhibition of catecholamine cardio-
toxic effects; (2) β 1 -AR up-regulation (carvedilol 
is an exception); (3) attenuation of neurohumoral 
vasoconstrictive, growth-promoting, and pro- 
apoptotic systems (renin-angiotensin-aldosterone 
system, endothelin); (4) subendocardial coronary 
fl ow enhancement (as a result of diastolic prolon-
gation); (5) restoration of the refl ex control on the 
heart and circulation; and (6) improved myocardial 
performance by reducing heart rate and oxygen 
demand [ 72 ]. Among all BBs, bisoprolol, carvedilol, 
metoprolol and nebivolol are almost universally 
approved for the treatment of chronic HF [ 21 ]. 
Chronic BB therapy improves left ventricular 
performance and reverses left ventricular remodel-
ing, reduces risk of hospitalization, and improves 
survival as will be further described. 
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5.4.1.1     Effects of β-Blocker Therapy 
in Heart Failure 

 Therapy of chronic HF with β-AR blockers 
has distinct acute (pharmacologic) and chronic 
(biologic) effects. The pharmacologic effects are 
the consequence of the acute changes in function 
that occur with withdrawal of sympathetic 
agonism and include a decrease in heart rate and 
contractile state. These detrimental effects can be 
tolerated only by initiating therapy with very low 
doses of β-blocker and slow up-titration of the 
dose over several weeks. There is signifi cant vari-
ation in the severity of myocardial depression 
with different generations of BBs. Nonselective 
BBs such as propranolol reduce the contractile 
state and increase systemic resistance which 
profoundly decreases cardiac output [ 73 ]. As a 
consequence, the intolerance to initiation of pro-
pranolol is high (>20 %) and these agents have 
not been successfully used in long-term placebo-
controlled trials. The initiation of β 1 -AR- selective 
β-blockers such as metoprolol and bisoprolol 
is much better tolerated by HF patients. This 
appears to occur because unblocked β 2 -ARs can 
support cardiac function either directly or indirectly 
(by β 2 -AR-mediated facilitation of sympathetic 
norepinephrine release). In addition, peripheral 
β 2 -ARs can mediate vasodilation. Thus, the over-
all detrimental effect upon organ perfusion is 
less severe than that observed with fi rst genera-
tion compounds. β 1 -AR-selective BBs have been 
utilized successfully in prospective trials in HF 
with a tolerability >80 %. The third generation 
BBs possess vasodilator properties which 
counteract the negative properties of adrenergic 
withdrawal. This permits a more comprehensive 
blockade of cardiac adrenergic pathways with 
high tolerability (≥90 % in clinical trials of 
carvedilol and bucindolol).  

5.4.1.2     β-Blockers Clinical Trials 
in Heart Failure 

 BB treatment in HF results in improvements in 
right heart hemodynamics, reversal of ventricular 
remodeling (as evidenced by reductions in left 
ventricular volumes, increases in right and left 
ventricular ejection fraction (LVEF), decreases in 

left ventricular mass and favorable effects upon 
left ventricular geometry), and improvements in 
HF symptoms [ 74 ]. To date, four specifi c BBs 
have been shown to be effective in the treatment 
of HF: metoprolol, bisoprolol, carvedilol and 
nebivolol [ 75 ]. (1) The Metoprolol in Dilated 
Cardiomyopathy trial, studied metoprolol tartrate 
(100–150 mg daily) which showed a trend toward 
a reduction in morbidity of patients with 
idiopathic dilated cardiomyopathy [ 76 ]. (2) The 
Metoprolol CR/XL Randomized Intervention 
Trial in Congestive Heart Failure (MERIT-HF) 
used a more effective formula with metoprolol 
succinate and showed a signifi cant relative risk 
reduction in mortality in patients with New York 
Heart Association (NYHA) functional class II–
IV [ 77 ,  78 ]. (3) The Cardiac Insuffi ciency Bisoprolol 
Study II (CIBIS-II) demonstrated bisoprolol 
improved all-cause mortality by 32 %, sudden 
cardiac death by 45 % and reduced HF hospital-
ization by 30 % [ 79 ]. (4) The Australian New 
Zealand Heart Failure Research Collaborative 
Group (ANZ-HeFT) demonstrated signifi cant 
improvement in left ventricular function and a 
signifi cant reduction of left ventricular end diastolic 
volume index in a carvedilol group at 12 months 
in patients with NYHA class II or III [ 80 ]. 
Similarly, the Carvedilol Prospective Rando-
mized Cumulative Survival (COPERNICUS) trial 
showed benefi t in patients with NYHA class IV 
and an ejection fraction of <25 % with 38 % 
mortality risk reduction at 12 months [ 81 ]. The 
CAPRICORN trial focused on post myocardial 
infarction (MI) patients with LV dysfunction 
with ejection fraction of <40 % and incorporated 
current recommended therapy with the treatment 
of ACE inhibitors. The study demonstrated a 
23 % further reduction of mortality with patients 
also receiving carvedilol 25 mg twice daily [ 82 ]. 
Long-term survival was good, particularly in 
patients with a nonischemic etiology for their 
dilated cardiomyopathy [ 83 ]. Finally, the 
SENIORS trial focused on elderly patients 
(>70 years old) with HF (ejection fraction <35 %) 
which demonstrated that nebivolol is an effective 
and well-tolerated treatment in this selected 
patient group [ 84 ].  
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5.4.1.3     Comparison Between 
β-Blockers 

 As previously mentioned, results from clinical 
trials demonstrated that blockade of β-AR signal-
ing has benefi cial effects in HF, both reducing 
mortality and improving symptoms of impaired 
cardiac function. Such protection has been dem-
onstrated for different molecules belonging to 
BB class, and the degree of the benefi cial effects 
was quite similar for any of the chosen drug. 
Thus, the idea existed that BB effi cacy in HF was 
due to a “class effect.” On the other hand, many 
researchers have pointed out that specifi c phar-
macodynamics and/or pharmacokinetic proper-
ties (β 1 -AR-selectivity, vasodilating actions, 
anti-oxidant activity, “pleiotropic effects”, adequate 
bioavailability and low drug-drug interaction 
risk) could represent valuable characteristics for 
preferring a specifi c β-blocker over others in the 
treatment of HF. To verify this hypothesis, a 
specifi c head-to-head clinical trial was conducted 
in 2003. The Carvedilol or Metoprolol European 
Trial (COMET) study aimed to compare the mor-
tality risk-reducing effects in 3,029 patients with 
HF randomized to receive either carvedilol 25 mg 
twice daily or metoprolol tartrate 50 mg twice 
daily, after a mean follow-up of 58 months. The 
results demonstrated that carvedilol decreased 
mortality by 17 % with respect to metoprolol 
[ 85 ]. However, subsequent analyses showed that 
the degree of β-blockade reached with the formu-
lation of metoprolol used in the study (metopro-
lol tartrate) was not adequate, and probably not 
similar to that of the carvedilol arm. Basically, 
metoprolol tartrate should have been titrated up 
in the COMET study [ 86 ]. An answer to this 
issue has been also pursued by several meta anal-
yses, most of which have been focused on 
carvedilol, possibly because of its unique phar-
macodynamics profi le. Nevertheless, results 
from these studies seem to be confl icting. In a 
systematic review of 11 randomized controlled 
trials in 5,207 patients, it was found that carvedilol 
reduced all-cause mortality in patients with 
HF signifi cantly more when compared to other 
β-blockers such as atenolol, bisoprolol and meto-
prolol. The superiority of carvedilol over other 
β-blockers could be attributed to the special 

properties of carvedilol, such as: antiarrhythmic 
effect (and consequent reduction in the risk of 
sudden death), a more sustained increase in 
LVEF when compared to other β-blockers, 
blockade of up- regulated β 2 -AR and vasodilation 
[ 87 ]. By  contrast, in another meta-analysis of 21 
trials including 23,122 HF patients, no signifi cant 
differences were found in mortality outcome 
among the β-blockers considered (atenolol, biso-
prolol, bucindolol, carvedilol, metoprolol, and 
nebivolol), thus concluding that the benefi cial of 
β-blockers were due to a “class effect.” Nonetheless, 
carvedilol showed the lowest cardiac mortality 
among all β-blockers tested, although this was 
not statistically signifi cant [ 88 ]. Lack of clear 
data from clinical trials regarding the superiority 
of a given BB is refl ected in the 2012 ESC guide-
lines for the management of HF, in which the use 
of a particular BB over the others is not recom-
mended [ 75 ].  

5.4.1.4     Pharmacogenomics 
and Therapeutic Impact of β-AR 
Polymorphisms 

 As for many other pharmacological treatments, 
variability in clinical and functional outcomes 
exists also for BB administration in HF patients. 
Actually, BB treatment fails to improve LVEF in 
a variable proportion of subjects, while a minor-
ity of patients experience worsening of HF symp-
toms during BB titration [ 89 ]. Such differences 
could be explained, at least in part, by genetic 
variation infl uencing BB pharmacodynamics and/
or pharmacokinetics. To date,  polymorphisms 
in β 1 -AR, β 2 -AR, GRK-5, CYP2C6, NET and 
UGT1A1 have been associated to variability in 
BB response. 

 Many studies have examined the impact of the 
aforementioned polymorphisms in response to 
β-blockade among HF patients. Preliminary studies 
in patients treated with various BBs have demon-
strated a survival benefi t [ 90 ] and a signifi cant 
reduction in left ventricular end diastolic diame-
ter [ 91 ] for those who carried the Gly49 allele 
as compared to the Ser49 homozygous patients. 
A similar reversal of the remodeling process 
has been reported for Arg389- homozygous HF 
patients treated with carvedilol as compared with 
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Gly389-homozygous [ 92 ] and Arg389Gly-
heterozygous patients [ 93 ]. However, neutral 
results have also been reported. For example, no 
survival benefi t was observed for the Ser49Gly or 
the Arg389Gly patients treated with carvedilol 
[ 94 ,  95 ], bisoprolol [ 94 ], or metoprolol [ 95 ], and 
for the Arg389-homozygous or Gly389 patients 
treated with metoprolol CR/XL [ 96 ]. Finally, a 
dose-dependent response to beta- blockade has 
been reported, whereby low doses in patients car-
rying the Gly49 allele portend worse outcomes 
than in Ser49-homozygous patients, whereas in 
higher doses, genotype dependent differences are 
not observed [ 97 ]. More recent data, however, 
suggest improvement in the therapeutic effect 
of bucindolol by pharmacogenetic targeting. In 
the deoxyribonucleic acid substudy of the Beta 
Blocker Evaluation of Survival Trial (BEST) 
[ 98 ], patients carrying the Arg389 genotype had a 
greater agonist promoted ventricular contractility 
along with improved age-, sex-, and race-adjusted 
survival than the Gly389 carriers [ 99 ]. 

 Taken together, these results, although sug-
gestive of the possibility to select BB according 
to a particular genotype, are not conclusive, thus 
requiring large prospective clinical trials. In this 
respect, the use of genetic polymorphisms as 
potential tools to guide therapeutic strategies 
seems a promising new approach. The subject of 
genetic polymorphisms is described in Chap.   7    .  

5.4.1.5     GRK2 as a Potential Target 
in Heart Failure Treatment 

 As mentioned above, the up-regulation of GRK2 
(and also probably GRK5) caused by SNS activa-
tion acts as a “brake” for cardiac β-AR signaling 
and this is a partial reason why BBs have benefi -
cial effects in HF as they can block the noxious 
effects of catecholamines on the cardiomyocyte. 
However, increased GRK2 activity has proven to 
be maladaptive in HF and its inhibition has 
emerged as a therapeutic target [ 100 ]. Interestingly, 
chronic BB use in HF models has been shown to 
decrease GRK2 expression levels, which could 
contribute to BBs’ therapeutic effects [ 101 ,  102 ]. 

 It has been shown that lowering GRK2 expression 
or activity in the injured, stressed or failing heart 
can prevent or reverse ventricular dysfunction at 

the functional and morphological level [ 103 ]. 
This has been shown using a peptide inhibitor 
known as the βARKct (G βγ  protein sequestering 
peptide) and also in GRK2 knockout (KO) mice. 
First, cardiac- specifi c βARKct transgenic mice 
were created showing increased inotropic reserve 
[ 104 ] and these mice have been used to prevent 
HF in several genetic mouse models [ 105 – 107 ]. 
In addition, viral-mediated βARKct delivery to 
rats, rabbits, and pigs have shown signifi cant 
benefi cial effects including improved cardiac 
function and reverse ventricular remodeling [ 102 , 
 108 – 111 ]. Similar fi ndings were noted by 
induced KO of GRK2 in mice, after HF was evi-
dent, and this is consistent with βARKct-
mediated inhibition of GRK2 [ 112 ]. Although 
there are some minor differences between GRK2 
inhibition with βARKct and GRK2 KO, the data 
is overwhelming in supporting GRK2 inhibition 
as benefi cial in the failing heart [ 112 – 114 ]. 
Importantly, a large animal HF study has been 
done that demonstrates the clinical potential of 
βARKct-mediated gene therapy [ 111 ]. This 
study used adeno-associated virus serotype-6 
(AAV6) to deliver βARKct to a post-ischemic HF 
model in the pig [ 111 ,  115 ]. It was found that 
AAV6-βARKct delivery ameliorated LV func-
tion, and suppressed adverse cardiac remodeling 
and fetal gene expression in this model [ 111 ]. Of 
note, this study in pigs had similar results found 
with AAV6-βARKct delivery to a rat model of 
HF where it was also shown that βARKct worked 
signifi cantly better that β-blockade alone and the 
two were complementary together [ 102 ]. Of 
importance, both of these studies showed that 
chronic GRK2 inhibition results in signifi cant 
lowering of catecholamines and aldosterone 
demonstrating feedback to decrease the neurohor-
monal outfl ow associated with negative prognosis 
in HF [ 102 ,  111 ]. These two studies in particular 
are important as they show reversal of the disease 
process and the pig study closely refl ect human 
pathophysiology and is a pre-requisite for future 
clinical trials. 

 Gene therapy for HF is now becoming a reality 
and AAV6-βARKct trials are in the planning 
stages; GRK2 inhibition by small pharmacological 
agents would offer many advantages to the HF 
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patients [ 116 ]. Interestingly, several recent 
molecules have been developed and described 
that have GRK2 inhibitory properties. Two 
decades ago, heparin and related compounds 
were shown to block GRK2 activity but the direct 
access to GRK2, the high concentration and the 
intrinsic cytotoxicity made them not useful for  in 
vivo  administration [ 116 ]. RNA molecules such 
as aptamers have been also investigated as a 
new approach to effi ciently block GRK2 activity 
and the RNA-aptamer C13, was shown to be able 
to bind to GRK2 with a high affi nity and inhibit 
GRK2-catalyzed rhodopsin phosphorylation 
[ 117 ]. Molecules that target the GRK2-Gβγ 
protein- protein interaction and thus, have mecha-
nisms identical to the βARKct have recently 
emerged. Gallein is a related molecule that blocks 
GRK2-Gβγ and it has also shown positive results 
 in vivo  [ 118 ]. However, these compounds are 
not true pharmacological agents and have severe 
limitations that preclude human use [ 119 ]. 

 Recently, it was found that an existing FDA- 
approved drug has signifi cant GRK2 inhibitory 
properties and potentially this off-target effect may 
be seen in humans. The serotonin reuptake inhibi-
tor (SSRI), paroxetine has affi nity for GRK2 and 
has signifi cant GRK2 inhibitory properties  in vitro  
and  in vivo  [ 120 ]. Paroxetine binds in the active 
site of GRK2 and stabilizes the kinase domain in a 
novel conformation in which a unique regulatory 
loop forms part of the ligand binding site [ 120 ]. 
Pretreatment  in vivo  of mice with paroxetine 
before isoproterenol administration signifi cantly 
increases left ventricular inotropic reserve with no 
signifi cant effect on heart rate [ 120 ]. This agent 
used for clinical depression probably is not viable 
for use as a specifi c GRK2 inhibitor but is a prom-
ising starting point for chemistry to develop novel 
GRK2 inhibitors that can be used eventually for 
cardiovascular disorders.    

    Conclusions 

 β-ARs are the most important GPCR class 
expressed in the human heart and represent 
the most powerful means to increase the 
pumping function of the heart. In particu-
lar, β-ARs are the prime modulators of heart 

rate and myocardial contractility in response 
to  catecholamines originating from the 
SNS. From the discovery and characteriza-
tion to their manipulation in clinical practices, 
β-ARs have been shown to play an important 
role in cardiac disease, and heart failure in 
particular. Their alterations lead to pathways 
desensitization and most importantly result 
in harmful effects upon the myocardium that 
lead to pathologic ventricular remodeling and 
heart failure progression. 

 Many large multicenter trials have shown 
that therapy with β 1 -selective and third-gener-
ation BBs results in signifi cant improvements 
in cardiac function and clinical outcomes. 
BBs use is strongly recommended in all cur-
rent guidelines for patient with symptomatic 
HF and impaired systolic function, unless 
there is a contraindication. Although wide, 
randomized, controlled clinical trials have 
investigated effi cacy of four molecules, thus 
driving to the registration of carvedilol, meto-
prolol, bisoprolol and nebivolol for the treat-
ment of HF, it appears reasonable to suppose 
that BBs’ effi cacy lies in their ability to coun-
teract adrenergic overactivation, more than in 
additional, molecule-related properties. Such 
consideration is supported by different meta- 
analyses suggesting that BBs effi cacy should 
be considered as a class effect. However, cer-
tain actions of distinct BBs (i.e., vasodilation, 
NO release, antioxidant activity, anti-prolifer-
ation effect on vascular smooth muscle cells) 
might represent additional and useful tools 
for HF therapy and increase treatment toler-
ability, mainly in selected groups of patients. 
For instance, molecules such as carvedilol, 
which have been demonstrated to ameliorate 
insulin sensitivity, could be useful in patients 
with concomitant diabetes. Moreover, analy-
sis of genetic polymorphisms in β-ARs and 
metabolic enzymes, might also contribute to 
fi nd “the best drug to the best patient.” BBs 
are currently a cornerstone in HF therapy, and 
their use should be extended also to groups of 
patients commonly undertreated, such as the 
elderly or patients with comorbidities.     
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    Abstract  

  The hypothalamic-pituitary-adrenal (HPA) axis plays a fundamental role 
in the maintenance of basal and stress-related homeostasis. This neuro-
endocrine axis consists of three distinct components located in the hypo-
thalamus, the pituitary gland and the adrenal cortex. Glucocorticoids, 
the end- products of the HPA axis, exert their diverse actions in virtually 
all tissues through their ubiquitously expressed glucocorticoid receptor. 
A broad spectrum of pathologic conditions affecting any of the three 
anatomical parts results in hypo- or hyper-activation of the HPA axis 
and subsequent clinical manifestations of glucocorticoid defi ciency or 
excess, respectively. Moreover, our ever-increasing understanding of 
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   Abbreviations  

 ACTH    Adrenocorticotropic hormone   
  AP-1    Activator protein 1   
  AV    Arginine vasopressin   
  CBP    p300/CREB-binding protein   
  CLOCK    Circadian locomotor output cycle 
kaput   
  CNS    Central nervous system   
  CRH    Corticotropin-releasing hormone   
  DRIP/TRAP     Vitamin D  receptor-interacting 

protein/thyroid hormone receptor- 
associated protein   

  eNOS    Endothelial nitric oxide synthase   
  GR    Glucocorticoid receptor   
  GREs     Glucocorticoid response elements   
  HPA Axis    hypothalamic-pituitary-adrenal 

axis   
  NF-κB    Nuclear factor κΒ   
  NL    Nuclear localization signal   
  p/CAF    p300/CBP-associated factor   
  POMC    Pro-opiomelanocortin   
  PVN    Paraventricular nucleus   
  SCN    Suprachiasmatic nucleus   
  STAT    Signal transducer and activator of 

transcription   

6.1          Introduction 

 All living organisms maintain a complex 
dynamic equilibrium, called  homeostasis , which 
may be threatened, or perceived as threatened, 
by a wide variety of extrinsic or intrinsic adverse 

challenges or forces, the  stressors  [ 1 ,  2 ]. To cope 
with these stressful stimuli, living organisms 
have developed a highly complex regulatory sys-
tem, the  stress system , which, upon activation, 
leads to a programmed repertoire of physiologic 
and behavioral central nervous system (CNS) 
and peripheral adaptive responses [ 1 – 3 ]. If the 
 stress response  is either inadequate or exces-
sive or prolonged, it may adversely infl uence 
personality development and behavior, and may 
impair fundamental physiologic functions, such 
as growth, development, metabolism, reproduc-
tion, circulation and the immune response [ 3 ]. 
The hypothalamic- pituitary-adrenal (HPA) axis 
is one of the two major arms of the stress system, 
which acts synergistically with the locus caeru-
leus/norepinephrine- autonomic nervous systems 
to adjust homeostasis. This neuroendocrine axis 
consists of three components: the paraventricular 
nuclei (PVN) located in the hypothalamus, the 
corticotrope cells located in the pituitary gland 
and the  zona fasciculata  residing in the adrenal 
cortices. Glucocorticoids, the end-products of 
the HPA axis, are cholesterol-derived molecules 
that exert their pleiotropic actions through the 
glucocorticoid receptor (GR), which acts as an 
intracellular ligand-induced transcription fac-
tor, infl uencing the transcription rate of many 
thousands of genes in a positive or negative way 
[ 4 ]. Consequently, the dysfunction of the HPA 
axis at any of the above levels may represent the 
main pathogenetic mechanism underlying sev-
eral pathologic conditions, which may strongly 
 infl uence human health and quality of life. In 

 glucocorticoid receptor signaling has allowed us to approach  diagnostically 
and therapeutically these endocrine diseases in a more integrated way. 
However, the pathophysiology, differential diagnosis and therapy of some 
of these disorders still remain challenging. In this chapter, we describe the 
physiologic and endocrine aspects of the HPA axis, and we present the 
clinical manifestations and therapeutic management of its most common 
disorders.  

  Keywords  

  Adrenal cortex   •   Glucocorticoid receptor   •   Glucocorticoids   •   Hypothalamus   
•   Pituitary gland  
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this chapter, we describe the functional compo-
nents of the HPA axis, we provide an overview of 
the endocrine effects of glucocorticoids through 
their cognate receptor, and we fi nally present the 
most common diseases associated with dysfunc-
tion of this axis. 

6.1.1     Historical Development 
of the Stress and the HPA Axis 

   …he who knows things from their beginning and 
origins understands them better… (Aristotle, 4th 
Century BCE).   

 The concepts of stress go back to Greek 
antiquity [ 1 ,  2 ]. Pythagoras was the fi rst to use 
the term  harmony  to describe the equilibrium 
of the human organism or the balance of the 
entire universe ( The harmony of the Cosmos ). 
This  harmony  is constantly challenged by dis-
turbing forces, while other counteracting forces 
help  harmony  to be reestablished. Shortly 
afterwards, Alcmaeon of Croton used the term 
 isonomia  to describe the balance of opposing 
forces. Empedocles of Argigentum proposed 
that all matter consisted of four basic elements 
(= rhizomata or roots), the earth, the water, the 
air and the fi re, which were in a dynamic oppo-
sition to one another, and that balance was a 
necessary prerequisite for the health of living 
organisms [ 2 ,  5 ]. The Empedoclean doctrine 
seems to be the precursor of the Hippocratic 
humoral system. Hippocrates, the father of 
medicine, equated health to a harmonious equi-
librium of the four humors: blood, phlegm, 
black and yellow bile, corresponding to the 
heart, the brain, the liver and the spleen, respec-
tively. The balance of the humors is termed 
 eucrasia , whereas their imbalance or  dyscrasia  
causes disease [ 2 ]. Hippocrates also suggested 
that the disturbing forces that produced  dys-
crasia  and the counteracting forces that rees-
tablish  eucrasia  both derived from nature. He, 
therefore, introduced the concept that “Nature 
is the healer of disease” [ 2 ]. Many years later, 
Epicurus suggested that the mind could be one 
of these healing forces and wrote that  ataraxia , 

or  “imperturbability of mind” and  aponia  (no 
pain) represented most desirable states [ 2 ]. 

 In the years of Renaissance, Thomas Sydenham 
proposed that an individual’s adaptive response to 
the disturbing forces that lead to systematic dis-
harmony could result in pathologic changes. Two 
hundred years later, Claude Bernard, one of the 
world’s greatest physiologists, pointed out that 
cells are surrounded by an internal medium, the 
 milieu intérieur , which provides a steady state. 
He wrote that “it is the fi xity of the  milieu intéri-
eur , which is the condition of free and indepen-
dent life” [ 6 ]. Fifty years later, Walter Bradford 
Cannon coined the term  homeostasis  (from the 
Greek  homoios , or similar, and  stasis , or posi-
tion) for all the physiologic processes that main-
tain the steady state of the organism [ 2 ,  6 ]. He 
published the concept of  homeostasis  in his book 
entitled “Wisdom of the Body” in 1932. Cannon 
also described an animal’s response to threat. The 
concept of “ fi ght or fl ight reaction ” suggests that 
the adaptive response to stress is associated with 
catecholamine secretion due to activation of the 
sympathetic nervous system, priming the animal 
for fi ght against the threat or fl eeing to save its 
life [ 2 ,  6 ]. This response was considered to be the 
fi rst stage (acute stress response) of the general 
adaptation syndrome (GAS) suggested later by 
Hans Selye. 

 Hans Hugo Bruno Selye, the father of the con-
cept of stress, observed that patients with different 
diseases manifested many of the same ‘nonspe-
cifi c’ symptoms as a common response to stress-
ors. Selye, and before him Cannon, borrowed 
the term “ stress ” from physics and defi ned it as 
the mutual actions of forces that happen across 
any section of body [ 2 ,  6 ]. He postulated that the 
presence of stereotypic psychological and physi-
ological manifestations occurring in seriously ill 
patients represented the consequences of severe 
long-lasting adaptational responses. He named 
this condition the “ General Adaptation or Stress 
Syndrome ” and redefi ned Sydenham’s concept 
in the “diseases of adaptation”. In addition to 
clearly defi ning stress, Selye coined the term  het-
erostasis  (from the Greek  heteros , or other), later 
named as  allostasis , initially meaning “stability 
through change” [ 2 ,  6 ]. 
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 In parallel with the evolution of stress con-
cepts, numerous advances in neuroendocrinology 
uncovered the physiologic biochemical effectors 
of the stress response and the central loci respon-
sible for the regulation of their production and 
release. The locus caeruleus/autonomic nervous 
system and the HPA axis represent the major 
arms of the stress system. Coined by the physi-
ologist John Newport Langley in 1898, the auto-
nomic nervous system was shown to play an 
important role in the fi ght or fl ight reaction and 
the maintenance of homeostasis, especially in 
the cardiovascular system [ 6 ]. On the other hand, 
our understanding of the HPA axis has improved 
signifi cantly in the last century. The pituitary 
gland had long been considered to be an autono-
mous regulator of many endocrine glands, such 
as the thyroid, the gonads and the adrenal cortex. 
However, experiments by Geoffrey Harris and 
William Rowan and others led to an acceptance 
of the novel concept that the pituitary gland func-
tions under the control of the CNS. Evidence 
supporting the neurohumoral hypothesis of ante-
rior pituitary control came from the pituitary 
stalk section and pituitary grafting experiments 
of Geoffrey Harris and Dora Jacobsohn, from 
the characterization of some of the neurohor-
monal molecules by Andrew Schally and Roger 
Guillemin, and from the proof that these neuro-
hormones were directly secreted into hypophy-
seal portal veins [ 6 ]. Corticoctropin-releasing 
factor (CRF), a 41-amino acid peptide that 
controls the production and secretion of adre-
nocorticotropic hormone (ACTH), was isolated 
and sequenced by Wylie Vale and associates in 
1981 [ 6 ]. Finally, glucocorticoids, the effec-
tor molecules of the HPA axis, were isolated 
and synthesized by Edward Kendall and Tadeus 
Reichstein [ 6 ]. Philip Hench was the fi rst who 
tested cortisone, a synthetic pre-glucocorticoid, 
in patients with rheumatoid arthritis, and showed 
the anti- infl ammatory effect of this compound 
[ 6 ]. Kendall, Hench, and Reichstein were jointly 
awarded the Nobel Prize for physiology and med-
icine in 1950. Despite the isolation and synthesis 
of glucocorticoids in the middle of the twentieth 
century, their mechanisms of pleiotropic actions 
were – and still remain – an enigma. In 1985, 

the human glucocorticoid receptor (hGR) cDNA 
was isolated by expression cloning, predict-
ing two protein forms, of 777 (alpha) and 742 
(beta) amino acids, which differ at their carboxyl 
termini [ 7 ]. Since then, the GR-mediated anti-
infl ammatory and immunosuppressive effects 
have been elucidated and accumulating evidence 
from  in vitro  and  in vivo  studies supports the sto-
chastic (randomly determined) nature of gluco-
corticoid signaling [ 8 ].  

6.1.2    The HPA Axis 

 The HPA axis consists of the paraventricular 
nuclei (PVN) located in the hypothalamus, the 
pituitary gland and the adrenal cortices. A broad 
spectrum of internal and external signals from 
various organs of the human body are detected 
and subsequently integrated by the CNS, which 
transduces this information to the PVN and other 
brain loci, such as the hypothalamic suprachias-
matic nucleus (SCN), the amygdala and the raphe 
nuclei of the brain stem, and controls the activ-
ity of the PVN [ 9 ]. The SCN functions also as a 
central circadian rhythm center (master CLOCK), 
under the control of light/dark changes during the 
24 h day, and generates the circadian rhythmic-
ity of the HPA axis through synaptic connections 
with the PVN, leading to the diurnal fl uctuation 
of circulating concentrations of glucocorticoids 
[ 10 ]. Neurons of the PVN produce and release 
corticotropin-releasing hormone (CRH) and argi-
nine vasopressin (AVP) into the hypophyseal 
portal system [ 9 ,  11 ]. Subsequently, CRH and, 
to a lesser degree, AVP trigger the synthesis and 
secretion of ACTH by the corticotrope cells of the 
anterior pituitary gland [ 12 ,  13 ] (Fig.  6.1 ). CRH 
is the strongest and probably the most important 
stimulator of ACTH secretion. AVP, although a 
potent synergistic factor of CRH, has little ACTH 
secretagogue activity on its own. ACTH is syn-
thesized as part of a large precursor molecule of 
214 amino acids, pro- opiomelanocortin (POMC). 
Depending on the cleavage enzymes, which are 
expressed in a tissue- specifi c fashion, ACTH and 
several other peptides, e.g. NH2-terminal peptide, 
joining peptide, β- or γ-lipotropins, β-endorphin, 
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α-melanocyte-stimulating hormone (MSH) and 
corticotropin-like intermediate peptide (CLIP), 
are produced [ 14 ]. ACTH is secreted in regu-
lar pulses of variable amplitude over 24 h, with 
peak concentrations attained in the early morning 
hours (04:00–08:00 h), thus forming the basis of 
the circadian pattern of ACTH and cortisol secre-

tion. Upon binding to its cognate transmembrane 
G-protein-coupled receptor of the adrenocortical 
cells of the  zona fasciculata  of the adrenal cor-
tex, ACTH induces the activity of proteins and the 
expression of genes implicated in the  biosynthetic 
pathway of glucocorticoids (cortisol in humans, 
corticosterone in rodents) [ 15 ] Glucocorticoids 
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  Fig. 6.1    The HPA axis and systemic actions of gluco-
corticoids.  CRH  corticotropin-releasing hormone, 
 ACTH  adrenocorticotropic hormone (Figure  6.1  was 
prepared using image vectors from Servier Medical Art 

(  www.ervier.com    ), licensed under the Creative Commons 
Attribution 3.0 Unported License (  http://creativecom-
mons.org/license/by/3.0/    ))       
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are cholesterol-derived molecules, which are 
released into the systemic circulation in a pulsa-
tile, circadian and stress-related fashion, and exert 
their numerous actions in almost all tissues and 
organs. However, these steroid hormones also 
have negative feedback effects on both PVN CRH 
and AVP synthesis and secretion, and inhibit pitu-
itary synthesis of POMC, as well as ACTH secre-
tion, forming a closed, tightly regulated, negative 
feedback loop [ 9 ] (Fig.  6.1 ).

6.1.3        Glucocorticoids 
and Glucocorticoid Receptor 

 Glucocorticoids, the end-products of the HPA 
axis, play a fundamental role in the maintenance 
of basal and stress-related homeostasis, and regu-
late a broad spectrum of physiologic functions, 
such as the cardiovascular tone, the intermediary 
metabolism primarily through catabolic actions, 
the quantity and the quality of the infl ammatory 
and immune response and many other functions, 
by altering the transcription rate of a signifi cant 
percentage of genes in a positive or negative way 
[ 3 ,  4 ,  8 ] (Fig.  6.1 ). Glucocorticoids exert their 
diverse actions through an intracellular, ubiq-
uitously expressed protein, the human gluco-
corticoid receptor (hGR), which belongs to the 
nuclear receptor superfamily of transcription fac-
tors [ 16 ]. 

 The  hGR  gene is located on the short arm of 
chromosome 5 and consists of 10 exons [ 16 ]. 
The alternative use of two distinct exons, 9α 
and 9β, generates two main isoforms, the hGRα 
and the hGRβ [ 17 ]. The hGRα is a 777-amino 
acid protein and represents the classic isoform, 
which binds endogenous and synthetic gluco-
corticoids, and mediates all genomic effects of 
these hormones in almost every cell type in the 
human organism [ 17 ]. On the other hand, the 
hGRβ contains 742 amino acids, does not bind 
glucocorticoids, and acts as a dominant negative 
regulator on the hGRα-mediated transcriptional 
activity through several mechanisms, such as 
heterodimerization and competition with hGRα 
for binding to glucocorticoid response elements 
(GREs) in the promoter regions of target genes, 

or for interacting with nuclear receptor coregu-
lators (coactivators, corepressors) [ 17 – 21 ]. 
Furthermore, the hGRα mRNA was demon-
strated to be translated from eight alternative 
initiation sites into functionally distinct hGRα 
protein isoforms by ribosomal leaky scanning 
or ribosomal shunting [ 22 ]. Given that hGRβ 
mRNA translation is initiated by the same 5′ 
termini, it is possible that the above translation 
mechanisms could give rise to eight different 
hGRβ proteins as well [ 8 ]. Thus, the 16 amino 
terminal hGRα and hGRβ protein isoforms may 
form 256 homo- or hetero-dimers to transduce 
the glucocorticoid signal. 

 At the cellular level, hGRα is primarily local-
ized in the cytoplasm of the target cell in the 
absence of a ligand, as part of a multiprotein 
complex consisting of heat shock proteins and 
immunophilins [ 16 ] (Fig.  6.2 ). Upon ligand- 
binding, hGRα undergoes conformational change, 
dissociates from the rest of proteins, and translo-
cates into the nucleus through the nuclear pore, 
via an active ATP-dependent process mediated 
by its nuclear localization signal (NL)-1 and −2 
[ 19 ]. Within the nucleus, the ligand-activated 
GR directly interacts as a homo- or hetero-
dimer with specifi c DNA sequences, the glu-
cocorticoid response elements (GREs), in the 
promoter regions of target genes [ 19 ]. The GR 
contains two transactivation domains, activa-
tion function (AF)-1 and −2, located at its NTD 
and LBD, respectively, through which it inter-
acts with protein complexes, such as the nuclear 
receptor coactivators p160, p300/CREB-binding 
protein (CBP) and p300/CBP-associated fac-
tor (p/CAF) complexes    and the SWI/SNF and 
vitamin D receptor-interacting protein/thyroid 
hormone receptor-associated protein (DRIP/
TRAP) chromatin- remodeling complexes; it 
infl uences the activity of the RNA polymerase II 
and its ancillary factors, thereby modulating the 
transcription rates of glucocorticoid-responsive 
genes [ 16 ] (Fig.  6.2 ).

   Alternatively, hGRα may modulate gene 
expression independently of its DNA binding, 
by interacting with and altering the functions 
of other known transcription factors, such as 
NF-κB, STAT-5, and AP-1, possibly as monomer 
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[ 16 ]. These interacting factors, in turn, may alter 
the actions of the glucocorticoid receptor acting 
on positive or negative GREs.  

6.1.4    Disorders of the HPA Axis 

 The disorders of the HPA axis can be categorized 
according to the anatomical component(s) that 
is/are primarily affected: (1) the hypothalamus, 
(2) the pituitary gland, (3) the adrenal glands and 
(4) other tissues and organs, including altera-
tions of glucocorticoid availability or action at 
target tissues (Fig.  6.3 ). These disorders may 
result in either elevated or reduced concentra-
tions or effects of circulating glucocorticoids; 

thus, symptoms and signs are associated with 
increased or decreased actions of these hormones 
in the responsive tissues, (Table  6.1 ).

    Indeed, chronic glucocorticoid excess results 
in central obesity, buffalo hump, purple striae 
of the skin, hypertension, osteoporosis, glucose 
intolerance/overt diabetes mellitus, dyslipidemia 
and leukocytosis, all of which are referred to 
as the “Cushing phenotype” [ 23 ]. Patients with 
pathologically increased concentrations of cor-
tisol are at great risk of severe cardiovascular 
complications, such as ischemic heart/cerebral 
disease [ 23 ]. Moreover, they are more susceptible 
to infections secondary to any pathogens, since 
cortisol suppresses strongly the activity of the 
immune system. 
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  Fig. 6.2    Glucocorticoid signaling pathway.  GR  glucocor-
ticoid receptor,  HSP  heat shock proteins,  FKBP  immuno-
philins,  p160  nuclear receptor coactivators p160,  SWI/SNF  
switching/sucrose non-fermenting complex,  DRIP/TRAP  
vitamin D receptor-interacting protein/thyroid hormone 

receptor-associated protein complex (Figure  6.2  was 
 prepared using image vectors from Servier Medical Art 
(  www.servier.com    ), licensed under the Creative Commons 
Attribution 3.0 Unported License (  http://creativecom-
mons.org/license/by/3.0/    ))       
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  Fig. 6.3    The HPA axis and 
associated disorders. The 
disorders of the HPA axis 
can be categorized according 
to the anatomical 
component(s) that is/are 
primarily affected: (1) the 
hypothalamus, (2) the 
pituitary gland, (3) the 
adrenal glands and (4) the 
glucocorticoid-responsive 
cell. Mutations or polymor-
phisms of the  hGR  gene may 
impair normal glucocorticoid 
signal transduction, thus 
altering tissue sensitivity to 
glucocorticoids.  CRH  
corticotropin-releasing 
hormone,  ACTH  adrenocorti-
cotropic hormone,  GR  
glucocorticoid receptor 
(Figure was prepared using 
image vectors from Servier 
Medical Art (  www.servier.
com    ), licensed under the 
Creative Commons 
Attribution 3.0 Unported 
License (  http://creativecom-
mons.org/license/by/3.0/    ))       
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 On the other hand, patients with isolated glu-
cocorticoid defi ciency or adrenal insuffi ciency 
including aldosterone defi ciency may present 
with fatigue, vomiting, nausea, hypotension, 
hypoglycemia, hyponatremia, hyperkalemia in 
the absence of aldosterone secretion and eosino-
philia [ 23 ]. The decreased concentrations of cor-
tisol lead to compensatory elevations in plasma 
ACTH concentrations, which result in hyperpig-
mentation of the skin and buccal mucosa in these 
patients. 

6.1.4.1     Hypothalamic Disorders 
Associated with Alterations 
in the HPA Axis 

 Many space-occupying lesions of the hypothala-
mus, including craniopharyngioma, Rathke’s 
pouch cysts, head trauma, infl ammatory or infi l-
trative diseases (encephalitis, meningitis, sar-
coidosis, histiocytosis X) and brain malignant 
tumors (primary or metastatic) lead to destruction 
of the PVN neurons producing CRH or to dis-
section of the pituitary stalk that transfers CRH 
from the hypothalamus to the pituitary gland, 
thus causing decreased function of the HPA axis 
[ 24 ]. These conditions are often associated with 
dysfunction of other endocrine axes, such as the 
hypothalamic-pituitary-gonadal or thyroid axes 
and the growth hormone/insulin-like growth fac-
tor-I axis. 

 Prader-Willi syndrome is a rare genetic dis-
order, which is characterized by symptoms 
associated with hypothalamic dysfunction, 

such as hyperphagia, obesity, sleep disorders, 
hypogonadism, hypocortisolism, learning dis-
abilities/borderline intellectual functioning and 
hypotonia [ 25 ]. 

 Patients with the melancholic type of major 
depression show hyperactivity of the HPA axis 
and have increased cerebrospinal fl uid CRH 
and norepinephrine, plasma ACTH and serum 
cortisol concentrations [ 26 ,  27 ]. This sustained 
hyperfunction of the HPA axis leads to central 
obesity, hypertension, impaired glucose toler-
ance, decreased libido and osteoporosis, all of 
which result in impaired quality of life. 

 One of the major eating disorders, anorexia 
nervosa, is also characterized by elevated corti-
sol concentrations via activation of the HPA axis 
caused by strict and prolonged energy restriction, 
as well as by mental stress [ 28 ]. Patients with 
anorexia nervosa demonstrate increased con-
centrations of CRH in their cerebrospinal fl uid 
[ 28 ]. However, in contradistinction to depressed 
patients, they do not show any clinical manifesta-
tions suggestive of glucocorticoid excess. Indeed, 
they present with symptoms and signs associated 
with reduced action of glucocorticoids in target 
tissues, possibly due to lack of food substrate and 
changes of proteins that may infl uence the actions 
of glucocorticoids through the hGR, such as the 
AMP-activated protein kinase (AMPK) [ 29 ]. 

 Any conditions associated with uncoupling 
of the cortisol circadian rhythm that is under 
the infl uence of the SCN CLOCK system, and 
the circadian peripheral tissue sensitivity to 

   Table 6.1    Expected clinical manifestations in tissue-specifi c glucocorticoid excess or hypersensitivity and defi ciency 
or resistance   

 Target tissue 
 Glucocorticoid hypersensitivity
= Glucocorticoid excess 

 Glucocorticoid resistance
= Glucocorticoid defi ciency 

 Central nervous system  Insomnia, anxiety, depression, 
defective cognition 

 Fatigue, somnolence, malaise,
defective cognition 

 Liver  + Gluconeogenesis, + lipogenesis  Hypoglycemia, resistance 
to diabetes mellitus 

 Fat  Accumulation of visceral fat 
(metabolic syndrome) 

 Loss of weight, resistance 
to weight gain 

 Blood vessels  Hypertension  Hypotension 
 Bone  Stunted growth, osteoporosis 
 Infl ammation/immunity  Immune suppression, anti- infl ammation,

vulnerability to certain infections and tumors 
 + Infl ammation,+ autoimmunity,
+ allergy 

  Modifi ed from Ref. [ 8 ]  

6 The Hypothalamic-Pituitary-Adrenal Axis in Human Health and Disease



100

 glucocorticoids, under the control of the periph-
eral CLOCK, may cause the development of 
components of the metabolic syndrome and its 
detrimental cardiovascular complications [ 10 , 
 30 ]. Night-shift workers and people frequently 
exposed to jet lag are at an increased risk for 
developing symptoms and signs of chronic 
hypercortisolemia, such as central obesity, insu-
lin resistance, dyslipidemia and hypertension, 
which represent the cardinal clinical manifesta-
tion of metabolic syndrome. These pathologic 
conditions were recently explained at the molec-
ular and cellular level, when it was convincingly 
shown that the transcription factor “circadian 
locomotor output cycle kaput” (CLOCK) physi-
cally interacts with GR, and catalyzes enzymati-
cally the acetylation of a lysine cluster, located 
in the hinge region of the receptor and leading to 
decreased sensitivity to glucocorticoids [ 10 ,  30 , 
 31 ]. This effect of CLOCK on GR can lead to 
“functional” tissue hypersensitivity to glucocor-
ticoids via uncoupling of circadian cortisol con-
centrations and peripheral tissue responsiveness 
to these hormones [ 10 ,  30 ,  31 ].    

6.2     Pituitary Disorders 
Associated with Alterations 
in the HPA Axis 

6.2.1     Cushing Disease (and 
Syndrome) 

 Cushing disease is part of Cushing syndrome, 
which is characterized by elevated concentra-
tions of circulating cortisol and symptoms and 
signs of glucocorticoid excess. This disease 
is caused by semi-autonomous neoplasia or 
hyperplasia of corticotropes that result in over-
secretion of ACTH from the pituitary gland. In 
contrast, Cushing syndrome indicates a disorder 
that derives from the adrenal glands, caused by 
either an adrenocortical adenoma or carcinoma, 
or from an ectopic site secreting CRH or ACTH 
(~15 % of ACTH-dependent forms of Cushing 
disease). Ectopic secretion of ACTH from non-
pituitary tissues includes small cell carcinoma 
of the lung and lung carcinoids,  pancreatic or 

adrenomedullary tumors, as well as other neo-
plasias [ 32 ]. 

 The fi rst manifestation of Cushing disease may 
be the loss of the diurnal rhythm in ACTH and corti-
sol secretion. Patients with either Cushing disease 
or syndrome present with “Cushingoid features”, 
including moon facies, “buffalo hump”, central 
obesity, purple skin striae, hypertension, insulin 
resistance/overt diabetes mellitus, mood changes, 
menstrual irregularity and osteoporosis [ 33 ]. The 
diagnosis should be made after careful medical 
history and physical examination, and confi rmed 
by endocrinologic evaluation and imaging stud-
ies. Cushing disease is mostly caused by pituitary 
adenomas. They are usually microadenomas with 
a diameter less than 1 cm, and are sometimes 
quite diffi cult to detect even in the MRI scan with 
contrast material [ 34 ]. Bilateral inferior petrosal 
sinus sampling with CRH stimulation is helpful 
in some cases to localize pituitary adenomas in 
the pituitary including the site of the tumor inside 
the pituitary gland. The therapeutic approach of 
patients with Cushing disease starts with resec-
tion of the ACTH-secreting pituitary adenoma by 
transsphenoidal surgery [ 35 ]. However, 10–15 % 
of patients with remission may recur in the future. 
Bilateral adrenalectomy may be performed in dif-
fi cult cases in which tumors cannot be success-
fully resected [ 35 ]. Radiation may also be applied 
to the pituitary gland in combination with medical 
therapy, usually with mitotane or ketoconazol.  

6.2.2     Pituitary Disorders That 
Result in Hypofunction 
of the HPA Axis 

 Any space-occupying lesions in the pituitary 
gland may lead to hypofunction of the HPA axis 
and secondary adrenal insuffi ciency [ 24 ]. Pituitary 
adenomas, cysts, craniopharyngiomas, ependy-
momas, meningiomas and rarely carcinomas may 
interfere with ACTH secretion. In addition to 
these lesions, infections or infi ltrative processes, 
including lymphocytic hypophysitis, haemochro-
matosis, tuberculosis, meningitis, sarcoidosis, 
actinomycosis, histiocytosis X and Wegener’s 
granulomatosis can result in low ACTH release 

N.C. Nicolaides et al.



101

[ 24 ]. Sheehan’s syndrome is caused by pituitary 
apoplexy after labor and consequent pan-hypopi-
tuitarism, and used to be a major cause of second-
ary adrenal insuffi ciency. However, its incidence 
has been dramatically reduced because of the 
improved maternal care in developed countries. 

 Mutations in genes encoding crucial tran-
scription factors and molecules essential for 
corticotrope survival and function can cause devel-
opmental defects and/or dysfunction in these cells 
leading to hypofunction of the HPA axis. So far, 
pathologic mutations have been identifi ed in the 
genes expressing the transcription factors HESX 
homolog 1 (HESX1), orthodenticle homeobox 2 
(OTX2), LIM homeobox 4 (LHX4), SRY (sex-
determining region Y)-box 2 and 3 (SOX2 and 
SOX3), PROP paired-like homeobox 1 (PROP1) 
and T-box 19 (TBX19) [ 36 ]. Patients harboring 
these mutations may present with short stature, 
metabolic disorders, craniofacial abnormalities 
and learning diffi culties/mental retardation asso-
ciated with abnormalities in the CNS. The onset 
of adrenal insuffi ciency occurs generally early in 
life, although cases owing to PROP1 mutations 
usually manifest in adolescence. 

 Congenital pro-opiomelanocortin defi ciency 
is another cause of secondary adrenal insuffi -
ciency. The molecular basis of this genetic condi-
tion has been ascribed to inactivating mutations 
in the pro-opiomelanocortin (POMC) gene. 
Patients develop a characteristic syndrome of 
hypocortisolism, early onset morbid obesity, and 
alterations in skin and hair pigmentation [ 37 ]. 

 Achalasia-Adrenal Insuffi ciency-Alacrima 
syndrome or Allgrove Syndrome, also known 
as Triple-A syndrome, is a rare autosomal reces-
sive disorder characterized by ACTH-resistant 
adrenal insuffi ciency, alacrima (absence of tear 
secretion), achalasia (dilatation of thoracic esoph-
agus), autonomic dysfunction, and neurodegen-
eration. This syndrome is caused by mutations in 
the  AAAS  gene, which encodes the nuclear pore 
protein ALADIN with as yet unknown functions 
[ 38 ]. Adrenal insuffi ciency develops gradually 
within the fi rst 10 years of life but sometimes 
becomes evident much later. It may present in 
some cases as an adrenal crisis with hypoglyce-
mia and seizures.   

6.3     Adrenal Disorders 
Associated with Alterations 
in the HPA Axis 

6.3.1    Cushing Syndrome 

 Cushing syndrome can be caused by both benign 
and malignant lesions, such as glucocorticoid- 
producing adenomas, micro-nodular dysplasia, 
ACTH-independent macro-nodular hyperplasia 
or adenocarcinoma of the adrenal cortex [ 23 , 
 33 ]. Patients with this syndrome appear with 
“Cushingoid features”, as described above; 
however, their clinical manifestations depend 
on the severity and duration of cortisol excess. 
Cushing syndrome caused by adenocarcinoma 
is characterized by large tumors of more than 
5 cm in diameter, and are usually rapidly pro-
gressing, whereas adenomas are usually small 
(less than 3 cm) and have generally an insidious 
onset and chronic course [ 39 ]. First choice treat-
ment for Cushing syndrome remains the surgi-
cal removal of the tumor. Laparoscopic surgery 
is currently the approach of choice for the treat-
ment of Cushing syndrome caused by adenomas 
[ 40 ]. In case of failure of resection of the entire 
mass, usually adenocarcinomas, or those with 
metastatic lesions, mitotane is used for suppress-
ing both tumor growth and production of steroids 
[ 41 ]. This compound inhibits the cholesterol side-
chain cleavage (SCC) enzyme (the human p450 
CYP, cholesterol desmolase, or 20, 22 desmolase) 
and the 11β-hydroxylase (p450 11β or CYP11B1) 
[ 41 ]. Adrenal enzyme inhibitors, such as ketocon-
azole, metyrapone and etomidate, are also used in 
clinical practice for patients with surgical failure 
who remain hypercortisolemic [ 32 ].  

6.3.2     Adrenal Disorders That Result 
in Hypofunction of the HPA 
Axis 

 Adrenal insuffi ciency is a disorder fi rst described 
by Thomas Addison in 1855, which is characterized 
by defi cient production or action of glucocorticoids 
and/or mineralocorticoids and adrenal androgens 
[ 24 ]. Any pathologic  condition  associated with 
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destruction of the adrenal cortex can cause pri-
mary adrenal insuffi ciency. The etiology of pri-
mary adrenal insuffi ciency has changed over time. 
Prior to 1920, the most common cause of primary 
adrenal insuffi ciency was tuberculosis, while since 
1950, the majority of cases (80–90 %) have been 
ascribed to autoimmune adrenalitis, which can be 
isolated (40 %) or in the context of an autoimmune 
polyendocrinopathy syndrome (60 %) [ 24 ]. The 
clinical symptoms of adrenal insuffi ciency include 
weakness, fatigue, anorexia, abdominal pain, 
weight loss, orthostatic hypotension, salt craving, 
and characteristic hyperpigmentation of the skin. 
Regardless of etiology, adrenal insuffi ciency was 
an invariably fatal disorder, until the synthesis of 
cortisone by Kendall and Reichstein in 1949, and 
the introduction of substitution therapy with life-
saving synthetic glucocorticoids. Today, patients 
with primary adrenal insuffi ciency are treated with 
hydrocortisone or cortisone acetate if hydrocorti-
sone is not available, and fl udrocortisone to pre-
vent intravascular volume depletion, hyponatremia 
and hyperkalemia [ 24 ]. One of the most important 
aspects of the management of chronic primary 
adrenal insuffi ciency is patient and family educa-
tion. Patients should understand the reason for 
life-long replacement therapy, the need to increase 
the dose of glucocorticoids during minor or major 
stress and to inject hydrocortisone or methylpred-
nisolone in emergencies.   

6.4     Other Disorders Associated 
with Changes in the HPA Axis 

6.4.1     Generalized Glucocorticoid 
Resistance Syndrome 
(Chrousos Syndrome) 

 Primary generalized glucocorticoid resistance 
(Chrousos syndrome) is a rare, familial or spo-
radic condition, which is characterized by 
generalized partial end-organ insensitivity to 
glucocorticoids [ 42 ,  43 ]. Affected patients have 
compensatory elevation in circulating corti-
sol and ACTH concentrations, which maintain 
 circadian rhythmicity and appropriate respon-
siveness to stressors, and resistance of the HPA 

axis to dexamethasone suppression, but no clini-
cal manifestations suggestive of Cushing syn-
drome. The clinical spectrum of this condition 
is broad, ranging from completely asymptomatic 
cases, displaying biochemical alterations only, to 
severe forms of mineralocorticoid and/or andro-
gen excess [ 44 ]. The molecular basis of Chrousos 
syndrome has been ascribed to inactivating muta-
tions in the  hGR  gene [ 16 ,  42 – 45 ]. Most of these 
mutations are located in the GR LBD, which 
alter functions of this subdomain, such as ligand- 
binding, activation of transcription and nuclear 
translocation. So far only two mutations have 
been reported in the DBD of GR: R477H and 
V423A [ 46 ]. All reported pathologic mutations 
causing familial or sporadic Chrousos syndrome 
are depicted in Fig.  6.4 . Recently, a heterozygous 
mutation causing glucocorticoid hypersensitivity, 
ie the mirror image of glucocorticoid resistance, 
was described [ 47 ]. In this patient, Cushingoid 
features such as obesity and metabolic syndrome 
were associated with low normal cortisol levels.

6.4.2       hGR Polymorphisms 

 Inter-individual variations in tissue sensitivity to 
glucocorticoids have been described within the 
normal population and have been partly attributed 
to polymorphisms in the  hGR  gene [ 16 ]. A het-
erozygous polymorphism replacing aspartic acid 
to serine at amino acid 363 that mildly increases 
the transcriptional activity of the affected recep-
tor  in vitro  is associated with glucocorticoid 
hypersensitivity, weakly correlating with the 
development of central obesity and, thus, infl u-
encing the metabolic profi le and the longevity of 
humans in a negative fashion [ 48 ,  49 ]. 

 The polymorphism in the GR gene that causes 
arginine to lysine replacement at amino acid 23 
(ER22/23EK: GAG AGG to GA A  A A G) is asso-
ciated with relative glucocorticoid resistance by 
altering the expression levels of GR translational 
isoforms [ 50 ]. This polymorphism increases mus-
cle mass in males and reduces waist to hip ratio 
in females [ 51 ], and is associated with greater 
 insulin sensitivity, and lower total and low-den-
sity lipoprotein cholesterol levels [ 52 ], indicating 
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that this polymorphism has a benefi cial effect on 
longevity by reducing glucocorticoid action.  

6.4.3     Ectopic Tumors Producing 
ACTH or CRH 

 Ectopic ACTH producing tumors account for 
~15 % of ACTH-dependent Cushing syndrome 
[ 53 ]. Most of them are malignant and occur 
more frequently in men than in women. These 
tumors usually derive from neuroendocrine 
cells, but adenocarcinoma and squamous cell 
carcinoma may also cause the syndrome [ 53 ]. 
Approximately half of the cases are due to small 
cell carcinoma of the lung. Carcinoids originat-
ing from the thymus, bronchi and other organs, 
pancreatic islet tumors, pheochromocytomas and 
ovarian adenocarcinomas may also be associ-
ated with this syndrome [ 54 ]. Patients with this 
condition have elevated concentrations of cor-
tisol and ACTH, while concentrations of other 
POMC-related peptides and bioactive molecules, 
such as other pituitary hormones, calcitonin, 

 somatostatin are sometimes increased because of 
their concurrent ectopic production by the tumors 
[ 54 ]. Hypokalemia occurs in most cases with this 
syndrome. Manifestations are of sudden onset 
and their progression is usually rapid and some-
times not responsive to treatment.  

6.4.4     The Cardiomyocyte 
as a Glucocorticoid Target Cell 

 In addition to common cardiovascular mani-
festations, such as hypertension and metabolic 
syndrome, often observed in several pathologic 
conditions associated with alterations in the 
activity of the HPA axis, accumulating evidence 
suggests that glucocorticoids exert direct effects 
on cardiomyocytes. Indeed, glucocorticoids 
stimulate cardiomyocyte contraction by infl u-
encing calcium homeostasis [ 55 – 57 ]. Moreover, 
mice overexpressing GR in their cardiomyocytes 
exhibit atrioventricular block [ 58 ]. Furthermore, 
glucocorticoids may cause cardiac hypertrophy, 
a condition that represents a severe cause of 
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 congestive heart failure in humans [ 59 ]. A recent 
 in vitro  study elucidated the molecular mecha-
nisms underlying glucocorticoid-induced cardiac 
hypertrophy [ 60 ]. Addition of dexamethasone in 
primary cardiomyocytes and rat embryonic H9C2 
cardiomyocytes resulted in up-regulation of car-
diac hypertrophic molecules, such as β-myosin 
heavy chain, atrial natriuretic factor and α-actin, 
resulting in an increased cardiomyocyte size 
[ 60 ]. These glucocorticoid effects were mediated 
by the GR, as exposure of cells to the GR antago-
nist RU 486 or addition of GR shRNA inhibited 
dexamethasone-induced cardiomyocyte hyper-
trophy [ 60 ]. In addition to hypertrophic effects, 
this study demonstrated that glucocorticoids had 
strong anti-apoptotic actions on cardiomyocytes. 
Serum deprivation and addition of TNFα trig-
gered the apoptotic process in cardiomyocytes, 
whereas treatment of these cells with dexametha-
sone caused signifi cant up-regulation of the key 
anti-apoptotic molecule  Bcl - xL  and concurrent 
down-regulation of  Gas2 , a known target of 
caspases-3 and −7 [ 60 ]. Importantly, these anti-
apoptotic glucocorticoid actions may prevent 
cardiomyocyte death in severe pathologic condi-
tions, such as ischemia/reperfusion injury.  

6.4.5     Benefi cial Nongenomic 
Glucocorticoid Effects 
in Cardiac Ischemia/
Reperfusion Injury 

 In the past, glucocorticoids were used in acute 
myocardial ischemia due to their cardioprotec-
tive effects. Indeed, the acute administration of 
glucocorticoids decreased myocardial ischemic 
injury in animal models [ 61 ,  62 ] and increased 
the critical short-term survival of patients after 
acute myocardial infarction [ 63 ]. However, syn-
thetic glucocorticoids are not used in the current 
treatment of acute myocardial ischemia because 
of their severe side effects, such as cardiac rup-
ture [ 64 ]. An interesting study shed light on 
the acute cardioprotective effects of glucocor-
ticoids both in  in vitro  experiments and in car-
diac ischemia /reperfusion injury animal models 
[ 65 ]. Acute administration of high doses of 

 dexamethasone activated a GR-dependent sig-
naling pathway, which induced the activation 
of PI 3 K leading to increased activity of endo-
thelial nitric oxide synthase (eNOS). The resul-
tant NO-mediated vasorelaxation ameliorated 
cardiovascular infl ammation and signifi cantly 
decreased the size of myocardial infarct in mice 
that underwent ischemia and reperfusion injury 
[ 65 ]. Interestingly, these cardioprotective effects 
of glucocorticoids were GRE-independent and 
nongenomic, since the dexamethasone-bound 
GR activated acutely the synthesis of NO 
through non-transcriptional mechanisms. The 
acute cardioprotective effects of glucocorticoids 
represent a strong evidence for the importance 
of nongenomic glucocorticoid actions, which are 
currently under intense investigation.   

   Conclusions 

 The HPA axis plays a fundamental role in 
the maintenance of basal and stress-related 
homeostasis; dysfunction of hypothalamic 
nuclei,  pituitary or adrenal glands may cause 
symptoms and signs associated with glucocor-
ticoid excess or defi ciency. Accordingly, the 
aim of treatment is to correct both the primary 
cause and the associated hormonal abnormal-
ity. During the last several decades, despite 
the well-recognized signifi cant progress in 
the clinical care of patients with disorders of 
the HPA axis, there are still numerous chal-
lenges regarding the diagnosis and treatment 
of these conditions. Indeed, the ubiquitous 
presence and actions of glucocorticoids, the 
rapid advances in our general knowledge of 
the human genome and our ever-increasing 
understanding of cell signaling allow us to 
view the actions and functions of the HPA 
axis and its involvement in human health and 
disease in a more integrated fashion.     
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    Abstract  

  Human genetics has evolved rapidly during the past years. It is widely 
accepted that human diseases have a genetic component and can be char-
acterized either as monogenic or polygenic (also known as complex or 
multifactorial) such as diabetes mellitus, obesity, cardiovascular disease, 
dyslipidemia, hypertension, psychiatric diseases, cancer and others. 
Polygenic diseases are more common and widely variable, and thus, very 
complex to be studied as they are infl uenced by both gene-to- gene and 
gene-to-environment interactions. Two randomly chosen individuals dif-
fer in about 0.1 % of their genomes while the rest 99.9 % is identical. This 
small genetic variability seems to be responsible for all the phenotypic 
differences among people. As cardiovascular management has shifted 
from acute intervention to prediction and prevention, genetic studies (link-
age analysis, association studies, genome-wide association studies) are 
focused on identifying susceptibility loci on the DNA. Genetic science, 
after the completion of the Human Genome Project (the complete sequence 
of the human genome), has moved to the post-genomic era and with the 
remarkable growth of Bioinformatics, new technologies have been evolved 
which enabled the creation of numerous databases and the relevant tools 
for their analysis. Moreover, recent advances in molecular biology tech-
niques have allowed parallel genotyping, using microarray technology, 
and genome sequencing, by massive next-generation sequencing in a cost- 
and time-effective way. These technological tools have led to a better 
understanding of the genetic structure of the human genome. This chapter 
describes in detail the different types of genetic variability and focuses on 
how this variation has contributed to identify candidate susceptibility 
genes that could predict cardiovascular disease risk.  
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  Abbreviations 

   ABCA1    ATP-Binding Cassette, sub-family 
A, member 1   

  ABCG5    ATP-Binding Cassette, sub-family 
G, member 5   

  ABCG8    ATP-Binding Cassette, sub-family 
G, member 8   

  ACE    Angiotensin Converting Enzyme   
  APOA5    Apolipoprotein A5   
  APOB    Apolipoprotein B   
  APOCII    Apolipoprotein CII   
  ARH    Low Density Lipoprotein Receptor 

Adaptor Protein 1   
  Array CGH    Comparative Genomic Hybridization   
  ATP    Adenosine Triphosphate   
  CAD    Coronary Artery Disease   
  CEPH    Centre d’Etude du Polymorphism 

Humain   
  CFTR    Cystic Fibrosis Transmembrane 

Conductance Regulator   
  CHD    Coronary Heart Disease   
  CNVs    Copy-Number Variations   
  CVD    Cardiovascular Disease   
  CYP7A1    Cytochrome P450, family 7, sub-

family A, polypeptide 1   
  DNA    Deoxyribonucleic acid   
  GCK    Glucokinase (hexokinase 4)   
  GPIHBP1    Glycosylphosphatidylinositol- 

anchored High density lipoprotein- 
Binding Protein 1   

  GWAS    Genome-Wide Association Studies   
  HNF4A    Hepatocyte Nuclear Factor 4, Alpha   
  Indels    Insertions/deletions   
  IPF1/PDX1    Insulin Promoter Factor 1/

Pancreatic and Duodenal homeo-
box 1   

  LDL    Low-Density Lipoprotein   
  LDLR    LDL Receptor   

  LFM1    Lipase Maturation Factor 1   
  LPL    Lipoprotein Lipase   
  MI    Myocardial Infarction   
  mtDNA    Mitochondrial DNA   
  NGS    Next-Generation Sequencing   
  ORs    Odds Ratios   
  PCR    Polymerase Chain Reaction   
  PCSK9     Proprotein Convertase 

Subtilisin/Kexin type 9   
  RFLP     Restriction Fragment Length 

Polymorphism   
  rRNA    Ribosomal RNA   
  SCN5A    Sodium Channel α-subunit   
  SNPs     Single Nucleotide 

Polymorphisms   
  STRs    Short Tandem Repeats   
  TCF1/HNF1A     Transcription Factor 1/Hepa-

tocyte Nuclear Factor 1 Alpha   
  TCF2/HNF1B     Transcription Factor 2/

Hepatocyte Nuclear Factor 1 
homeobox B   

  tRNA     Transfer RNA   
  VNTRs     Variable Number of Tandem 

Repeats   

7.1          Introduction 

7.1.1    Genetics Basics 

 The term “Genetics” comes from Ancient Greek 
and means “genesis” (i.e. origin). The science of 
genetics studies the mechanisms related to hered-
ity and biodiversity. Genetic science can be sub-
divided into fi ve main fi elds: classical genetics 
(mode of inheritance), molecular genetics (gene 
function and expression), cytogenetics (study of 
chromosomes), microbial genetics (genetics of 
microorganisms) and population genetics (allele 

  Keywords  

  Complex disease   •   Genetic polymorphisms   •   Genetic studies   •   Human 
genome project   •   Mutations  
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frequency distribution and change under the 
infl uence of natural selection, genetic drift, muta-
tion and gene fl ow). 

 In humans, the genetic material, deoxyribonu-
cleic acid (DNA) is located in the nucleus of every 
cell. It is a double-stranded molecule 3.3 × 10 9  base 
pairs that is organized in 46 chromosomes [22 pairs 
of autosomes (numbered 1–22) and 1 pair of sex 
chromosomes (X and Y)] in somatic cells and half 
the amount [23 chromosomes (1–22 autosomes 
and 1 sex chromosome, either X or Y)] in gametes. 
Thus each of the parents transmits 23 chromo-
somes to their offspring. DNA is composed of four 
nucleotide bases, abbreviated A, T, C and G, that 
stand for adenine, thymine, cytosine and guanine, 
respectively. The linear sequence of these bases 
specifi es the genetic information (genetic code). 
Unlike germ cells, which are haploid, in a somatic 
cell (i.e. diploid), each chromosome appears twice 
(with the exception of sex chromosomes in men, 
XY) and these identical chromosomes are called 
homologues. Therefore, there are two copies of 
each gene, one on each homologue. An allele is one 
of a pair of genes that appear at a particular loca-
tion on a chromosome and control the same char-
acteristic [ 1 ]. A set of alleles at nearby loci located 
on the same chromosomal strand is called a hap-
lotype. In the absence of recombination between 
homologous chromosomes at the time of gamete 
formation, loci located on the same chromosome 
are transmitted together as a haplotype [ 2 ]. 

 Mitochondria have also a small amount of 
DNA (mitochondrial DNA, mtDNA), which 
codes for only 37 genes essential for normal 
mitochondrial function and consists of only about 
16,600 base pairs. Human mtDNA is inherited 
solely from the mother. Thirteen of these genes 
encode enzymes involved in production of ade-
nosine triphosphate by oxidative phosphoryla-
tion which takes place in the mitochondrion. The 
remaining genes encode transfer RNA (tRNA) 
and ribosomal RNA (rRNA) molecules. The 
disorders associated with mitochondrial genes 
include Leber hereditary optic neuropathy, Leigh 
syndrome, maternally inherited diabetes and 

deafness, mitochondrial encephalomyopathy, lac-
tic acidosis, and stroke-like episodes, myoclonic 
epilepsy with ragged-red fi bers, neuropathy- 
ataxia-retinitis pigmentosa, nonsyndromic deaf-
ness, palmoplantar keratoderma with deafness 
and progressive external  ophthalmoplegia [ 3 ]. 

 Genetic science has evolved rapidly through 
the twentieth century. In nineteenth century, 
Gregor Mendel, known as the founder of genetics, 
who was not aware of DNA existence, observed 
that certain traits in pea plants follow particular 
patterns of inheritance, now referred to as the laws 
of Mendel [ 4 ]. In 1911, Thomas Hunt Morgan 
revealed that genetic material is located on chro-
mosomes [ 5 ]. In 1953, James D. Watson and 
Francis Crick [ 1 ] elucidated the structure of the 
DNA as double-helix and 9 years later, in 1962, 
they shared the Nobel Prize for solving one of the 
most important of all biological riddles. In 1983, 
Kary Mullis developed the polymerase chain reac-
tion (PCR) an indispensable technique in medical 
and biological research and diagnosis [ 6 ]. In 1989, 
the gene CFTR (cystic fi brosis transmembrane 
conductance regulator), in which mutations are 
responsible for cystic fi brosis was the fi rst gene 
whose sequence was determined [ 7 ] and in 1995, 
the genome of the bacteria  Haemophilus infl uen-
zae  was the fi rst complete genome sequenced [ 8 ]. 

 In 1990, the largest collaborative biological 
project “The Human Genome Project” was initi-
ated aimed to determine the human DNA 
sequence and to identify and map the total num-
ber of genes in the human genome. An initial 
rough draft of the human genome was available 
in June 2000 and The Human Genome Project 
was declared complete on April 14, 2003. 
According to the report, 99 % of the human 
genome was sequenced with 99.99 % specifi city 
[ 9 ]. The Human Genome Project revealed that 
human DNA consists of ~3 billion base pairs and 
~25,000 haploid protein-coding genes. 
Paradoxically, only about 1.5 % of the genome 
codes for proteins, while the rest consists of non- 
coding RNA genes, regulatory sequences, introns 
and noncoding DNA (known as “junk DNA”). 
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Humans have on average only three times the 
protein-coding genes compared to the fl y or 
worm. However, the same gene can produce dif-
ferent protein products by a process known as 
“alternative splicing”. Additionally, the DNA 
between two different individuals is 99.9 % simi-
lar and differs only in 0.1 % [ 10 ]. This small per-
centage, though, seems enough to account for all 
the observed interindividual differences in dis-
ease genetic predisposition and in therapeutic 
drug response. 

 As we have now proceeded to the post- 
genomic era, a new task for geneticists has 
emerged: the successful translation of this knowl-
edge into clinical benefi t. Consequently, genetic 
research has two main goals. Firstly, the progno-
sis of individuals at risk for disease by identify-
ing and mapping disease-causing genes and 
secondly, to elucidate the biochemical pathways 
of pathogenesis. The latter is of high signifi cance, 
since the identifi cation of such pathways will 
make the development of new therapeutic targets 
feasible.   

7.2    Evidence of Genetic 
Susceptibility 
for Cardiovascular Disease 

 Cardiovascular disease (CVD) has attracted 
geneticists’ interest as it is the leading cause of 
death worldwide, causing 7,249,000 deaths in 
2008, and 12.7 % of global mortality, which has 
not changed up to date. Since the 1970s, cardio-
vascular mortality rates have declined in many 
affl uent countries but at the same time, morbidity 
and mortality have developed at a fast rate in low- 
and middle-income countries [ 11 ,  12 ]. Coronary 
heart disease (CHD) alone caused ≈ 1 of every 6 
deaths in the United States in 2009. Approximately 
every 34 s, 1 American has a coronary event, and 
approximately every 1 min, an American will die 
of one [ 12 ]. The major risk factors for the devel-
opment of CHD are male gender, increasing age, 
elevated levels of plasma low-density lipoprotein 
(LDL) cholesterol, elevated blood pressure, obe-
sity and life style factors such as smoking, a high 
fat diet and lack of exercise. High plasma LDL 

cholesterol concentration promotes the formation 
of coronary atherosclerotic plaques. Vulnerable 
plaques can rupture, leading to vessel occlusion 
and ischemic events [ 13 ,  14 ]. 

 The genetic predisposition for CVD has been 
widely accepted. CHD phenotype usually fol-
lows a heritable mode within families. An 
 individual’s family history is the most direct and 
cost-effective information to evaluate genetic 
susceptibility to CHD. According to the 
Framingham risk algorithm, a positive family 
history of premature CHD or stroke is associated 
with 2.4 fold higher risk in men and 2.2 fold 
higher risk in women for a future event [ 15 ]. 
Further studies in the past have shown that even 
after adjustment for age, sex, total cholesterol, 
high density lipoprotein cholesterol, hyperten-
sion, diabetes, cigarette smoking and body mass 
index, family history remains a highly signifi cant 
predictor of future coronary artery disease (CAD) 
[ 16 ]. Moreover, the risk of myocardial infarction 
(MI) in men increases with decreasing age of 
parental MI. Paternal history of MI has been 
related to increased risk of coronary artery sur-
gery and in general, a history of MI in either par-
ent has been associated with an increased risk of 
CAD among men [ 17 ]. The INTERHEART 
study showed that after adjustment for age, sex, 
smoking and geographic region, a positive family 
history for MI increases signifi cantly the CAD 
risk (odds ratio 1.54) [ 18 ]. 

 Twin studies also support a genetic basis for 
CHD. Among 21,004 Swedish twins followed 
for 26 years, the relative hazard of death from 
CHD when one’s twin died of CHD before the 
age of 55 years, as compared with the hazard 
when one’s twin did not die before 55, was 8.1 
for male monozygotic twins and 3.8 for male 
dizygotic twins. Among the women, when one’s 
twin died of CHD before the age of 65 years, the 
relative hazard was 15.0 for monozygotic twins 
and 2.6 for dizygotic twins. These fi ndings sug-
gest that the younger the age of the CAD event, 
the stronger the genetic component which implies 
that the genetic effect decreases with increasing 
age [ 19 ]. Heritability estimates in 36-year fol-
low- up of 20,966 Swedish twins were 0.57 and 
0.38 among males and females, respectively [ 20 ]. 
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7.2.1    Monogenic and Polygenic 
Heart Diseases 

7.2.1.1    Lipid Disorders 
 Genetic diseases can be characterized either as 
monogenic or polygenic (also known as common 
or complex). In monogenic diseases, a single 
gene is responsible for the clinical phenotype. 
Monogenic disorders follow a Mendelian pat-
tern of inheritance (autosomal dominant/reces-
sive, X-linked, Y-linked or holandric). Familial 
hypercholesterolemia is characterized by consid-
erably increased levels of total and LDL choles-
terol, early incidence of MI and cutaneous lipid 
deposition (xanthomata and xanthelasmata). 
Familial hypercholesterolemia is known to occur 
due to mutations in either of six genes encoding 
proteins involved in the uptake of LDL choles-
terol from the plasma. These genes are LDLR 
(LDL receptor), APOB (apolipoprotein B), 
PCSK9 (proprotein convertase subtilisin/kexin 
type 9), ARH (low density lipoprotein receptor 
adaptor protein 1), CYP7A1 (cytochrome P450, 
family 7, subfamily A, polypeptide 1), ABCG5 
(ATP- binding cassette, sub-family G, member 5) 
or ABCG8 (ATP-binding cassette, sub-family G, 
member 8), and follow an autosomal dominant 
or recessive pattern of inheritance [ 14 ,  21 – 23 ]. 
Currently, more than 1,200 different LDLR 
mutations have been reported by Usifo et al. [ 24 ] 
but only one common in APOB (c.10580G > A, 
p.Arg3527Gln) and one in PCSK9 (c.1120G > T, 
p.Asp374Tyr) [ 25 ,  26 ]. Familial chylomicrone-
mia is a rare autosomal recessive disorder (also 
called Hyperlipoproteinemia type I) caused by 
mutations in LPL (lipoprotein lipase) or APOCII 
(apolipoprotein CII) genes resulting in lipopro-
tein lipase or apolipoprotein C-II defi ciency. It is 
characterized by marked elevation of chylomicron 
and triglyceride levels (>1,000 mg/dl), resulting 
in lipemic plasma and recurrent attacks of acute 
pancreatitis, eruptive xanthoma, hepatospleno-
megaly, and lipemia retinalis [ 27 ]. Additional 
genes involved in monogenic early- onset familial 
hypertriglyceridemia with a typical Mendelian 
recessive inheritance include LPL, APOCII, 
LFM1 (lipase maturation  factor 1), GPIHBP1 
 (glycosylphosphatidylinositol- anchored high  

density lipoprotein-binding  protein 1), APOA5 
 (apolipoprotein A5) [ 28 ,  29 ]. 

 Tangier disease is also a rare autosomal reces-
sive disease caused by mutations in ABCA1 
(ATP-binding cassette, sub-family A, member 1) 
gene, encoding ABCA1 protein. This and similar 
proteins, present in all species, are integral mem-
brane proteins and use ATP as a source of energy 
to transport a wide assortment of molecules, such 
as ions, sugars, vitamins, lipids, amino acids, pep-
tides, proteins and a large number of hydrophobic 
compounds and metabolites across  intracellular 
and plasma membranes. The transmembrane 
domains form a pathway across the membrane 
through which substrates pass. Upon ATP binding 
and hydrolysis, ABC transporters undergo con-
formational change altering the affi nity and ori-
entation of the substrate binding sites. In patients 
with Tangier disease, the plasma lipid profi le is 
very characteristic, with nearly zero high density 
lipoprotein cholesterol, very low LDL cholesterol 
and normal or increased triglyceride levels [ 30 ].  

7.2.1.2    Channelopathies 
 Channelopaties such as long QT Syndrome, and 
the Brugada Syndrome, can also derive from 
mutations in single genes. Congenital long QT 
syndrome is a genetic condition characterized by 
a prolonged QT interval registered by electrocar-
diography and it is associated with the history of 
syncope and ventricular tachyarrhythmias, the 
evidence of T-wave abnormalities, and the high 
risk of a sudden cardiac death. The mode of 
inheritance varies, based on the subtype of the 
disease and can be either autosomal dominant or 
recessive. Mutations of KCNQ1, HERG and 
SCN5A genes account for the 95 % of the cases 
[ 31 ]. The Brugada syndrome is characterized by 
the presence of an abnormal electrocardiography 
with right bundle branch block pattern and coved-
type ST elevation over the right precordial leads. 
This disease shows an increased risk of sudden 
cardiac death in patients with structurally normal 
hearts [ 32 ]. Patients with the syndrome can be 
asymptomatic for many years and the fi rst clini-
cal presentation is often sudden death [ 33 ]. The 
syndrome is inherited with an autosomal domi-
nant pattern. It shows genetic heterogeneity and 
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the fi rst mutation linked to the syndrome was 
identifi ed in the SCN5A (sodium channel 
α-subunit) gene [ 31 ].  

7.2.1.3    Complex Forms 
 However, the most common disorders and major 
concern of public health, are complex and result 
from the combination of multiple genes and non- 
genetic factors (age, gender, cigarette smoking, 
alcohol consumption, nutritional status, exercise 
and others). Many complex diseases, like CVD, 
are thought to be inherited as they tend to run in 
families. Unlike monogenic, complex diseases 
do not follow a typical mendelian pattern of 
inheritance. These non-mendelian diseases are 
determined by more than one susceptibility loci 
and environmental infl uence. Their complexity 
lies on the following facts: Firstly, they constitute 
a multistage process, in which several genetic 
and environmental factors affect each stage, sec-
ondly, there are interindividual variations in 
response to environmental factors due to genetic 
heterogeneity of populations and thirdly, under 
certain environmental, physiological (preg-
nancy), or pathological (diabetes, cancer) condi-
tions some alleles may no longer remain neutral 
[ 34 ]. Complex diseases are diffi cult to be studied 
since it is not feasible to control all these vari-
ables in a cohort. Moreover, the multifactorial 
nature of most traits obstructs the identifi cation 
of each individual factor infl uencing them, 
because each factor may obscure or confound 
other factors’ effects [ 35 ]. However, up to date, 
biological pathways have been elucidated 
through the elucidation of monogenic diseases, 
which in turn have helped in understanding some 
of the disease components. Monogenic diseases 
are characterized by rare genetic alterations with 
a severe phenotype (called mutations), while 
complex diseases may also derive from genetic 
alterations in the same genes as monogenic, but 
are much more frequent and have a lower effect 
size (polymorphisms). For instance, maturity- 
onset diabetes of the young (OMIM #606391), an 
autosomal dominant form of diabetes, is quite 
similar phenotypically to type 2 diabetes melli-
tus. Mutations in several genes have been impli-
cated for the dominant form, namely HNF4A 

(hepatocyte nuclear factor 4, alpha), GCK [glu-
cokinase (hexokinase 4)], TCF1/HNF1A (tran-
scription factor 1/hepatocyte nuclear factor 1 
alpha), IPF1/PDX1 (Insulin Promoter Factor 1/
Pancreatic and Duodenal homeobox 1) and 
TCF2/HNF1B (transcription factor 2/hepatocyte 
nuclear factor 1 homeobox B). Interestingly, 
polymorphisms (common variants) in the same 
genes have been associated with the common 
form type 2 diabetes mellitus [ 36 ].    

7.3    Types of Human Genetic 
Variation 

 Analysis of whole genomes has revealed an unex-
pected amount of variability among humans and 
other primate species. These differences in the 
genome are known as genetic variations. DNA 
variations have a great contribution in medical 
and forensic science and have been widely used 
in studies of genes responsible for various dis-
eases and in screening tumors for chromosomal 
abnormalities. The fraction of these genetic varia-
tions with a frequency equal or greater to 1 % in 
the general population, is classifi ed as genetic 
polymorphisms [ 37 ]. A polymorphism arises as 
a result of mutation since errors may occur dur-
ing DNA replication. Although most of these 
errors are repaired with no consequences, a muta-
tion may persist and, if it affects the germ line, is 
transmitted from generation to generation. These 
genetic changes can be advantageous, deleteri-
ous or neutral. Polymorphism may often errone-
ously be referred as mutation. Both are derived 
from changes in genetic material, however poly-
morphism is not deleterious and thus it is unable 
by itself to cause disease, as mutation does. 
Polymorphism succeeds in spreading through a 
signifi cant proportion of the population since it 
is not under negative selection. For that reason, 
polymorphism and mutation differ in frequency in 
the general population where alleles with frequen-
cies less than 1 % are referred to as mutants [ 2 ]. 

 Human DNA is highly polymorphic with a 
frequency of 1 change in every 1,000 bases. 
Genetic variation may occur within or outside 
genes which account for less than 5 % of the 
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human genome [ 2 ,  38 ]. A polymorphism may 
have no effect (i.e. silent) or it may be considered 
functional, for example, if it affects an enzyme’s 
catalytic activity, a protein’s stability or levels of 
expression. Therefore, functional polymorphisms 
usually occur within or near coding regions. The 
different types of polymorphism correspond to 
the type of the mutation that created them [ 35 ]. 
There are fi ve types of genetic variations and they 
can be divided into single nucleotide polymor-
phisms (SNPs), insertions/deletions (indels), 
short tandem repeats (STRs or microsatellites), 
variable number of tandem repeats (VNTRs or 
minisatellites) and copy-number variations 
(CNVs) [ 37 ]. These variations (also known as 
markers) have been used in genetic studies, such 
as linkage analysis, in order to identify genes 
responsible for hereditary diseases. Furthermore, 
they have helped in the construction of SNP maps 
and, along with SNP array platforms, they are 
used for genome-wide association studies aiming 
in the identifi cation of genetic loci susceptible to 
common diseases or associated to drug response. 

7.3.1    Single Nucleotide 
Polymorphisms 

 SNPs are the most common type of DNA varia-
tion and result from a single base change which 
substitutes one nucleotide for another. In the past, 
such variation was referred to by the method used 
to detect it, namely restriction fragment length 
polymorphism (RFLP). SNPs were originally 
determined based on the property of restriction 
enzymes to identify and digest a specifi c nucleo-
tide sequence. A single base change could result 
in the loss or gain of a restriction site recogniz-
able by the enzyme. Digestion of an amount of 
DNA containing a restriction site by the appro-
priate enzyme, yielded different fragment sizes. 
The different variants could be revealed based on 
the resulting fragment sizes via electrophoresis 
[ 35 ]. Most SNPs are biallelic, though triallelic 
and tetraallelic SNPs have been described. 
Human genome contains more than 10 million 
SNPs. Biallelic SNPs have a less frequent allele 
(minor allele) and a more frequent one (major 

allele), the frequency of which must sum up to 1 
or 100 % (if working with percentages). Rare 
variants are observed at a frequency between 1 
and 5 %, while common variants occur at a fre-
quency >5 % [ 38 ,  39 ]. SNPs can be located 
within (intragenic) or outside of genes (inter-
genic). Intragenic SNPs may be in coding 
(exonic) or in non-coding region (intronic). 
Exonic SNPs can be synonymous or silent (no 
aminoacid change) or non-synonymous (amino-
acid change). Non-synonymous SNPs are more 
likely to be functional. Functional SNPs usually 
are lying in exons, splicing sites and promoters 
[ 2 ]. Differences in allele frequencies can be 
observed among different populations and this 
has been attributed to the time passed of a SNP’s 
fi rst turn up in a specifi c population [ 40 ]. In the 
last decade, research was oriented towards identi-
fying millions of SNP markers covering the 
entire genome and constructing a high-density 
SNP (haplotype) map. This map has been suc-
cessfully used to conduct genetic association 
studies for complex traits.  

7.3.2    Indels 

 Other types of genetic polymorphism result from 
the insertion or deletion of a section of DNA 
ranging from 1 to 10,000 base pairs in length. 
Despite the fact that small indels are highly abun-
dant in human genomes, less attention has been 
drawn in identifying and studying indels com-
pared to SNPs and other structural variations. 
Indels are likely to represent between 16 and 
25 % of all sequence polymorphisms. Human 
populations are expected to collectively harbor at 
least 1.6–2.5 million indel polymorphisms. 
Several classes of indels have been identifi ed 
including repeat expansions, transposon inser-
tions and random sequences [ 41 ]. A large portion 
of small indels has been produced by mobile 
genetic elements such as Alu (named according 
to the restriction enzyme used to detect them, 
AluI), SVA and L1. Alu elements cause new 
insertions of about 300 base pairs, while SVA 
and L1 elements cause insertions that range 
from tens of base pairs up to 3 and 6 kilo bases 
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in length, respectively. Many of these new inser-
tions that occur in functionally important regions 
may affect gene function [ 42 ]. In general, indels 
can cause a substantial amount of genetic varia-
tion which can alter human traits and can cause 
human disease. For example, one of the most 
common genetic causes of cystic fi brosis is an 
indel variation, namely a 3 base pair deletion (i.e. 
elimination of a single amino acid), within exon 
10 of the CFTR gene. DNA insertions within the 
promoter region of the FMR1 gene cause Fragile 
X syndrome. There is a critical nucleotide triplet 
repeat expansion that determines pathogenicity, 
> 200 repeats, and when this threshold size is 
exceeded, the promoter methylation pattern is 
altered leading to changes in gene expression 
[ 42 ]. However, most 3 base pair indels in human 
genomes do not cause disease. Mills et al. [ 41 ] 
reported that 61.1 % of coding indels identifi ed in 
healthy individuals are multiples of 3 base pairs 
which maintain the open reading frames of pro-
teins. One of the most common known indel 
polymorphism in the research for the cardiovas-
cular susceptibility is that of angiotensin convert-
ing enzyme (ACE) insertion/deletion (I/D). The I 
allele is characterized by a 287 base pair inserted 
fragment in intron 16 of the gene encoding 
ACE. This polymorphism has been shown to 
affect enzyme’s serum concentration and the D 
allele was associated with MI [ 43 ]. Interestingly, 
Yoshida et al. [ 44 ] showed that the insertion frag-
ment has a sequence very similar to a silencer 
sequence which may explain why D/D individu-
als (who lack the silencer sequence) have higher 
serum ACE levels. Comprehensive variation 
maps, which include both SNPs and indels, will 
be more effective than SNP maps alone for iden-
tifying variants that underlie specifi c human phe-
notypes and diseases.  

7.3.3    Short Tandem Repeats 
or Microsatellites 

 Microsatellite markers were fi rst described by 
Weber and May in 1989 [ 45 ]. They are short seg-
ments of 2–9 base pairs repeated tandemly in 
tracts and are present at > 100,000 regions span-

ning the whole genome [ 37 ]. It is expected that 
the STR frequency within genome is one every 
3–10 kilobase pairs. STR polymorphisms often 
result in many alleles (with different repeat 
sizes) and thus are considered highly polymor-
phic. Variation between different alleles is 
caused by a difference in the number of repeat 
units that results in alleles that are of different 
lengths. Hence, tandem repeat polymorphisms 
are also known as length POL. Based on such 
high level of heterozygosity, the probability that 
two unrelated individuals will have the same 
number of repeats can be quite low. For that rea-
son, STRs have been used in paternity tests and 
in forensic science since they can distinguish 
individuals’ alleles with high probability and in 
linkage analysis for indentifying disease loci, as 
well [ 35 ].  

7.3.4    Various Number of Tandem 
Repeats or Minisatellites 

 Minisatellites were fi rst reported by Nakamura 
et al. in 1987 [ 37 ]. The general structure of 
VNTRs and STRs is the same, with only the 
repeat size changing. VNTRs are repeated base 
patterns that range in size from 10 to 100 base 
pairs. They are highly polymorphic, like STRs, 
and show high heterozygosity due to wide variety 
of the copy number of tandem repeat DNA 
sequences within human genome. VNTRs are 
currently used in forensic science and also in 
clinics to monitor recipients of bone marrow 
transplants [ 37 ,  46 ].  

7.3.5    Copy-Number Variations 

 Sequencing of the human genome helped in the 
discovery of CNVs and quite recently, it was 
shown that CNVs are widespread in the genomes 
of phenotypically normal humans [ 47 ,  48 ]. 
Initially, large duplications and deletions have 
been known to be present within human genome 
from cytogenetic only observations. CNVs are 
DNA segments that are duplicated or deleted in 
genomes and which range in length from 
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1  kilobase pair to 5 megabases. DNA changes 
larger than 5 megabases can be visualized 
 microscopically at cytogenetic level (karyotype). 
Currently, more than 6,000 CNV regions have 
been reported in the human genome, covering 
about 12 % of the genome [ 49 ]. The mechanisms 
responsible for CNV creation include non-allelic 
homologous recombination, non-homologous 
end joining, replication slippage and retrotrans-
position [ 50 ]. Such type of variation is consid-
ered to affect more base pairs than other forms of 
variation. Between two individuals, structural 
differences in the form of CNVs are expected to 
be greater than the sum of all SNPs [ 51 ]. 
Polymorphisms at cytogenetic level (>5 maga-
bases) also exist such as inversion 9 and some 
balanced translocations [ 52 ]. Variations such as 
CNVs, inversions and translocations, which 
change the structure of the genome, are classifi ed 
as forms of genome structural variation. 

 Single copy genes can be duplicated or deleted 
in any individual, but deletions tend to be under 
stronger selection because deletions in coding 
sequences seem to be more deleterious than 
duplications. Additionally, selection is stronger 
against large CNVs, presumably due to higher 
probability of affecting functional DNA [ 50 ]. 
Functional CNVs may affect gene expression, 
chromatin organization and infl uence the regula-
tion of nearby genes leading to differences in sus-
ceptibility to complex diseases and evolutionary 
adaptations. Approximately 23 % of known 
CNVs are intragenic, while intergenic CNVs are 
believed to have a potential infl uence on gene 
expression by affecting gene regulatory elements 
[ 49 ]. CNVs have been linked with interindividual 
differences in expression of immunological and 
environmental sensor genes and there is a strong 
possibility that CNVs play a role in common dis-
eases such as diabetes, heart disease and cancer 
[ 53 ]. CNVs mainly contribute to human diver-
sity. Increasing CNV number is being associated 
with complex human disease, dietary adaptation 
[ 49 ] but mostly with neurodevelopmental and 
neurodegenerative disorders [ 54 ]. CNVs can be 
found in different databases such as DECIPHER 
(  https://decipher.sanger.ac.uk/    ) and in the 
Database of Genomic Variants (  https://dgv.tcag.

ca/    ). Efforts are underway for CNV research to 
establish a comprehensive atlas of CNVs in the 
human genome.   

7.4    Molecular Technological 
Advances for the Study 
of Genetic Disease 

 Genetic studies aiming at exploring CVD hered-
ity using DNA markers have been carried out for 
more than 30 years. Technology has rapidly 
evolved and allowed researchers to perform 
large-scale studies. In the pre-genomic era 
(1970s), microscopic cytogenetic analysis identi-
fying chromosomal abnormalities was the only 
genetic test available. At the same time, many 
serological markers were studied in the place of 
DNA. For example, ABO blood groups or human 
leukocyte antigen classes were often used to test 
for disease association. In fact, these serological 
markers represent, in an indirect way, SNPs 
within genes on chromosomes 9 and 6, respec-
tively. In the pre-genomic era, investigation 
between cases of MI and healthy individuals was 
based on measurements of clinical and laboratory 
features such as weight, blood pressure, blood 
glucose and lipids. In 1980, Botstein et al. [ 55 ] 
introduced a direct way of studying DNA varia-
tion through RFLP analysis and a new molecular 
technique was developed, Southern blotting [ 55 ]. 
RFLPs helped in mapping and identifi cation of 
disease genes such as Huntington’s disease, cys-
tic fi brosis and familial breast cancer. The shift 
from protein-serological markers to DNA vari-
ants introduced the beginning of the genomic era 
[ 39 ]. 

 In the mid-1980s, PCR replaced Southern blot 
analysis and upgraded genetic analysis allowing 
the multiplication of specifi c DNA fragments 
producing billion copies in a test tube and reduc-
ing time and cost. PCR is still a fundamental 
method in all laboratories in the fi elds of research 
and diagnosis. In 2000, the simultaneous geno-
typing of millions of SNPs across the genome in 
a single experiment was achieved by the develop-
ment of microarray technology known as SNP 
chip [ 39 ]. Except for SNP genotyping, another 
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category of microarrays is known as comparative 
genomic hybridization array (CGH) which exam-
ines insertions and deletions (CNVs) compared 
to a reference DNA sequence [ 2 ]. Microarray 
technology switched genetic research from locus- 
specifi c studies to genome-wide analyses of 
genetic variation. Advantages of array-based 
approaches include cost effectiveness and rapid 
screening of a large number of individuals. 
Similarly, Sanger sequencing, which is used to 
“read” the sequence of a gene, may take months 
and is usually quite expensive (depending on 
gene length), has evolved to Next-Generation 
Sequencing (NGS) which may read all coding 
sequence of the genome (Exome sequencing) or 
even full genome (whole-genome sequencing) in 
few days and cheaply. This new technology is 
able to identify novel genes associated with rare 
and common diseases. Both of these sophisti-
cated technologies (microarray and NGS) along 
with the completion of the Human Genome 
Project launched genetic association studies and 
marked the beginning of the post-genomic era.  

7.5    Genetic Studies 

7.5.1    Linkage Analysis 

 For more than 30 years, linkage analysis has been 
the most commonly used approach to identify 
genes infl uencing disease traits. Botstein et al. 
[ 55 ] indicated that pedigrees in which inherited 
traits are known to be segregating could be ana-
lyzed, for mapping the gene(s) responsible for 
the trait, using DNA marker loci, without requir-
ing direct access to a specifi ed gene’s DNA. In 
other words, linkage analysis assesses the trans-
mission and co-segregation of marker loci with 
putative disease alleles. Genetic linkage studies 
require the availability of an appropriate number 
of families and family members with a certain 
disease trait. The fundamental basis of linkage 
analysis is the hypothesis that for a few genera-
tions, chromosomal segments harboring disease 
alleles will also carry genes at nearby loci that 
were on the ancestral chromosome harboring 
the  disease-predisposing allele [ 35 ]. Evidence of 

existence of co-segregation between a disease trait 
and a locus leads to the examination of more DNA 
markers in that location to minimize the suspected 
disease region until an actual disease locus is 
identifi ed. This procedure is referred as positional 
cloning. Linkage analysis using polymorphic 
DNA markers in families with genetic diseases of 
any inheritance pattern, has been a powerful tool 
to discover genes without a prior knowledge of 
the biochemical/biological mechanisms of the dis-
ease, an approach known as the “reverse genetics” 
method [ 37 ]. Exploiting the plethora of polymor-
phic DNA markers available in research, genetic 
linkage maps of all chromosomes have been 
constructed and are available to scientists [ 56 ]. 
Linkage mapping led to the discovery of many 
genes responsible for monogenic diseases such 
as familial polyposis coli, neurofi bromatosis type 
1 and others. Although this method was power-
ful in unraveling the genetics of monogenic traits, 
it was not ideal for studying complex diseases 
such as CVD. One of the reasons is that linkage 
analysis cannot tract genes with moderate or low 
effect on a multifactorial disease phenotype since 
such trait is the result of multiple genetic and non-
genetic factors and the collection of thousands 
families would be required. Additionally, the lack 
of genetically informative families, particularly 
in late-onset diseases or in conditions with high 
infant mortality hampers linkage analysis experi-
ments. Lastly, a single phenotype may be caused 
by any one of a multiple number of different genes 
(locus heterogeneity) [ 35 ,  57 ].  

7.5.2    Association Studies 

 Association studies are the most popular assays 
for discovering susceptibility loci in common dis-
eases. These studies investigate whether a genetic 
polymorphism occurs more frequently in individ-
uals with a disease (cases) than in disease-free 
controls (case–control studies). If the allele is 
more commonly observed in cases, is defi ned as 
the risk allele. A positive association result means 
that the polymorphism is either in the susceptibil-
ity locus or in close proximity with the suscepti-
bility locus (i.e. in linkage disequilibrium). 
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Linkage disequilibrium is the non-random asso-
ciation of alleles at two or more loci with limited 
recombination between them that descend from a 
single ancestral chromosome. Selection of a pop-
ulation is crucial and both groups should be 
matched according to variables that could infl u-
ence the result, such as age, sex, medication, eth-
nicity and additional disorders that may affect 
biochemical measurement such as cancer and 
hypothyroidism. Another main concern of asso-
ciation studies is population stratifi cation, which 
refers to the presence of subgroups differing in 
their genetic structure (e.g. different ethnic popu-
lations), which may lead to spurious results. For 
example it would be totally incorrect for a study 
to use Caucasians as cases and Africans as con-
trols [ 2 ]. Association studies may involve families 
(case- parent trios, sib-pair analysis, transmission 
disequilibrium test) or unrelated individuals and 
rely on candidate gene methods. Candidate gene 
approach includes polymorphic alleles in genes 
with a known biological role that is relevant to the 
disease under investigation. Unlike linkage analy-
sis where there is a connection between a trait and 
a chromosomal region, association studies are 
more specifi c and a connection between a trait 
and an allele is established. For that reason, these 
studies are sensitive to allelic heterogeneity a sin-

gle phenotype may be caused by any one of a 
multiple number of different alleles in the same 
gene. 

 Association studies were used with enthusi-
asm in the effort to predict acute coronary syn-
dromes, MI, blood pressure, lipid levels, sudden 
death from arrhythmias and the response to CVD 
medications. ACE I/D polymorphism was one of 
the fi rst variations that involved in CVD associa-
tion studies in relation to idiopathic cardiomyop-
athy, MI and left ventricular hypertrophy [ 58 ]. 
Association studies can also examine quantitative 
traits such as blood pressure, circulating lipid 
concentrations, postprandial triglyceride values 
or QT interval length. The study population is 
divided into genotype categories, for example 
homozygotes for either allele and heterozygotes, 
in case of a biallelic variant. Then, the mean 
value of the quantitative trait under investigation, 
is compared among the three genotype groups 
[ 39 ]. Many candidate gene associations have 
been tested regarding CVD and its risk factors 
are presented in Table  7.1 .

   Unfortunately, the results of many candidate 
gene studies have been inconsistent and were 
not replicated under further scrutiny. Some 
reported “positive” associations are the result of 
false fi ndings and “negative” publication bias. 

   Table 7.1    CVD-associated candidate gene loc associated with CVD and its risk factors   

 Locus  Gene  Trait  Reference 

 1p32.3  PCSK9  LDL cholesterol  [ 59 ] 
 2p24.1  APOB  Total and LDL cholesterol  [ 60 ] 
 3p25  PPARG  HDL cholesterol  [ 61 ] 
 5q31  SEPP1  Insulin resistance  [ 62 ] 
 6q25.3  LPA  Lipoprotein(a)  [ 63 ] 
 8p21.3  LPL  HDL cholesterol  [ 61 ] 
 9q31.1  ABCA1  HDL cholesterol, Triglycerides  [ 64 ,  65 ] 
 11q23  APOA1/C3/A5  HDL cholesterol, Triglycerides  [ 66 ] 
 11q23  APOA5  Triglycerides, Metabolic syndrome  [ 67 ] 
 12q24.31  SCARB1  CAD, ischemic stroke  [ 68 ] 
 16q21  CETP  Coronary artery stenosis severity, Postprandial lipemia  [ 69 – 71 ] 
 16q22.1  LCAT  HDL cholesterol  [ 72 ] 
 19q13.32  APOE  Total and LDL cholesterol, Age of CAD onset  [ 73 ,  74 ] 
 20q13.12  PLTP  HDL cholesterol  [ 75 ] 

  Abbreviations 
  CAD  coronary artery disease,  CVD  cardiovascular disease,  HDL  high-density lipoprotein cholesterol,  LDL  low-density 
lipoprotein cholesterol  
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A  combination of small variant effect and a low 
sample size could lead to type 2 error which is 
the probability of a false negative result due to 
low statistical power. The probability of detect-
ing association by chance (false positive) leads to 
type 1 error. Positive results are easier to publish, 
while negative studies, even if better-designed, 
may not reach criteria for publication and the sig-
nifi cance of positive associations may be overes-
timated. The cardiovascular literature is enriched 
with positive genetic association studies, though 
few have true clinical value and have been helpful 
to clinical practice. Among the reasons for failing 
to replicate fi ndings are incorrect SNP selection, 
variable defi nitions for cases and controls in dif-
ferent studies, important differences in enrolled 
cases due to variations in investigators’ clinical 
skills, failure to control confounding variables, 
lack of suffi cient power (insuffi cient number of 
participants) and genetic and phenotypic hetero-
geneity. Phenotypic defi nition is of great impor-
tance when stratifying cases and controls. For 
example, in association studies for CAD, MI 
should be separated from other angiographic cor-
onary disease phenotypes, since different genes 
may be involved in each process [ 58 ,  76 ].  

7.5.3    Genome Maps 

 The effort of mapping and pinpointing suscepti-
bility genes was facilitated by the construction 
and availability of genetic maps bearing known 
DNA markers [ 77 ]. In 1980, a map of RFLPs was 
initially proposed and this fi rst map contained 
403 polymorphic loci including 393 RFLPs [ 55 ]. 
It was estimated that the linkage map was detect-
ably linked to at least 95 % of the DNA in the 
human genome [ 78 ]. In 1990s, microsatellite 
markers were also included in maps due to their 
high level of polymorphism [ 35 ]. A great collab-
orative effort to map more DNA markers, initi-
ated in 1990 by the Centre d’Etude du 
Polymorphism Humain (CEPH) in which 63 
research laboratories from United States, Canada, 
Europe, South Africa, Japan and Australia par-
ticipated [ 79 ,  80 ]. The present version of the 
database (V10.0 – November 2004) contains 

genotypes for 32,356 genetic markers including 
21,480 biallelic markers and >9,900 microsatel-
lite markers. The mean observed heterozygote 
frequency of all the loci is 0.438 and for identifi -
able microsatellite loci 0.698, of which 56 % are 
highly polymorphic (observed heterozygote fre-
quency ≥ 0.70). The CEPH database now man-
ages 6,081,570 genotypes [ 81 ]. 

 In October 2002, another great step was made 
towards a high-density SNP map (or haplotype 
map) construction covering the entire genome. 
The International Hapmap Project (  http://www.
hapmap.org/    ) was initiated for establishing a 
SNP database for populations with ancestry from 
parts of Africa, Asia and Europe. The aims of the 
International HapMap Project was to determine 
the common patterns of DNA sequence variation 
in the human genome and to make this informa-
tion freely available in the public domain. 
Exploiting such information, The HapMap was 
intended to assist in the discovery of sequence 
variants that affect common disease, to facilitate 
development of diagnostic tools, and to enhance 
our ability to choose targets for therapeutic inter-
vention [ 82 ]. In stage I (completed in 2005), 
more than one million SNPs were genotyped in 
269 DNA samples from four populations: the 
Yoruba in Ibadan, Nigeria (YRI), Utah, USA, 
from the CEPH collection (CEU), Han Chinese 
in Beijing, China (CHB) and Tokyo, Japan (JPT). 
These data documented the generality of recom-
bination hotspots, a block-like structure of link-
age disequilibrium and low haplotype diversity, 
leading to substantial correlations of SNPs with 
many of their neighbors (tag SNPs) [ 83 ]. Tag 
SNPs are covering the whole genome and are 
able to represent neighboring SNPs with high 
accuracy, without the need for genotyping them 
directly. This is known as genotype imputation 
(i.e. genotype guessing) [ 2 ]. In stage II (com-
pleted in 2007), over 3.1 million human SNPs 
were genotyped in 270 individuals from the same 
population. The resulting HapMap database 
yielded a SNP density of approximately 1 SNP 
per 1 kilobase and is estimated to contain approx-
imately 25–35 % of all the 9–10 million common 
SNPs (minor allele frequency ≥0.05) in the 
assembled human genome [ 84 ].  

K. Anagnostopoulou and G. Kolovou

http://www.hapmap.org/
http://www.hapmap.org/


123

7.5.4    Genome-Wide Association 
Studies 

 The information available from the completion of 
The Hapmap Project along with the development 
of large-scale genotyping SNP chips (microar-
rays) shifted research for common diseases, 
like CVD, from single/few gene associations 
to genome-wide association studies (GWAS). 
GWAS, also known as whole-genome associa-
tion studies, involve the examination of genetic 
variation across a given genome using hundreds 
of thousands of SNPs (500,000–1 million) on 
DNA arrays. The SNPs throughout the genome 
are printed in large series of disease cases and 
disease-free controls [ 57 ]. There are two main 
companies offering high-throughput genome- 
wide scanning, Affymetrix and Illumina and 
the cost is decreasing with time. In contrast to 
candidate approach, in GWAS no a priori bio-
logical hypothesis is needed and previously 
unsuspected genes can be identifi ed. GWAS are 
based on the concept of “common disease – com-
mon variant hypothesis” where common poly-
morphisms (minor allele frequency > 5 %) are 
believed to infl uence, in part (low effect size), 
genetic susceptibility to common diseases. As a 
consequence, very large sample sizes (>100,000 
subjects) are needed to achieve statistical power 
to detect more variants associated with the dis-
ease under investigation. However, in GWAS the 
likelihood of false positive associations is high 
and thus stringent criteria are applied in order 
to declare true positive associations. Bonferroni 
correction adjusts the threshold of signifi cance 
by dividing  P  = 0.05 with the number of tests 
and thus the  P -value is often  P  < 10 −8  which is 
known as the  “genome- wide signifi cance” [ 14 , 
 39 ]. Even though applying such stringent statis-
tical methods, positive results should always be 
replicated by independent cohorts. Regarding 
reproduction, increased sample size and meta-
analysis could result in the identifi cation of asso-
ciations missed by individual GWAS. In GWAS, 
odds ratios (ORs) provide an estimate of the risk 
conferred by an allele in a given SNP. An allele 
with OR > 1.0 is associated with increased prob-
ability of disease in carriers of this allele and thus 

it is considered as a risk allele [ 39 ]. It is impor-
tant to note that GWAS do not test directly SNPs 
that alter structure or function and induce patho-
genicity. Instead, they test tag SNPs, in other 
words SNPs that are linked to functional variants 
through linkage disequilibrium. The gene clos-
est to an association signal that makes biological 
sense is nominated as the candidate one. 

 The expected outcomes of GWAS concerning 
CVD are the following: (1) the identifi ed SNPs 
could lead to genomic regions carrying genes that 
infl uence new molecular mechanisms and path-
ways and, (2) SNP results could help to diagnose 
and treat specifi c patients which may lead to per-
sonalize treatment strategies [ 39 ]. GWAS have 
successfully confi rmed already established loci 
and identifi ed novel ones for CAD and its risk 
factors (diabetes mellitus, blood pressure, dyslip-
idemias) and are listed in Table  7.2 . Although the 
responsible gene is clear in some studies, most 
genomic regions possess multiple candidate 

   Table 7.2    Results of GWAS analysis of CVD and its risk 
factors   

 Disease or trait  Gene  Reference 

 HDL cholesterol  SLC39A8  [ 85 ] 
 HDL cholesterol and 
Triglycerides 

 LPL  [ 86 ] 

 LDL cholesterol  MYLIP/GMPR  [ 85 ] 
 LDL cholesterol  PPP1R3B  [ 85 ] 
 Triglycerides  AFF1  [ 85 ] 
 Triglycerides  APOA5  [ 87 ] 
 Ischemic stroke  AGTRL1  [ 88 ] 
 Ischemic stroke  HDAC9  [ 89 ] 
 Ischemic stroke  PRKCH  [ 90 ] 
 Ischemic stroke  ARHGEF10  [ 91 ] 
 Ischemic stroke  ABO  [ 92 ] 
 Myocardial infarction  LTA  [ 93 ] 
 Myocardial infarction  LGALS2  [ 94 ] 
 Myocardial infarction  PSMA6  [ 95 ] 
 Myocardial infarction  MIAT  [ 96 ] 
 Myocardial infarction  ITIH3  [ 97 ] 
 Coronary artery disease  LIPA  [ 98 ] 
 Type 2 diabetes  TPMRSS6  [ 99 ] 
 Type 2 diabetes  BCL2  [ 100 ] 

  Abbreviations 
  CVD  cardiovascular disease,  GWAS  genome-wide associ-
ation studies,  LDL  low-density lipoprotein cholesterol, 
 HDL  high-density lipoprotein cholesterol  
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genes and therefore, further research is needed in 
order to fi lter out irrelevant variants. Additionally, 
GWAS have resulted in some novel loci bearing 
genes with either an unknown function or with-
out a clear connection with CAD-related mecha-
nisms. An example of this is the chr9p21.3 locus 
which appears to be GWAS hotspot and for many 
years it remains the strongest and most signifi -
cant determinant of the risk for CAD and other 
CVD phenotypes (type 2 diabetes, abdominal 
aortic aneurysm and intracranial aneurysm) [ 14 ]. 
However, the exact mechanism whereby the 
chr9p21.3 variation increases CVD risk remains 
unidentifi ed. The nearest protein coding genes, in 
relation to tag SNPs, are CDKN2A (150 kilo-
bases) and CDKN2B (118 kilobases) and are 
known to control cellular proliferation and apop-
tosis [ 14 ]. Functional studies concerning the 
chr9p21.3 locus have shown that this region 
seems to have regulatory role on the activity of 
primary aortic smooth muscle cells. Deletion of 
the region in mouse models leads to increased 
expression of CDKN2A and CDKN2B genes and 
high proliferation of aortic smooth muscle cells 
[ 14 ,  101 ,  102 ].

   Based on the polygenic model of CVD, most 
variants when considered alone have a very low 
impact on phenotype. In order to obtain meaning-
ful information for clinical practice, the estima-
tion of “genetic scores” has been recently 
introduced by combining data from as many as 
possible variants related with a given phenotype. 
Twenty SNP variations with additive effect on 
LDL cholesterol explain 14 % of this lipopro-
tein’s variance in healthy men and women [ 103 ]. 
Furthermore, 116 independent blood pressure- 
related SNPs explain approximately 2.2 % of the 
variance observed in systolic and diastolic blood 
pressure measurements [ 104 ]. 

 Unfortunately GWAS, based on common vari-
ation, have explained only a small portion of the 
expected heritability of CVD risk as previously 
reported by twin studies. This “missing heritabil-
ity”, is currently believed, might be explained by 
rare variants based on the alternative concept of 
“common disease – rare variant” hypothesis. 
Next-generation applications such as exome 
sequencing or whole genome sequencing will 
enable the identifi cation of rare variants which 

may provide considerable clues in missing heri-
tability [ 39 ]. 

 GWAS are also expected to elucidate our 
knowledge in the fi elds of pharmacogenetics and 
pharmacogenomics. The two terms are often con-
fused and used as one but actually they are quite 
different. Pharmacogenetics refers to the study of 
inherited differences (variation) in drug metabo-
lism and response, while pharmacogenomics refers 
to the general study of the many different genes 
that determine drug behavior [ 105 ]. The informa-
tion produced by these studies will help predicting 
the effectiveness, the risk of adverse reactions and 
the appropriate dose of drugs for each patient lead-
ing to personalized medicine [ 37 ]. Genetic tests for 
variations in CYP2C9 and VKORC1 genes are 
already established, prior to warfarin usage pre-
dicting slow metabolizers [ 106 ,  107 ]. Interestingly, 
two single-blind, randomized trials comparing a 
genotype-guided (based on CYP2C9 and VKORC1 
variations) dosing of acenocoumarol or phen-
procoumon did not reveal any improvement on the 
percentage of time in the therapeutic INR [ 108 ]. 
Concerning lipids, SLCO1B1 is a future biomarker 
candidate for simvastatin use infl uencing statin-
induced myopathy [ 109 ]. Moreover, GATM is 
considered to be associated with cholesterol 
homeostatis and it has been recently identifi ed to 
be associated with differences is susceptibility to 
statin-induced myopathy [ 110 ].   

   Conclusions 

 Technological advances have considerably 
contributed to our better understanding of the 
human genome structure. Genetic variability 
seems to account for most common diseases, 
such as CVD, as well as for drug response and 
adverse drug reactions. Genetic variability 
exists in many forms including SNPs, indels, 
STRs, VNTRs and CNVs. Most common dis-
eases are complex, infl uenced by multiple 
genetic and non-genetic factors, and constitute 
a major concern of public health. GWAS are 
currently fl ourishing producing a massive 
amount of genetic data and have pointed out 
previously unsuspected candidate genes. 
Although GWAS have helped to illuminate pre-
viously unknown biological and metabolic 
pathways, clinical signifi cance in predicting 
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future risk of disease is still low. The study of 
genetics and its involvement in various disease 
entities offers an excellent paradigm of 
Translational Research, since basic research 
fi ndings eventually fi nd their way to the treat-
ment of the individual patient but also to appli-
cation in populations. An important issue raised 
by unraveling the genetic basis of complex 
traits in humans and yielding so much genetic 
information at individual level, is the manage-
ment of this information. Genetic information 
should be handled with an ethical and confi den-
tial way avoiding genetic discrimination. And 
as Nakamura [ 37 ] has said “ although we are all 
different ,  we should have equal rights and 
should respect each other ’ s differences ”.     
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  8      Genetic Polymorphisms 
and the Vascular Endothelium 

           Emmanuel     Androulakis    ,     Christodoulos     Stefanadis    , 
and     Dimitris     Tousoulis     

    Abstract  

  The healthy vascular endothelium exerts atheroprotective actions through 
vasoactive mediators such as nitric oxide and prostacyclin. It should be 
noted that infl ammation and genetics are both prominent mechanisms in 
the pathogenesis of endothelial dysfunction and atherosclerosis. Currently, 
a growing body of evidence has emerged regarding genetic component 
and its role in the aim of assessing vascular endothelium. Of note, genetic 
variation within the population seems to determine endothelial responses 
and potential modify both atherogenesis and individual’s responses to risk 
factors. It has been estimated that only 10–20 % of the variation in endo-
thelial function may be accounted for by genes. Moreover, several studies 
have explored the association of vascular disease with gene polymor-
phisms of candidate genes, such as of endothelial nitric oxide synthase, 
cytokines, chemokines and of other proinfl ammatory molecules. Although 
their results are preliminary and to a certain extent confl icting, current data 
provide some evidence that alterations in the genetics, especially of the 
infl ammatory cascade, may modify vascular disease.  

  Keywords  

  Vascular endothelium   •   Endothelial dysfunction   •   Genetic 
polymorphisms  
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  CAMs    Cell Adhesion Molecules   
  CD 40L    CD40 ligand   
  CPR    C-reactive protein   
  CVDs    Cardiovascular Diseases   
  eNos    Endothelial Nitric Oxide Synthase   
  EPCs    Endothelial Progenitors Cells   
  ET-1    Endothelin −1   
  FMD    Flow Mediated Dilation   
  ICAM-1    Intercellular Adhesion molecule −1   
  IL-1    Interleukin-1   
  IMT    Carotid Intima Media Thickness   
  iNos    Inducible Nitric Oxide Synthase   
  MCP-1    Monocyte Chemotactic Protein −1   
  NADPH    Nicotinamide Adenine Dinucleotide 

Phosphate Oxidase   
  NO    Nitric Oxide   
  Ox LDL    Oxidized Low-density Lipoprotein   
  PAI-1    Plasminogen Activator inhibitor-1   
  PGI 2    Prostacyclin   
  ROS    Reactive Oxygen Species   
  SMCs    Smooth Muscle Cells   
  TNF-a    Tumor Necrosis Factor-a   
  TXA2    Thromboxane   
  VSMC    Vascular Smooth Muscle Cells   
  vWF    Von Willebrand Factor   
  XO    Xanthine Oxidase   

8.1           Introduction 

    The vascular  endothelium  is nowadays consid-
ered as a paracrine organ which secretes sev-
eral mediators exerting anti-atherogenic effects. 
Endothelial damage is also crucial for the devel-
opment of atherosclerosis and risk factors such as 
hyperlipidemia, hypertension, smoking, diabetes 
mellitus and genetics represent important factors 
predisposing to  endothelial dysfunction (ED),  by 
triggering underlying processes such as thrombo-
sis and infl ammation [ 1 – 3 ]. 

 Moreover,  nitric oxide (NO)  is the key mol-
ecule managing the vascular homeostasis, while 
decreased bioavailability of NO due to reduced 
synthesis and increased scavenging by  reac-
tive oxygen species (ROS),  plays a crucial role 
in developing ED. Importantly, ED plays piv-
otal role in disease initiation and progression 
of  atherosclerosis(ATH);  it seems to precede 
atherosclerotic lesions in coronary vessels, 

and even occur in offspring with a history for 
  cardiovascular diseases (CVDs)  [ 4 ,  5 ]. 

 Recently, growing data have focused on detec-
tion and monitoring of biomarkers, which may 
increase the ability to predict vascular disease. 
Circulating infl ammatory markers are implicated 
in the pathogenesis of ED and ATH. It also seems 
rational that molecules, such as  C-reactive pro-
tein (CRP) ,  interleukin-1  (IL-1) and  intercellular 
adhesion molecule-1  (ICAM-1) could be used as 
diagnostic objectives in that state [ 6 – 8 ]. Of note, 
many studies have assessed the effects of a range 
of candidate genes on ED, the results of which 
could provide useful insights into genetic infl u-
ences on atherothrombotic disease and others 
CVDs [ 9 ,  10 ]. 

 In the present review we highlight fi ndings 
regarding the pathophysiology of vascular dis-
ease and will discuss the role of genetic polymor-
phisms in that state.  

8.2     Physiology of Vascular 
Endothelium 

 Vascular endothelium has emerged as a para-
crine organ responsible for the secretion of sev-
eral benefi cial substances with anti-atherogenic 
effects; thus its structural and functional integ-
rity are fundamental. It consists of a thin semi- 
permeable layer of cells covering the internal 
surface of vessels and develops a border between 
the vessel and circulation, exerting signifi cant 
autocrine, paracrine and endocrine actions and 
infl uencing  smooth muscle cells  (SMCs), plate-
lets and peripheral leucocytes [ 2 ,  11 ]. 

 More specifi cally, circulating molecules across 
the  endothelial cells  (ECs) to the subendothelial 
space are transported via several mechanisms to 
meet the metabolic demands of the surrounding 
tissue cells. Also, tight junctions between ECs 
create a selective barrier to the egress of mol-
ecules from the circulation [ 12 ]. Notably, there 
exists a phenotypic deviation between ECs in 
various parts of the vascular system, expressing 
different surface antigens and receptors and gen-
erating different responses to the same stimuli [ 2 ]. 

 Principally, vascular endothelium participates 
in the regulation of vascular tone, producing 
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several vasoactive mediators, such as NO,  pros-
tacyclin  (PGI2) and  endothelin-1  (ET-1) which 
are powerful vasoactive substances released in 
response to both hormonal and mechanical stim-
uli and affecting both the function and structure 
of the underlying  vascular smooth muscle cells  
(VSMC). NO is a profound vasodilator, produced 
by both  endothelial nitric oxide synthase  (eNOS) 
and  inducible nitric oxide synthase  (iNOS) which 
catalyze the conversion of L-arginine to NO and 
maintain the vasculature in a state of vasodila-
tion. On the other hand, ET is a powerful vaso-
constrictor which is also produced by ECs, 
with marked effects on vascular tone [ 13 ,  14 ]. 
NO bioavailability is recognised to exert vari-
ous actions on vascular endothelium and more 
specifi cally, it is capable of reversing constric-
tive effects of  acetylcholine  leading to vasore-
laxation and maintaining the balance against 
various endothelium-derived contracting fac-
tors, such as ET-1 and  thromboxane A2  (TXA2). 
Furthermore, decreased NO bioavailability criti-
cally participates in atherothrombosis, given its 
antithrombotic, antiapoptotic, antiinfl ammatory 
and antioxidant effects [ 15 ,  16 ]. 

 In particular, the endothelium secretes the 
 tissue- type plasminogen activator  (t-PA), along 
with  the von Willebrand factor (vWF), the plas-
minogen activator inhibitor-1  (PAI-1), and the 
platelet activating factor. Thus, it seems to play 
a key role in the regulation of coagulation in 
response to vascular injury,  infl ammation , or other 
stimuli such as  oxidized low-density lipoprotein 
(oxLDL), tumor necrosis factor-α  (TNF- a) and 
IL-1 [ 17 ,  18 ]. In addition, ECs can produce a vari-
ety of principal molecules including cytokines 
and growth factors, such as IL-1, IL-6, IL-8, insu-
lin growth factor, transforming growth factor and 
colony stimulating factor in response to stimu-
lation with bacterial products, infl ammation, 
hypoxemia and other mediators [ 19 ,  20 ]. 

8.2.1     Pathophysiology 
of Endothelial Dysfunction 

 Endothelial dysfunction is now considered an 
important early event in the pathogenesis of 
ATH, contributing to plaque initiation and pro-

gression [ 21 ]. Generally, it is characterised by a 
shift of the aforementioned actions of the endo-
thelium toward reduced vasodilation and toward 
a proinfl ammatory and prothrombotic state. 
This process is the consequence of high preva-
lence of both traditional risk factors ( smoking,  
increased  cholesterol  levels,  hypertension)  and 
non- traditional risk factors ( infl ammation, oxi-
dative stress ,  hyperhomocysteinemia  etc.) [ 1 ] 
(Fig.  8.1 ). Also, ED has been repeatedly associ-
ated with low NO bioavailability as a result of 
impaired NO production by the endothelium and/
or increased NO inhibition by ROS [ 1 ].

    The  withdrawal of NO-mediated benefi cial 
effects on vascular function and to the formation 
of free radicals with proatherogenic properties. In 
particular, the term “oxidative stress” describes 
conditions involving increased ROS levels, pro-
duced by enzymes within vascular tissue, such as 
 nicotinamide adenine dinucleotide phosphate oxi-
dase  (NADPH), and  xanthine oxidase  [ 22 ]. Also, 
 tetrahydrobiopterin , an essential cofactor for NO 
synthases, has been recently suggested as a criti-
cal determinant for eNOS activity. Moreover, sig-
nifi cant data have demonstrated that vascular but 
not plasma tetrahydrobiopterin (BH4) is a central 
factor of eNOS coupling, endothelium-depen-
dent vasodilation, and superoxide production in 
human vessels, whereas plasma biopterins are 
associated with systemic infl ammation [ 23 ,  24 ]. 

 NO is essential to vascular homeostasis, while 
disturbance of the eNOS ability to produce NO is 
a major contributor to the pathogenesis of vascu-
lar disease. It has been shown by  in vivo  studies 
that expression of eNOS is vital for endothelial 
function and that this enzyme is subjected to 
signifi cant degrees of regulation by numerous 
physiological and pathophysiological stimuli via 
mechanisms that alter steady-state eNOS mRNA 
levels. Such stimuli include  shear stress , trans-
forming growth factors, cell growth,  hydrogen 
peroxide  (H 2 O 2 ),  hypoxia  and oxLDL [ 25 – 27 ]. 
Moreover, it is well-known that  oxidative stress  is 
implicated in all stages of infl ammation, includ-
ing  hypertrophy ,  apoptosis ,  migration ,  fi brosis , 
 angiogenesis  and ED participating in complex 
processes leading in vascular remodeling. It 
stimulates infl ammatory processes, via multiple 
intracellular proteins, enzymes and transcription 
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factors activated by ROS [ 28 ,  29 ]. Importantly, 
 angiotensin-II  (Ang II) plays a pivotal role in 
cascades leading in expression of proinfl amma-
tory mediators and extracellular matrix modifi -
cation. Accordingly, vascular NADPH oxidase 
is activated, and the produced ROS stimulate 
redox-sensitive infl ammatory genes, such as 
those encoding  monocyte chemotactic protein- 1   
(MCP-1) and IL-6 [ 29 ,  30 ].  

8.2.2      Biomarkers in Vascular 
Disease 

 Comprehension of mechanisms which are impli-
cated in the development of ED is vital for estab-
lishing biomarkers as potential diagnostic tools 
and designing prevention or treatment strategies. 
This approach could be equally attractive in both 
preclinical and clinical ATH and accordingly, in 
CVDs [ 31 ]. According to recent studies, selected 

biomarkers may be associated with ED and sci-
entifi c interest has focused on detection and mon-
itoring of them (Table  8.1 ).

8.2.2.1       C-Reactive Protein (CRP) 
 The most exploited circulating infl ammatory 
marker in plasma is CRP. In addition to its role as 
a marker, it can exert modulatory effects through 
its well-demonstrated presence in atheroscle-
rotic plaques [ 32 ]. CRP is an acute-phase protein 
produced in the liver and has a homopentameric 
structure, each with 206 amino acids that are 
combined in a three-dimensional structure, and 
Ca 2+ -binding specifi city for phosphocholine [ 33 ]. 
Besides being a sensitive marker for the detec-
tion of subclinical infl ammation, CRP has been 
suggested to participate in the pathophysiology 
of ATH. Moreover, it stimulates the secretion of 
proinfl ammatory cytokines and tissue factor and 
may contribute to vascular remodeling via its 
effects on eNOS [ 34 ]. 
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  Fig. 8.1    Pathophysiological mechanisms contributing to vascular disease       
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 A growing body of literature has demon-
strated that CRP levels may be correlated with 
ED. Moreover, it may stimulate expression of 
various biomarkers, such as ICAM, vascular cell 
adhesion molecule 1 (VCAM-1) and E-selectin 
[ 35 ]. Moreover, according to experimental data 
CRP may also induce a signifi cant impairment of 
endothelial-dependent vasorelaxation in various 
conditions which could lead to an increased car-
diovascular risk profi le [ 36 ]. In line with this evi-
dence, Venugopal et al. [ 37 ] have demonstrated 
that CRP decreased eNOS mRNA, protein abun-
dance, and enzyme activity in cultured human 
aortic ECs. Furthermore, increased CRP plasma 
levels across the coronary circulation have 
been associated with impairment in coronary 
endothelial- dependent function, even though its 
relationship with the severity and extent of coro-
nary atherosclerosis is not clear [ 38 ].  

8.2.2.2     Other Biomarkers in ED 
 Impaired endothelium dependent vasodilation 
along with alterations in the expression of adhe-
sion molecules and proinfl ammatory molecules 
are present in state of ED. More specifi cally, 
increased IL-6, TNF-a, and especially ICAM-

1, VCAM-1, and E-selectin are associated with 
ED. These molecules may also participate in ECs 
stimulation to promote an atherogenic pheno-
type [ 39 ]. In addition, other chemotactic factors 
could be expressed such as MCP-1, macrophage 
colony- stimulating factor, and TNF-β which con-
tribute to the development of infl ammation within 
the arterial wall related with the pathogenesis of 
atherosclerosis [ 40 ]. As aforementioned, vascular 
endothelium produces various other molecules 
that affect blood fl uidity and thrombosis, such as 
plasminogen activator inhibitor-1 (PAI- 1), tissue 
factor and vWF. These in turn, are regulated by 
the production of NO, prostacyclin, tissue plas-
minogen activator and thrombomodulin [ 41 ]. 
Moreover, CD40 ligand (CD40L) is expressed 
on monocyte/macrophages, ECs, smooth mus-
cle cells and platelets, and as a consequence of 
CD40L binding to CD40, several infl ammatory 
processes are initiated by the release of cytokines 
and the expression of adhesion molecules. In 
particular, the link between CD40/CD40L and 
CVDs has been established in numerous stud-
ies [ 41 ]. The pathophysiological substrate is still 
under investigation however, evidence suggests 
that initially, CD40L has an unfavorable effect on 
the vascular  redox state  [ 41 ]. 

 Accordingly, it has been suggested that circu-
lating markers of oxidative stress, including F2 
isoprostanes and antibodies against oxLDL, are 
increased in humans with  diabetes  [ 42 ]. Notably, 
given that there is oxidative degradation of BH4 
by ROS in ED, BH4 plasma levels along with 
levels in the vascular wall could refl ect vascu-
lar endothelial health [ 43 ]. Moreover, clinical 
data have suggested that hyperhomocysteinemia 
may be associated with impaired  renal function , 
potentially through affecting endothelial func-
tion. Thus, plasma  homocysteine  levels may be 
considered as an intermediate factor between 
ED and renal function [ 44 ]. Also,  asymmetrical 
dimethylarginine  (ADMA) as an endogenous 
eNOS inhibitor has been associated with ED in 
several CVDs, such as hypercholesterolemia and 
coronary artery disease [ 45 ]. It is worth mention-
ing,  endothelial progenitor cells  (EPCs) are cur-
rently considered to participate in vascular repair 
and maintain endothelial integrity thus, they 

   Table 8.1    Biomarkers associated with endothelial 
dysfunction   

 Category  Biomarker (plasma) 

 Acute phase protein  CRP 
 Adhesion molecules  ICAM-1 

 VCAM-1 
 Cytokines/chemokines  IL-1, IL-6 

 TNF-a 
 MCP-1 

 Pro-coagulant and thrombotic 
markers 

 PAI-1 
 Fibrinogen 
 vWF 

 Other biomarkers  EPCs 
 Soluble CD40 ligand 
 Selectins (E-Selectin) 
 Tetrahydrobiopterin 

   Abbreviations :  CRP  C-reactive protein,  ICAM  intercel-
lular cell adhesion molecules,  VCAM-1  vascular cell 
adhesion molecule-1,  MCP-1  monocyte chemoattractant 
protein-1,  IL  interleukin,  TNF-a  tumor necrosis factor-
alpha,  PAI-1  tissue plasminogen activator inhibitor-1, 
 vWF  von Wilebrand factor,  EPCs  endothelial progenitor 
cells  
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may exhibit a role as prognostic biomarker in 
CVD. EPC number and function may be used as 
biomarkers and more specifi cally, reduced circu-
lating numbers and functional capacity may pre-
dict future cardiovascular events, independently 
of other cardiovascular  risk factors  [ 46 ].    

8.3     Genetic Contribution 
in Vascular Endothelium: 
The Role of Polymorphisms 

 Currently, a growing body of evidence has 
emerged regarding genetic component and its 
role in the aim of assessing vascular endothe-
lium. Of note, genetic variation within the popu-
lation seems to determine endothelial responses 
and potential modify both atherogenesis and an 
individual’s responses to risk factors. It has been 

estimated that only 10–20 % of the variation in 
endothelial function may be accounted for by 
genes [ 47 ]. 

8.3.1     eNOS 

 The eNOS gene includes 26 exons, 25 introns 
and it is located at 7q35–7q36 of chromosome 
7, while the protein consists of 1,203 amino 
acids and has a molecular weight of 133 kDA 
[ 48 ]. It has been the focus of intensive research 
to identify potentially functional  polymorphisms  
infl uencing ED, as more than 100 polymor-
phisms have been identifi ed in the eNOS gene 
(Table  8.2 ). Some of them (e.g. T–786C pro-
moter polymorphism) are situated in the eNOS 
promoter and might infl uence mRNA transcrip-
tion reducing gene expression [ 53 ]. More spe-

   Table 8.2    Most important single nucleotide polymorphisms of eNOS gene and their relationship with endothelial 
dysfunction   

 SNPs  Participants  Examined parameters  Comments 

 G894T [ 49 ]  104 patients with CAD  Endothelium-dependent
vasorelaxations 

 It is associated with impaired
NO-mediated endothelial
vasomotor function 

 G894T [ 50 ]  248 healthy subjects  FMD/GTN-induced dilation  It is associated with differences 
in endothelial responses to both
smoking and n-3 FA in healthy
young subjects 

 G894T [ 51 ]  Human endothelial cells  Subcellular localization and
interaction of eNOS with
modulatory proteins 

 It does not have a major effect in
modulating eNOS activity  in vivo  

 G894T [ 52 ]  56 patients with a
history of premature MI 

 Forearm blood fl ow  It is associated with impaired
endothelial function and higher
levels of von Willebrand factor 

 T786C [ 53 ]  11 patients with CAD 
and 9 controls 

 Endothelial NO synthesis 
and coronary spasm 

 It is associated with reduced
endothelial NO synthesis and
predisposes to coronary spasm 

 T786C [ 54 ]  Endothelial cells
cultures (154 patients
with CAD and 174
non-CAD subjects) 

 NO-dependent relaxation 
was examined in segments 
of saphenous vein 

 It is associated with blocking
shear stress-dependent
maintenance of NOS-3 expression 

 Shear stress-induced NOS-3
mRNA and protein expression 

 ecNOS4a/b [ 55 ]  549 subjects with, 
and 153 without CAD 

 Distribution of polymorphism
in CAD in relation to smoking 

 It is associated with predisposition
to endothelial dysfunction 

 A922G [ 53 ]  11 patients with CAD
and 9 controls 

 Endothelial NO synthesis 
and coronary spasm 

 It is associated with 
coronary spasm 

 T1468A [ 53 ]  11 patients with CAD
and 9 controls 

 Endothelial NO synthesis 
and coronary spasm 

 It is associated with 
coronary spasm 

   Abbreviations :  CAD  coronary artery disease,  NO  nitric oxide,  FMD  fl ow mediated dilation,  GTN  glyceryl trinitrate, 
 eNOS  endothelial nitric oxide synthase,  FA  fatty acid,  MI  myocardial infarction  
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cifi cally, Nakayama et al. [ 53 ] have demonstrated 
the existence of three linked mutations in the 
5′-fl anking region of the eNOS gene (T-786C, 
A-922G, and T-1468A) which are more prevalent 
in patients with coronary spasm than in the con-
trol group. Also, the T-786C mutation resulted in 
a signifi cant reduction in eNOS gene promoter 
activity, whereas neither the A-922G nor the 
T-1468A mutation had any affect, suggesting that 
this single nucleotide polymorphism  (SNP)  may 
reduce endothelial NO synthesis and predispose 
to coronary spasm.

   One of the most studied NOS polymorphisms 
is the polymorphism in exon 7 of NOS3, a G-T 
transition at position 894 that results in a Glu 
to Asp amino acid substitution for codon 298 
(894GT) within exon 7. It is the only common 
polymorphism identifi ed thus far that encodes 
an amino acid substitution. Signifi cant data have 
shown that eNOS Asp298 is subjected to selec-
tive proteolytic cleavage in ECs and vascular 
tissues that might account for reduced vascular 
NO generation, even though it has been else-
where suggested that eNOS Asp298 could be a 
marker for another possibly functional variant 
[ 51 ,  56 ,  57 ]. Moreover, given a novel method to 
 accurately determine molar quantities of each 
variant of G894T polymorphism (expressing 
them as green fl uorescent protein fusion proteins 
and using recombinant adenoviruses to facilitate 
transient infection of human microvascular ECs), 
the Asp substitution at 298 does not seem to have 
a major effect in modulating eNOS activity  in 
vivo  [ 51 ]. In turn, Guzik et al. [ 49 ] have inves-
tigated the relationships between NO-mediated 
endothelial function with the presence of the 
eNOS Glu298Asp variant via endothelium-
dependent vasorelaxation to different agonists 
which were determined in human saphenous 
veins of coronary artery disease (CAD) patients. 
NO-mediated endothelial vasorelaxation was 
highly variable between patients, and reduced 
values were associated with increased num-
ber of clinical risk factors for ATH. This vari-
ant was not associated with any differences in 
contractions to phenylephrine, NO-mediated 
vasorelaxations to acetylcholine, bradykinin or 
calcium ionophore, nor relaxations to the NO 

donor sodium nitroprusside, suggesting that this 
polymorphism may not have a major direct func-
tional effect on vascular eNOS activity in human 
ATH [ 49 ]. 

 More recently however, a study by Antoniades 
et al. [ 52 ] has provided new evidence about its 
potential association with endothelial function 
and with markers of ECs injury and activation. 
The study population consisted of 56 patients 
with a history of premature myocardial infarction, 
while the forearm blood fl ow was measured using 
strain-gauge plethysmography. Of note, the pres-
ence of 894 T allele on eNOS gene is associated 
with impaired endothelial function and higher 
levels of von Willebrand factor in relatively young 
patients with myocardial infarction. Subsequently, 
the same investigators have attempted to explore 
the determinants of GCH1 gene expression, 
which codes for a rate-limiting enzyme in the bio-
synthesis of BH4, an eNOS cofactor important for 
maintaining enzymatic coupling. They have dem-
onstrated that GCH1 gene expression modulated 
by a particular GCH1 haplotype, is a major deter-
minant of BH4 bioavailability both in plasma and 
in the vascular wall thus, this genetic variation 
may be a determinant of eNOS coupling, vascu-
lar redox state, and endothelial function in human 
vascular disease [ 58 ]. 

8.3.1.1     CRP Gene Variation 
 Its role has already been discussed in Sect.  8.2.2 . 
It has been suggested to participate in several 
related processes, such as the binding of LDL- 
cholesterol from macrophages to form foam 
cells and the development of vulnerable plaques, 
while it stimulates the secretion of pro-infl amma-
tory cytokines and tissue factor, thus contribut-
ing to vascular remodeling [ 59 ,  60 ]. Moreover, 
CRP levels have been inversely correlated with 
ED and with the prediction of future or recur-
rent cardiovascular events [ 61 ]. The CRP gene 
is located on chromosome 1 in the region 1q21–
q23. It consists of two exons encoding the CRP 
monomer of 206 amino acids, with an interven-
ing intron, while the circulating protein is a sym-
metric, noncovalently associated pentamer with 
a central pore [ 62 ]. Due to the fact that circulat-
ing levels of CRP are widely used to determine 
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infl ammatory response, it is not surprising that 
CRP gene variation has been studied in relation 
to infl ammatory disorders. More specifi cally, it 
seems that CRP SNPs may be associated with 
the risk of developing infl ammatory disease and 
also with its severity [ 63 ]. Furthermore, multiple 
CRP gene polymorphisms have been shown to 
associate with circulating CRP, and in turn with 
CVD. According to Lawlor et al. [ 64 ], however, 
according to data derived from fi ve large trials (a 
total of 18,637 individuals) rs1130864 (on the 3′ 
untranslated region of CRP) was associated with 
serum CRP, and serum CRP was associated with 
coronary heart disease, though there was no a 
direct association between the SNP and disease.  

8.3.1.2    Cytokines 
 Most of the cytokines are glycoproteins with a 
monomeric molecular mass of 15–25 kDa. IL-6 
and TNF-a are some of the main cytokines partic-

ipating in atherogenesis and as regards their struc-
ture, IL-6 is a four helix bundle, while TNF-a is a 
trimeric protein [ 1 ]. Notably, genetic variants of 
interleukin genes have been associated with their 
plasma concentrations and with the risk of CVDs 
[ 65 ,  66 ]. Moreover, according to experimental 
studies which examined the functional effect 
of four polymorphisms in the IL-6 promoter 
(G-597A, G-572GC, −373A(n)T(n), G-174GC), 
more than one of the polymorphic sites is func-
tional and they may infl uence IL-6 transcription 
not by a simple additive mechanism but rather 
through complex interactions determined by 
the haplotype [ 67 ]. Also, Stoica et al. [ 68 ] have 
recently evaluated the association between IL-6 
(G-174 T, nt565 G/A) and IL-10 (G-1082A, 
C819T, C-592A) gene polymorphisms with the 
short-term risk of postoperative cardiovascular 
events and with endothelial function in patients 
with peripheral artery disease (Table  8.3 ). They 

   Table 8.3    Most important single nucleotide polymorphisms associated with endothelial dysfunction   

 Study  SNPs  Genes  Comments 

 Antoniades et al. [ 52 ]  G894T  eNOS  Association with impaired endothelial function
and higher levels of von Willebrand factor 

 Nakayama et al. [ 53 ]  T786C  eNOS  Association with reduced endothelial NO
synthesis and predisposition to coronary spasm 

 Wang et al. [ 55 ]  ecNOS4a/b  eNOS  Association with predisposition to endothelial 
dysfunction 

 Nakayama et al. [ 53 ]  A922G  eNOS  Association with coronary spasm 
 Nakayama et al. [ 53 ]  T1468A  eNOS  Association with coronary spasm 
 Stoica et al. [ 68 ]  G-174 T  IL-6  Association with ED 
 Stoica et al. [ 68 ]  nt565 G/A  IL-6  Association with ED 
 Stoica et al. [ 68 ]  G-1082A  IL-10  Association with ED 

 (ATA haplotypes)  C819T 
 C-592A 

 Ponthieux et al. [ 69 ]  G/R241  ICAM-1  Association with serum ICAM-1 levels 
 Motawi et al. [ 70 ]  K469E  ICAM-1  Association with vascular disease 
 Motawi et al. [ 70 ]  Ser128Arg  E-selectin  Association with vascular disease 
 Yoshida et al. [ 71 ]  Thr715Pro  E-selectin  Association with predisposition to atherosclerosis 
 Vadapalli et al. [ 72 ]  3A/4A  ET-1  Association with more pronounced ED 

 Lys198Asn 
 Ezzidi et al. [ 73 ]  4G/5G  PAI-1  Association with PAI-1 levels and 

microvascular disease  G-844A 
 Robinson et al. [ 74 ]  C-7351T  tPA  No association with endothelial function 

and microvascular disease  T20 099C 
 T27445A 

   Abbreviations :  NO  nitric oxide,  eNOS  endothelial nitric oxide synthase,  BH4  tetrahydrobiopterin,  CRP  C-reactive pro-
tein,  IL  interleukins,  ED  endothelial dysfunction,  GCH1  GTP-cyclohydrolase I is encoded by GCH1,  ICAM-1  intercel-
lular adhesion molecule 1,  PAI-1  plasminogen activator inhibitor-1,  ET-1  endothelin-1,  tPA  tissue plasminogen activator  
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have shown that IL-6 -174CC and nt565AA 
genotypes, as well as IL-10 ATA haplotypes are 
correlated with ED in these patients, as indicated 
by decreased values of  fl ow mediated dilation  
(FMD), and with a high short- term risk of acute 
postoperative cardiovascular events. Moreover, 
in the setting of non-ST- elevation  acute coro-
nary syndromes  (ACS), genetic variation at the 
IL-1 gene locus contributes to the changes in 
soluble endothelial activation markers (vWF 
and E-selectin   ) [ 75 ]. It is also worth-noting that 
according to preliminary data, there is a signifi -
cant and independent association between the 
IL-6 G-572C gene polymorphism (presence of C 
allele) and adolescents with a family history of 
premature ATH [ 76 ].

8.3.1.3        Adhesion 
Molecules-Chemokines 

  Cell adhesion molecules  (CAMs) are transmem-
brane glycoproteins consisting of an extracellular 
component with a hydrophobic transmembrane 
component and an intracytoplasmic component. 
Integrins, the immunoglobulin superfamily and 
the selectins are the three families of CAMs. 
Also, chemokines are members of a group of 
structurally related and secretable, chemotactic 
cytokines divided into four families (CC, CXC, 
CX3C, XC) and can be located in different vas-
cular cell types, such as ECs but also infl am-
matory cells [ 77 ,  78 ]. ICAM-1 is thought to be 
associated with non-ECs infl ammation, while 
VCAM-1 is expressed more locally within the 
vascular system. It has been assessed the effect 
of a single-base polymorphism at codon 241 in 
exon 4 of ICAM-1 gene on serum ICAM-1 
(sICAM-1) concentration in a large healthy 
population, taking into account other biologi-
cal determinants of sICAM-1 level. The R241 
allele was signifi cantly associated with lower 
sICAM-1 levels and explained 3.4 and 1.9 % of 
the sICAM-1 variability in children and adults, 
respectively, probably due to the impairment in 
binding of ICAM-1 to leukocyte integrin Mac-1 
protein [ 69 ]. 

 Notably, it has been recently hypothesized 
that several candidate genes may be associated 
with markers of systemic infl ammation and ED 

in an aging population. Blood samples were 
analyzed for 202 SNPs in 25 candidate genes, 
while the relationship between markers of sys-
temic infl ammation and ED and these SNPs was 
evaluated in order to identify novel candidate 
genes which may elucidate the etiology and 
pathogenesis of CVD. It has been suggested 
that candidate genes potentially infl uence lev-
els of serum markers of infl ammation and ED, 
such as ICAM-1, VCAM-1, CRP and  fi brino-
gen  via several novel SNP associations which 
have not previously been associated with CVDs 
[ 79 ]. It is also worth mentioning that there are 
genotype-specifi c associations between circu-
lating soluble cellular adhesion molecules and 
preclinical ATH in community residents. It has 
been suggested that sVCAM-1 is independently 
associated with  carotid intima media thickness  
(IMT) in subjects with the  angiotensin convert-
ing enzyme gene  (ACE II) genotype or  apolipo-
protein E gene  (apoE4) genotype. Similarly, the 
plasma level of sICAM-1 was independently 
associated with carotid IMT in angiotensinogen 
gene (AGT) M carriers. These fi ndings suggest 
that genetic background could be involved in 
the association between plasma CAMs and ATH 
[ 80 ]. Of note, the investigation of the associa-
tion of both ICAM-1 and endothelial cell adhe-
sion molecule  (E-selectin)  polymorphisms as 
well as their role in the pathogenesis of ATH 
have recently been attempted. Particularly, Ser 
128Arg of E-selectin and the K469E of ICAM-1 
polymorphisms may be involved in predisposi-
tion to ATH. More specifi cally, the frequency 
of the mutant AC genotype of E-selectin in 
peripheral, cerebral and cardiovascular ath-
erosclerotic patients was signifi cantly higher 
than in control subjects. Also, the frequency 
of the mutant EE homozygotes of ICAM-1 in 
peripheral, cerebral and cardiovascular athero-
sclerotic patients was signifi cantly higher com-
pared to controls, while the frequency of EK 
of ICAM-1 showed no signifi cant difference 
between atherosclerotic patients and the control 
group. The frequency of the mutant E allele of 
ICAM-1 was signifi cantly higher in peripheral, 
cerebral and cardiovascular patients compared 
to controls [ 70 ]. 
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 On the other hand, selectins are a family of 
cell adhesion molecules which include a single- 
chain transmembrane glycoprotein. According 
to previous data, the heritability of circulating 
P-selectin levels has been estimated between 45 
and 70 %. Specifi cally, the Thr715Pro polymor-
phism (rs6136) of the P-selectin gene (SELP) 
has been associated with lower soluble P-selectin 
levels, accounting for approximately 10–20 % 
of the variation in healthy European-American 
populations, while other SELP polymorphisms, 
such as Val599Leu (rs6133), appear to account 
for some of the residual variance in soluble 
P-selectin among these populations [ 81 ,  82 ]. Of 
note, it has been demonstrated by Yoshida et al. 
[ 71 ] that the E-selectin Ser128Arg polymor-
phism was signifi cantly associated with rolling 
and adhesion of neutrophils and mononuclear 
cells as well as phosphorylation of extracellular 
signal regulated kinase 1 and 2 and p38 mito-
gen-activated protein kinase, suggesting that an 
altered endothelial signaling pathway is associ-
ated with this polymorphism. Moreover, accord-
ing to data derived from the population-based 
CARDIA study which assessed relationship of 
25 P-selectin SNPs with atherosclerotic risk, 
common SELP polymorphisms were associ-
ated with soluble P-selectin and carotid IMT in 
young adults, even though the patterns of asso-
ciation differed between European-Americans 
and African-American, supporting the role of 
P-selectin in the preclinical stages of atheroscle-
rosis [ 83 ]. In line with this evidence, it had been 
previously suggested in a large cohort of patients 
with documented CAD an association between 
P-selectin gene  polymorphisms (C-2123G, 
A-1969G, and Thr715Pro) and serum P-selectin 
levels which altogether explained 7.3 and 18.6 % 
of the P-selectin variability in patients and con-
trols, respectively. Also, it has been revealed a 
complex age- dependent relation between solu-
ble P-selectin levels and CAD, which suggests 
that this molecule might have different roles in 
the atherothrombotic process [ 82 ]. Moreover, 
according to Volcic et al. [ 84 ] who examined the 
association of the P-selectin Thr715Pro polymor-
phism with the incident of coronary heart disease 
(CHD) and ischemic stroke among 14,595 partic-

ipants, genotypes carrying the P-selectin Pro715 
variant allele were associated with decreased 
P-selectin levels compared to the homozygous 
wild-type genotype, even though this polymor-
phism was not associated with incident CHD or 
ischemic stroke.  

8.3.1.4     Other Endothelium-Derived 
Mediators 

 In addition, it is well-established that ET-1 is 
an endothelium-derived peptide with multiple 
functions affecting cardiovascular system, given 
its role as a powerful vasoconstrictor with mito-
genic activity on vascular smooth muscle and 
fi broblasts. Also, vascular endothelium pro-
duces a variety of other molecules that affect 
blood fl uidity and thrombosis, such as PAI-1, tis-
sue factor, and vWF which are regulated by the 
production of NO, prostacyclin, tPA, and  throm-
bomodulin.  Furthermore, the  CD40L protein  is 
a type II membrane protein, the extracellular 
region of which belongs to the TNF superfam-
ily. The B cells are the main cell type express-
ing CD40; however, a variety of cells involved 
in ATH, such as ECs, SMCs, macrophages, T 
lymphocytes and platelets, also express both 
CD40 and CD40L. As a consequence of CD40L 
binding to its receptor, several infl ammatory 
processes are initiated. Noticeably, both are 
molecules with a dual prothrombotic and proin-
fl ammatory role [ 1 ,  85 ]. 

 ET-1 is produced as a 212 amino acid pre- 
proendothelin and is processed to a relatively 
inactive 39 amino acid molecule, which is then 
converted by the membrane-bound endothelin 
converting enzyme-1 to a 21 amino acid func-
tional peptide. Genetic variants of the ET-1 gene 
(3A/4A, Lys198Asn) have been suggested to 
alter its expression and play a role in endothelial 
function. More specifi cally, according to a recent 
study which evaluated their contribution to endo-
thelial function in patients with idiopathic pulmo-
nary hypertension, ED was more pronounced in 
the individuals with ET-1 variants, and they were 
shown to play a signifi cant role in susceptibility 
to the disease and its clinical progression [ 72 ]. 

 Furthermore, mutations in the PAI-1 gene, 
along with altered PAI-1 and tPA levels, have 
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been implicated in vascular disease. In 856 type 
2 diabetes patients PAI-1 4G/5G and -844G/A 
genotyping was investigated in regards to micro-
vascular damage. Alterations in PAI-1 levels have 
been identifi ed, while genetic variations at the 
PAI-1 locus have been revealed as risk factors for 
diabetic retinopathy [ 73 ]. In addition, our insight 
into the regulation of the synthesis and release of 
t-PA has extended markedly in the last decade, 
however mechanisms underlying acute release of 
t-PA from the endothelium are still under investi-
gation. Therefore, Robinson et al. [ 74 ] have eval-
uated whether polymorphisms of the t-PA gene 
(C-7351T, T20 099C, T27445A) could infl uence 
endothelial function, as evaluated from forearm 
blood fl ow in response to intra- brachial infusion 
of  substance  P and  sodium nitroprusside , and 
acute endogenous t-PA release in 96 patients with 
CAD. However, they have found no effect of the 
polymorphisms on two complementary aspects 
of endothelial function, or a major infl uence on 
acute t-PA release in this population. Moreover, it 
is unknown whether genetic variations in CD40/
CD40L genes contribute to atherogenesis and 
the development of vascular disease. It is worth 
noting that genetic polymorphisms related to 
plasma CD40L levels could be used to examine 
whether this molecule constitutes a causal fac-
tor. Accordingly, it has been evaluated the role 
of genetic variation in CD40 and CD40L genes 
in subclinical ATH assessed by coronary artery 
calcifi cation and IMT in subjects from families 
in the Diabetes Heart Study. The results of the 
study showed that the two SNPs in the CD40 
gene (rs1535045 and rs3765459) were signifi -
cantly associated with decreased coronary artery 
calcifi cation in this population. However, they 
were not associated with other parameters of the 
study [ 85 ,  86 ].    

    Conclusions 

 It is widely accepted that atherosclerosis is a 
disease which for the most part is character-
ised by endothelial dysfunction and vascular 
infl ammation. Moreover, vascular disease is 
a multi- factorial disorder with many environ-
mental and genetic factors involved, while 
its genetic predisposition has been studied 

with respect to several candidate genes. The 
genes encoding components of the infl amma-
tory cascade, including cytokines, adhesion 
molecules and other biomarkers have been 
the most studied as candidate ones for that 
state, as well as related disorders. However, 
results have not always been consistent and 
data were limited to single studies, therefore 
it has been diffi cult to draw fi rm conclusions 
about these genes. Some of these uncertain-
ties could be resolved by systematic reviews 
and meta-analyses of the relevant genotype–
disease association studies and undoubtedly, 
further large-scale studies are required in the 
aim of defi ning genes that regulate vascular 
function.     
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  9      The Role of microRNAs 
in Cardiovascular Disease 

           Despina     Sanoudou     ,     Dimitris     Tousoulis     , 
and     Dennis     V.     Cokkinos    

    Abstract  

  MicroRNAs were discovered approximately two decades ago, and have 
dramatically changed our understanding of physiological and pathologi-
cal functions since. These small (≈22 nucleotides in length) non- coding 
RNAs, have the ability to silence the expression of various genes either 
through mRNA degradation or prevention of mRNA translation to proteins. 

 They have been associated with cardiac development, structure and 
function but also with every aspect of cardiovascular disease. They can 
be detected in organs but also in the circulation. A constantly expanding 
number is shown to have diagnostic or prognostic value. Finally, they are 
already serving as novel therapeutic targets and/or tools, through a broad 
range of approaches.  

  Keywords  
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  HYP    Hypertrophy   
  MiRs    MicroRNAs   
  MS    Metabolic syndrome   
  N    Necrosis   
  PAD    Peripheral artery disease   
  REM    Remodelling   
  ROS    Reactive oxygen species   
  SENSC    Senescence   
  TAC    Transverse aortic constriction   
  UTRs    3′ untranslated regions   
  VEGF    Vascular endothelial growth factor   
  VSMC    Vascular smooth muscle cell   

9.1           Introduction – General 
Knowledge 

9.1.1    What are microRNAs? 

 MicroRNAs (miRs) are small non-coding RNA 
molecules (approximately 18–25 nucleotides in 
size), which can bind to mRNA molecules and 
interfere with their stability. Specifi cally, mirRs 
are complementary to regions of the mRNA mol-
ecules, which allow their binding and can conse-
quently affect their translation through mechanisms 
such as translational repression, mRNA cleavage 
and deadenylation. Lee et al. [ 1 ], were the fi rst to 
describe this new class of molecules in 1993, in 
the nematode caenorhabditis elegans regulating its 
transition through the lower stages (miRNA lin-4). 
So far 2,042 miRs processed from 1,600 precur-
sors have been reported in humans (miR base, 
  www.Mitbase.org/index.shtml    ). According to 
Poller et al. [ 2 ], there are 1,424 separate miRNA 
genes in humans, while 1 % of genes are estimated 
to contain miRs they belong to the class of small 
RNAs, together with ncRNAs. 

 Thousands of publications have become 
available describing the involvement of miRs in 
physiological and pathological processes; large 
public databases have been created to store the 
related information and numerous bioinformati-
cal tools have been developed to complement 
and expedite in vitro and in vivo research (e.g. 
miRBase, microRNA.org, miRWalk, TarBase, 
miRTarBase, miR2disease, PhenomiR, miRNA-
bodymap, and more).  

9.1.2     How Are microRNAs 
Produced? (Biogenesis) 

 MiRs are transcribed from a variety of DNA 
regions (intergenic, intronic or polycistronic) 
but are not translated into proteins. For example, 
in many cases they reside in intronic regions of 
mRNA-coding genes, and share their regula-
tory elements, whereas in some cases they are 
coded by independent DNA regions with their 
own promoters. MiRs are transcribed by RNA 
polymerase II. The primary transcripts of miRs, 
pri- miRNAs, are hairpin-shaped molecules 
bearing a 5′ cap and a poly (A) adenosine tail on 
the 3′ edge [ 3 ,  4 ]. While still in the cell nucleus 
the pri- miRNAs are processed by the micro-
processor complex, which consists of Dorsha 
(an RNAse III enzyme) and Pasha/DGCR8 (a 
double-stranded- RNA-binding protein) [ 5 ,  6 ]. 
This process gives rise to the 70-nucleotide 
long pre-miRNA molecules. These are initially 
folded into imperfect stem-loop structures, and 
then form heterotrimers together with exportin 5 
and the Ran-GTPase, which enables their export 
to the cytoplasm through the nuclear pores [ 7 ]. 
Characteristically, they do not contain introns. In 
the cytoplasm, the RNase III enzyme Dicer inter-
acts with the 3′ end of the hairpin and cleaves 
the loop joining the 3′ and 5′ ends, leading to an 
imperfect miRNA duplex of approximately 22 
nucleotides in length. The more unstable (ther-
modynamic instability and weaker base-pairing) 
of these two strands is then incorporated into the 
RNA-induced silencing complex (RISC), and 
called “guide strand”. The remaining strand, 
referred to as “passenger strand” is degraded. 
The RISC complex contains Dicer and many 
associated proteins, including members of the 
Argonaute protein family, which are key to RISK 
function [ 8 ,  9 ] Argonaute proteins contain con-
served RNA binding domains that enable their 
direct interaction with the “guide strand”, and 
once this is integrated in the RISC complex, they 
orient it for interaction with a target mRNA. A 
number of miRs are expressed in clusters, sig-
nifying that two or three miRs are derived from 
a common parent mRNA. The miRs are highly 
conserved among species.  
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9.1.3     What is the Function 
of microRNAs? 

 MiRs exert their regulatory effects by binding 
to imperfect complementary sites within the 3′ 
untranslated regions (UTRs) of their mRNA tar-
gets. The formation of the double-stranded RNA, 
resulting from the binding of the miR, leads to 
gene silencing, either through the direct action of 
specifi c Argonaute proteins or through the recruit-
ment of additional proteins. Gene silencing can 
be achieved either through mRNA degradation or 
through prevention of mRNA translation to protein. 
The eventual course of this process depends on the 
extent of complementarity between the miR and 
the target mRNA. Consequently, in cases of com-
plete complementarity the mRNA molecules are 
degraded, whereas incomplete complementarity 
leads to translational repression. It should be noted, 
that even in the scenario of incomplete complemen-
tarity, a “seed region” of approximately 2–7 nucleo-
tides of the miR molecule, need to be perfectly 
complementary to its mRNA target. Once bound to 
each other, translation repression can be achieved 
either through the inhibition of mRNA translation 
to protein or through the faster deadenylation of the 
mRNA molecules, leading to their early degrada-
tion [ 10 ]. Incomplete complementarity is the pri-
mary mode of miRs function in animals. 

 Less frequent functions of miRs include his-
tone modifi cation and DNA methylation of pro-
moter sites which affected the expression of the 
target genes, as well as activation of gene expres-
sion [ 11 ,  12 ]. 

 On average according to Da Costa Marins and 
de Windt [ 13 ], a single miRNA can affect more 
than 100–200 target mRNA sites by degrada-
tion or translational inhibition or deadenylation 
[ 14 ,  15 ]. It is estimated that in mammals over 1/3 
of the genes are regulated by miRs.   

9.2     MicroRNAs in Cardiovascular 
Disease 

 It is becoming increasingly clear that miRNAs 
are involved in practically every aspect of cardio-
vascular (CV) development and pathophysiology. 

Latronico et al. [ 16 ] give a very detailed review 
of the miRs in cardiovascular biology, which will 
be referred to in many points of this chapter. 

9.2.1      MicroRNA Role in Cardiac 
Development, Differentiation 
and Proliferation 

 A number of miRs have been implicated in car-
diogenesis, including: miR-1, -133, -126α, -30c, 
-26α, -208, -30c, −264 and let-7. miR-1-1 is fi rst 
expressed in the atria, while miR-1-2 is prevalent 
in the ventricles. Its overexpression in transgenic 
mice results in thin-walled ventricles. 

 The miR-133 family promotes proliferation 
and inhibits differentiation of myoblasts, an 
action opposite to miR-1. However both increase 
in expression with cardiac development, which 
suggests that they may derive from a common 
miRNA polycistron. Lagendijk et al. [ 17 ] have 
found that miR-23 restricts cardiac valve and spe-
cifi cally endocardial cushion formation in zebra 
fi sh and mice, through inhibiting hyaluronic acid 
synthase. 

 Porello et al. [ 18 ] point out that up-regulation 
of the miR-15 family, especially miR-195, was 
5-fold higher in the ventricles at 10 days of age as 
compared to day 1, in mice. These family mem-
bers are upregulated postnatally in the heart, thus 
causing myocyte cell cycle arrest. More specifi -
cally, overexpression of miR-195 (a member of 
the miR-15 family) is upregulated in ventricular 
septal defects and cardiac myocyte hypoplasia. 

 Another aspect of miR function probably 
belonging in this entity is the regulation of the 
mitochondrial genome in the heart; miRs regulate 
the expression of ≈ 30 % of nuclear genome in 
the heart, as well as mitochondrial gene expres-
sion function and ROS generation. This can be 
effected by their translocation from the nucleus 
to the mitochondria [ 19 ]. 

 Suárez and Sessa [ 20 ] point out that miRs are 
also involved in angiogenesis. They stress the 
importance of Dicer, the rate-limiting enzyme 
involved in miR maturation. Its loss leads to 
developmental defects which vary accord-
ing to the difference status of development in 
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which Dicer is depleted. Latronico et al. [ 16 ] 
further point out that at angiogenesis highly 
co-ordinated multistep processes are required, 
and that Dicer K/O mice were characterized by 
embryonic lethality and disorganized blood ves-
sels. According to Poliseno et al. [ 21 ] 15 highly 
expressed miRs have angiogenic properties in 
HUVECs, with miR-221 and -222 being most 
prominent. The interaction between miR-222 
and c-Kit, the receptor of the angiogenic stem 
cell factor controls the ability of endothelial cells 
(ECS) to form new capillaries. However, they 
also include the following: miR-126,-130α, -210, 
-15 and −16, 37β, the 17–92 cluster, -296, -135. 
Boon [ 22 ] further describes the infl uence of miR-
NAs on the control of vascular endothelial for-
mation through the vascular endothelial growth 
factor (VEGF) signalling. 

 Cordes and Sristava [ 23 ] also describe that 
miRs-1 and -133 which are derived from a 
common precursor transcript (bicistronic) are 
involved in the function of the cardiac conduction 
system: miR-1-2 mutant mice experienced sud-
den death and a spectrum of cardiac arrhythmias. 

They also exhibited a short PR and a prolonged 
QRS. In post-infarct rats, miR-1 overexpression 
increased arrhythmias while miR-133 represses 
the K + ion channels KCNQ1 and KCNH2. 

 The infl uence of miRNAs on cardiac devel-
opment and specifi cally their involvement in the 
“fetal gene expression program” is described by 
Kalozoumi and Sanoudou [ 24 ] who differentiate 
between pro-and anti-hypertrophic miRs, as will 
be further described. 

 These data will be further discussed in  9.4.4 . 
They also give a very comprehensive picture of 
miR action (Fig.  9.1 ).

9.2.2         MicroRNAs in Cardiac 
Hypertrophy 

 Numerous studies have assessed the involve-
ment of miRs in cardiac hypertrophy (HYP). For 
example, van Rooj et al. [ 25 ] report the overex-
pression of miRs 23a and b, 24, 195, 199a and 
214, and the underexpression of 150 and 181b 
in hypertrophic hearts. miR-208 has been shown 
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to regulate β-MHC as a response to stress, but 
not during normal development. Furthermore, 
Cheng et al. [ 26 ] found that approximately 50 
miRs were up- and 52 downregulated following 
TAC. According to van Roooiij et al. [ 27 ] miR- 
208 knockout mice had blunted HYP and fi bro-
sis in response to transverse aortic constriction 
(TAC), while αMHC was increased, as well as 
the thyroid hormone receptor associated protein 
1, together with absence of hypertrophy or fi bro-
sis. Yang et al. [ 28 ] describe that Angiotensin 
II- induces hypertrophy (HYP) through miR-98/
let-7 upregulation. They also point out that cyclin 
D2 which enhances postnatal growth is downreg-
ulated in this process. 

 Kalozoumi and Sanoudou (24) consider the 
following to be pro-hypertophic: -195, -23a, 23b, 
24, 214, 211, 129, 212, 199a and b, 27b, 208a, 
499, while 1 and 133 are antihypertrophic. It is 
interesting that 199b and 27b affect both HYP 
and heart failure, while 208a and 499 both HYP 
and arrhythmias, (also see Latronixo et al. [ 16 ]). 
Infl uences are signalled by diverse and multiple 
pathways enumeration of which lies outside the 
scope of this review. 

 Signifi cant miR changes related to cardiac 
HYP, can also be detected in blood circulation. 
For example, Roncarati et al. [ 29 ] showed that 
in patients with hypertrophic cardiomyopathy 
12 miRs were increased in the plasma; however, 
only miRs 199a-5p, 27a, and 29a were correlated 
with left ventricular (LV) hypertrophy, while 
only the latter was associated with both HYP and 
fi brosis.  

9.2.3    MicroRNAs in Atherosclerosis 

 Extensive work has unveiled a major role of miR-
NAs in atherosclerosis (ATH). A brief outline on 
the fi ndings relating to peripheral artery (PAD) 
and coronary artery disease (CAD) are presented 
herein. 

 As Papageorgiou et al. [ 12 ] and Tousoulis 
et al. [ 30 ] point out, miRs infl uence atheroscle-
rosis through many different molecular mecha-
nisms, including angiogenesis, vascular smooth 
muscle cell (VSMC) proliferation, infl ammation, 

and apoptosis (APO), which characterize vascu-
lar plaque vulnerability. 

 For example, miR-92a is an endogenous 
repressor of the endothelial cell (EC) angiogenic 
program along with miR-21, 17, 221, 222 and 
24. Meanwhile many miRs have been reported to 
affect VSMC growth and proliferation, such as 
the inhibitor miR-33. Inhibition of miR-26 pro-
motes SMC differentiation miR-21 is induced by 
shear stress and decreases apoptosis (APO) by 
upregulation of endothelial nitric oxide synthase 
(eNOS) [ 12 ]. As regards their infl uence on the 
phenotype of VSMCs, miRs 143 and 145 are crit-
ical for maintaining their contractile phenotype. 
They are downregulated in “synthetic” VSMCs. 

 MiRs 143 and 145 can prevent vascular 
remodeling and restenosis. Overexpression of 
miR-145 leads to reduced neointima formation in 
balloon-injured arteries; miR-221, 222 and 21 are 
upregulated in neointimal lessions. Knockdown 
of miR-221 and 222 suppresses VSMC prolifera-
tion and neointimal lesion formation after carotid 
angioplasty in rats. The same is seen after down-
regulation of overexpressed miR-21. 

 Another aspect by which miRs are involved 
in ATH is their infl uence on infl ammation. MiR- 
126 decreases VCAM-1 expression and leuko-
cyte adhesion to EC. Consistently with these 
reports, miR-126 is considered a master regula-
tor of endothelial function; it is highly enriched 
and actually expressed only in ECs. Its targeted 
deletion causes vessel leakage and hemorrhages, 
while its expression preserves vascular integrity 
by inhibiting infl ammatory mediation such as 
VCAM-1. It also upgrades modulation of stromal 
cell-derived factor-1, which promotes the recruit-
ment and mobilization of progenitor cell to the 
ischemic region. It has long been known that fatty 
meals cause an exaggerated postprandial increase 
of triglycerides (TGL) which is atherogenic. 
Sun et al. [ 31 ] describe that increased TGL and 
expression of the VCAM-1 receptor which pro-
motes monocyte adherence to the endothelium, 
is mediated through increased miR-126 activity. 
Furthermore, miR-31 and miR-17-3p exert an 
anti-infl ammatory action by regulating the TNFα 
induced expression of E-selectin and intercellular 
adhesion molecule-1 (ICAM-1) in EC [ 32 ]. 
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 The multi-faced nature of the atheroscle-
rotic vascular involvement is further stressed by 
Zampetaki and Mayr [ 33 ], who point out that 
the metabolic derangements leading to ATH and 
coronary artery disease CAD are associated with 
miRs related to increased cholesterol synthe-
sis but also reduced cellular cholesterol export. 
For example, miR-122 inhibition reduces total 
cholesterol (by decreasing its synthesis) and 
increases hepatic fatty acid oxidation; miR-122 
is regulated by miR-370. Chen and Juo [ 34 ] note 
that it is the most abundant miR in the liver (75 % 
of total miR expression). Its defi ciency in vari-
ous strains of transgenic mice results in a ≈ 30 % 
reduction of total cholesterol and TGL levels. Its 
inhibition leads to a reduction of fatty acid liver 
content and synthesis. 

 Chen et al. [ 32 ] describe the miR-33 involve-
ment in atherosclerosis; its inhibition increases 
HDL levels in African green monkeys; miR-
33 also reduces fatty acid oxidation, increases 
intracellular TGL levels and promotes hepatic 
TGL synthesis. Its overexpression increases the 
level of hepatic bile acids. It also reduces the 
production of IL-1β and TNF-α, serving as an 
anti- infl ammatory agent in macrophages. It also 
inhibits the activation of downstream insulin- 
signaling pathways. Torella et al. [ 35 ] point out 
that while miR-1 vascular levels are negligible, 
miR-133 is robustly expressed in VSMCs and has 
protective actions. Actually, miR-133 reduces but 
anti miR 133 exacerbates VSCM proliferation 
and migration. 

 Norata et al. [ 36 ] reviewed the relationship 
of miRs and lipoproteins. They describe that 
miR- 33, and 122, 106, 758, 26, 370, 378, let-7, 
27, 103, 107, 34α, 143, and 335 fi nely regulate 
lipid metabolism and progression and regression 
of ATH. 

 They further note that miR-33b is not con-
served in rodents, which may explain some of 
the differences between rodent models of ATH 
and humans. They repeat that its inhibition leads 
to an increase of plasma HDL and regression of 
ATH, while it also increases the degradation of 
VLDL. Overexpression of miR-33 signifi cantly 
inhibits insulin signaling. Thus, anti-miR-33 ther-
apies may be an attractive therapeutic approach. 

 Importantly, circulating miRs may not act 
only as markers but also as effectors: LDL and 
HDL have been shown to transport miRs [ 37 ]. 
Affecting their bioavailability, and probably their 
contribution to immunity. In this context Wang 
et al. [ 38 ] have shown that repression of miR-10b 
promotes reverse macrophage cholesterol trans-
port in mice. 

 Ma et al. [ 39 ] studied miR-155, a multifunc-
tional miRNA that is expressed in the ECs, where 
it suppresses the expression of Angiotensin II type 
1 receptor, a modulator of expression of infl am-
mation. Interestingly, miR-155 is also expressed 
in the macrophages and atherosclerotic plaques, 
where it is induced by oxidized LDL. Furthermore, 
it seems to negatively modulate infl ammation, and 
confer protective effects in VSMCs. 

 One can only marvel at this huge array of 
molecular players and realize the complexity 
of attempting atherosclerotic treatment through 
miRNA manipulation.  

9.2.4     Action of microRNAs 
on Platelets 

 Stakos et al. [ 37 ] have written a pertinent review 
on this role of miRs, pointing out that human 
platelets express high levels of megakaryocyte- 
derived miRs. They mention that in 2008 it was 
fi rst reported that the platelets of patients with 
polycythemia vera and essential thrombocythe-
mia had a higher expression of miR26-b in their 
platelets. The authors further describe in detail 
how miRs regulate platelet function: The P2Y12 
receptor plays a central role in platelet activa-
tion; miR-223 represses its gene expression; 
miR- 200b may keep platelets in a hyporeactive 
state. MiR-107 targets and reduces the mRNA 
of the circadian locomotor output cycles Kaput 
(CLOCK) which regulate circadian rhythm in 
many species. It may be associated together with 
increased plasma von Willebrand factor levels 
with a pro-thrombotic state. 

 Further associations include: Platelet coagu-
lation and wound healing are impeded by miR-
17 overexpression due to fi bronectin inhibition; 
miR-29 is associated with a decrease in fi brogen 
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production; miR-96 decreases platelet reactivity; 
while miR-495 is associated with platelet hypo-
reactivity to epinephrine. The angio-miRs-126, 
-21 and -210 appear to have a very interest-
ing role as well. MiR-126 which is endothelial 
specifi c is also proangiogenic miRNA, which 
is also abundant in platelets, suggesting that 
platelets may communicate with ECs. miR-
200b prevents platelet activation by suppressing 
CAMP- dependent protein kinase II-β regulation 
subunit gene expression in the megakaryocytes. 

 Zampetaki and Mayr [ 33 ] stress that platelets 
contain abundant quantities of small miRs, result-
ing into a higher miR/mRNA ratio as compared 
to nucleated cells. They cite miRs 223, 123, 103, 
let-7, 21, 107, 24 and 222. 

 Tousoulis et al. [ 30 ] provide a detailed list 
of miRs involved in the atherosclerotic process 
which in many ways affect various processes:
   Platelet activation (17, 24, 191, 197, 223)  
  Nitric oxide (21, 155, 222/222, 214, 217), apop-

tosis (21)  
  Angiogenesis (28b, 130, 217, 222/222, 378)  
  VSCM proliferation (21, 143/145, 222/222)  
  Infl ammation (125a/b, 221/222) adhesion mole-

cules (17–30, 31), and  
  Collagen formation (133), among others.      

9.3     MicroRNAs in Diabetes 
Mellitus 

 MiRNAs have been implicated in diabetes 
through multiple mechanisms: they contribute 
to insulin resistance, impaired angiogenesis, and 
diabetic cardiomyopathy. Shantikumar et al. [ 40 ] 
studied the role of miRs in diabetes and its car-
diovascular complications through a variety of 
diabetic animal models i.e. rats, mice, rabbits, as 
well as humans, and in various tissues, such as 
skeletal and cardiac muscles, liver, adipose tis-
sue, omentum, subcutaneous fat, ECs and retina. 
The following miRs were found to be  upregu-
lated : 29 family (a/b/c), 103, 125a,b, 195, 27a, 
221, 222, 181a, 147, 197, 320, 503, 1, 206, 206b, 
146, 155, 131, 21, 133. In contrast the following 
were found to be  downregulated:  24,10b, 17-5p, 
132, 134, 27a, 30e, 140, 155, 210, 133a, 200b. 

 Mortuza and Chakrabarti [ 41 ] recently also 
investigated the role of miRs in diabetes. They 
found that miR133a downregulation in chronically 
diabetic rat hearts was associated with SGK1 and 
IGF1 upregulation which induce HYP. MiR- 133 
however, has been described as either increased 
or decreased across different studies, which could 
be only partly explained by the diversity of condi-
tions examined. Some points should be stressed: 
miR-133 is downregulated in the myocardium 
according to some authors but upregulated accord-
ing to others. This upregulation caused a reduction 
of the G protein levels with resultant QT prolon-
gation. It can also be the cause of hypertrophy in 
diabetic cardiomyopathy [ 42 ]. 

 Baseler et al. [ 43 ] studied the myocardium of 
mice rendered diabetic after streptozotocin treat-
ment and identifi ed 26 upregulated miRs, notably 
miR-205, -141, 208b, and 200c. They comment 
on the role of miR-141 as a regulator of the 
production of ATP for the inner mitochondrial 
membrane. 

 According to Zampetaki and Mayr [ 33 ], 
multiple miRs are also involved in glucose 
homeostasis. For example, miR-375 suppresses 
insulin secretion, while miRs -9, -96 and -124a 
fi ne-tune insulin release. Importantly, while 
miR 124 promotes insulin secretion under basal 
conditions, it attenuates it in response to glucose 
stimulation. MiRs-34a and -146 induce b-cell 
APO, while miRs-103 and -107 are negative 
regulators of insulin sensitivity. The let-7 fam-
ily of miRs, when blocked, promotes an insulin-
sensitized state. 

 These authors also describe the role of miRs in 
glucose homeostasis. They point out that knock-
down of miRNAs-24, 26, 182 and 148 in cultured 
b-cells or in isolated primary islets suppresses 
insulin promoter activity and insulin mRNA 
levels. Furthermore, miR-37 suppresses insulin 
secretion, while miRNAs-103 and -107 are nega-
tive regulators of insulin sensitivity, while miR-
34α and -146 induce b-cell APO. According 
to the authors miR-9 is mandatory for optional 
secretory capacity of b-cells, while miR-96 
increases granuphilin which enhances basal but 
inhibits K1- induced insulin secretion miRs in 
the metabolic syndrome (MS): 
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 Pulakat et al. [ 44 ] focused on cardiac insulin 
resistance, and described how miR-143 inhibits 
insulin-stimulated Akt activation, while miR-
122 dampens insulin signaling, consistently with 
aforementioned studies. 

 Feng et al. [ 45 ] found that let-79 and miR-221 
were higher in the MS prominently in females. 

9.3.1    Obesity 

  Obesity  is a condition closely associated with 
diabetes. Jordan et al. [ 46 ] have shown that in 
this state, overexpression of miR-143 inhibits 
insulin- mediated Akt activation and impairs glu-
cose metabolism. Of note, Wang et al. [ 47 ] found 
that let-7 and miR-221 were increased in patients 
with the metabolic syndrome and particularly in 
women. 

 Blumensalt et al. [ 48 ] found that Activin A 
which is released from epicardial adipose tis-
sue inhibits insulin action on cardiomyocytes 
through the induction of miR-143 which inhibits 
the Akt pathway.  

9.3.2    Senescence 

 Another aspect of ATH is endothelial senescence 
(SENSC). Menghini et al. [ 49 ] mention the fol-
lowing miRs involved in SENSC: mIR-34, -217, 
and -146: miR-34 is abundantly expressed in EC 
and increases with SENSC. 

 MiR-217 is preferentially expressed in aged 
but not in young cells. 

 These 2 miRs directly inhibit Sir T1 which 
plays a protective role in the endothelium, with 
eNOS as one of its main targets. SirT1 activity is 
also essential for maintenance of TIMP3 expres-
sion, which antagonizes MMPs. As already 
stated, miR-126 inhibits expression of infl am-
matory mediators such as VCAM1; miR-92α 
is an endogenous repressor of the angiogenic 
program in EC; its inhibition improves func-
tional recovery in hindlimb ischemia and acute 
myocardial infarction. MR-21 is a negative 
regulator of angiogenesis miR-146α decreases 
with SENSC. It results into an increase of 

NOX4  protein, which induces the reduction of 
 molecular oxygen to ROS in the vessel walls, 
further promoting SENSC. 

 The authors describe that on the whole 
miRs34a, 217 and 92a promote while miRs126 
and 146a inhibit SENSC and ATH. 

 Dimmeler and Nicotera [ 50 ] note an age 
induced increase in vascular miR-29, 34α, 146, 
217. They also note that in cardiac tissue miR-21 
is increased, together with 22 and 24, and 18 and 
19 are decreased in age-induced fi brosis. 

 Finally, Olivieri et al. [ 51 ] describe that circu-
lating infl ammatory miRs in age-related diseases 
are related to diabetes mellitus, cardiovascular 
disease and Alzheimer’s disease.   

9.4    Coronary Artery Disease 

 Tousoulis et al. [ 30 ] and Papageorgiou et al. 
[ 52 ] give an account of miRs involved in stable 
coronary artery disease (CAD). They point out 
that miR-126, -17, 92a and 155 (which is asso-
ciated with infl ammation) are downregulated in 
CAD. MiR-126 was found to be intensely related 
to LDL cholesterol by Sun et al. [ 53 ] who how-
ever did not fi nd differences in its levels between 
patients with CAD and controls. 

 Fichtlscherer et al. [ 54 ] in a small group of 
eight patients with stable CAD versus 8 con-
trols found 46 signifi cantly downregulated and 
20 upregulated miRs. They further analyze their 
fi ndings in a larger numbers of patients. The cir-
culating levels of endothelial-expressed miRs 
126, 92a and 17 were signifi cantly reduced, as 
well as the vascular smooth muscle enriched 
miR-145 and the infl ammatory miR-155. A trend 
towards an increase of cardiac-muscle enriched 
miR-208a and -133a was seen. 

 Van Aelst and Heymans [ 55 ] cite the follow-
ing miRs as biomarkers for asymptomatic CAD, 
as regards the serum levels:
    Increased:  133a, 135a. 134. 370, 140, 140-3p, 

182, 92a,b.  
   Decreased : 126, 17. 92a, 199a, 155, 145, 24, 21, 

206, 15a, 191, 197, 223, 320, 486.    
 They remark that miR1 and 133a are abun-

dantly expressed cardiac miRs as well as 
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miR208a/b which are derived from the introns of 
a- and β-MHC. Further associations are beyond 
the scope of this review. 

 Zhu and Fan [ 56 ] point out that the reduced 
concentration of circulating vascular miRs 
detected in patients with CAD may seem para-
doximal but it could be due to an increased 
uptake of circulating miRs into the widely dis-
turbed atherosclerotic lessons. 

 Concerning the prognostic role of microRNAs 
we cannot conclude as the prospective studies 
are limited. Zampetaki et al. [ 57 ] based on the 
Brunech cohort of 820 participants followed 
up for 10 years concluded that 3 miRNAs were 
consistently and signifi cantly related to incident 
myocardial infarction: miR-126 showed a posi-
tive association, whereas miR-223 and miR-197 
were inversely associated with disease risk [pmid 
22813605]. 

9.4.1     Acute Myocardial 
Infarction (AMI)  

 The main and most dramatic manifestation 
of CAD is the emergence of a severe acute 
 myocardial infarction (AMI). A large number of 
miRs have been associated with AMI during the 
last year. 

 Fiedler and Thum [ 58 ] in a very recent review 
point out the following in rat models:
   miR-1 is overexpressed in ischemic myocardium. 

Its role in heart failure (HF) will be discussed 
later.  

   miR-15  is upregulated in the infarct and border 
zone in rat and porcine models of AMI.  

   miR-24  is increased in EC at hypoxia and cardiac 
ischemia; this miR is also pro-apoptotic.  

   miR-29  is highly abundant in fi broblasts. Its role 
in post-AMI cardiac remodelling (REM) will 
be discussed later.  

   miR-29a  is increased in hindlimb ischemic and 
AMI, and is antiangiogenic.  

   miR-101  is chronically downregulated in this 
peri-infarct zone,  

   miR-126  is involved in endothelial function and 
integrity.  

   miR-214  is upregulated in HF.    

 As the aforementioned authors imply, most 
of these miRs can constitute therapeutic targets 
in AMI. 

9.4.1.1    Circulating microRNAs in AMI 
 An important role has also been described for 
circulating miRs, which could serve as novel bio-
marker in acute coronary syndromes (ACS). For 
example, Pleister et al. in a detailed review [ 59 ] 
site the increased miRs: 1,133, 133a, 208a and b, 
499-5p, 499, 122, 126, as well as the decreased: 
122, 375, 663b, and 1291. It is postulated that 
these miRs originate mainly from the injured 
myocardium. 

 In the already mentioned review of Van Aelst 
and Heymans [ 55 ], the following miRs are cited 
in acute coronary syndromes (ACS):
    Increased : miR1, 133a and b, 499-5p, 208b, 

328, 21.  
   Decreased : miR122, 375, 126.    

 Nabialek et al. [ 60 ] studied three miRs (425   - 
5p, 208a and 1) in AMI and stable CAD. They 
found an early (<6 h) increase of miR-423-p, nor-
malizing at 6 h. 

 In stable CAD pts there were no differences. 
 Several studies have also aimed at identifying 

circulating miRs that could serve as biomark-
ers of AMI. Among the different miRs that have 
been proposed as promising in that respect are 
miR-1, -133a, -208a, -208b, -499 and -499-5p, 
which appear signifi cantly changed predomi-
nantly during the fi rst few hours post AMI [ 61 ]. 
Serum levels of miR-1 have been associated with 
infarct size. 

 Also, Olivieri et al. [ 62 ] found that miR-
499- 5p increased 80-fold in non-ST elevation 
myocardial infarction; its diagnostic value was 
higher than hs and classical cTnT. 

 Importantly miR-208a which is encoded by 
an intron of the aMHC gene is the only heart- 
specifi c miR, while miR-499,1 and 133 are also 
expressed in skeletal muscle. 

 Presumably the same miR profi le could emerge 
in myocardial injury after a precutaneous coro-
nary intervention (PCI). However, few studies on 
this subject exist. Recently Yu et al. [ 63 ] found 
that miR-126 after PCI was associated with a 
worse prognosis in patients under dual  antiplatelet 
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 treatment, up to 1 year. D’ Alessandra et al. [ 64 ] 
gave a detailed review. In patients with coronary 
reperfusion after PCI they found increases in 
miR1, 133a and b, 499-5p, while miR-122 and 
375 were decreased. Their patients with throm-
bolysis were too few for meaningful comments. 

 Jaguszewski et al. [ 65 ] very recently found that 
a unique signature comprising miR-1, -16, -26a 
and 133a differentiated Takotsubo cardiomyopathy 
from healthy subjects and from patients with AMI. 

 They also found a correlation with pressure 
and duration of balloon infl ation and consider 
it as a new target of presentation and treatment 
of endothelial dysfunction. Polimeni et al. [ 66 ] 
give a recent review in this subject. They describe 
how miRs regulate VSMCs and ECs after vascu-
lar injury. The former are responsible for in-stent 
restenosis. They describe many miRs affecting 
VSMC regulating either the pro-contractile (1, 
133a, 143, 145), and the pro-synthetic pheno-
type (26a, 31, 146a, 221, 24 222). MiR21 can be 
either pro-contractile or prosynthetic. They also 
describe miRs implicated in various ways in EC 
function, including 126, 217, 17-as, 17–50, 18a, 
19a, 20a, 92a, 221/222 and 663. All these can be 
the target of future therapeutic interventions. 

 Lu et al. [ 67 ] comment on another aspect: 
they observed that miR-1 overexpression in isch-
emic myocardium was reversed by propranolol 
which also had benefi cial cardiac effects. This 
was likely achieved through the inhibition of 
the β-adrenoreceptor-CANP-protein, kinase A 
signaling pathway by propranolol, which could 
regulate miR-1 expression.  

9.4.1.2     Prognostic Value of microRNAs 
After an Acute Myocardial 
Infarction 

 Eitel et al. [ 68 ] assessed the relation between miR-
133a myocardial damage by CMR and prognosis at 
6 months, in 216 consecutive patients. They found 
a signifi cant correlation of infarct size, microvas-
cular obstruction, and myocardial salvage index 
with miR133a, however its concentrations could 
not independently predict clinical events. 

 Matsumoto et al. [ 69 ] attempted to identify 
circulating miRs as predictors of CHF in post-
MI patients. They collected sera ~18 days after 

MI onset, in 21 patients followed for 1 year. The 
levels of 3 miRs which are p53 responsive miRs, 
192, 194 and 349 were upregulated. 

 In a similar context, miR146a was up- 
regulated and miR-150 and -155 were down- 
regulated in post-MI ventricular rupture; these 
miRs are involved in innate immunity [ 70 ]. 

 Further considerations on these associations 
will be given when heart failure is discussed.   

9.4.2    MicroRNAs in Cell Death 

 The work of Matsumoto et al. [ 69 ] has been 
already mentioned. 

 The tumor suppressor p53 is an inducer of the 
APO pathways, partly through the co-ordinated 
induction of multiple miRs expression. 

 According to Hullinger et al. [ 71 ], the miR-15 
family is increased in the heart within 24 h after 
I/R. Its inhibition reduced cardiomyocyte cell 
death and improved mitochondrial function, since 
this family targets Bcl-2 and the mitochondrial 
protective protein ADP-ribosylation factor like 2. 

 Inhibition of the pro-apoptotic miR-34 family, 
which targets SIRT1, had the same effects. 

 According to Aurora et al. [ 72 ] miR-214 pro-
tects the mouse heart from I/R injury by control-
ling Ca 2+  overload by repression of the mRNA 
encoding the sodium/calcium exchanger 1, a key 
regulator of Ca 2+  infl ux. 

 Orogo and Gustafsson [ 73 ] describe the fol-
lowing associations between miRs and cell death 
(CD): miR-21, 199α, 210 and 494 promote car-
diomyocyte survival during ischemia. miR-1 
reduces the anti-apoptotic Bcl-2, while miR-214 
deletion increases apoptosis after I/R. 

 In cell loss, miR-1 and miR-133 have oppos-
ing roles, the former promoting it through 
increased APO through HSP60 and 70 suppres-
sion, which the latter decreased APO by decreas-
ing caspase-9 protein levels and activity. 

 Ruan et al. [ 74 ] suggest that miR-23α may be 
involved in TNF-α induced EC APO through the 
caspase -7 and 3 pathway activation. 

 Li et al. [ 75 ] have found that miR-150 aggra-
vates H 2 O 2  induced apoptosis in cultured rat 
cardiomyopathies. 
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 Fu et al. [ 76 ] found that let-7 is involved doxo-
rubicin induced myocardial injury. 

 Also acute doxorubicin apoptosis was asso-
ciated with miR-146α induced inhibition of the 
neuregulin-ErbB pathway [ 77 ].  

9.4.3    Heart Failure and microRNAs 

 Many miRs have been investigated in CHF. One 
of the main causes of heart failure is post-MI 
remodelling (REM) which has already been 
discussed. 

 van Rooij et al. [ 78 ] stress that miR-92α 
increases early after ΑΜΙ; its inhibition increases 
capillary density and improves cardiac func-
tion. miR-24 has intriguing actions; it inhibits 
angiogenesis but it also attenuates infarct size. 
miRr-29 which is repressed after aortic banding 
and reduced after AMI since it is antifi brotic, its 
downregulation in the border zone would pro-
mote fi brosis. miR-21 blocking by antagonists 
prevents cardiac fi brosis. However, it also has an 
antiapoptotic action and decreases infarct size. 
miR-101 is profi brotic; It is downregulated after 
MI. Its forced overexpression inhibited prolifera-
tion of cardiac fi broblast and reduced collagen 
production [ 79 ]. 

 Zile et al. [ 80 ] fi rst reported that miR29a early 
post-MI was associated with left ventricular end- 
diastolic volume at 3 months. 

 Many additional studies have been devoted to 
the subject. Devaux et al. [ 81 ] noted that miR- 
150 is a marker for REM. 

 Divakaran and Mann [ 82 ] also describe 
in depth the role of miRs in REM. They point 
out an important fact which will explain many 
of the data to be referred to, that miR-1, let7, 
miR26a, 30c, 126-3p and 133 are the more highly 
expressed in the human heart. 

 They further describe the following associa-
tions as regards. 

9.4.3.1     Myocyte Hypertrophy  
 The subject has already been described in Sect. 
 9.2.2 .

  Reduced expression of miR-1 and 133 has been 
found in hypertrophic hearts [ 24 ]. The authors 

comment on the controversial fi ndings as regards 
 miR-21: this miR is upregulated post transverse 
aortic banding, and increased by the well-known 
hypertrophy induce, Angiotensin II and phenyl-
ephrine; however they also refer to studies in which 
antisense knock down of miR-21 actually provoked 
hypertrophy and increased fetal gene expression. 

 As regards the occurrence of CHF which is the 
eventual outcome of REM, it is –as already stated 
in Chaps.   16    ,   17     of this book, characterized by 
cardiomyocyte loss mostly through Apoptosis 
(APO) and Necrosis (N), and changes in the 
composition of the extracellular matrix (ECM). 

 An important step in the process towards REM is 
the inability of angiogenesis to cope with the ensu-
ing hypertrophy. A number of pro- and anti-angio-
genic miRs have been found. As already stated, 
miR-126 knockdown resulted in loss of vascular 
integrity; this miR also enhances the pro-angiogenic 
actions of VEGF and FGF [ 56 ]. Importantly how-
ever, the authors point out that miR126 is increased 
in the failing human hearts. 

 As regards to the increase in fi brotic tis-
sue through ECM proliferation, van Rooij et al. 
pointed out that miR-208 is required for cardiac 
fi brosis [ 78 ]. 

 Topkara and Mann [ 83 ], analyzing the role of 
miRs in cardiac REM and CHF also point out the 
role of miR-1 as a negative regulator of hypertro-
phy; miR-133 is down-regulated in many hypertro-
phy models, while its adenoviral overexpression 
attenuates hypertrophic growth. However, they 
point out that transient versus long-term suppres-
sion of its expression may have different effects. 
They also try to elucidate the role of miR-21, 
repeating that it is up-regulated in the failing myo-
cardium, while its role in cardiac hypertrophy is 
not convincingly proven, while its antiapoptotic 
and pro-survival activity is discussed. The authors 
also describe the role of miR-199a in inducing 
hypertrophy, while its downregulation leads to 
hypoxic cell death through up-regulation of the 
hypoxia inducible factor 1-a (HIF-1a) which sta-
bilizes the pro- apoptotic factor p53. 

 MiR-320 leads to APO-induced CD, while 
its knockdown by an antagonist leads to reduc-
tion of I/R injury. As regards the upregulation 
of fi brosis, the authors stress the role of miR-21, 
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which increases fi broblast survival and fi brosis; 
it is upregulated in the border zone of post-Mi 
hearts, which is characterized by increased fi bro-
sis compared to the remote region. 

  miR-29  is also downregulated in the border 
zone, thus promoting collagen deposition. They 
also point out the already discussed anti fi brotic 
effect of miR-133a. 

  miR-208a  is also necessary for the develop-
ment of fi brosis. A detailed review was given 
2 years ago by Zhu and Fan [ 56 ]. 

 They connect to a large extent the protection 
against I/R injury to the size of the infarct, which 
as stressed elsewhere in this book, determines to 
a large extent the course towards cardiac REM. 

 They stress the results of many investigations, 
mainly in rodent I/R models, and the increase of 
miR-133a at I/R in the rat, while in the human 
they are both down-regulated. 

 According to these authors miR-21 has 
 controversial effects on REM; the same holds 
true for miR-29 and -24, while miR-126, -210, 
-494 and -499 have protective effects. 

 They additionally describe the protective 
effects of the following miRs:
    miR-126  as a pro-angiogenic factor; It also 

upregulates the homing ability of endothelial 
progenitor cells and to promote myocardial 
regeneration. Its upregulation decreases REM.  

   miR-210  is also pro-angiogenic, and anti- 
apoptotic; as will be discussed further, it medi-
ates ischemic pre-conditioning.    
 Hu et al. [ 84 ] showed that it directly increases 

myocyte survival and decreases REM. 
 The most recent detailed review on cardiac REM 

and HF is given by Kumarswamy and Thum [ 85 ]. 
 They underline that the following miRs con-

tribute to ≈ 90 % of total cardiac miRs in order of 
abundance: 1/206, let 7/98, 30, 29, 26, 378, 143, 
24, 133 etc. 

 These authors also provide a list of “good” 
and “bad” cardiac-infl uencing miRs, as follows:
    Protective miRs : 1, 101, 133, 142, 144/41, 145, 

17, 18, 19, 210, 214, 30, 494, 9.  
   Detrimental miRs : 132/212, 141. 199b, 208, 21, 

22, 221, 23, 24. 34, 350, 98/let-7.    

   They Provide the Following Data 
on Cardiac Hypertrophy, HF and REM 
 miR-208 is important for cardiac hypertrophy; 
specifi cally miR-208a is suffi cient to induce 
cardiac REM and β-MHC expression. They cite 
the work of Sayed et al. [ 86 ], who found miR-1 
downregulation in pressure-overload cardiac 
hypertrophy. This miR probably plays a protec-
tive role against HF emergence; It is also restored 
after adenoviral SERCA-2 gene therapy [ 87 ]. 

 miR-1 also targets the Na +  –Ca 2+  exchanger. 
miR-214 protects against I/R injury through the 
repression of this exchanger. 

 The action of miR-499 are somewhat contra-
dictory and at this stage beyond the scope of this 
review. 

 The authors also describe the important action 
of non-cardiomyocyte specifi c miRs. As already 
noted in the Chap.   17     on cardiac REM in this book, 
fi brosis is a hallmark of REM. In this context, miR-
21 promotes, and its antagonism inhibits, fi brosis. 

 Importantly, transforming growth factor-β 
which is profi brotic, upregulates miR-21. 

 miR-12b is highly abundant in EC already 
described. Its loss may be construed to limit 
neovascularization in HF. Conversely, it sup-
presses angiogenesis. Also, miR-24 induces EC 
apoptosis and inhibits capillary network forma-
tion. MiR-23α is prohypertrophic and is actually 
transactivated by the prohypertrophic NFATC 
3; this also transactivates miR-199b which is 
upregulated in HF. Moreover, deletion of miR-22 
accelerates the progression to cardiac dysfunc-
tion through a reduction of SERCA2a transport-
ing activity. 

 A very interesting fi nding was recently 
reported in an uncommon but serious cause 
of HF, peripartum cardiomyopathy. Haghikia 
et al. [ 88 ] found an increase of serum levels of 
cathepsin- D, an enzyme induced by oxidative 
stress with proapoptotic properties which gener-
ates 16 k Da Prolactin whose target, miR-146 α , 
is also increased in the serum. This is an antian-
giogenic miR located in EC; after its release it 
is absorbed by cardiomyocytes, where it changes 
their metabolic profi le. 
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 Its increase in the serum as a result of an 
increase of endothelial microparticles. The 
upregulation of 146a has been discussed. 

 Papageorgiou et al. [ 12 ] describe the util-
ity of miRs in the diagnosis and classifi cation 
of the HF. Thus, Schipper et al. [ 89 ] studied 17 
consecutive patients with end-stage heart failure. 
They found a decrease in miRs-1, 133 α  133β, 
208; LVAD support led to partial restoration of 
this expression. 

 In another paradigm of HF, doxorubicin car-
diotoxicity, Vacchi-Suzzi et al. [ 90 ] found that 
it upregulates miRs 208b, 216b, 215, 34c and 
367 in rat hearts in their course towards REM.    

9.4.4      MicroRNAs in Arrhythmias- 
Conduction Defects 

 The work of Cordes and Srivastava [ 23 ] has 
already been discussed in  9.2.1 . 

 The more frequent arrhythmia is Atrial 
Fibrillation (AF). 

 Wang et al. [ 91 ] discuss in a detailed review 
that miR-133a/b/c, -26a/b -let 7a/b/c/f/g, -24, 
-125 a/b, -27a/b, -126, -23a/b, -29 a/b, -12, -21, 
-92, and -100, are the more abundantly expressed 
in the myocardium. They then describe that AF 
has a multifunctional causative etiology: Ionic 
remodelling, structural remodelling, abnor-
malities of intracellular Ca 2+  homeostasis, and 
enhanced spontaneous activity – which implicate 
multiple miRNAs at multiple levels. 

  miR-1  has arrhythmogenic potential. 
  miR-26  upregulates I K1 ; it is downregulated 

in AF. An increase in I K1 (inward rectifi er K +  cur-
rent) leads to a shortening of atrial action poten-
tial (APD) duration creating the substrate for AF. 

  miR-328  is upregulated in AF. It enhances 
vulnerability to AF, diminishes I Cal (L-type 
Ca 2+  currents) in the left atrium and this shortens 
atrial APD. 

  miR-133  is upregulated in diabetic hearts and 
is associated with QT prolongation. It depresses 
Ikr. It prolongs APD. Its downregulation in AF 
would be expected to shorten APD. 

9.4.4.1     Infl uence on Apoptosis 
and Fibrosis in the Genesis 
of Atrial Fibrillation 

 Down-regulation of the antifi brotic miR-
133 and miR-590 also favors AF through 
production of atrial structural remodeling. 
Interestingly they are also downregulated by 
nicotine [ 91 ]. These authors also postulated 
that other miRs may have a potential role, 
through their action on fi brogenesis. Thus, 
miR-208 and -21 are characterized as pro- and 
miR-29, -30 (and-133, -590, as already men-
tioned) as anti-fi brotic. In this sense they may 
affect vulnerability to AF. 

 Another mechanism is induction of apoptotic 
cell death, the pro-apoptotic miR-1 and the anti- 
apoptotic miR-133 could be direct contributors to 
this pathogenetic phase. 

 Also, miR-29, -320 are considered to be pro- 
and -21 and -199α anti-apoptotic. However, 
Wang et al. [ 91 ] stress that the role of these miRs 
in AF is not proven. 

 Liu et al. [ 92 ] have examined the levels of 
various miRs in the plasma in AF. They found 
reduced levels or miR150, which interestingly 
had an inverse relationship with CRP. 

 Kim [ 93 ] gives a review on the role of miRs in 
arrhythmias and cardiac conduction;
   He shows the action of various miRs on the 

APD. He cites the work of Zhao et al. [ 94 ] 
who showed that deletion of miR-1-2 
caused conduction blocks in mice. Also 
they note that an increase in miR-1 in 
 ischemic hearts was accompanied by 
arrhythmogenesis.  

  Overexpression of this miR resulted in QRS pro-
longation. QT prolongation is associated with 
increased miR-133 and miR-1.  

  Atrioventricular conduction slowing is seen in 
miR-208α knockdown mice; this miR is 
required for Connexin 40 expression; miR-1 
reduces Connexin 43 protein levels.  

  miR-1 enhances cardiac excitation-contraction 
coupling by selectively increasing the L-type 
Ry R2 channels and is associated with 
 development of arrhythmia [ 95 ].      
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9.4.5     MicroRNAs in the Blood 
Circulation 

 A constantly expanding subject is the number of 
miRs detected in the periphery with new miRs 
being added every month. Many authors have pro-
vided lists of miRs to be found either in plasma, 
serum, peripheral mononuclear cells, and whole 
blood. Their content in the platelets has already 
been described [ 37 ]. Four recent reviews are very 
inclusive [ 56 ,  96 – 98 ] 

 According to Kinet et al. [ 96 ] miRs are unex-
pectedly stable, since naked RNA is readily 
targeted by exonucleases expressed in various 
body fl uids. To achieve this protection, miRs are 
packaged in microparticles, such as exosomes 
microvesicles, and apoptotic bodies. They are also 
protected through their association with RNA bind-
ing proteins such as Argonaute 2 or nucleophos-
min and also are bound by HDL. Microvesicles 
are produced from many cells including epithelial 
endothelial and tumour cells. They are also called 
microparticles or ectosomes. 

 These are shown in Fig.  9.2 
   They are also expressed in urine, milk, saliva, 

and sperm. 
 According to Zhu and Fan [ 56 ] released miRs 

by exosomes do not refl ect their abundance 

in the cell of organ. Their assumption and that 
of Stakos et al. [ 37 ] should not be overlooked: 
That low levels of some miRs in the circulation 
may refl ect their increased uptake into vascular 
lesions. Moreover, they point out that whether 
miRs are actively secreted outside cardiomyopa-
thies remains obscure. 

  Exosomes  are small exfoliated membrane 
microvesicles 40–120 nm, released from multive-
sicular bodies, produced by many and diverse cells. 

  Microvesicles  are shed from budding of 
vesicles from the plasma membrane of many 
cells, 0.1–1 μm in size. Presumably, they may 
be formed by an apoptotic process as are the 
 Apoptotic  bodies or blebs already described in 
the Chap.   15     on Cell Death. Interestingly, endo-
thelial cell-derived apoptotic bodies not only do 
not trigger innate immunity but actually may, 
through miR-126 limit atherosclerosis. Their size 
is 1–5 μm or 0.5–2 μm and their shape heterog-
enous average size of 8–12 μm [ 96 ]. 

 As already stated, miRs are also joined 
to RNA proteins (nucleophosmin) to pro-
tect them from degradation and to proteins of 
the Argonaute family, and lipoprotein (mostly 
HDL) complexes. 

 Importantly when miRs become extracel-
lular, they can effect extracellular cell-to-cell 

Microvesicle
/miRNAs

a b

Exosome
/miRNAs

Apoptotic body
/miRNAs

Protein/miRNAs

Recipient cells

NucleusNucleus

  Fig. 9.2    Cellular releases ( a ) and uptake ( b ) of miRNAs. 
( a ) Extracellular miRNAs may be contained within vesicles, 
including microvesicles, exosomes, and apoptotic bodies, as 
well as within proteins such as Ago2, HDL, and other RNA-

binding proteins. ( b ) Extracellular miRNAs may potentially 
interact with recipient cells via direct fusion, internalization, 
receptor-mediated interactions and other possible mecha-
nisms (From Zhu and Fan [ 56 ] by permission)       
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 communication. As Kinet et al. [ 96 ] point out, 
three paradigms of cell-to-cell communication 
are effected by miRs:
   Shear-stress induces the expression of miR143/145 

from endothelial cells and through vesicles 
they gather into smooth muscle cells to induce 
an atheroprotective phenotype.  

  It should be realized that the majority of miRs 
detectable in serum are concentrated in the 
exosomes.  

  In both reviews, miRs are described as mediators 
of cell to cell RNA communication.    
 Creemers et al. [ 97 ] point out the prospect that 

miRs are secreted from one cell and taken up by 
a distant cell to regulate its gene expression. They 
also describe various ways in which miRs are 
released from the cells; according to their intra-
cellular level, selectively retained, or selectively 
released. 

 The latter is true for pre-miRs. These mecha-
nisms are described in Fig.  9.2 . 

 The exact percentage of miRs circulating in a 
free or bound form is discussed by Creemers et al. 
[ 97 ] who stress the importance of miR binding 
with the Argonaute proteins. Further description 
of the ways in which miRs accomplish cell-to-
cell communication are beyond the scope of this 

chapter, especially as it is a constantly expanding 
fi eld. A compilation of many studies is given in 
Table  9.1 . As many authors have pointed out it 
should be taken into account, that there may be 
differences in plasma with EDTA and serum.

9.5         Cardiovascular Therapeutics 
and microRNAs 

 As early as 2008 van Rooij et al. [ 99 ] discussed 
this aspect. 

 They point out that miR modulation as a ther-
apeutic approach can be affected by two distinct 
processes:
    1.    Reduction of the levels of pathogenic or aber-

rantly expressed miRs, with activation of a 
gene expression as a result.   

   2.    miR mimics can elevate miR levels, with 
resultant gene expression suppression.     
 They also cite some early results:

    (a)    miR-122 inhibition led to serum cholesterol 
reduction.   

   (b)    Cardiac miR-133 inhibition induced cardiac 
hypertrophy with fetal gene expression. This 
would not be expected to be benefi cial.   

   (c)    miR-29 inhibition was antifi brotic.     

   Table 9.1    Circulating miRs in various conditions   

 miRNAs involved 

 Condition  Increased  Decreased 

 Acute myocardial infarction  1,133a, 208a, 126, 30a, 409,499-5p,
145, 30c, 195, let 7-b, 328, 21, 155
(indication for AICD placement) 

 92, 122, 375, 126 

 Atherosclerosis a   130a, 27b, 210, 135a  155 (?) 147 
 Stable coronary artery disease  133, 135a, 134, 370, 92a,b 140-3p, 370,

92a,b, 208a, 140, 182,135, 499, 21, 146 
 126, 92a, 155, 145, 147, 17, 199a, 24,
21, 206, 15a, 191, 197,223, 320, 486 

 Heart failure  423-5p18b, 129-5p, 622, 654-3p, 499,
122, 126, 124-5p (DCM) 

 142-3p DCM 

 Diastolic dysfunction  1,246  454, 500 
 Stroke  210, 215, 324, -3p, 422, 451, 134 
 Hypertension  296-5p, let-7e 
 Diabetes mellitus  28-3p  126, 15a, 29b, 223, 21, 24, 20b, 

15a, 191, 197, 223, 320, 486 
 Peripartum cardiomyopathy  146a 
 HOCM  229, 27a, 199a-5p 
 Atrial fi brillation  150 
 Metabolic syndrome  let 7, 221 

  Circulating microRNAs in various pathological conditions 
 Compiled from References: [ 25 ,  30 ,  31 ,  34 ,  35 ,  39 ,  40 ,  47 ,  51 ,  53 – 65 ,  87 ,  88 ,  92 ,  96 – 98 ] 
  a Findings in this entity overlap with those in coronary artery disease and diabetes mellitus  
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 Very detailed reviews have been given by 
Chistiakov et al. [ 100 ] and Caroli et al. [ 101 ]. 

9.5.1     Antisense Oligonucleotides 

 As already stated they are considered for diseases 
caused by an upregulated miRNA. 

 These are small synthetic RNAs which are 
complementary to the specifi c miR target. 

 To increase stability and effi ciency an anti-
sense oligonucleotide can be modifi ed by 
many approaches, such as modifi cation with 
the 2-0-methyl-group (OMe antagomiRs) or 
with 2-0- methyloxyethyl groups; (MOE); the 
latter have stronger affi nity and specifi city to 
RNAs; characteristically cholesterol constructs 
are linked to an antagomir to enhance cellular 
uptake. Also longer antagomirs exhibit more pro-
found miR repression. Stakos et al. [ 37 ] describe 
how HDL and LDL lipoproteins transport miRs 
in the human blood. This mechanism is presented 
in Fig.  9.3 .

   Another type of molecules is the locked 
nucleic acids, which have greater stability and 
affi nity for binding to target miRs. They are resis-
tant to degradation when given systemically and 
thus longer half-lines according to Topkara and 
Mann [ 83 ]. 

 Another technique which is gaining ground 
is the use of miRNA “sponges” or “decoys”. 
“Sponges” are constructed with inserted miR 
binding sites. The sponge technique can bet-
ter inhibit functional classes of miRs than the 
antagomirs [ 100 ,  101 ]. 

 Also miR decoy constructs have been gener-
ated, causing miR degradation. 

 Van Rooij et al. [ 99 ], Chistiakov et al. [ 100 ] and 
Caroli et al. [ 101 ] enumerate some of the  preclinical 
and clinical applications of miRs, offering the fol-
lowing examples from mouse model studies:
   Treatment of cholesterol (miR-122).  
  Increase of HDL, decrease of VLDL triglycer-

ides (miR33a/b).  
  Increase of macrophage cholesterol effl ux 

(miR-758).  
  Decrease of cardiac hypertrophy (miR-133).  
  Improvement of cardiac function, reduction of 

fi brosis (miR-21, miR-199b). Increase of 
angiogenesis (miR-92α, miR-24).  

  Reduction in infarct size (miR-320).  
  Abrogation of atrial fi brillation (miR-328).  
  Prevention of aortic dilatation (miR-29).    

 Caroli et al. [ 101 ] describe the therapeutic 
possibilities of miRs in ischemic heart disease. 
They consider a potential therapeutic advantage 
of miRs, that they target multiple genes involved 
in the same pathway. The problems that this may 

  Fig. 9.3    Blocking of miR 
action by Antagomirs 
(Courtesy of Bernard 
Swynghedauw)       
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generate are evident. However, they also state 
that miRs have a specifi c and defi ned target on 
the disease mechanisms, and the effects of inter-
ventions on miRs are long-lasting. 

 However, multiple gene affection may have 
unexpected effects. 

 Apart from the effects described by Chistiakov 
et al. [ 100 ], the authors describe some additional 
actions:
   Thus, miR-101 has antifi brotic action, miR-599 

increases cardiomyocyte proliferation.  
  Hinkel et al. [ 102 ] have recently (LNA-transfer) 

reported that miR92α inhibition protected 
against experimental I/R in pigs.  

  Halkein et al. [ 103 ] showed that miR146α inhibi-
tion with LNA or antagomirs attenuated peri-
partum cardiomyopathy in mice.  

  Also very recently, Wahlquinst et al. [ 104 ] 
showed that inhibition of miR-25 by an 
antagomir markedly halted established HF in 
a mouse model; mir-25 delays calcium uptake 
kinetics in cardiomyocytes by interacting 
with SERCA 2α and is upregulated in HF.  

  Quatrocelli et al. [ 105 ] found that adeno- 
associated viral intraventricular delivery of 
miR-669α alleviated chronic DCM in dystro-
phic mice.     

9.5.2    MicroRNA Mimics 

 They are to be used in conditions where a 
decreased miR is the cause of a disease or with 
the purpose of antagonizing the function of 
adversely upregulated miRs. Increases of miR 
levels can be effected by employing a synthetic 
RNA duplex in which one strand is identical to 
the native double –stranded mature miRs. 

 A main consideration is that, as mentioned in 
the beginning of this chapter miRs have numer-
ous targets and one single miR can affect many 
processes. 

9.5.2.1    Delivery Techniques 
 According to van Rooij et al. [ 99 ] and Chistiakov 
et al. [ 100 ] the following are some of the delivery 
techniques:

    Viral-based  using mostly adenoviral or lentiviral- 
based vectors.  

   Nanocarriers  Nanoparticles of sub-100-nm scale 
achieve highly effective delivery.    
 Aptamers are molecules that bind to spe-

cifi c molecules: Exosomes/microvesicles and 
apoptotic bodies. This is not yet achievable 
technically. 

 Lipid nanoparticles have been developed to 
decrease the effective needed dose of oligonucle-
otides. These novel techniques are considered 
to be 30–100 times more effi cient than typical 
lipid-based delivery carriers [ 100 ]. Novel devel-
opments include encapsulating nucleic acids in 
lipid-forming vesicles ranging from 50 to 500 nm 
in size. 

 One major problem of miR therapy is the 
method of delivery, so that the oligonucleotides 
can enter the cells. Up to now, as van Rooij et al. 
[ 98 ] point out effi cient delivery has been shown 
to be achieved only in the liver. 

 Effi cient delivery to the heart still remains a 
problem.   

9.5.3     Non-microRNA Therapy 
Affecting miR Levels 

 Caroli et al. [ 101 ] also described that non-miR 
therapeutic interventions can affect miRs:
   Thus, bone marrow mononuclear cell therapy in 

AMI blocks cardiomyocyte apoptosis through 
a paracrine regulation of miR-34α according 
to Iekushi et al. [ 106 ].  

  A parallel fi nding has been reported by 
Kumarswamy et al. [ 87 ] who found that 
SERCA-2 gene therapy restored miR-1 in HF.  

  Also the hypolipidemic drug ezetimibe inhibits 
monocyte to macrophage differentiation 
through downregulation of miRs-155, -233, 
-424 and -503. These actions should be 
assessed further [ 107 ].  

  The action of propranolol on miR-1 has already 
been discussed [ 67 ].  

  Another example of a drug regulating miR acti-
vation is given by Ye et al. [ 108 ] who found 
that pioglitazone, a PPAR-γ agonist diminishes 
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miR 29a/c levels in rat hearts, while both pio-
glitazone and rosiglitazone did the same in 
Hg, 2 cells. Down regulation of miR-29 by an 
antistase inhibitor or PIO protected H9 c2.  

  Another non-pharmacologic therapeutic inter-
vention is exercise Ntanasis-Stathopoulos 
et al. [ 109 ] gave a recent review.  

  They report that in the plasma miR-21 and -221 
are altered by exhaustive exercises, miR-20α, 
by sustained aerobic exercise training, and 
miR-146α and -222 by both types of exercise. 
Also, miR 126 increases after endurance 
exercise.  

  Also, very recently, Mooren et al. [ 110 ] measured 
circulating miRs in the plasm of 14 individu-
als after a marathon run. The strongest increase 
was that of miR206; miRs 1-333, 206, 499 
and 208β were increased. Interestingly miR-1, 
133α and 206 correlated to aerobic perfor-
mance parameters. Also, none of these miRs 
correlated with troponins and NT-proBNP.     

9.5.4    Ischemic Preconditioning 

 A phenomenon which protects against various 
types of cardiac injury is preconditioning its 
association with various miRs has been studied. 

 Yin et al. [ 111 ] have shown that in the late 
preconditioning (PC) miR-1, -21 and -24 were 
signifi cantly increased together with an increase 
in eNOS, both mRNA and protein. Additionally, 
these researchers injected miRs derived from pre-
conditioning hearts with a protective phenotype 
as a result. 

 Rane et al. [ 112 ] found that miR-199α is 
acutely downregulated in cardiac myocytes dur-
ing hypoxia. This decline is required according to 
the authors for the upregulation of the hypoxia- 
inducible factor –H1F1α, which stabilizes PI3. 
Knockdown of miR-199α, induces upregulation 
of Hif-1α and Sirtuin 1, reproducing PC. 

 Cheng et al. [ 113 ] found that ischemic IPC 
upregulates miR-21 which acts against APO. 

 Salloum et al. [ 114 ] found that miR-1, miR- 
133, miR-21, miR-126, miR-320, miR-92a, 
and miR-199a, are regulated after PC. These 
miRs also drive the synthesis of heat shock 
protein (HSP)-70, eNOs, inducible nitric oxide 

synthase, HSP-20, Sirt1, and hypoxia-induc-
ible factor 1a.  

9.5.5    Stem Cell Therapy 

 Another cardioreparative intervention is stem cell 
therapy: Seeger et al. [ 115 ] very recently demon-
strated that many miRs infl uence the fate of these 
cells. 

 Specifi cally, improvement of cell survival and 
function is effected by miR-123; this miR is also 
released acting in a paracrine manner, together 
with miR-296, demonstrating a pro-angiogenic 
action. Conversely miR-34α which is increased 
by aging, adversely affects functional capacity 
and survival of cells. It has also been found that 
a “cocktail” of miRs-21, -24 and -221 improved 
cell engraftment and survival. 

 Also, many miRs affected in the migration of 
cells miR-150 and 146 enhance homing of cells into 
ischemic tissues. In contrast, miR-15α -16 inhibit 
the migratory potential of proangiogenic cells. 

 Seeger et al. [ 115 ] differentiate into the fol-
lowing miRs actions involved in the post-infarct 
myocardium.

 Cell death  : miR15, 24, 34, 24 
 Fibrosis  : miR21, 29, 101 
 CMC Proliferation  : miR-15.195, 199, 510 
 Angiogenesis  : miR-15, 24, 12a 
 Cardiac reprogramming  : miR-1, 208, 499 

   Throhatou et al. [ 116 ] found that miR-21 
inhibited Sox-2 expression in mesenchymal stem 
cells, reducing their clonogenic and proliferative 
potential and arresting cell cycle. 

 Finally, miR-1 increases cardiac differentia-
tion of embryonic stem cells. 

 Apart from their action on “stem cells” many 
miRs are involved in endogenous cardiac regen-
eration; miR-15 family members induce postna-
tal mitotic arrest of cardiac cells, and inhibit their 
proliferation, while miR-590 and 199α promotes 
it. miRs can also infl uence cardiac reprograming. 

 Jayawardena et al. [ 117 ] found that a combi-
nation of miR-1, -133, -208, and -499 increased 
reprogramming of cardiac fi broblasts into 
cardiomyocytes. 
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 Poller et al. [ 2 ] give a very recent review 
of therapeutic possibilities of ncRNAs, which 
amount to tens of thousands. 

 As already stated, they stress that there exist 
1,424 separate miR genes in humans. They 
describe the mechanisms of RNA interference 
(RNAi), which are used to silence protein-coding 
genes. They underline that it is directed toward 
many targets: Heart, myocytes, atheroscrerotic 
plaques, stem cells, cardiac allografts and 
towards imaging. 

 They also stress potential side effects, which 
may arise from immune system stimulation Thus 
the question of safety will keep continuously 
emerging [ 87 ]. 

 They also mention Braveheart, an Icn RNA 
required for cardiovascular linage Commitment 
for the identifi cation of IncRNAs of potential 
clinical relevance. 

 Finally Porrello [ 118 ] approaches the associa-
tion of miRs and the very important aspect of car-
diac regeneration focusing in the mR-15 family 
and miR-133. 

 In their already mentioned review 
Kumarswamy and Thum [ 85 ] give a long list of 
genetically modifi ed animal models for miRNA 
research in the heart. Four models involve Dicer, 
2 miR1, one 126, 2, 133, 4 the 133 family, 3 
the 208, 2 the -22 family, 3 the 328 and 2 the 
499 family. In this sense Matkovich et al. [ 119 ] 
recently stress another important point, that indi-
rect miRNa modulatory effects of miRs greatly 
outnumber direct target suppressions. In more 
hearts generated to overexpress miRs-143, 378, 
and 499, the last 2 indirectly regulated hundreds 
of cardiac miRNAs and 15–30 Cardiac miRs.   

   Conclusions 

 MicroRNAs have emerged in the last years as 
an important aspect of cardiovascular disease, 
both from a diagnostic but also a therapeutic 
standpoint. New miRs are constantly found 
and their role elucidated, since one miR can 
infl uence many functions. Despite technical 
problems, the therapeutic application of miRs 
is an emerging and constantly expanding fi eld 
with a very important potential. The point of 
safety, should not be neglected, exactly due to 
the fact that miRs may have off-target effects.     
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    Abstract  

  Pathological cardiac hypertrophy occurs as a consequence of adaptive 
responses to pressure or volume overload, mutations in sarcomeric (or 
other) proteins, or loss of contractile mass from prior infarction. While ini-
tially compensatory, over time when the heart can no longer meet with the 
increased metabolic demands of the mechanical work load imposed on the 
heart, dilation and heart failure ensue. Several signaling pathways are criti-
cally important in mediating myocardial hypertrophy, including the 
G-protein coupled receptor, the calcineurin/NFAT, MAPK, and the PI3K/
AKT/mTOR signaling pathways. Importantly, these signaling pathways 
also control molecular processes, such as cell proliferation, differentiation, 
 survival, migration and other functions of the cell. In addition, the heart is 
comprised of several cell lineages make up the heart, including cardiomyo-
cytes, fi broblasts, endothelial cells, and vascular smooth muscle cells, each 
integrally involved in modulating the signaling events that promote the 
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  Abbreviations 

   ACEIs    Angiotensin-converting-enzyme 
inhibitors   

  AngII    Angiotensin II   
  ATP    Adenosine triphosphate   
  ATR    Angiotensin receptor   
  b-FGF    basic fi broblast growth factor   
  C    Adenylyl cyclase   
  CaMKII    Ca 2+ /calmodulin-dependent protein 

kinase II   
  cAMP    Cyclic adenosine 3′ 5′ 

monophosphate   
  CICR    Calcium-induced Calcium Release   
  CMs    Cardiomyocytes   
  CsA    Cyclosporine A   
  ECM    Extracellular matrix   
  ECs    Endothelial cells   
  ERK    Extracellular regulated kinase   
  G protein    Guanosine triphosphate binding 

protein   
  G-protein    GTP-binding protein   
  GSK3β    Glycogen synthase kinase 3-β   
  HCM    Hypertrophic Cardiomyopathy   
  HDACs    Histone deacetylases   
  HF    Heart Failure   
  IGF-1    Insulin-like growth factor-1   
  JNK    Jun N-terminal kinase   
  LTCC    Long-type Calcium Channel   
  LV    Left ventricular   
  MAPK    Mitogen activated protein kinase   
  MI    Myocardial infarction   
  mTOR    Mammalian target of Rapamycin   
  Na +     Sodium irons   

  NFAT    Nuclear factor for activation of T cells   
  NO    Nitric Oxide   
  PI3K    xPhosphatidylinositol 3′ kinase   
  PKC    Protein kinase C   
  PLN    Phospholamban   
  PTEN    Phosphatase and tensin homolog 

deleted on chromosome ten   
  RAS    Renin–angiotensin system   
  RyR    Ryanodone receptor   
  SR    Sarcoplasmic reticulum   
  STAT    Signal transducer and activators of 

transcription   
  TGFβ    Transforming growth factor-β   
  T-tubule    Transverse tubule2   
  VEGF    Vascular endothelial growth factor   
  VSMCs    Vascular smooth muscle cells   
  α-AR    Alpha adrenergic receptor   
  β1AR    Beta 1adrenergic receptor   
  βAR    Beta adrenergic receptor   
  βMHC    Beta myosin heavy chain   

10.1          Cardiomyocyte Function 
and Regulation 

    The heart’s primary function in the body is to 
maintain proper oxygenation and pump blood to 
the lungs and body through contraction. 
 Cardiomyocytes (CMs),  cells regulating the con-
tractile motion of the heart, are critical for this 
process. Initiation of contraction is mediated 
through a process called  excitation contraction  
[ 1 ].  The  action potential  (AP)  in CMs stems from 
the entry of sodium (Na+) ions across the 

hypertrophic growth of the heart. In this chapter we discuss these molecular 
pathways and how the aberrant regulation of initially compensatory 
responses becomes pathological. We will also discuss potential therapeutic 
targets for hypertrophic cardiomyopathy and heart failure, with a focus on 
treating this devastating worldwide disease.  

  Keywords  

  Hypertrophy   •   Cardiomyocytes   •   Heart failure   •   Cardiomyopathy   • 
  Signaling   •   GPCR   •   MAPK   •   PI3K   •   AKT   •   Calcineurin   •   NFAT   • 
  Neurohumoral   •   Fibroblasts   •   HCM  
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 sarcolemma. As the muscle impulse spreads from 
the sarcolemma to the transverse tubule 
(T-tubule), calcium ions (Ca 2+ ) are released into 
the sarcoplasm. In addition, an inward fl ux of 
extracellular Ca 2+  enters the cell through voltage-
gated long (L)-type calcium channels (LTCCs) to 
sustain the depolarization and to maximize the 
duration of contraction [ 2 ]. Then, through a 
mechanism  of  calcium-induced calcium release 
(CICR), additional Ca 2+  is released into the sar-
coplasm from the sarcoplasmic reticulum (SR), 
increasing intracellular Ca 2+  levels. This increase 
in calcium fl ux inside the cell mediates Ca 2+  
binding to the protein troponin on the actin fi la-
ment, allowing it undergo a conformational 
change that exposes the binding sites for myosin 
on actin fi laments [ 3 ]. Once myosin is bound to 
actin, it initiates “cross-bridge cycling,” a process 
which regulates the normal, rhythmic contraction 
of cardiac muscle cells [ 3 ,  4 ] (Fig.  10.1 ).

10.2       Cardiac Hypertrophy 

 Hypertrophic growth of the heart is considered an 
adaptive response to pressure or volume overload, 
mutations of sarcomeric (or other) proteins, or 
loss of contractile mass from myocardial infarc-
tion. However, over time, the heart loses its ability 
to keep up with the chronic metabolic demands of 
increased mechanical workload, and dilation and 
 heart failure  (HF) ensue [ 5 ]. For this reason, myo-
cardial hypertrophy is considered to be the inter-
face between a normal and failing heart. 

 There are two types of hypertrophy: concentric 
and eccentric. Chronic left ventricular (LV) pressure 
overload (afterload) results in a concentric type of 
hypertrophy, where new sarcomeres are added in 
parallel to existing sarcomeres, and consequently, 
the wall thickness becomes increased [ 6 ].  Concentric 
Hypertrophy  typically occurs in cases of aortic ste-
nosis and hypertension and is believed to function by 
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tion is membrane depolarization, which occurs with ion 
entry through connexon channels from a neighboring car-
diomyocyte, followed by opening of voltage-gated Na +  
channels and Na +  entry. The resultant rapid depolariza-
tion of the membrane inactivates Na +  channels and opens 
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the cell triggers the release of Ca 2+  from the sarcoplasmic 
reticulum through the ryanodine channel. Ca 2+  then binds 
to the troponin complex and activates the contractile 
apparatus. Cellular relaxation occurs on removal of Ca 2+  
from the cytosol by the Ca 2+ -uptake pumps of the sarco-
plasmic reticulum and by Na + /Ca 2+  exchange with the 
extracellular fl uid       
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diminishing wall stress and oxygen consumption 
[ 7 ]. It is characterized by normal peak systolic and 
end diastolic wall stresses, with little or no change in 
chamber volume, but with increased h (wall 
thickness)/R (radius) ratio [ 8 ]. In contrast, eccentric 
hypertrophy, which increases the number of sarco-
meric units in series, occurs in response to chronic 
LV volume overload (preload) and is typically char-
acterized by an enlarged LV chamber [ 6 ].  Eccentric 
hypertrophy  is typically observed in patients with 
aortic or mitral valve insuffi ciency. It induces an 
increased end diastolic wall stress, normalizes h/R 
ratio, and in general, presents with normal peak sys-
tolic wall stress, thereby increasing the shortening 
capacity of the myocyte and preserving LV function 
[ 8 ]. However, despite this, eccentric hypertrophy 
with elongation of myocytes can be a hallmark of 
end-stage pressure overload hypertrophy as well. 
Therefore, it is important to distinguish between 
adaptive elongation of the cardiomyocyte and elon-
gation associated with failure [ 9 ]. 

10.2.1    Hypertrophic 
Cardiomyopathy 

 The principal anatomical feature of pathological 
growth of the heart is referred to as  hypertrophic 
cardiomyopathy  (HCM), an abnormal, asym-
metric LV thickening of the heart [ 4 ]. Specifi cally, 
pathological hypertrophy is defi ned as an 
increase in the overall size of cardiac cells, with 
increased myocardial fi brosis that is distributed 
throughout the interstitium and in discrete foci 
[ 10 ]. Data suggest a remarkable and characteris-
tic cardiac histopathology in HCM; hearts have 
misaligned myocytes with enlarged nuclei and 
expanded interstitial matrix, combined with both 
increased perivascular and interstitial fi brosis 
[ 11 ]. Interestingly, HCM usually affects the 
interventricular septum more than the LV–free 
wall [ 11 ]. 

 Cardiac hypertrophy can also occur as a con-
sequence of genetic alterations. Specifi c, autoso-
mal dominant sarcomeric mutations can cause 
HCM, with over 400 mutations in at least 13 dif-
ferent sarcomeric proteins identifi ed thus far 
[ 12 ]. Mutations in β-myosin heavy chain myosin 

(βMHC) were the fi rst to be identifi ed in HCM 
and cause ~30 % of all cases [ 13 ]. Mutations in 
α-cardiac actin, tropomyosin, and troponin have 
also been associated with cardiomyopathy [ 11 ]. 

 Cardiac hypertrophy can also be caused by 
ischemic disease, hypertension,  HF , and valvular 
disease [ 10 ]. When an increased work load is 
chronically imposed on the myocardium, such as 
by external stimuli and/or pathological stress 
such as  hypertension , heart muscle injury ( myo-
cardial infarction) , or neurohumoral stimulation, 
there is increased  adenosine triphosphate (ATP)  
utilization by cardiac cells, increasing energy 
consumption of the heart and reducing inotropic 
reserves [ 6 ]. However, over time, this increased 
signaling induces pathological remodeling of the 
heart, causing the heart to become abnormally 
thickened or hypertrophic [ 12 ]. When the heart 
can no longer keep up with this excess demand, it 
decompensates, transitioning to dilation and, ulti-
mately causing end-stage HF [ 12 ], a serious life-
threatening condition and one of the most 
common causes of death worldwide [ 4 ].  

10.2.2    Pathological Signaling 
Pathways 

 Several types of pathological conditions induce 
cardiac hypertrophy by activating a variety of 
membrane receptors to engage downstream intra-
cellular signaling pathways, including the 
G-protein coupled receptor (GPCR), receptor 
tyrosine kinase (RTK), cytokine, and calcium-
modulated pathways [ 14 ]. Acutely, the purpose 
for the activation of these pathways is to enhance 
excitation- contraction coupling, to allow for the 
heart to compensate for the excess demand [ 2 ,  3 ] 
(Fig.  10.1 ). Chronically, however, constitutive 
activation of these signaling pathways leads to 
sustained hypertrophic responses that induce 
maladaptive remodeling of the heart. 

 Interestingly, there is signifi cant cross-talk 
between the proteins within these various signal-
ing cascades, allowing for specifi c and directed 
responses to downstream effectors [ 15 ]. For 
example, stimulation of the  mitogen activated 
protein kinase (MAPK)  cascade by each of the 
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three family members, the  extracellular regulated 
kinases (ERK1/2, ERK5),  p38 and the  c-Jun 
N-terminal kinase (JNK),  culminates in the acti-
vation of nuclear transcription factors that drive 
hypertrophic responses within the cell [ 16 ]. 
Increases in intracellular Ca2+, which leads to 
the activation of calmodulin-dependent protein 
kinase II (CaMKII) and/or calcineurin, induces 
activation of the nuclear factor for activation of T 
cells (NFAT), enhancing cardiac hypertrophy 
[ 17 ]. In addition, increased CaMKII activity 
modulates hypertrophic gene transcription by 
controlling nuclear shuttling of class II histone 
deacetylases (HDACs) [ 18 ]. Therefore, it is the 
concomitant increase in multiple signaling cas-
cades that ultimately leads to the panoply of 
responses that drive enhanced (and chronic) 
hypertrophic gene transcription [ 19 ]. 

10.2.2.1    G-Protein Coupled Receptor 
Signaling 

 GPCRs are the largest class of cell surface recep-
tors, with nearly 800 family members identifi ed 
to date [ 20 ]. The GPCR consists of a cytosolic 
region, a ligand-binding extracellular region and 
seven transmembrane domains. Intracellularly, 
GPCRs are associated with heterotrimeric GTP- 
binding proteins (G-proteins) consisting of mul-
tiple isoforms of distinct Gα, β and γ subunits 
[ 21 ]. There are four sub-classes of G-proteins: 
Gαs and Gαi, which either stimulate or inhibit 
adenylyl cyclase (AC), respectively; Gαq/11, 
which activates phospholipase C (PLC); and 
Gα12/13, which activates the Rho family of G 
proteins [ 22 ]. Because the signal transducing 
properties of the various possible βγ combina-
tions do not appear to radically differ from one 
another, these classes are defi ned principally 
according to the isoform of their α-subunit; 
however, βγ dimers are important in that they are 
involved in enhancing the complexity of possi-
ble interactions between G proteins and their 
targets [ 23 ]. 

 In the absence of signal, the GPCR-associated 
heterotrimeric G protein is bound to guanosine 
diphosphate (GDP) and is inactive. However, 
upon binding of the agonist to the GPCR, 
a  conformational change takes place which enables 

the receptor to act as its own guanine nucleotide 
exchange factor (GEF), activating the associated 
G-protein by exchanging its bound GDP for gua-
nosine triphosphate (GTP) [ 24 ]. The G-protein’s 
α subunit then, together with the bound GTP, dis-
sociates from the βγ subunit to further affect intra-
cellular signaling proteins or target functional 
proteins directly dependent on the α subunit type 
[ 22 ]. GPCR activation drives downstream signal-
ing cascades controlled by ACs, phospholipases 
and ion channels, as well as by various RTK cas-
cades (ERK, JNK, p38, ERK5) and the phospha-
tidylinositol 3′ kinase (PI3K/Akt) pathway. In 
fact, GPCR signaling controls most important and 
vital molecular processes, such as cell prolifera-
tion, differentiation, survival, migration and other 
functions; however, chronic activation can also 
lead to the development of cardiovascular disease 
and HF [ 25 ].  

10.2.2.2    Gαs and Gαi Signaling 
  β-1 adrenergic receptors (B1AR), β-2 adrenergic 
receptors (B2AR), dopamine-1 receptors, hista-
mine- 2 receptors, and vasopressin-2 receptors  are 
examples of Gαs protein-coupled receptors [ 26 ]. 
Upon agonist binding, dissociated Gαs (“s” for 
stimulatory) leads to stimulation of AC and 
increased generation of cyclic adenosine 3′ 5′ 
monophosphate (cAMP), a key second messen-
ger that mediates excitation-contraction coupling 
of the heart [ 27 ,  28 ]. The cAMP subsequently 
mediates activation of the serine/threonine- 
specifi c protein kinase A (PKA), which is ulti-
mately required to modulate cardiac contractility 
via intracellular Ca2+ movements [ 26 ] 
(Fig.  10.2 ).

   Once activated, the catalytic subunit of PKA 
phosphorylates a range of substrates within the 
cardiomyocyte, including cardiac troponin I 
(cTnI), the ryanodine receptor (RyR), the LTCCs, 
and  phospholamban  (PLB), all of which are 
required to enhance cardiomyocyte contractility 
through modulation of Ca 2+  transients released 
from the SR [ 26 ] (Fig.  10.2 ). In addition, PKA 
activity is regulated by A-kinase anchoring pro-
teins (AKAPs) and phosphodiesterases (PDEs) to 
similarly modulate cardiomyocyte contractility 
and function [ 29 ]. 
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 AC activity is inhibited by stimulation of the 
Gαi-coupled muscarinic acetylcholine receptor-2 
(mAchR2) as well as by stimulation of the sphin-
gosine- 1 phosphate receptor-1 (S1PR). In addi-
tion, Gβγ subunits, when released from the Gα 
subunits, function to open muscarinic K +  chan-
nels (K ach ) and promote membrane hyperpolar-
ization of the cardiomyocyte. Reduction of the 
action potential duration follows, and chronot-
ropy and inotropy are decreased [ 30 ] (Fig.  10.3 ).

10.2.2.3       Gαq/11 Signaling 
  Angiotensin receptors (ATRs), endothelin recep-
tors (ETRs),  serotonin receptors and α-adrenergic 
receptors (αARs) are coupled to Gαq/11  signaling 

proteins [ 31 ]. Angiotensin I (AngI), Angiotensin 
II (AngII), and endothelin-1 (ET1) are examples 
of pro-hypertrophic hormones that bind these 
receptors during mechanical and/or pathological 
stress (i.e. stretch due to pressure or volume over-
load) [ 32 ]. Mechanistically, stimulation of 
Gαq/11-coupled receptors leads to activation of 
phospholipase C-β (PLCβ) and subsequent cleav-
age of membrane-bound phosphatidylinositol 
4,5-biphosphate (PIP2) into the second messen-
gers inositol (1,4,5) trisphosphate (IP3) and diac-
ylglycerol (DAG) [ 33 ]. IP3 induces the IP3 
receptor-mediated release of Ca 2+  from the SR 
and is required to activate the downstream effec-
tors CaMKII and calcineurin, whereas DAG 
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  Fig. 10.2    Gαs signaling. When no signal molecule is 
present, the G protein binds to the GDP and is inactive. 
However, upon binding of a signal protein to the ligand-
binding site, a conformational change of the receptor 
takes place. This enables the receptor to interact with the 
α subunit of the associated G protein, which then 
exchanges its bound GDP to GTP. This activates the G 
protein and causes βγ subunit to dissociate, thus enabling 
it to relay the signal by regulating the activity of addi-

tional intracellular signaling proteins. When norepineph-
rine (NE) binds to the β1AR, the G protein becomes 
activated and adenylate cyclase becomes stimulated. 
Cyclic AMP increases and phosphorylation events inside 
the cell take place, leading thus to increased cellular con-
traction. A β arrestin dependent scaffold including 
CAMKII and EPAC can be recruited to β1AR on stimula-
tion, allowing cAMP-EPAC-mediated activation of 
CAMKII and regulation of contractility       
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 diffuses along the plasma membrane and acti-
vates membrane bound forms of the serine/threo-
nine protein kinase C (PKC) and/or protein 
kinase D, which in turn drive the downstream 
activation of ERK1/2 [ 33 ] (Fig.  10.4 ).

   Importantly, while all Gαq/11-coupled recep-
tors function to control hypertrophy in response 
to cardiac stress, they each have additional 
important functional properties: α1-adrenergic 
receptor signaling is required to modulate Na + -H +  
exchange transporter regulation; angiotensin 
receptor signaling controls Ca 2+  signaling and 
collagen synthesis/deposition, and endothelin-1 
mediates cardiac rhythm and collagen expression 
[ 34 ]. In addition, cardiac hypertrophy associated 
with Gαq signaling mediates the reactivation of 
embryonic genes, such as atrial natriuretic factor 
(ANF), skeletal α-actin, and βMHC [ 34 ]. 

 Taken together, activation of Gαq signaling 
leads to an increase in transcriptional regulation 
of genes that control cardiomyocyte cell size and 
protein content, which over time, ultimately leads 

to hypertrophy and cardiac failure [ 35 ]. Indeed, 
transient overexpression of a constitutively active 
mutant of Gαq in transgenic mice consistently 
results in cardiac hypertrophy and dilatation with 
progressive heart failure and death [ 36 ]. 
Specifi cally, the transgenic overexpression of  the 
angiotensin-1 (AT1R)  receptor develops signifi -
cant cardiac hypertrophy, with increased expres-
sion of atrial natriuretic factor (ANF) and 
interstitial collagen deposition, and the mice die 
prematurely of heart failure [ 37 ]. In contrast, 
mice carrying inactivating mutations of Gαq or 
Gα11 exhibit embryonic cardiomyocyte hypo-
plasia, suggesting that Gαq/Gα11-mediated sig-
naling not only regulates myocardial growth 
during embryogenesis, but likely plays a critical 
role in pathological processes leading to cardiac 
hypertrophy and failure as well [ 38 ]. Importantly, 
moderate levels of Gαq signaling induce myocar-
dial hypertrophy, while chronic and sustained 
activation caused cardiomyocyte death and HF 
through downstream activation of p38-MAPK 
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and Janus kinases/signal transducer and activa-
tors of transcription (JAK/STAT) signaling path-
ways [ 39 ]. 

 Therapeutically, it has been demonstrated 
that  angiotensin-converting-enzyme inhibitors  
(ACEIs) are benefi cial in hypertensive patients, as 
well as in patients with acute myocardial infarc-
tion (MI), chronic systolic HF, stroke and diabetic 
renal disease, specifi cally by targeting GPCR sig-
naling [ 40 ]. Patients treated with ramipril, an 
ACEI, have improved clinical outcomes, with 
diminished left ventricular dysfunction, and 
reduced rates of death, myocardial infarction, and 
stroke [ 41 ]. Importantly, these data demonstrate a 
role for Ang II-mediated Gαq signaling in the 
development of cardiac  hypertrophy and failure; 
however, the data also imply that the potential for 
targeted therapeutic interventions also exists, 
likely through specifi c inhibition of the Gαq 
downstream signaling effectors.  

10.2.2.4    Gα12/13 Signaling 
 The most recently identifi ed class of heterotri-
meric G proteins is the Gα12/13 family. Gα13 
was fi rst identifi ed as an oncogene, and overex-
pression of GTPase-defi cient Gα12 or Gα13 
altered cell shape, gene expression, and cell 
growth [ 42 ]. It is now clear that these responses 
resulted, at least in part, from activation of the 
small G protein Rho [ 43 ,  44 ] . 

 The Rho family of small G proteins includes 
more than 18 members, the best characterized of 
which are RhoA, Rac1, and Cdc42. A molecular 
link between the Gα12/13 family and RhoA was 
recently identifi ed through work demonstrating 
that p115RhoGEF binds Gα12/13 proteins and is 
activated by Gα13 [ 43 ,  44 ] (Fig.  10.5 ). Similar 
interactions were shown for other GEFs, e.g., 
PDZRhoGEF and LARG, and Gα13 [ 42 ]. 
Interestingly, there is also evidence to suggest 
that signaling via AT1R-Gα12/13-mediated 
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p115RhoGEF contributes specifi cally to activa-
tion of JNK-MAPK in response to both phenyl-
ephrine (PE) [ 45 ] and ET1 [ 46 ] (Fig.  10.5 ). 
Interestingly, GPCRs that couple to Gα12/13 also 
couple to (and signal through) other sub-classes, 
often Gαq/11.

10.2.2.5       β-Arrestins and 
Desensitization Signaling 

 Normally, the cell has mechanisms in place to 
turn GPCR signaling off. This inactivation can 
occur by one of two ways: The fi rst is vesicu-
lar translocation, where the GPCR is engulfed 
by a clathrin-coated vesicle, removed from the 
membrane, disassembled from its agonist, and 
then is either recycled or degraded [ 47 ]. The 
second consequence is β-arrestin linking; here, 
the GPCR becomes phosphorylated by a G pro-
tein-coupled receptor kinase (GRK), recruiting 

β-arrestin and blocking further communication 
between the G protein and the GPCR agonist 
[ 48 ] (Figs.  10.2  and  10.4 ). This latter mechanism 
is termed desensitization [ 49 ]. In many cases, 
binding of β-arrestin to the receptor is a prereq-
uisite for translocation. For example , β-arrestin  
bound to β2-ARS acts as an adaptor for binding 
with clathrin and with the beta-subunit of AP2 
(clathrin adaptor molecules); thus, the arrestin 
here acts as a scaffold assembling the compo-
nents needed for clathrin-mediated endocytosis 
of β2-adrenoreceptors [ 50 ]. 

 Activity of GRKs and subcellular targeting is 
tightly regulated by interaction with receptor 
domains, G protein subunits, lipids, anchoring 
proteins and calcium-sensitive proteins [ 51 ]. In 
the myocardium, the β-adrenergic signaling 
exchange protein activated by cAMP (EPAC) 
plays a critical role in regulating cardiomyocyte 

Gα12/13 signaling

AT1R 
AT1

Gβγ Gα12/13

p115RhoGEF

JNK
NUCLEUS

c-Myc

Hypertrophy

c-Jun ELK1

  Fig. 10.5    Gα12/13 signaling. Stimulation of Gα12/13-
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of JNK, which subsequently binds to nuclear transcription 
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handling and myofi lament protein phosphoryla-
tion through activation of β-arrestin [ 52 ] 
(Fig.  10.2 ). Upon stimulation  of β1AR  in CMs, 
the scaffolding proteins β-arrestin 1 and 
β-arrestin 2 interact with both EPAC and 
CaMKII, allowing cAMP-EPAC-mediated acti-
vation of CaMKII and subsequent PLB phos-
phorylation and regulation of heart muscle 
contraction [ 30 ] . In addition, β-arrestin- 
dependent β1AR-mediated epidermal growth 
factor receptor (EGFR) transactivation decreases 
cardiac apoptosis, possibly via internalization of 
a β1AR-EGFR-ERK1/2 complex that directs an 
unknown cytosolic cell survival response. AT1R 
stimulation also induces β-arrestin-1 association 
with a Rho GTPase-activating protein called 
ARHGAP21, promoting RhoA activation and 
inducing changes in cytoskeletal structure and 
cell shape [ 53 ] (Fig.  10.4 ). 

 Interestingly, although various cardiac GPCRs 
have negative effects when stimulated chroni-
cally, β-arrestin has recently been recognized to 
mediate potentially benefi cial downstream sig-
naling. Internalization of an AT1R-β-arrestin- 
ERK1/2 complex has been shown to increase 
MAP kinase-interacting kinase-1 activation, 
enhancing eukaryotic translation of initiation 
factor-4E-mediated mRNA translation and con-
tributing to the compensatory increase in cell size 
and protein content in response to hypertrophic 
stimuli. In addition, AT1R-β-arrestin-ERK1/2- 
mediated activation of ribosomal S6 kinase 
(rS6K) inhibits BAD-induced  apoptosis,  which 
could contribute to increased cardiomyocyte cell 
survival [ 30 ].  

10.2.2.6    Calcineurin/NFAT Signaling 
 There is a clear correlation between force 
 production and perturbation of Ca 2+  regulation, 
alterations of which might directly induce patho-
logical, anatomical, and functional alterations 
that lead to HF. Importantly, GPCR signaling 
leads to activation of PLC, inducing Ca 2+  release 
from the sarcoplasmic reticulum (SR) which acti-
vates  calmodulin , phosphorylates calcineurin, 
and, ultimately, modulates sarcomeric contractil-

ity and induces the transcription of hypertrophic 
genes (Fig.  10.6 ).

    Calcineurin  is a calcium- and calmodulin- 
dependent protein serine/threonine phosphatase 
critical for several important cellular processes 
[ 54 ]. It is expressed in multiple tissues and con-
sists of two basic subunits: subunit A, the catalytic 
subunit; and subunit B, the regulatory subunit 
[ 54 ]. To date, there have been three mammalian 
calcineurin A catalytic subunit genes (a, b, c) and 
two B regulatory subunit genes (B1, B2) identifi ed 
[ 55 ]. Importantly, calcineurin is uniquely activated 
by sustained elevations in intracellular Ca 2+  [ 56 ]. 

 Use of the immunosuppressive drugs  cyclo-
sporine A  (CsA) and FK506, which form com-
plexes with immunophilin protein and thus inhibit 
calcineurin catalytic activity, essentially have elu-
cidated the physiological role for this phospha-
tase. Specifi cally, when cytoplasmic Ca 2+  levels 
increase inside the cell, calmodulin associates 
with calcineurin, thereby activating the enzyme 
[ 17 ]. Consequently, cytosolic NFAT becomes 
dephosphorylated, allowing it to translocate to the 
nucleus where it can participate in mediating cal-
cium-inducible gene expression [ 57 ] (Fig.  10.6 ). 

 To help modulate the signal, kinases such as 
 ERK1/2, JNK, p38, glycogen synthase kinase-3β  
(GSK3β) and casein kinase I (CKI), casein kinase 
II (CKII), and PKA phosphorylate NFAT family 
members, antagonizing nuclear translocation 
[ 58 ]. In addition, many of the same kinases also 
participate in re-phosphorylating NFAT within 
the nucleus, aiding in extrusion of NFAT back 
into the cytosol [ 58 ]. Indeed, transgenic mice that 
overexpresses activated forms of calcineurin or 
NFAT3 in the heart develop cardiac hypertrophy 
that progresses rapidly to dilation, with  intersti-
tial fi brosis, congestive HF, and sudden death  
[ 59 ]. However, use of CsA and FK 506 block the 
ability of cultured CMs to undergo hypertrophy 
in response to AngII and PE stimulation [ 59 ]. 
Furthermore, CsA administration prevents 
 cardiac hypertrophy and the associated pathology 
in calcineurin transgenic mice, suggesting calci-
neurin activation exacerbates  hypertrophic sig-
nals and expedites the  transition to dilation. 
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Together, these results defi ne a novel signaling 
pathway that couples hypertrophic signals at the 
cell membrane to changes in cardiac gene expres-
sion and suggests possible opportunities for phar-
macologic intervention to prevent cardiac 
hypertrophy and HF [ 17 ]. 

 Several endogenous calcineurin inhibitors 
exist, including AKAP79, Cabin/Cain-1, and 
DSCR/MCIP [ 60 ,  61 ]. Specifi cally, AKAP79 
interacts with calcineurin, PKA, and PKC to 
serve as a scaffold that integrates these signaling 
pathways [ 62 ]. Cain/Cabin-1 is a 230-kDa pro-
tein highly expressed in the brain that contains a 
potent noncompetitive calcineurin inhibitory 
domain in its C terminus [ 60 ,  61 ]. The fact that 
neither AKAP79 nor Cain is expressed at signifi -
cant levels in the heart suggests that they are not 
physiologic regulators of cardiac calcineurin 
activity [ 63 ]. On the other hand, MCIP1 and 
MCIP2 (DSCR1 and ZAKI-4) were recently 

identifi ed calcineurin inhibitory genes shown to 
be highly expressed in the myocardium, poten-
tially representing physiologic regulators of cal-
cineurin activity in cardiac muscle [ 14 ].  

10.2.2.7    MAPK Signaling 
 Nearly all MAPK signaling components 
(upstream and downstream) are activated in end- 
stage human HF and are subdivided into three 
main branches consisting of p38 kinases, JNKs, 
and ERK1/2 and ERK5 [ 15 ]. The  MAPK signal-
ing  cascade is classically initiated by activation 
of small G proteins in response to both RTK- 
mediated and GPCR-mediated activation. 
However, the functional outcome of specifi c 
MAPK activation can be modulated and altered 
by scaffolds in a specifi c spatiotemporal pattern 
[ 64 ] (Fig.  10.7 ). This complexity leads to differ-
ent phenotypes ranging from “physiological” 
compensated hypertrophy and  cardioprotection to 
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  Fig. 10.6    Calcineurin/NFAT signaling. Upon stimulation 
of Gαq coupled receptors (i.e., ET1R, AT2R, or PE) or 
mechanical stress, the levels of intracellular calcium 
increase. Calcium then binds to calmodulin, thereby 
 activating calcineurin through sustained elevations in 

intracellular calcium. This leads to nuclear localization of 
NFAT transcription factors as well as direct activation of 
nuclear MEF2 factors. Subsequent cardiac muscle 
 hypertrophy follows       

 

10 Pathways to Myocardial Hypertrophy



178

pathological HCM and  cardiac remodeling , 
determined by the level, duration, mode, and tim-
ing of induction involving different isoforms and 
upstream/downstream pathways [ 64 ].

   Pharmacologic inhibition of MAPK-signaling 
has demonstrated a necessary role for p38, JNK 
and ERK1/2 signaling in mediating hypertrophic 
growth of cultured CMs [ 65 ,  66 ]. In mice, consti-
tutive activation of ERK1/2 signaling in the heart 
through expression of activated MEK1 causes a 
concentric type of hypertrophy [ 67 ]. In contrast, 
cardiac-specifi c inhibition of ERK1/2, through 
either a constitutively active ERK1/2-dual-
specifi city phosphatase or combinatorial deletion 
of ERK1 and ERK2, induces cardiac dilation 
[ 15 ]. Interestingly, and in  contrast to ERK1/2, the 

related MEK5-ERK5 branch of the MAPK cas-
cade preferentially induces eccentric hypertro-
phy [ 15 ]. Transgenic mice with 
cardiomyocyte-specifi c overexpression of 
MEK5, which induces downstream ERK5 activa-
tion, develop cardiac dilation and decompensa-
tion with loss of contractile function [ 68 ]. 

 The JNK and p38 MAPK kinases, are acti-
vated by MEK4/7 and MEK3/6, respectively. 
These MAPKs generally serve as more special-
ized transducers of stress or injury responses, 
hence their classifi cation as stress-activated pro-
tein kinases. Overexpression of MKK6 (p38 acti-
vation) or MKK7 (JNK activation) in hearts of 
transgenic mice show severe cardiac dilation and 
HF [ 65 ,  66 ].  
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When an RTK, such as insulin, binds to the receptor, both 
ERK/MAPK and PI3K/AKT signaling ensues. 
Importantly, ERK/MAPK translocates to the nucleus 
where it binds to transcription factors necessary to induce 
cardiac hypertrophy. The PI3K/AKT pathway will lead to 
the downstream activation of glycogen synthesis, autoph-

agy and protein synthesis, culminating in mechanisms 
that can lead to cardiac hypertrophy. The PI3K pathway is 
also important in regulating the metabolic effects of insu-
lin signaling. Stimulation of PKC and AKT by PI3K leads 
to translocation of GLUT-4 from the endoplasmic reticu-
lum to the plasma membrane to mediate glucose metabo-
lism in the cardiomyocyte       
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10.2.2.8    PI3K/AKT Signaling 
 Phosphatidylinositol kinases are phospho-lipids 
tethered at cellular membranes that contribute to 
the recruitment and activation of multiple signal-
ing components. They play a particularly key role 
in cell survival pathways, in the regulation of 
gene expression and cell metabolism, as well as 
in the process of cell growth and differentiation 
[ 69 ].  PI3K activation via  protein kinase 
C-dependent or cAMP-dependent pathways are 
essential for the hypertrophic growth of adult 
CMs [ 70 ] (Fig.  10.7 ). RTK stimulation by growth 
factors, such as the insulin-like growth factor-1 
(IGF-1) and the platelet derived growth factor 
(PDGF), lead to activation of the PI3K signaling 
cascade [ 70 ]. In addition, GPCR activation of 
both α-adrenergic and β-adrenergic signaling can 
also activate this pathway [ 70 ,  71 ]. 

 Akt is the major downstream effector of PI3K 
signaling, mediating many processes important 
to cardiac adaptation including protein synthesis, 
inhibition of apoptosis, and metabolism. For 
example, cardiomyocyte-specifi c overexpression 
of the constitutively active catalytic subunit of 
PI3K, p110α, induces physiological, not patho-
logical, H [ 72 ]. Conversely, dominant negative 
p110α overexpression in the heart induces a non- 
pathological atrophy, even in the presence of 
Insulin-like growth factor 1 receptor (IGFR) 
overexpression and exercise training [ 72 ]. 
Cardiac-restricted loss of the lipid phosphatase, 
phosphatase and tensin homolog deleted on chro-
mosome ten  (PTEN) , which increases phosphor-
ylation of Akt and GSK-3β, also promotes heart 
growth and prevents the development of 
 maladaptive ventricular remodeling, with preser-
vation of angiogenesis and metabolic gene 
expression in response to pressure overload [ 73 ]. 

 Akt1-null mice, however, display growth retar-
dation and are refractory to physiological cardiac 
hypertrophy when subjected to exercise training. 
Similarly, overexpression of dominant negative 
Akt1 prevents hypertrophic growth of the heart 
[ 74 ]. Importantly, while acute cardiomyocyte- 
specifi c expression of a constitutively active Akt1 
initially promotes a physiological type of hyper-
trophy, its prolonged activation is ultimately path-
ological [ 74 ,  75 ]. Taken together, these results 

indicate that acute Akt activation promotes an 
adaptive cellular growth program in the heart, but 
that sustained Akt signaling leads to pathological 
hypertrophy and heart failure [ 76 ]. Indeed, the 
mediators of PI3K/Akt-induced hypertrophy are 
two well-defi ned direct downstream targets: 
GSK3β and the mammalian target of rapamycin 
(mTOR) [ 14 ].  

10.2.2.9    GSK3 Signaling 
  GSK3 , of which there are two isoforms, GSK3α 
and GSK3β, was originally characterized in the 
context of regulation of glycogen metabolism, 
though it is now known to regulate many other 
cellular processes and thus, is an emerging 
important therapeutic target in a variety of 
pathologies. In the heart, emphasis has been 
placed particularly on GSK3β rather than 
GSK3α; catalytically-active GSK3β has been 
directly implicated in anti-hypertrophic signal-
ing. Conversely, inhibition of GSK3 alters the 
transcriptional and translational machinery in the 
heart, inducing hypertrophic responses. 

 GSK-3β is unphosphorylated and constitutively 
active in the healthy heart; phosphorylation of 
GSK-3β by AKT inactivates it, inducing hypertro-
phy [ 77 ] (Fig.  10.7 ). In mouse models, overex-
pression of activated GSK-3β causes a reduction 
in heart size and decreases hypertrophy in response 
to pathological stimuli. Moreover, in genetic mod-
els of HCM with mutations in sarcomeric proteins, 
GSK-3β is inactivated, consistent with hypertro-
phy in these models and demonstrated downstream 
alterations in AKT.  

10.2.2.10    mTOR Signaling 
 The second downstream effector of PI3K/Akt 
activation in hypertrophy is mTOR, a key serine/
threonine kinase that functions as both a positive 
regulator of cell growth and protein synthesis and 
negative regulator of a process called  autophagy  
[ 78 ]. Rapamycin is an immunosuppressive drug 
that binds to its intracellular receptor FKBP12 
and forms a complex which subsequently inhibits 
mTOR activity. Inhibition of mTOR results in 
impaired protein synthesis and decreased cell 
size via inhibition of its downstream effectors, 
p70S6 kinase and 4EBP1/eIF4E [ 79 ] (Fig.  10.7 ). 
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In  addition,   rapamycin  also attenuates cardiac 
hypertrophy that is secondary to constitutive acti-
vation of Akt, completely blocking the increase 
in cardiomyocyte size that normally results as a 
consequence of oxidative stress, treatment with 
PE or AngII, or fetal calf serum [ 14 ,  74 ,  80 ].  

10.2.2.11    Autophagy 
 CMs are intricately involved in  autophagy,  the 
catabolic process of regulating the synthesis, deg-
radation and recycling of a cell’s own components 
through lysosomal machinery [ 81 ]. While autoph-
agy is a normal process that occurs in cells, it can 
be further induced by cellular stress, such as nutri-
ent deprivation [ 82 ]. The PI3K signaling pathway, 
through its activation of mTOR, is a key negative 
regulator of this process [ 83 ] (Fig.  10.7 ). 

 Autolysosomal degradation of membrane lip-
ids and proteins through autophagy generates fatty 
acids (Fas) and amino acids, which are reused by 
the cell to maintain mitochondrial ATP production 
and protein synthesis, thereby promoting cell sur-
vival [ 82 ]. Interestingly, autophagy also promotes 
programmed cell death in some circumstances, 
although the mechanism for this dual-functional-
ity in the heart remains unclear [ 84 ]. 

 Autophagy plays a dual role in cardiac func-
tion as well. Increased autophagy is observed in 
acute and chronic ischemia, end-stage HF, and 
aging hearts [ 85 ]. Acute activation of autophagy 
under a wide range of pathological conditions 
appears initially compensatory and critical for 
proper maintenance of cardiac metabolism and 
cellular homeostasis [ 86 ]. However, in response 
to chronic stress, when autophagy is excessive, 
HF ensues, likely due to the decline in both num-
ber and function of mitochondria, and a perturba-
tion in cardiomyocyte metabolic fl ux [ 86 ]. 
Additional work is needed to fully defi ne the 
profi t and loss conferred by autophagy in cardiac 
hypertrophy and failure [ 86 ].   

10.2.3    Diabetes and Obesity: 
Role of  Leptin  Signaling 

 Recent studies suggest that  obesity, hypertension, 
and diabetes  confer increased risk for structural 

heart disease. Leptin, the obesity gene product, is 
a 16 kDa protein monomer produced mainly by 
adipocytes but also other sources as well, includ-
ing the heart [ 87 ]. Leptin suppresses appetite via 
central mechanisms and plays a key role in the 
regulation of body weight and metabolism. 
Recent evidence has shown that leptin exerts a 
negative inotropic effect in isolated CMs [ 88 ]. 
Interestingly, leptin causes hypertrophy in cul-
tured neonatal rat ventricular myocytes [ 89 ]. Still, 
other studies have demonstrated that infusion of 
leptin has antihypertrophic effects in mice [ 90 ]. 
MAPK [ 91 ], JAK/STAT [ 92 ], and nitric oxide 
(NO) [ 93 ] signaling pathways have each been 
implicated in mediating some of the biological 
actions of leptin on heart disease (Fig.  10.7 ). 

 Like stretch, binding of leptin to its receptor acti-
vates downstream signaling pathways that result in 
activation of  ERK1/2  and subsequent activation of 
both the angiotensin and endothelin systems. The 
hypertrophic response occurs as a consequence of 
transcriptional activation of genes mediated by 
AngII or ET-1 stimulation of AT1 or ET1 receptors, 
respectively, and the subsequent ERK1/2 activation 
that ensues. Use of the AT1R antagonist, losartan, 
or the endothelin- A (ETA) receptor antagonist, 
BQ123, blocks hypertrophy. Similarly, by prevent-
ing Ang II or endothelin- 1 synthesis with an ACE 
inhibitor such as captopril, or with an endothelin 
converting enzyme (ECE) inhibitor such as PPRD, 
hypertrophy is also abrogated [ 94 ].   

10.3    Role of Non-cardiomyocyte 
Cells in Myocardial 
Hypertroply 

10.3.1    Cardiac Fibroblasts 

  Cardiac fi broblasts  (CFs), together with their 
activated form as myofi broblasts, are the most 
abundant cell type in the myocardium. They have 
multiple functional roles, in both cardiac devel-
opment and disease, a function through regula-
tion of structural, paracrine, and electrical 
interactions with CMs [ 95 ]. 

 The primary function of fi broblasts is to pro-
duce structural extracellular matrix (ECM) 
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proteins, with a particularly critical focus on 
wound healing. As such, they play a key role in 
modulating myocardial hypertrophy and HF; in 
mice, they have a demonstrated role in regulating 
hypertrophic myocardial responses to pressure 
overload [ 96 ]. “Cardiac fi broblasts produce a 
variety of pro-hypertrophic paracrine factors 
such as cytokines, such as TNF, IL-6, IL1, and 
growth factors, including PDGF and IGF-1” [ 97 ]. 

10.3.1.1    Extracellular Matrix 
 As mentioned above, the primary function of car-
diac fi broblasts is to produce the ECM, which is 
a network structure that provides structural and 
functional integrity to the heart. ECM is mainly 
comprised of fi brillar collagen types I and III, as 
well as less abundant collagen types IV, V and 
VI. ECM also includes fi bronectin, laminin, elas-
tin and fi brillin, proteoglycans and glycoproteins. 
CFs are the primary source of all of these ECM 
proteins. 

 ECM plays a critical role in mediating the 
mechanical connection among the CMs, CFs, 
and the blood vessels within the heart. It is 
through ECM that extracellular mechanical sig-
nals are transmitted to the CMs [ 98 ]. A number 
of growth factors such as PDGF, basic fi bro-
blast growth factor (b-FGF) and transforming 
growth factor-β (TGFβ), can induce ECM pro-
teins during cardiac development and disease 
[ 99 ]. 

 The increased numbers of non-myocyte cells 
and extracellular matrix proteins contribute to 
cardiac fi brosis and progressive HF [ 100 ]. 
Numerous studies have demonstrated that both 
systemic and myocardial TGF-β levels are 
increased in patients with many forms of myocar-
dial involvement. Specifi cally, increased TGF-β 
levels are observed in fi brotic hearts [ 85 ]. Patients 
with idiopathic HCM also have upregulated 
TGF-β in their hearts [ 101 ]. The latter is also 
observed in patients with aortic stenosis [ 102 ], 
with increased TGF-β1 levels associated with 
higher transvalvular gradients and worse 
 hypertrophy [ 103 ]. Recently, it was shown that 
increased serum TGF-β1 levels are correlated 
with increased left ventricular mass in subjects 
with increased blood pressure [ 104 ], suggesting 

this may be a useful disease prognostic for the 
severity of myocardial hypertrophy in patients. 

 Full signifi cance of TGF-β signaling in human 
cardiac hypertrophy and fi brosis remains to be 
elucidated. Evolving evidence suggests that 
TGF-β is critically involved in cardiac injury, 
repair and remodeling. TGF-β1 heterozygous 
mutant mice exhibit less age-associated myocar-
dial fi brosis and diastolic disease than normal 
mice, with ameliorated age-associated myocar-
dial fi brosis and improved LV compliance [ 105 ]. 

 The  renin–angiotensin system  is a key media-
tor in the development of cardiac hypertrophy 
and HF [ 106 ]. Importantly, TGF-β1 acts down-
stream of Ang II to promote CM growth [ 104 ]. 
Ang II induces the expression of TGF-β1 in car-
diac myocytes and fi broblasts [ 107 ], activating 
fi broblasts and enhancing production and deposi-
tion of ECM proteins between CMs. Autocrine/
paracrine mechanisms play a critical role in this 
process [ 108 ].   

10.3.2    Endothelial Cells 

 Cardiac  endothelial cells  (ECs) play a key role in 
regulating and maintaining cardiac function in 
the endocardium. In the myocardial capillaries, 
ECs directly interact with adjacent CMs. This 
interaction is a prerequisite for normal cardiac 
development and growth and is governed by 
molecular mechanisms and cellular signals, such 
as neuregulin, vascular endothelial growth factor 
(VEGF), and angiopoietin, that continue to main-
tain the phenotype and survival of CMs in the 
adult heart [ 109 ]. 

 NO, ET1, prostaglandin I2, and AngII, directly 
infl uence cardiac metabolism, growth, contractile 
performance, and rhythmicity of the adult heart. 
These autocrine and paracrine agents are 
expressed and released by cardiac ECs [ 110 ]. 
ET-1 is a vasoconstrictor secreted primarily by 
ECs and also by macrophages, fi broblasts and 
CMs in response to mechanical and chemical 
stimuli [ 111 ]. Vascular ECS can release these 
agents as well. It has been showed that peripheral 
endothelial dysfunction is an early fi nding in the 
progression of HF [ 112 ].  
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10.3.3    Vascular Smooth Muscle 
Cells 

 Both contractile and synthetic functions can be 
performed by  vascular smooth muscle cells  
(VSMCs), which are associated with and charac-
terized by changes in morphology, proliferation 
and migration rates, and the expression of differ-
ent marker proteins. By contraction and relax-
ation, they alter their luminal diameter, and 
enable blood vessels to maintain an appropriate 
blood pressure [ 113 ].   

10.4    Future Directions 

 The incidence and prevalence of heart failure is 
still increasing, underscoring the need for agents 
that act earlier, target more specifi cally, or are 
more effective. Pathological signaling pathways 
discussed here fi t a central theme of emerging 
pathways causing and/or potentiating cardiac 
hypertrophy, including the G-protein coupled, 
the calcineurin/NFAT, MAPK, and the PI3K/
AKT/mTOR signaling pathways. Importantly, 
these signaling pathways control vital molecular 
processes, such as cell proliferation, differentia-
tion, survival, migration and other functions. 
Understanding the regulatory and functional 
mechanisms of these pathways in the heart will 
allow us to better understand ways to design 
more specifi c and targeted therapies to cardiac 
disease and end-stage heart failure.     
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  11      The Multiple Actions of the Insulin- 
Like Growth Factor-I Signaling 
in the Myocardium 
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    Abstract  

  The insulin-like growth factor-I (IGF-I) is an important growth factor 
which regulates a variety of cellular responses and has important roles in 
multiple biological systems. IGF-I is produced by many tissues including 
the myocardium, indicating that a signifi cant component of its action is due 
to an autocrine and paracrine mode of function. Multiple transcripts of the 
 Igf1  gene code for several precursor polypeptides (isoforms). IGF-I actions 
are mediated through its binding to several cell-membrane receptors, induc-
ing cell proliferation, differentiation, migration and survival, and implicat-
ing this growth factor in mitogenic, myogenic and anti-apoptotic processes 
in cardiac muscle. In this chapter, focus has been driven on the signaling 
pathways that IGF-I triggers in the regulation of physiological and patho-
physiological processes during cardiac hypertrophy, regeneration and 
remodeling. The concept of a potentially differential bioactivity and signal-
ing of the different IGF-I peptides in the myocardium is also discussed.  
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   Abbreviations 

  Akt    Protein kinase B   
  ALS    Acid-labile subunit   
  AMPK    AMP-activated protein kinase   
  APO    Apoptosis   
  ERKs    Extracellular signal-regulated kinases   
  GH    Growth hormone   
  GPCRs    G-protein coupled receptors   
  Grb2    Growth receptor binding protein 2   
  HGF    Hepatocyte growth factor   
  HSP60    Heat shock protein 60   
  IGFBPs    IGF binding proteins   
  IGF-I    Insulin-like growth factor-I   
  IGF-IEa    IGF-IEa isoform   
  IGF-IEb    IGF-IEb isoform   
  IGF-IIR    Type 2 IGF receptor   
  IGF-IR    Type 1 IGF receptor   
  IR    Insulin receptor   
  IRS    Insulin receptor substrate proteins   
  JNK1    c-Jun N-terminal kinase 1   
  MAPKs    Mitogen-activated protein kinases   
  MGF    Mechano-growth factor   
  MSCs    Mesenchymal stem cells   
  mTOR    Mammalian target of rapamycin   
  PDK1    Phosphoinositide-dependent kinase-1   
  PI3-K    Phosphatidylinositol 3-kinase   
  REG    Regeneration   
  SGK1    Serum/glucocorticoid regulated kinase 1   
  SH2    Src homology 2   
  Shc    Src homology/collagen   
  siRNA    Small interfering RNA   
  SirT1    Sirtuin 1   
  Sos    Son of Sevenless   
  TGF-β 1     Transforming growth factor beta 1   
  uPA    Urokinase-type plasminogen activator   

11.1          Introduction 

 The insulin-like growth factor-I (IGF-I) is a cellu-
lar and secreted growth factor which is critical for 
normal body growth, development and mainte-
nance and has important roles in various biological 
systems [ 1 ,  2 ]. IGF-I is produced by many tissues 
including skeletal and cardiac muscle, spleen, kid-
ney and brain, indicating that a signifi cant compo-
nent of IGF-I action is due to an  autocrine and 

paracrine mode of function, although it also acts as 
a classical circulating hormone [ 2 – 4 ]. Hormonal 
actions of circulating IGF-I, which is derived 
mainly from the liver but also from skeletal muscle 
[ 5 ], mediate the growth-promoting effects of pitu-
itary growth hormone (GH) [ 6 ]. Both in plasma 
and tissue, IGF-I is mostly bound to high affi nity 
IGF binding proteins, which protect it from degra-
dation and modulate its interaction with the IGF-I 
receptors [ 1 ,  7 ]. IGF-I mediate its actions through 
the binding and activation of several receptors, 
inducing cellular responses such as proliferation, 
differentiation, migration and survival [ 7 – 9 ]. Thus, 
this growth factor is implicated in the mitogenic, 
myogenic and anti- apoptotic processes during 
myocardial development, regeneration and hyper-
trophy [ 3 ,  10 – 12 ]. 

 The IGF-I domain which is responsible for the 
receptor binding and the activation of its down-
stream signaling pathways is the biologically 
active mature peptide. It is the common part of 
several IGF-I precursor proteins (isoforms) 
derived after their post-translational cleavage and 
the removal of their carboxy-terminal extension 
peptides, or E-peptides [ 13 ], (Fig.  11.1 ). 
Interestingly, it has been proposed that the 
E-peptides of the IGF-I isoforms also possess 
bioactivity that is distinct from that of mature 
IGF-I [ 14 ,  15 ] and particularly in cardiomyocytes 
[ 16 – 18 ]. In this chapter, focus has been driven on 
the signaling pathways that IGF-I triggers in the 
regulation of physiological and pathophysiologi-
cal processes during cardiac growth/hypertrophy, 
regeneration and remodeling, while the concept 
of a potentially differential bioactivity and sig-
naling of the IGF-I peptides in the myocardium is 
also discussed.

11.2       The IGF-I Bioregulation 
System 

 The IGF-I system consists of IGF-I, which pro-
duces three isoforms in humans, the type 1 
(IGF-IR) and type 2 (IGF-IIR) IGF receptors, 
insulin receptor (IR ),  and several atypical recep-
tors, such as the hybrid IGF-IR/IR [ 19 ], as well 
as of the IGF binding proteins (IGFBPs) [ 20 ,  21 ]. 
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11.2.1      IGF-I Alternative Splicing/
Isoforms 

 The  Igf1  gene is a highly conserved sequence in 
mammals and primates. It contains six exons and 
as a result of its alternative splicing, different 
IGF-I mRNA transcripts are produced, encoding 
for several IGF-I precursor proteins [ 4 ]. 
Specifi cally, class 1 or class 2 mRNA transcripts 
are produced by differential splicing of exons 1 
or 2, respectively, to the common exon 3. 
Alternative splicing of exon 5 results also in dif-
ferent mRNA variants containing exon 5, (class 
B, or IGF-IEb variant), or containing exon 6 (and 
excluding exon 5) defi ned as class A (or IGF-IEa 
variant). A third transcript variant, the IGF-IEc, 
which corresponds to IGF-IEb in rodents, is also 
generated by alternative splicing in the human 
 Igf1  gene and contains both exon 5 and 6. All 

possible combinations between leader exon (1 or 
2) and terminal exon (5 or 6) can occur in differ-
ent IGF-I transcripts [ 13 ]. Thus, the correspond-
ing IGF-I protein isoforms, namely the IGF-IEa, 
IGF-IEb and IGF-IEc in humans, differ by the 
structure of their E-peptides, on the carboxy- 
terminal end, and by the length of their amino- 
terminal signal peptides, however they share the 
same mature peptide [ 13 ,  14 ], (Fig.  11.1 ). 

 Recent studies have shown that the IGF-I splice 
variants are differentially transcribed in response 
to varying conditions and pathologies, such as 
exercise-induced muscle damage [ 22 ], myocardial 
infarction [ 17 ,  18 ], endometriosis [ 23 ], and cancer 
[ 24 ,  25 ]. The differential expression/regulation of 
the IGF-I splice variants in various pathologies 
could indicate distinct biological roles of the dif-
ferent IGF-I isoforms, however their particular 
functions remain, as yet, unclear.  
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  Fig. 11.1    Human  Igf1  gene alternative splicing. Different 
leader sequences of the  Igf1  gene result in two different 
classes of mRNA variants; class 1 transcripts use exon 1 
as leader exon, whereas class 2 transcripts have the leader 
sequences on exon 2. All possible combinations between 
signal peptide sequences and terminal exon (5 or 6) can 
occur in different IGF-I mRNA isoforms. The mature 
IGF-I peptide is coded by exons 3 and 4. It is a common 
part of the IGF-I precursor polypeptides and it is derived 

from post-translational processing of each of the multiple 
IGF-I precursors, by which the signal peptides and the 
E-peptides (Ea, Eb, Ec) are removed. The different 
E-peptides are encoded by three mRNA variants produced 
by alternative splicing of the 3′ end of the pre-IGF-I 
mRNA. The fi rst 16 amino acids of the amino-terminal 
portion of each of the IGF-I E peptides are coded by exon 
4, while exons 5 and 6 encode distinct portions of the 
E-peptides with alternative carboxy-terminal sequences       
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11.2.2    IGF Binding Proteins 

 IGF-I is constitutively produced from many tis-
sues and can also be released into the circulation 
[ 19 ]. In contrast with other growth factors, IGF-I 
(and IGF-II) can associate with specifi c IGF 
binding proteins (IGFBPs) in plasma and tissues 
[ 3 ]. At least six IGFBPs modulate the biological 
actions of IGF-I, as they bind IGF-I and increase 
its half-life both in the extracellular environment 
and the circulation [ 26 ]. Circulating IGF-I exists 
predominantly as a ternary complex, consisting 
of IGF-I, IGFBP-3 or IGFBP-5 and the glycopro-
tein acid-labile subunit (ALS). This complex 
retains a circulating reservoir of IGF-I and pro-
tects it from proteolytic degradation [ 21 ]. 
Moreover, in a ternary complex IGF-I is inactive, 
because in this form it is unable to cross capillary 
membranes or activate the receptor(s) [ 11 ,  19 ]. 
Hence, IGFBPs are expected to modulate the 
extent of IGF-dependent cellular effects, both in 
the circulation and in the extracellular matrix, via 
regulation of free IGF-I concentration and its 
local bioavailability in the tissue [ 20 ,  26 ]. Under 
stress conditions (e.g., trauma) the affi nity of 
IGFBPs, and particularly of IGFBP-3, for IGFs is 
reduced by proteolytic clipping of IGFBP-3 and, 
thus, IGF-I can re-associate with lower molecular 
weight binding proteins in binary complexes, 
which enables it to cross capillary membranes 
and target the peripheral tissues [ 11 ]. On the 
other hand, IGFBPs compete with IGF-IR, as 
they normally have higher affi nity to IGF-I than 
IGF-IR. Therefore, binding of IGFBPs to IGF-I 
prevents the ligand to interact with the receptor, 
thus suppressing IGF-I actions. The ratio between 
free IGF-I and IGFBP-IGF-I bound, as well as 
the tissue-specifi c distribution of particular 
IGFBPs control the IGF-I-inhibitory or stimula-
tory activities of IGFBPs [ 7 ,  27 ]. 

 Further, it appears that the IGFBPs have 
also independent activity in modulating mito-
genesis, cell survival and apoptosis [ 27 ,  28 ], 
while there is also a subgroup of binding pro-
teins, known as IGFBP-related proteins, that 
exhibit low binding affi nity to IGFs and their 
functions regarding the IGFs actions are yet 
unclear [ 11 ,  29 ].  

11.2.3    IGF-I Receptors 

 IGF-I actions are mediated through its binding to 
specifi c cell surface receptors (R) already men-
tioned, i.e., the IGF-IR, IGF-IIR, IR, and the 
hybrid IGF-IR/IR receptors [ 19 ], (Fig.  11.2 ). 
More specifi cally, IGF-I binds IGF-IR with the 
highest affi nity, IGF-IIR with low affi nity and is 
also able to interact with IR, but with much lower 
affi nity [ 1 ]. The IGF-I exhibits signifi cant struc-
tural similarity to insulin and both can cross- 
activate IGF-IR and IR, while the IGF-IR 
signaling pathways share multiple intracellular 
mediators with the insulin signaling cascade [ 13 ]. 
Moreover, various domains in the IGF-IR have a 
high degree of similarity (40–84 % aminoacid 
sequence homology) to IR [ 3 ,  30 ], both of which 
are comprised of 2 α-subunits and 2 β-subunits 
linked by disulfi de bonds. However, the affi nity 
of insulin for the IGF-IR is about 100-fold less 
than that of IGF-I and, thus, high concentrations 
of insulin are needed to cause IGF-IR activation. 
Nevertheless, and despite the similarities in their 
intracellular signaling cascades, the IGF-IR and 
the IR elicit different responses, probably due to 
differences in their subcellular localization and in 
the structure within the kinase containing 
β-subunit, as well as due to ligand specifi city and, 
thus, the different conformational changes con-
ferred by the α-subunits (reviewed in Suleiman 
et al. [ 11 ]).

   IGF-IR/IR hybrid receptors are present in 
many mammalian tissues including the heart. 
They are heterologous IGF-IR and IR α–β hemi-
receptors that maintain autophosphorylation 
activity upon ligand binding. The IGF-IR/IR 
hybrid receptor binds both insulin and IGF-I, 
however is thought to function predominantly as 
an IGF-I receptor, since its binding affi nity for 
IGF-I is higher than that for insulin [ 21 ,  31 ]. The 
functional importance of IGF-IR/IR hybrid 
receptors remains poorly understood, however 
there is evidence that they may play an important 
role in both IGF-I and insulin-mediated cardiac 
growth (reviewed in DeBosch and Muslin [ 6 ]). 

 IGF-I acts primarily through the binding and 
activation of the IGF-IR. This is a  transmembrane, 
ligand-activated receptor tyrosine kinase  consisting 
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of two extracellular α-subunits, which contain the 
cysteine-rich ligand binding site, and two trans-
membrane β-subunits which have a cluster of three 
tyrosine residues that undergo phosphorylation 
and thus activation upon IGF-I binding [ 1 ,  30 ,  32 ], 
(Fig.  11.2 ). Ligand binding to the IGF-IR causes 
a structural rearrangement in the transmembrane 
β-subunits of the receptor, resulting in trans-auto-
phosphorylation of the tyrosine residues as one 
kinase domain phosphorylates the other, and thus 
destabilizing the auto-inhibitory conformation 
within the kinase domain of the receptor [ 33 ]. The 
IGF-IR activation leads to a trend in protein sub-
strates in favor of the catalytic site, thus recruiting 
and phosphorylating specifi c cytoplasmic mole-
cules and adaptor proteins, including Src homol-
ogy/collagen (Shc) and insulin receptor substrate 

(IRS) proteins [ 2 ], (Fig.  11.2 ). IRS-1 and IRS-2 
do not have an intrinsic kinase activity and act to 
recruit other enzymes, in order to elicit a variety 
of responses through specifi c intracellular signal-
ing pathways. The IGF-IR, after its ligand-induced 
activation, is usually down-regulated by endocytic 
internalization [ 11 ].   

11.3    IGF-I/IGF-IR Signaling 
and Biological Actions 
on the Myocardium 

 There is a growing interest in recent years regard-
ing the role of IGF-I in cardiac physiology, largely 
within the context of cardiac repair and stem cell 
research, and numerous studies have implicated 
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IGF signaling in the regulation of cardiac growth, 
homeostasis, viability and regeneration [ 3 ,  11 ,  34 ]. 

 It is widely recognized that most of the observed 
IGF-I biological effects on cell proliferation, dif-
ferentiation and survival depend on the activation 
of IGF-IR [ 7 ,  11 ]. Ligation of IGF-IR phosphory-
lates specifi c molecules and initiates intracellular 
signaling cascades involved in mitogenic, myo-
genic and cell-survival/anti- apoptotic activities 
[ 11 ,  34 ], (Fig.  11.2 ). IGF-I is produced locally in 
the heart and IGF-IR is also present in cardiac mus-
cle [ 3 ]. Thus, based on the well known IGF-IR cel-
lular signaling, IGF-I actions on cardiomyocytes 
are expected to include an increase in cell size, pre-
vention of apoptosis, regulation of glucose metabo-
lism and intracellular Ca 2+ , and direct effects on 
cardiac muscle contractile function [ 11 ,  35 ]. A 
variety of biological effects is regulated by the IGF-
IR- induced stimulation of several phosphorylation 
cascades. Site-directed mutagenesis has been used 

to map specifi c signaling pathways, functions, and 
phenotypes associated with IGF-IR signaling, and 
receptor domain-dependent functions were identi-
fi ed for protection from apoptosis, anchorage- 
independent growth (i.e., cells grow in suspension 
or soft media where they fl oat instead of growing 
on a solid substratum), and DNA synthesis 
(reviewed in Kurmasheva and Houghton [ 9 ]). 
Specifi c IGF-I/IGF-IR-dependent signaling and 
biological actions in myocardium are discussed in 
the next sections, (Figs.  11.2  and  11.3 ).

11.3.1       IGF-I Signaling in Cardiac 
Development and Growth/
Hypertrophy 

 Heart growth is often referred to as cardiac hyper-
trophy (H )  and can be defi ned as physiological or 
pathological; physiological H includes heart 
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growth during postnatal development (sometimes 
also called eutrophy) and in response to exercise 
training (as occurs in elite aerobic exercise ath-
letes) and is associated with preserved or 
enhanced cardiac function. Pathological cardiac 
H occurs in disease settings such as myocardial 
infarction, hypertension and valve disease, and is 
typically associated with histopathology and 
depressed cardiac function. The activation of dis-
tinct signaling transducers causes the different 
phenotypes of cardiac hypertrophy [ 36 ,  37 ]. 

 That the IGF system plays an important role in 
the development and growth of the heart [ 11 ], 
GH/IGF-I axis may infl uence myocardial growth 
[ 38 ], and GH/IGF-I defi ciency may lead to 
 cardiac atrophy and impaired cardiac function 
[ 39 ]. More specifi cally, IGF-I appears to be cru-
cial for the embryonic growth with age of the 
myocardium and it has an important role in its 
response [ 3 ]. Physiological cardiac hypertrophy 
in athletes is also associated with increased car-
diac IGF-I production. This growth factor has 
been shown to have specifi c cardiac effects, stim-
ulating DNA and protein synthesis, cardiomyo-
cyte proliferation, differentiation and H [ 37 ,  40 ], 
and has been associated with the induction of 
expression of contractile proteins in neonatal rat 
cardiomyocytes [ 40 ], for review see [ 3 ], 
(Fig.  11.3 ). 

 Although substantial data suggest that IGF-I 
is a potent cardiomyocyte growth factor, never-
theless the research data regarding the IGF-I- 
induced myocardial hypertrophy appear 
controversial [ 11 ]. Specifi cally, IGF-I overex-
pression in mice increased cardiac stem cell 
number and growth [ 41 ], while myocardium- 
specifi c overexpression of IGF-I resulted in 
increased number of cardiomyocytes and total 
heart weight [ 42 ]. Moreover, it has been reported 
that overexpression of IGF-I in the hearts of 
transgenic mice induced a hypertrophic pheno-
type [ 43 ], in other studies transgenic mice over-
expressing IGF-IR in the heart exhibited 
increased cardiomyocyte size, enhanced contrac-
tile function and no evidence of histopathology 
[ 44 ,  45 ]. However, other studies failed to fi nd cel-
lular hypertrophy in cardiomyocytes  in vitro , or 
in individual muscle fi bers in the hearts of IGF-I 
overexpressing mice, or of mice overexpressing 

IGF-I specifi cally in the heart [ 42 ,  46 ], reviewed 
in Suleiman et al. [ 11 ]. 

 The cardiac growth/hypertrophy-promoting 
actions of IGF-I are mediated through various 
IGF-IR signaling components, involving extra-
cellular signal-regulated kinases (ERKs), IRS-1 
and phosphatidylinositol 3-kinase (PI3-K) [ 2 ,  34 , 
 37 ], (Fig.  11.2 ). Specifi cally, mitogenic IGF-I 
signaling cascades are activated through the 
phosphorylation of Shc, which connects IGF-IR 
tyrosine kinases to mitogen-activated protein 
kinases (MAPK) through the Ras-Raf-MEK- 
ERK signaling pathway. Shc binds to phosphory-
lated tyrosines on activated IGF-IR and its 
subsequent phosphorylation generates a binding 
site for the growth receptor binding protein 2 
(Grb2) and subsequently a Shc/Grb2/Son of 
Sevenless (Sos) complex. Sos activates the small 
G protein Ras, which is located at the plasma 
membrane and in its turn associates with and 
activates protein serine kinase Raf [ 3 ,  13 ,  34 ], 
(Fig.  11.2 ). The activation of Ras/Raf signals to 
MKKs (specifi cally MEK1/2) and these kinases 
phosphorylate on specifi c sites (Thr-Glu-Tyr) 
and activate ERKs (ERK1/2), which then can 
activate by phosphorylation other protein kinases 
and several transcription factors [ 34 ]. 

 Although the Ras-Raf-MEK-ERK signaling 
pathway appears to regulate certain intracellular 
hypertrophic responses, however the impor-
tance of this pathway in the regulation of car-
diac H has been disputed [ 34 ,  47 ]. Specifi cally, 
both  in vivo  and  in vitro  studies have shown that 
acute exposure of rat adult ventricular cardio-
myocytes and the cardiomyoblast cell line H9C2 
to IGF-I resulted in the activation of the IGF-IR, 
followed by the sequential activation of the Ras-
Raf-MEK- ERK cascade, which is required for 
the anabolic effects of IGF-I [ 11 ]. In addition, it 
was demonstrated that ERK signaling is neces-
sary for phenylephrine- induced cardiomyocyte 
H in culture [ 48 ], and that ERKs are required for 
sarcomeric organization induced by hypertro-
phic agonists, suggesting a more specialized 
role in cardiomyocyte H [ 49 ]. Moreover, ago-
nist stimulation or cell stretching resulted in the 
activation of ERK1/2 in cultured cardiomyo-
cytes [ 50 ], implicating ERK1/2 signaling pro-
teins as regulators of a hypertrophic response. 
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Nevertheless, there are also studies suggesting a 
minimal role for ERKs in cardiac hypertrophy 
[ 51 ]. Overall, although the necessity of ERK 
signaling as a hypertrophic mediator is disputed, 
it appears that ERKs are implicated as down-
stream effectors of the hypertrophic response in 
the myocardium [ 34 ]. 

 Other signaling molecules that appear to regu-
late the physiological hypertrophy phenotype in 
the myocardium are the components of the IGF-I/
PI3-K/Akt pathway [ 35 – 37 ]. In particular, the 
regulatory subunit of PI3-K contains a src homol-
ogy 2 (SH2) domain which interacts with IRS-1, 
resulting in PI3-K activation [ 36 ]. PI3-K then 
leads to the activation of Akt (protein kinase B) as 
well as p70S6K and p85S6K, which affect diverse 
intracellular processes such as translational regu-
lation, cardiac cell growth/hypertrophy and sur-
vival (discussed in the next section), [ 34 ,  35 ,  52 ]. 
IGF-I receptor tyrosine kinases activate the PI3-
K(p110-alpha) pathway leading to physiological 
H, whereas pathological H involves the activation 
of PI3-K(p110-gamma) pathway induced by 
G-protein coupled receptors (GPCRs) [ 12 ,  53 ]. 
Cardiac-specifi c overexpression of a constitu-
tively active PI3-K catalytic subunit (p110) in 
mice resulted in cardiac H, which was associated 
with a comparable increase in myocyte size, while 
the changes in heart size were correlated with 
PI3-K activity. Moreover, transgenic overexpres-
sion of a dominant negative PI3-K resulted in 
smaller hearts and myocytes [ 54 ]. 

 One of the most comprehensively studied sig-
naling molecules in the regulation of cardiac 
growth and function is Akt kinase [ 12 ,  55 ]. Akt is 
downstream of the IGF-I/PI3-K/Akt physiologi-
cal H pathway and it regulates a range of down-
stream targets involved in the modulation of local 
responses. It also regulates processes such as cell 
growth, differentiation and survival, as well as 
cell metabolism and contractile function [ 12 ,  55 ], 
(Fig.  11.2 ). Studies utilizing various Akt mutant 
mouse models suggest that the subcellular distri-
bution of Akt activity is a determinant for the 
resulting cardiac phenotype. Moreover, short- 
term activation of Akt induces physiological H, 
whereas its prolonged activation results in patho-
logical H, indicating that, depending on the 

 timing and extent of stimulation, the IGF-I/Akt 
pathway may sustain either physiological or 
pathological hypertrophy [ 12 ,  56 ]. Indeed, Akt is 
critical both at baseline and for hypertrophic 
adaptation and the activation of the IGF-I/PI3-K/
Akt pathway plays an important role in the mech-
anism of physiological cardiac H, by promoting a 
coordinated angiogenic program. Overall, physi-
ological H is associated with the activation of the 
IGF-I/PI3-K/Akt pathway, which is critical in 
modulating cardiac growth and vasculogenesis 
(reviewed in Catalucci et al. [ 12 ], see also next 
Sect.  11.3.3 ). 

 In addition, there is evidence that the IGF-I/
PI3-K/Akt signaling pathway downstream effec-
tors, p70S6K and p85S6K, may also play a role 
in regulating physiologic cardiac H. Ventricular 
pressure overloading resulted in the activation of 
both p70S6K and p85S6K [ 52 ], while selective 
inhibition of p70S6K blocked the augmentation 
of agonist-induced protein synthesis and the sub-
sequent hypertrophic response of cultured car-
diomyocytes [ 34 ,  57 ].  

11.3.2    IGF-I Signaling in Cardiac 
Cell Survival/Inhibition 
of Apoptosis 

 Programmed cell death apoptosis (APO) is a key 
contributor to myocyte loss that accompanies 
many forms of myocardial disease, such as acute 
myocyte death after ischemic injury. APO in car-
diomyocytes contributes to the development of 
heart failure [ 58 ], while it may also occur even 
during normal aging. It has been demonstrated 
that the constitutively expressed biochemical 
apoptotic machine in cultured cardiomyocytes 
can be suppressed by the anti-apoptotic signals of 
IGF-I in the serum [ 59 ]. 

 IGF-I has been well characterised as an anti- 
apoptotic factor and in many respects it appears 
to be a more potent survival than mitogenic fac-
tor. The identity of all the signaling proteins and 
interactions that mediate the IGF-I survival effect 
remains to be fully elucidated, however many 
components have been identifi ed [ 11 ]. Thus, 
IGF-I is a potent cardiomyocyte survival factor 
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and may affect the cardiac muscle mass by pre-
venting APO and cardiomyocyte loss [ 11 ,  60 ]. 
Indeed, IGF-I has protective effects on the heart, 
as cardiac-specifi c IGF-I overexpression is anti- 
apoptotic [ 41 ] and results in reduced reperfusion 
injury and less cardiomyocyte death and fi brosis 
in chronic coronary artery disease [ 60 ], 
(Fig.  11.3 ). On the other hand, IGF-I-defi cient 
mice have been shown to exhibit increased APO 
after myocardial infarction [ 61 ]. Moreover, IGF-I 
can decrease myocyte APO and prolong cell sur-
vival in cultured cardiomyocytes, and the anti- 
apoptotic effects of IGF-I on cardiac muscle cells 
can occur at physiological concentrations 
[ 59 ,  62 ]. Short-term administration of IGF-I in 
animals has been reported to counteract APO and 
improve cardiac contractility, however clinical 
trials in which IGF-I was administered chroni-
cally have shown confl icting results [ 3 ,  12 ,  44 ]. 

 Several signaling pathways have been sug-
gested to mediate the anti-apoptotic effects of 
IGF-I [ 63 ]. Specifi cally, three different pathways, 
originating from different domains of the IGF-IR, 
are involved in cell survival: the IRS-1/PI3-K/
Akt/p70S6K pathway, acting through the tyro-
sine kinase domain; the Shc/MAPK pathway, 
acting preponderantly through the Y950 domain; 
and a third pathway which is dependent on the 
serine cluster motif (S1280–1283) of the IGF-IR 
and acts in cooperation with 14-3-3 proteins. The 
latter pathway results in the translocation of 
Raf-1 to mitochondria where it can phosphory-
late, and so inactivate, the pro-apoptotic protein 
Bad, a member of the Bcl-2 family of proteins, 
(Fig.  11.2 ). Indeed, IGF-I acts as a survival factor 
via the stimulation of the Bcl-2 proteins [ 8 ], as 
IGF-I-mediated inhibition of APO has been 
shown to be associated with increased expression 
of an anti-apoptotic member (Bcl-xL) of the 
Bcl-2 family of proteins [ 64 ]. Mitochondria 
appear to have an important role in the apoptotic 
death and IGF-I has been shown to modulate 
mitochondrial membrane function through acti-
vation of PI3-K/Akt pathway [ 65 ]. The operation 
of any two of the above three pathways is suffi -
cient to protect cells from APO, while inactiva-
tion of Bad appears to be a target for each 
pathway [ 9 ,  13 ], (Fig.  11.2 ). 

 The most frequently implicated pathways in 
IGF-induced survival signaling are MAPK and 
PI3-K pathways. IGF-IR signaling via IRS-1, 
Akt or MAPK regulates positively the expression 
of anti-apoptotic genes and transcription factors 
that themselves regulate anti-apoptotic programs, 
and negatively regulates the expression of pro- 
apoptotic genes. The requirement of PI3-K or 
ERK1/2 in mediating IGF-survival appears to be 
depended on the model system and the stress 
stimulus used. Inhibition of PI3-K or MAPK 
ablates the survival effect of IGF-I and under 
serum starvation conditions activation of both 
PI3-K and ERK1/2 is required, indicating that 
both are vital components of the anti-apoptotic 
effects of IGF-I [ 9 ,  11 ,  63 ]. In the absence of IRS 
proteins, sustained activation of ERK1/2 appears 
largely dependent on the Y950 domain, although 
the relationship between IGF-I-mediated survival 
and activation of ERKs is not absolute [ 9 ]. 

 The primary cell survival pathway activated 
by IGF-I is the PI3-K/Akt signaling pathway 
(Fig.  11.2 ), which is activated in the presence of 
IRS-1 [ 9 ]. Tyrosine kinase-phosphorylated IRS-1 
and IRS-2 interacts with specifi c cytoplasmic 
proteins, leading to the transduction of down-
stream cell survival and anti-apoptotic signals 
[ 33 ]. IRS proteins may play differential roles in 
the anti-apoptotic effects of IGF-I with IRS-1 
being predominant. IRS-1 appears to be impor-
tant in mediating IGF-I protection from APO 
under serum-starved conditions, as PI3-K activ-
ity and Akt phosphorylation were found to be 
reduced in IRS-1 defi cient cells [ 9 ]. 
Phosphorylation of PI3-K activates the Akt path-
way which inhibits activation of pro-apoptotic 
initiators, such as Bad, and effectors, e.g., cas-
pases [ 8 ,  11 ,  36 ], while inhibition of PI3-K sig-
naling would prevent the completion of the cell 
cycle, leading potentially to cell APO or differen-
tiation. Moreover, it has been shown that the PI3- 
kinase/Akt pathway protects cells from 
reperfusion injury and promotes cardiomyocyte 
viability both  in vitro  and  in vivo  [ 66 ], and Akt 
appears to be a critical component of the survival 
pathway, regulating the activities of apoptotic 
factors [ 9 ,  59 ,  67 ]. Overall, IGF-I/PI3-K pathway 
provides cardiac protection and the mechanisms 
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responsible for this protection include its anti- 
apoptotic and anti-fi brotic properties, inhibition 
of signaling cascades that lead to pathological 
growth, and maintenance of contractile function 
in a disease setting and the regeneration (reviewed 
in McMullen [ 36 ]), (Figs.  11.2  and  11.3 ).  

11.3.3     IGF-I Signaling in Cardiac 
Regeneration/Remodeling 

 There is increasing evidence for new myocyte for-
mation in the adult heart and a growing interest in 
the extent and mechanisms of cardiomyocyte 
regeneration (REG) [ 68 – 70 ]. A large number of 
cardiomyocytes in mitosis and a high frequency 
of cardiomyocyte replication in normal hearts 
have been observed both in response to increased 
work load and in acute or chronic cardiac failure 
of ischemic and non-ischemic origin, both in ani-
mals and humans. These fi ndings indicate that 
cardiomyocyte REG is an important contributor 
to the maintenance of cardiac mass in physiologi-
cal and pathological conditions [ 68 – 70 ]. Myocyte 
death and REG are part of the normal homeostasis 
of the heart and the generation of new cardiomyo-
cytes predominates over cell death and contrib-
utes signifi cantly to the normal growth of the 
heart into adulthood [ 53 ]. Thus, although the 
adult heart is mainly composed of terminally dif-
ferentiated cells, it should not be considered as a 
post-mitotic organ, since it exhibits a signifi cant 
capacity for myocyte REG that is markedly 
enhanced in acute and chronic heart failure. In 
human end-stage ischemic hearts and in idio-
pathic dilated cardiomyopathy, a high increase in 
the number of mitotic cells has been reported 
compared to control hearts [ 68 ]. Nevertheless, 
human and animal studies have provided evidence 
that in the failing adult heart the magnitude of car-
diomyocyte replication and REG is far below the 
extent of the myocyte death [ 62 ]. 

 The cardiac regenerative capacity is sup-
ported by a subpopulation of cycling, myocar-
dial stem- like cells which possess the potential 
of regenerating the muscle cells and the coro-
nary vasculature of the myocardium [ 70 ,  71 ]. 
Whether the origin of the cardiac stem cells 

 permanently resides in the myocardium or they 
are taken up from the circulation/bone marrow is 
not clear [ 71 ]. 

 IGF-I appears not only to protect myocardial 
cells from death and degeneration, but also to be 
an important stimulant for the REG of the adult 
heart, by promoting the expression of growth- 
related genes, DNA replication and cell division 
[ 10 ], (Fig.  11.3 ). Specifi cally, IGF-I has been 
shown to promote myocyte renewal and myocar-
dial REG in experimental protocols of ischaemic 
cardiac injury [ 72 ,  73 ]. In addition, intracoronary 
injections of IGF-I and hepatocyte growth factor 
(HGF) were capable of activating cardiac stem 
cells and subsequently regenerating new myo-
cytes and vasculature lost after myocardial infarc-
tion in pigs. This myocardial REG was 
accompanied by improved cardiomyocyte sur-
vival and ventricular function [ 73 ], while an 
increase in cell number in IGF-I transgenic ani-
mals has been also observed, suggesting that 
IGF-I may play a role in the REG of the myocar-
dium [ 36 ]. Moreover, cardiac stem cell division 
in IGF-I transgenic mice has been shown to be 
induced via the IGF-IR, and it was accompanied 
by preservation of a reservoir of functionally 
competent cardiac stem cells and delayed senes-
cence [ 41 ], (Fig.  11.3 ). 

 The REG capacity of IGF-I has been particu-
larly explored in transgenic mice overexpressing a 
class 1 IGF-IEa isoform (see previous Sect.  11.2.1 ), 
implicating it as a powerful mediator of the REG 
response [ 72 ]. In particular, this isoform has been 
reported to have regenerative properties and to 
promote cell survival and renewal and its expres-
sion in cardiac myocytes induced a hypertrophic 
response [ 74 ]. The IGF- IEa transgene was reported 
to induce repair of the injured tissue, by promoting 
regenerative properties in damaged heart tissue 
with minimal scar formation and restoring of car-
diac function through increased anti-apoptotic sig-
naling [ 72 ,  74 ]. 

 In conditions such as myocardial infarc-
tion, ischemia/reperfusion injury and heart 
failure, there is often myocyte loss, although 
a later increase in myocardial mass may occur 
through compensatory myocyte hypertrophy/
remodeling and/or increased collagen  deposition 
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 (fi brosis) [ 58 ]. Thus, after the segmental loss 
of myocardium due to ischemic heart disease, 
myocyte REG and H processes are activated 
contributing together to the development of new 
cardiac muscle mass. However, both processes 
are restricted to the remaining viable myocar-
dium and the border zone of the infarct, while 
a scar formation occurs in the healed infarcted 
area [ 70 ]. The urokinase- type plasminogen acti-
vator (uPA)/transforming growth factor beta 1 
(TGF-β 1 ) bioregulation system appears to have 
an important role as a main regulator of the myo-
cardiac collagen accumulation and fi brosis, and 
the extracellular matrix remodeling [ 12 ,  75 ,  76 ]. 

 Interestingly, intracoronary injections of 
IGF-I/HGF have been proven effective to reduce 
the pathological cardiac remodeling (RΕΜ) and 
fi brosis after myocardial infarction [ 53 ]. In addi-
tion, the infl uence of IGF-I on myocardial remod-
eling involves also an adaptation of the coronary 
vasculature [ 11 ]. Thus, increased expression of 
IGF-I has been observed in rat aortas following 
balloon injury [ 77 ]. Moreover, in a variety of dis-
orders such as hypertrophic cardiomyopathy, 
“hypertensive” heart disease and “ischaemic” 
cardiomyopathy, there is an initial up-regulation 
of IGF-I and IGF-IR, which has been suggested 
to be involved in a cardiac remodeling response 
[ 3 ,  11 ], (Fig.  11.3 ). Besides, higher serum IGF-I 
levels immediately after the onset of acute myo-
cardial infarction have been associated with less 
myocardial remodeling and improved ventricular 
function [ 78 ], (see discussion in the next 
section).  

11.3.4    IGF-I Signaling and Cardiac 
Function 

 IGF-I affects cardiac functional changes by 
improving cardiac contractility, stroke volume, 
cardiac output and ejection fraction [ 3 ], although 
enhanced cardiac contractility and elevated blood 
pressure have been reported in IGF-I-defi cient 
mice, indicating that IGF-I defi ciency can selec-
tively modulate blood pressure and left ventricu-
lar function, yet normal IGF-I levels are not 
required for adaptive myocardial hypertrophy in 

response to sustained hemodynamic load [ 79 ]. 
Chronic heart failure (HF) leads to the appear-
ance of cardiac cachexia in the late stages of the 
disease [ 80 ], which is accompanied by increased 
rate of APO and reduced local expression of IGF- 
I. There is strong evidence that a low IGF-I level 
increases the risk of HF. In patients with HF, 
IGF-I levels are low and have been correlated 
with left ventricular mass and ventricular systolic 
dysfunction [ 39 ]; GH/IGF-I defi ciency may lead 
to cardiac atrophy and impaired cardiac function 
[ 3 ,  39 ]. Moreover, it has been shown that serum 
IGF-I concentrations at the time of cardiac infarc-
tion in humans can be used to predict later devel-
opment of HF [ 62 ,  78 ]. In addition, in elderly 
people without a previous myocardial infarction, 
serum IGF-I levels were found to be inversely 
related to the risk for congestive HF [ 81 ], while 
the relative risk of coronary artery disease mor-
tality has been associated with decreased levels 
of circulating IGF-I [ 82 ]. Besides, IGF-I can 
decrease systemic vascular resistance resulting 
potentially in indirect effects on the heart [ 83 ], 
while intravascular infusion of IGF-I resulted in 
signifi cant increase in regional forearm blood 
fl ow when administered to humans [ 84 ], imply-
ing that IGF-I may be involved in the regulation 
of vasodilatation [ 11 ]. 

 It has been suggested that IGF-I administra-
tion could benefi t the cachectic heart, since this 
growth factor increases cardiac stem cell num-
bers and growth and leads to an increase in myo-
cyte turnover and function [ 11 ,  41 ]. Indeed, 
intracoronary administration of IGF-I has been 
shown to signifi cantly improve myocardial func-
tion during the early phase of myocardial infarc-
tion in pigs, and this functional improvement was 
associated with the preservation of myocardial 
structure [ 85 ]. Nevertheless, chronic infusion of 
IGF-I has been shown to result in mild cardiac 
hypertrophy in rats [ 86 ], and sustained overpro-
duction of IGF-I may lead to hypertrophic car-
diomyopathy [ 3 ]. In addition, local IGF-I 
overexpression in skeletal and cardiac muscle has 
been shown to initially induce fi rst physiological 
and later pathological cardiac H in transgenic 
mice [ 43 ]. Collectively, it has been suggested that 
both extreme IGF-I overproduction and 
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 defi ciency may lead to deterioration of cardiac 
function [ 62 ], (see also discussion below). 

 In rat models of acute cardiac injury or isch-
emic cardiomyopathy, it has been demonstrated 
that IGF-I is an important mediator in promoting 
cell engraftment at the site of injury and func-
tional improvement after transferring embryonic 
stem cells for myocardial restoration [ 87 ]. 
Besides, cardiac muscle specifi c overexpression 
of IGF-I resulted in cardiomegaly and it was 
associated with enhanced cardiomyocyte short-
ening velocity and cellular compliance [ 46 ]. 
Moreover, the specifi c overexpression of IGF-IR 
in cardiac myocytes results in increased heart 
size and enhanced systolic function [ 44 ]; 
(Fig.  11.3 ). 

 Notably, while in both ischemic and hypertro-
phic cardiomyopathy there is an increased expres-
sion of IGF-I receptors, a reduction in the 
concentration and an increased ubiquitination of 
the IGF-IR have been shown in cardiac muscle of 
diabetic animals. Moreover, this down-regulation 
of IGF-IR in the myocardium was accompanied 
by concurrent reduction of heat shock protein 
HSP60 [ 88 ]. It was suggested that the anti- 
apoptotic action of HSP60 in cardiomyocytes 
observed in ischemia/reperfusion injuries may 
involve the augmentation of IGF-IR signaling, 
while the down-regulation of HSP60 in the dia-
betic heart may be a fundamental mechanism con-
tributing to impaired IGF-IR signaling in diabetic 
cardiomyopathy [ 62 ,  88 ]. The reduction in IGF-IR 
signaling could potentially lead to increased myo-
cardial vulnerability during myocardial stress 
and, thus, play an important role in the develop-
ment of diabetic cardiomyopathy [ 62 ]. 

 IGF-IR has been shown to be essential for 
myocardial performance through the PI3-K/
Akt pathway, which mediates functional effects 
of IGF-I on the target cells, such as enhanced 
glucose transport and cardiomyocyte contrac-
tility [ 11 ,  12 ,  55 ,  89 ], (Figs.  11.2  and  11.3 ). 
Mice with cardiac muscle-specifi c defi ciency in 
phosphoinositide- dependent kinase-1 (PDK1), a 
PI3-K-dependent kinase, exhibit severe systolic 
dysfunction, decreased cardiomyocyte volume 
and decreased cardiac mass [ 90 ]. Furthermore, 
the IGF-I/PI3-K/Akt pathway appears to be 

 critical in modulating myocardial growth, car-
diac inotropic function and vasculogenesis while, 
particularly, IGF-ΙR/PI3-K(p110α and γ) signal-
ing is critical for physiological and pathological 
heart growth, respectively [ 53 ]. Various cardiac 
phenotypes, ranged from no H associated with 
protection from myocardial ischaemic injury, 
to substantial H associated with a pathological 
phenotype and premature death, have been attrib-
uted to different degrees of Akt activation, a well 
characterised target of PI3-K activity [ 12 ,  53 ], 
(see also previous Sect.  11.3.1 ). Moreover, acute 
activation of Akt has been shown to reduce both 
infarction size and dysfunction after ischemia/
reperfusion injury, while its chronic activation 
resulted in decreased functional recovery and 
increased injury by inducing feedback inhibition 
of PI3-K activity [ 56 ]. Thus, it was suggested that 
PI3-K-dependent but Akt-independent signaling 
intermediates are required for rescuing function 
and reducing injury after ischemia/reperfusion 
injury of the heart [ 56 ]. 

 An inotropic effect of acute exposure of the 
heart to IGF-I has been demonstrated in isolated 
perfused rat hearts, while the addition of IGF-I to 
canine cardiac myocytes and to human cardio-
myocytes from end-stage failing hearts caused an 
increase in their contractility (reviewed in 
Suleiman et al. [ 11 ]). More specifi cally, IGF-IR 
activation is associated with regulation of intra-
cellular Ca 2+  concentration and glucose metabo-
lism [ 35 ], and IGF-I has been shown to enhance 
myocardial contraction and intracellular Ca +2  sen-
sitivity by regulatory proteins on the contractile 
machinery [ 11 ,  89 ,  91 ], (Fig.  11.3 ). Besides, 
PI3-K appears to be critical for the maintenance 
of contractile function in a disease setting, as 
expression of PI3-K (p110a) prevented the fall in 
sarcoplasmic reticulum Ca 2+ -ATPase that usually 
occurs in models of heart failure [ 45 ]. In addition, 
IGF-IR-mediated activation of Akt increases inot-
ropism through the functional regulation of criti-
cal Ca 2+ -handling proteins [ 35 ]. It is noted, 
however, that Akt activation in cardiomyocytes 
inhibits AMP-activated protein kinase (AMPK) 
phosphorylation and function [ 92 ], which is a key 
regulator of energy metabolism and has the poten-
tial to increase energy production in the heart.  
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11.3.5    Evidence for IGF-I Peptide- 
specifi c Actions and Novel 
Signaling in Myocardium 

 By general consensus, the bioactive IGF-IR 
ligand is the mature IGF-I peptide derived from 
each of the IGF-I protein isoforms after the 
removal of the (isoform-specifi c) E-peptides (see 
previous Sect.  11.2.1  and Fig.  11.1 ). However, 
differential biological activities have been 
reported for the different IGF-I isoforms, or for 
their E-peptides, in various  in vivo  and  in vitro  
models [ 14 – 16 ], implying that IGF-I peptides, 
other than the IGF-IR ligand, also possess bioac-
tivity, or supporting the bioactivity of the pro-
IGF- I forms [ 93 ]. In particular, there has been 
growing interest in the potential of differential 
IGF-I isoforms actions through IGF-I peptides- 
specifi c signaling in skeletal [ 22 ,  94 ] and cardiac 
myoblasts [ 17 ,  18 ], or in cardiac-specifi c IGF-I 
transgenic models [ 72 ,  95 ,  96 ]. 

 Specifi cally, an increased endogenous expres-
sion of both rodent IGF-I isoforms, i.e., IGF-IEa 
and IGF-IEb (also named mechano-growth fac-
tor, MGF), was found in rat and mice myocar-
dium during the post-infarction period after 
artery ligation–induced infarction, indicating the 
implication of the IGF-I isoforms in the myocar-
dial repair/remodeling process [ 17 ,  18 ]. 
Moreover, overexpression of the IGF-IEa pro-
peptide specifi cally in cardiac muscle of trans-
genic mice induced restoration of cardiac 
function post-infarction, by modulating the 
infl ammatory response, decreasing scar forma-
tion, and increasing proliferative activity and 
anti-apoptotic signaling [ 72 ]. In addition, consti-
tutively overexpression of this specifi c isoform 
was shown to increase a cardiogenic differentia-
tion program [ 96 ] and protect the heart from oxi-
dative stress via Sirtuin 1 (SirT1) ⁄ c-Jun 
N-terminal kinase 1 (JNK1) activity while, con-
versely, circulating (mature) IGF-I triggered oxi-
dative stress in the heart and did not affect SirT1 
activity [ 95 ,  97 ]. Interestingly, although both, 
mature IGF-I and IGF-IEa propeptide, triggered 
the phosphorylation of the same receptor 
(IGF-IR), however the canonical PI3-K/Akt/
mTOR signaling pathway was not induced in the 

IGF-IEa overexpressing transgenic mice [ 72 ]. 
Instead, the IGF-IEa activated alternate signaling 
intermediates, such as PDK1 and serum/gluco-
corticoid regulated kinase 1 (SGK1), as well as 
SirT1. Thus, it was suggested that this down-
stream of IGF-IR signaling activated by IGF-IEa 
employs novel pathways and that the divergent 
signaling mechanisms between the mature IGF-I 
and IGF-IEa propeptide may account for their 
opposing effects in heart tissue [ 72 ,  96 ,  97 ]. 

 Considering particularly the bioactivity of the 
E-peptides in cardiac cells, both  in vitro  and  in 
vivo  studies have suggested that the E domain of 
the human IGF-IEc isoform may act as indepen-
dent growth factor [ 16 – 18 ]. Thus, exogenous 
administration of a synthetic peptide correspond-
ing to the E domain of the IGF-IEc isoform has 
been reported to reduce post-infarction APO in 
the peri-infarct zone of sheep myocardium and to 
protect myocardium against ischaemia, ulti-
mately improving cardiac function [ 16 ]. In addi-
tion, the administration of a similar synthetic 
24-amino acid peptide analog at the time of myo-
cardial infarction in mice has been reported to 
ameliorate the decline in function and result in 
signifi cant preservation of cardiac contractility 
2 weeks post-infarction. These changes were 
accompanied by inhibition of pathologic H and 
signifi cantly fewer apoptotic nuclei in the viable 
myocardium [ 18 ]. 

 Our group has characterized the synthetic E 
peptide bioactivity and its respective signaling in 
H9C2 myocardial-like cells [ 17 ], by utilizing a 
synthetic peptide corresponding to the last 24 
aminoacids of the E domain of the human IGF- 
IEc isoform [ 98 ]. It was demonstrated that this 
synthetic peptide stimulated the proliferation of 
H9C2 cells as mature IGF-I did, however in con-
trast with the mature IGF-I, the proliferative 
action of the synthetic E peptide on H9C2 cells 
was not blocked by an anti–IGF-IR neutralizing 
antibody, suggesting that synthetic E peptide 
action may be mediated by an IGF-IR–indepen-
dent mechanism [ 17 ]. Moreover, exogenous 
administration of mature IGF-I produced a time- 
dependent increase of ERK1/2 and Akt phos-
phorylation in H9C2 cells; however, the synthetic 
E peptide activated only ERK1/2 without 
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 affecting Akt phosphorylation, reinforcing the 
notion that biologic actions and signaling of the 
synthetic E peptide in H9C2 cells are possibly 
mediated via an IGF-IR–independent mecha-
nism. Further evidence that the synthetic analog 
of the human Ec peptide possesses distinct sig-
naling and independent bioactivity, compared 
with the (mature) IGF-I ligand, has been pro-
vided by our group [ 22 ,  24 ,  99 ] and others, show-
ing the selective activation of only ERK1/2 and 
not Akt canonical pathway downstream of 
IGF-IR, and also a bioactivity of this synthetic 
peptide in IGF-IR and IR siRNA knock-out mod-
els, in various human cell lines [ 23 – 25 ]. 

 Accordingly, treatment of H9C2 cells with a 
similar synthetic peptide analog indicated a rapid 
cellular uptake mechanism that did not involve 
IGF-IR activation but resulted in a nuclear local-
ization and inhibition of the intrinsic apoptotic 
pathway in H9C2 cells [ 18 ]. Similarly, it has 
been reported that a similar peptide analog of the 
human Ec domain aminoacid sequence caused a 
signifi cant increase in the migration of human 
mesenchymal stem cells (MSCs), which was 
greater than that induced by the mature IGF-I 
polypeptide while, in contrast with the mature 
IGF-I, the synthetic peptide had no effect on pro-
liferation of MSCs [ 100 ]. It was suggested that 
regions of the IGF propeptides may act differen-
tially, or in a combinatorial manner, to benefi t 
cardiac tissue recovery after injury [ 100 ].   

11.4    Clinical Implications 
and Future Perspectives 

 IGF-I appears to be a pluripotent factor that 
promotes mitogenic, myogenic and anti-apop-
totic processes during cardiac muscle growth 
and development, REG and remodeling. This 
growth factor can improve cardiac function 
and opens new approaches for both preven-
tion and treatment of cardiac diseases. Thus, 
its ability to activate/recruit cardiac stem cells 
to the site of myocardial infarction and to pro-
mote the  engraftment and functional improve-
ment of embryonic stem cells transplanted into 
myocardium could be an interesting therapeutic 

 perspective for enhancing myocardial regenera-
tion within the context of cardiac cell therapy. 
Besides, given the IGF-I-induced protection of 
myocardium against apoptotic cell death, the 
regulation of IGF-I production in the myocar-
dium might become a promising intervention to 
repair diseased myocardium and prevent myo-
cardial dysfunction. In addition, IGF-I adminis-
tration could have a protective effect on the heart 
during surgical settings that involve its isolation 
from the body. New strategies, however, are 
needed to tailor the delivery of IGF-I to the heart 
in a systemic IGF-I administration, allowing for 
heightened levels of IGF-I where it is needed 
and avoiding any systemic risks and side effects 
of its administration. 

 New insights into the interactions between 
IGF-I and other factors in cardiac muscle cells 
could further defi ne the IGF-IR intracellular 
pathways that regulate signaling in the normal 
and diseased heart. Furthermore, a mechanistic 
understanding of how IGF-I signaling modulates 
cardiac physiological responses may help in the 
development of feasible, non-invasive molecular 
therapeutic strategies in cardiac diseases, target-
ing basic mechanisms of cardiomyocyte growth, 
regeneration, survival and function. In this con-
text, further verifi cation and characterization of 
the intrinsic IGF-I isoform-specifi c actions and 
signaling in myocardial cells is a particularly 
interesting aspect of the role of IGF-I in myocar-
dial physiology.     
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    Abstract  

  Abnormal calcium cycling is a universal characteristic of human and 
experimental heart failure. This calcium dys-regulation has been mainly 
attributed to the impaired function of the cardiac sarcoplasmic reticu-
lum (SR). Abnormal Ca 2+ -transport by the SR proteins, Ca 2+ -ATPase 
(SERCA2a) and phospholamban (PLN), has been shown to have a vital 
role in cardiac pathophysiology and the progression of heart failure. PLN 
is an endogenous inhibitor of SERCA2a and as such is a primary player 
in cardiac relaxation by regulating Ca 2+ -uptake. Moreover, recent stud-
ies identifi ed other regulatory proteins in the SR Ca 2+ -transport complex, 
namely inhibitor-1 of protein phosphatase 1 (PP1), the small heat shock 
protein 20 (Hsp20), the histidine-rich calcium binding protein (HRC), 
and the HS-1 associated protein X-1 (HAX1). We have shown that these 
new players could infl uence the PLN/SERCA activity and consequently, 
SR Ca 2+ -transport, cardiomyocyte Ca 2+ -contractility, cardiac remodeling 
and cell apoptosis. This article concentrates on the crucial role of the SR 
Ca 2+ -handling proteins in the regulation of cardiac function and survival 
under physiological and pathophysiological conditions. The role of nat-
urally occurring variants in these Ca 2+ -cycling genes, which may serve 
as prognostic or diagnostic factors as well as modifi ers of heart failure 
 development, is also discussed.  
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   Abbreviations 

  +dP/dt    Rate of contraction   
  −dP/dt    Rate of relaxation   
  AAV9.I-1c     Recombinant adeno-associated 

viral vector containing I-1c gene   
  CAMKII    Calmodulin kinase II   
  CSQ    Calsequestrin   
  CUPID     Calcium Upregulation by Per-

cutaneous administration of gene 
therapy In cardiac Disease   

  DCM    Dilated cardiomyopathy   
  DHPR    Dihydropyridine receptor   
  HAX1    HS-1 associated protein X-1   
  HF    Heart failure   
  HRC     Histidine-rich calcium binding 

protein   
  HSP20    Small heat shock protein 20   
  HSPs    Heat shock proteins   
  I-1    Inhibitor-1   
  I-1c    Constitutively active form of I-1   
  JCTN    Junctin   
  KO    Knockout   
  MI    Myocardial infarction   
  NCX    Sodium/calcium exchanger   
  PKA    Protein kinase A   
  PLN    Phospholamban   
  PP1    Protein phosphatase 1   
  RyR    Ryanodine receptor   
  SERCA2a    Ca 2+ -ATPase   
  SR    Sarcoplasmic reticulum   
  SUMO1    Small ubiquitin-related modifi er   
  TAC    Transverse-aortic constriction   
  TRDN    Triadin   

12.1          Introduction 

 Cardiovascular disease is the leading cause 
of morbidity and mortality worldwide, with 
heart failure representing the fastest growing 

 subcategory over the past decades. Aberrant 
Ca 2+  handling is a hallmark of heart failure 
(HF), which is partially attributed to alterations 
in the function of the sarcoplasmic reticulum 
(SR). Coordinated regulation of cytosolic Ca 2+  
by the SR in cardiomyocytes is required dur-
ing each cycle of cardiac contraction and relax-
ation. Cytosolic Ca 2+  is sequestered into the SR 
lumen by sarcoplasmic reticulum Ca 2+ -ATPase 
(SERCA2a), permitting muscle relaxation; sub-
sequently, the stored Ca 2+  is released through 
ryanodine receptor channels (RyR) to acti-
vate myofi lament contraction [ 1 ] (Fig.  12.1a ). 
The activity of SERCA2a is reversibly regu-
lated by phospholamban (PLN), a 52 amino 
acid phosphoprotein [ 2 ]. Dephosphorylated 
PLN interacts with SERCA2a and inhibits 
Ca 2+ -pump activity, whereas protein kinase A 
mediated phosphorylation of PLN through the 
β-adrenergic pathway relieves its inhibitory 
effects and augments relaxation [ 3 ]. In turn, 
the restoration of contractility to basal levels 
is  modulated by protein phosphatase 1 (PP1), 
which dephosphorylates PLN. Interestingly, 
PP1 is also regulated by an inhibitory phospho-
protein, inhibitor- 1 (I-1), which can enhance 
β-adrenergic mediated phosphorylation of 
PLN, thereby increasing SERCA2a activity. 
Recently, the 35-kD anti-apoptotic HS-1 asso-
ciated protein X-1 (HAX1), a ubiquitously 
expressed protein that protects cells from pro-
grammed cell death, was identifi ed as a bind-
ing partner of PLN [ 4 ]. Therefore, the HAX1/
PLN/SERCA2a interaction has been postu-
lated to regulate contractility and Ca 2+  cycling 
in the heart. In addition, of particular interest 
is a small heat shock protein (~20 kDa) named 
HSP20. HSP20 overexpression protects the 
heart from isoproterenol-induced maladaptive 
remodeling, contractile dysfunction and apop-
tosis [ 5 ,  6 ] as well as myocardial infarction [ 7 ].

  Keywords  

  Calcium   •   Sarcoplasmic reticulum   •   Contractility   •   Heart failure   •   Human 
variants  
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   In addition, SR Ca 2+  cycling is regulated 
by the histidine-rich calcium binding protein, 
HRC, which interacts with the ryanodine recep-
tor Ca 2+  release complex as well as SERCA2a 
[ 8 ]. Importantly, cardiac overexpression of HRC 
in mice inhibits SR Ca 2+  uptake and cardiomyo-
cyte relaxation [ 9 ], while HRC ablation has 
opposite effects [ 10 ]. Thus, HRC is a key regu-
lator of SR Ca 2+ -uptake, storage and release. 

 Collectively, studies on the SR calcium trans-
port regulatory proteins at the intact animal, 
organ, cellular, and molecular levels (Fig.  12.2 ) 
have demonstrated that these proteins are impor-
tant not only in the physiological cardiac func-
tion but also in pathological conditions, and may 
represent promising therapeutic targets for heart 
disease.

12.2        Role of SR Calcium Cycling 
Proteins and Cardiac 
Function Sarcoplasmic 
Reticulum Ca 2+ -ATPase 
(SERCA) 

 The 110 kD transmembrane protein, is the 
major regulator of Ca 2+  homeostasis and con-
tractility in cardiac and skeletal muscle. SERCA 
belongs to a family of highly conserved proteins 
and SERCA2a is primarily expressed in the 
heart [ 11 ]. As mentioned above, the excitation- 
contraction coupling in the heart is dependent 
on the Ca 2+  reuptake function of the SR, which 
is mainly regulated by the SERCA2a pump. 
Decreases in SERCA2a gene expression levels 
and activity have been correlated with defects in 
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  Fig. 12.1    Schematic representation of SR Ca 2+ -cycling 
proteins and their global interactions in cardiomyocytes. 
( a ) Calcium enters through the dihydropyridine receptor 
( DHPR ) and activates the ryanodine receptor ( RyR ) to 
release calcium from the SR. Intracellular calcium binds 
to the myofi brils and triggers muscle contraction. Upon 
relaxation, there is reuptake of calcium by the SR Ca 2+ -
ATPase pump ( SERCA2a ) or removal of the cytosolic 
Ca 2+  by the sodium/calcium exchanger ( NCX ). 
Phospholamban ( PLN ), in its dephosphorylated state, 
binds to and inhibits SERCA2a activity. HRC interacts 

with SERCA2a directly and triadin ( TRDN ) and synchro-
nizes SR Ca 2+  uptake and release. Calsequestrin ( CSQ ) 
interacts with both TRDN and junctin ( JCTN ) and regu-
lates Ca 2+  release by RYR. ( b ) Schematic interactions of 
the SR Ca 2+ -transport ensemble, including Inhibitor-1 
 ( I-1 ), type 1 protein phophatase ( PP1 ), HS-1 associated 
protein X-1 ( HAX1 ), heat shock protein 20 ( Hsp20 ), and 
histidine-rich calcium binding protein ( HRC ). I-1, Hsp20 
and PP1 are involved in the regulation of PLN activity; 
HAX1 interacts with PLN and possibly links SR Ca 2+  
cycling with cell survival       
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SR Ca 2+ -uptake function in animal and human 
heart failure [ 12 ]. The role of altered SERCA2a 
levels in the heart has been extensively stud-
ied utilizing genetically altered models [ 13 ]. 
Transgenic mice over-expressing SERCA2a 
demonstrated an enhanced contractile phenotype 
[ 14 ]. Accordingly, disruption of both copies of 
the SERCA2a gene resulted in early embryonic 
lethality [ 15 ,  16 ], whereas heterozygous (haplo-
insuffi cient) mice with a single functional allele 
survived and exhibited impaired cardiac contrac-
tility and relaxation without overt heart disease, 
indicating that heterozygous hearts were able to 
meet the functional requirements under normal 
conditions [ 15 ,  16 ]. However, increased hemody-
namic stress in these mice resulted in an accel-
erated pathway to HF, demonstrating that HF 
occurred more rapidly with reduced SERCA2a 
levels in conjunction with pressure overload [ 17 ]. 
Generation of the in vivo model systems pro-
vided the investigators with the possibilities to 
explore how changes in SERCA pump levels 
affected the contraction-relaxation cycle of the 
heart. Furthermore, these studies suggested that 
there was a correlation between SERCA2a levels 
and modulation of cardiac contractility and fur-
ther supported the notion that SERCA2a function 
was one of the fundamental determinants of car-
diac contractility and an important candidate for 
gene therapy approaches in failing hearts. 

 Importantly, a major characteristic of failing 
human myocardium is abnormal calcium cycling 
as a consequence of reduced SERCA2a expression 
and increased inhibition of the pump by dephos-
phorylated PLN [ 18 ,  13 ]. Although pharmaco-
logic therapies have provided gains in reducing 
the mortality rates in HF, the rising incidence of 
the disease indicates that new and novel treatment 
strategies are urgently needed. Early studies had 
shown that increasing the activity of SERCA2a 
via gene transfer resulted in enhanced contractil-
ity in isolated failing human cardiac myocytes, 
and led to improvement in cardiac function in 
animal models of HF [ 19 – 21 ]. With the advance-
ment of gene vectors, SERCA2a emerged as an 
attractive clinical target for gene delivery pur-
poses, which is now undergoing clinical testing 
in HF patients. Using adeno- associated virus con-
structs, SERCA2a upregulation has been found to 
improve myocardial function in small and large 
animal models with HF [ 21 ,  22 ] and these stud-
ies paved the way for clinical trials in patients 
with HF [ 23 – 25 ]. The fi rst-in-human gene ther-
apy trial, Calcium Upregulation by Percutaneous 
administration of gene therapy In cardiac Disease 
(CUPID), used an adeno-associated virus carry-
ing SERCA2a in 39 patients with New York Heart 
Association class III/IV HF. Treatment with the 
SERCA2a adenovirus resulted in improvement or 
stabilization in the New York Heart Association 

  Fig. 12.2    Studies from the 
clinical side are extended to 
the bench side. Mouse mod-
els are studied at the intact 
animal, organ, cellular and 
sub-cellular levels, includ-
ing genetic and molecular 
pathways using a wide range 
of approaches: echocar-
diography, catheterization, 
Langendorff perfusion, 
confocal microscopy, DNA 
sequencing, whole genome 
microarrays and a variety of 
protein assays       
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class, walking stress test, N-terminal prohormone 
brain natriuretic peptide levels, peak maximum 
oxygen consumption and left ventricular end-sys-
tolic volume, as well as decreased frequency of 
cardiovascular events and duration of hospitaliza-
tions [ 24 ]. More importantly, it was shown that 
expression of SERCA2a was still observed after 3 
years on initial delivery. The long term SERCA2a 
transgene expression continued to exert benefi cial 
effects in these patients with advanced HF [ 25 ]. 
Thus, adeno-associated virus -mediated delivery 
of SERCA2a appears safe and effective for treat-
ing HF in phase 1 and 2 clinical trials [ 23 ,  24 ]. As 
a result, this approach has now moved on to the 
phase 3 trial with a large cohort of patients [ 25 ]. 

 Interestingly, additional targets are emerg-
ing, which may be considered as candidates for 
genetic manipulation in diseased hearts. Recently, 
it was demonstrated that SERCA2a activity could 
be modulated by post-translational modifi ca-
tions [ 26 ]. The small ubiquitin-related modifi er 
(SUMO1) was shown to regulate SERCA2a and 
act as a SERCA2a-enhancing factor. This regula-
tion seems to be essential for preserving SERCA2a 
ATPase activity and stability in mouse and human 
cell modifi cations [ 26 ]. Furthermore, over-expres-
sion of SUMO1 in a rodent model of heart fail-
ure had favorable effects on myocardial function. 
Thus, SUMOylation is a critical post- translational 
modifi cation, which regulates SERCA2a function, 
and may provide another platform for the design 
of novel therapeutic strategies for HF. 

 In summary, increased expression of 
SERCA2a leads to increases in calcium handling 
by the SR, which appears to be a benefi t that 
accompanies the improved contractile phenotype 
of the heart under pathological conditions. 

12.2.1     Phospholamban Regulation 
of SERCA and Cardiac 
Function 

 It is well established that SERCA2a activity is 
directly modulated by a 52-amino acid endog-
enous inhibitor, PLN. The inhibitory effect of 
PLN on SERCA2a activity was fi rst revealed 
using genetically-altered animal models. 

 Cardiac- specifi c overexpression of PLN inhib-
ited SR Ca 2+  uptake and reduced systolic Ca 2+  
levels, contractile parameters, and basal systolic 
function in mice [ 27 ]. In contrast, PLN knockout 
(KO) mice exhibited enhanced Ca 2+  cycling and 
myocardial contractility with no gross develop-
mental abnormalities. The elevated contractile 
parameters were associated with increased affi n-
ity of SERCA2a for Ca 2+  [ 28 ]. Furthermore, it 
was found that the hyperdynamic cardiac func-
tion in PLN-KO mice persisted through the aging 
process. The persistence of hyperdynamic cardiac 
function over the long term did not induce any 
pathological or adverse functional consequences, 
suggesting that PLN may constitute an important 
target for treatment in heart disease [ 29 ]. 

 In addition, comparative analyses with wild 
type, heterozygous and homozygous PLN-KO 
mice revealed that the relative PLN levels corre-
lated well with the affi nity of SERCA2a for Ca 2+  
and with the rates of relaxation and contraction 
in cardiomyocytes, intact hearts and in vivo [ 27 , 
 28 ,  30 ,  31 ]. These fi ndings suggested that the 
PLN level may impact SR function and cardiac 
contractility. Indeed, gene transfer approaches to 
increase the levels of PLN relative to SERCA2a 
in isolated cardiomyocytes have been reported to 
signifi cantly alter intracellular calcium handling 
by prolonging the relaxation phase of the cal-
cium transient, decreasing calcium release, and 
increasing end-diastolic calcium concentration 
[ 32 ]. Accordingly, antisense strategies to inhibit 
PLN indicate improved sarcoplasmic reticulum 
function, calcium mobilization, as well as signifi -
cantly improved cell shortening in cardiomyo-
cytes isolated from failing human hearts [ 32 ,  33 ]. 
Furthermore, overexpression of a dominant nega-
tive mutant of PLN has been reported to enhance 
SERCA2a activity [ 34 ]. Taken together, these 
studies suggest that PLN may have a key role in 
the maintenance of SERCA2a activity and that 
the PLN/SERCA2a ratio is a critical determinant 
of basal contractility in cardiomyocytes [ 35 ]. 

 The prominent role of PLN in regulation of 
Ca 2+ -cycling and excitation-contraction cou-
pling was further supported by the identifi ca-
tion of naturally occurring genetic variations in 
the human PLN gene, which appear to associate 
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with heart failure. There have been four identi-
fi ed naturally occurring mutations in the coding 
region of the human PLN gene [ 36 – 39 ]. The 
human V49G point mutation was associated with 
super- inhibition of SERCA2a and heart failure 
induction in mouse models [ 37 ], while the human 
R9C-PLN mutation resulted in early death from 
dilated cardiomyopathy (DCM) in human carri-
ers [ 36 ]. The underlying mechanisms included 
decreases in PLN phosphorylation and chronic 
inhibition of SERCA2a [ 36 ]. The T116G point 
mutation resulted in a stop codon (L39stop) 
and homozygosity was associated with DCM at 
a young age, while the heterozygous individu-
als exhibited hypertrophy without diminished 
contractile performance [ 38 ]. Another human 
mutation deleted the arginine 14 amino acid in 
PLN and heterozygous carriers developed heart 
failure by mid-age [ 39 ]. The R14del-PLN acted 
as a super-inhibitor of SERCA and cardiac 
pathology along with early death was observed 
in mouse models expressing this mutation in the 
heart [ 39 ]. Thus, there are human PLN mutations 
that are associated with predisposition to dilated 
cardiomyopathy.  

12.2.2     The Anti-apoptotic Protein 
HAX-1 as a Regulator 
of Cardiac Function 

 The HS-1 associated protein X-1 (HAX1) was 
identifi ed as a new PLN binding protein, using 
a human cDNA library and the yeast-two-hybrid 
screening approach [ 40 ]. Extensive protein stud-
ies led to the identifi cation of the minimal binding 
domains of HAX1 (residues 203–245) and PLN 
(residues 16–22), indicating a direct physical 
interaction (Fig.  12.1b ). Phosphorylation of PLN 
or elevation of the concentration of Ca 2+  leads 
to dissociation of HAX1 from PLN, similar to 
fi ndings on the PLN/SERCA2a interaction, thus 
indicating a physiological/pathophysiological 
signifi cance of this association in cardiac mus-
cle. Although HAX1 localizes to mitochondria, 
in the presence of PLN it becomes redistributed 
and co-localizes with PLN at the endoplasmic 
reticulum [ 40 ]. Analysis of the anti-apoptotic 
function of HAX1 revealed that the presence of 

PLN enhanced the HAX1 protective effects from 
hypoxia/reoxygenation induced cell death [ 40 ]. 
These fi ndings suggest a potential link between 
the SR Ca 2+  handling and cell survival, mediated 
by the PLN/HAX1 interaction.  

12.2.3     The Role of Inhibitor-1 
in Cardiac Function 

 The type-1 phosphatase (PP1) activity is sig-
nifi cantly elevated in human and experimental 
HF. These increases have been suggested to be a 
contributing factor in the depressed cardiac func-
tion and remodeling. Indeed, cardiac overexpres-
sion of the catalytic subunit or PP1c in mouse 
models at similar levels as those observed in 
human failing hearts resulted in depressed func-
tion, remodeling, HF and early death [ 41 ]. Thus, 
it was suggested that inhibition of this enzyme by 
its endogenous inhibitor 2 and inhibitor 1 may 
hold promise for targeting the increased PP1 
activity in HF. Gene delivery of inhibitor 2 in a rat 
model prevented HF progression and prolonged 
survival [ 42 ]. In addition, increased activity of 
inhibitor 1 (I- 1) exhibited therapeutic promise in 
HF. Inhibitor-1 is activated by protein kinase A 
(PKA) phosphorylation and this results in potent 
inhibition of PP1 and increased PLN phos-
phorylation, leading to enhanced Ca 2+ -cycling 
(Fig.  12.3 ). The role of I-1 in the heart was eluci-
dated by genetically altered mouse models. The 
I-1 knock-out mouse model (KO) presented with 
increased PP1 activity, had a depressed cardiac 
function under basal conditions and attenuated 
β- adrenergic response [ 41 ]. These effects were 
associated with decreased levels of phosphoryla-
tion on Serine 16 and Threonine 17 of PLN [ 41 ]. 
Accordingly, overexpression of a truncated (AA: 
1–65) and constitutively active (T35D) form of 
I-1 (I-1c) demonstrated that I-1c could inhibit 
PP1 activity, increase Ser16 and Thr17 phosphor-
ylation of PLN and attenuate the hypertrophic 
response, delaying the onset of HF [ 43 ]. In addi-
tion, cardiac- specifi c and inducible expression of 
I-1c in the adult heart revealed that I-1c enhances 
basal cardiac function, which is associated with 
increases in PLN phosphorylation levels [ 44 ]. 
Furthermore, under stress conditions (transverse 
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aortic constriction or  in vivo  ischemia/reperfu-
sion), either conventional or inducible expression 
of I-1c was associated with increased PLN phos-
phorylation and increased SR Ca 2+ -transport. 
This enhanced SR calcium cycling improved the 
heart’s ability to accommodate the hypertrophic 
stimulus, delay the progression from hypertrophy 
to failure and impact cell survival under stress 
conditions. Thus, targeting I-1 may be benefi -
cial in alleviating the detrimental effects of HF, 
through specifi c modulation of the PLN-coupled 
PP1 activity.

   Importantly, long-term inducible expression 
of constitutively active inhibitor-1, I-1c, in the 
heart (up to 20 months) preserved increased PLN 
phosphorylation and did not affect survival rates 
or cardiac remodeling due to chronic increases 
in Ca 2+ -cycling and function [ 45 ]. Furthermore, 
long-term expression of I-1c using recombinant 
adeno-associated virus type 9 gene transfer in 
rats with HF enhanced contractility and restored 
remodeling, associated with increased phosphor-
ylation of PLN at Ser16 and Thr17 [ 45 ]. Thus, 
studies in rodent models suggest that chronic 
inhibition of protein phosphatase 1, through 
increases in I-1c, does not accelerate age-related 
cardiomyopathy and gene transfer of this mol-
ecule  in vivo  improves function and halts remod-
eling. These studies were subsequently extended 
to a large model of HF using gene transfer of 
I-1c. Heart failure was induced by myocardial 
infarction (MI) and 1 month post MI, the animals 
presented with severe failure, as indicated by 

decreases in ejection fraction, rates of contraction 
(+dP/dt) and relaxation (−dP/dt). Intracoronary 
injection of recombinant adeno-associated viral 
vector containing I-1c (AAV9.I-1c) prevented 
further deterioration of cardiac function and led 
to a decrease of scar size [ 46 ]. These preclini-
cal studies indicate that cardiac overexpression 
of I-1c by gene transfer may improve hemody-
namic function and improve cardiac remodelling. 
Interestingly, a naturally occurring genetic vari-
ant in I-1 (G147D), which diminishes the cardio-
myocyte response to ß- adrenergic stimulation, 
has been also identifi ed [ 47 ] and this indicates 
that human I-1 genetic variants may contribute to 
depressed Ca 2+ -cycling and functional deteriora-
tion in HF. 

 Overall, the studies in small and large animal 
models indicate that inhibition of the elevated SR 
PP1 activity in heart disease by active inhibitor-1, 
I-1c, may constitute a therapeutic strategy to rec-
tify the disturbed Ca 2+ -homeostasis and function 
in failing hearts. Finally, the relatively small size 
of I-1c and its role as an inhibitor of PP1 opens 
the possibility of pharmacologic manipulation in 
addition to, or in replacement of, gene therapy.  

12.2.4     Role of Hsp20 in SR 
Ca 2+ -Cycling 

 Heat shock proteins (HSPs) are known to 
enhance cell survival under various stress con-
ditions. In the context of cardiac function, the 
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  Fig. 12.3    Proposed role of Inhibitor-1 
(I-1), PP1 and HSP20 in SR calcium 
cycling. PLN regulates the activ-
ity of the Ca 2+ -ATPase pump in the 
SR. Dephosphorylated PLN exhibits an 
inhibitory effect on SERCA2a. PKA- and 
CaMKII- dependent phosphorylation of 
PLN at Ser16 and Thr17, respectively, 
relieve the inhibition and allow for 
increased Ca 2+  pumping into the SR. PP1 
is the main phosphatase responsible for 
dephosphorylating PLN. Inhibitor-1 and 
Hsp20 suppress PP1 activity, resulting in 
enhanced contractility       
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small heat shock protein HSP20 has emerged 
as a key mediator of protection against apopto-
sis, remodeling and ischemia/reperfusion injury. 
Interestingly, acute increases of HSP20 levels or 
activity in isolated cardiomyocytes were asso-
ciated with enhanced contractile parameters 
and Ca 2+ -transients [ 48 ], which were further 
 supported by cardiac specifi c HSP20 overex-
pression in transgenic mouse hearts. HSP20 
overexpression resulted in signifi cant enhance-
ment of cardiac function in intact animals, and 
in augmented Ca 2+ -cycling and SR Ca 2+ -load 
in isolated cardiomyocytes [ 5 ]. Accordingly, 
knockdown of HSP20 by antisense RNA or 
microRNA-320 resulted in depressed contractil-
ity [ 49 ]. The enhanced contractility by HSP20 
overexpression was associated with specifi c 
increases in the phosphorylation of PLN, reliev-
ing its inhibitory effect on the apparent Ca 2+ -
affi nity of SERCA2a. Interestingly, the activity 
of PP1, a regulator of PLN signaling, was sig-
nifi cantly reduced by HSP20-overexpression, 
suggesting that the HSP20 stimulatory effects 
are partially mediated through the PP1/PLN 
interaction. Further studies revealed an associa-
tion between HSP20, PP1 and PLN (Fig.  12.1b ). 
Specifi cally, there is a physical interaction 
between HSP20 and PP1 [ 50 ], which could be 
indicative of the HSP20 role in the regulation 
of SR Ca 2+ -cycling by targeting the PP1/PLN 
complex (Fig.  12.3 ). In addition, Hsp20 pro-
tects against ischemia/reperfusion-induced car-
diac injury, β-agonist-mediated remodeling, and 
apoptosis [ 6 ,  7 ], introducing an additional role of 
HSP20 function in the heart. Thus, the enhanced 
contractility together with the cardioprotective 
role of HSP20 implies a potential dual benefi t of 
targeting HSP20 in treating heart disease. 

 A genetic variant in human Hsp20 has also 
been identifi ed, which results in C59T substitution 
in exon-1 of Hsp20 and changes a proline residue 
to leucine, at position 20 (P20L) [ 51 ]. This substi-
tution was associated with structural alterations, 
diminished phosphorylation of Hsp20 and com-
plete reversal of Hsp20’s anti-apoptotic effects, 
suggesting that human carriers of the P20L- HSP20 
genetic variant may present with an impaired abil-
ity to cope with cellular stress in the heart.   

12.3     The Role of the Histidine-Rich 
Calcium Protein in the Heart 

 The histidine-rich calcium binding protein 
resides (HRC) in the lumen of the SR and has low 
affi nity but high capacity for Ca 2+ -binding [ 8 ]. 
HRC binds to triadin and associates with the 
ryanodine receptor Ca 2+ -complex (Fig.  12.4a ). 
HRC also interacts with SERCA and this bind-
ing domain is different than that interacting with 
triadin (Fig.  12.4a ) [ 8 ]. Interestingly, binding of 
HRC to SERCA2a is sensitive to Ca 2+  altera-
tions [ 8 ]. While increases in Ca 2+  concentration 
were associated with signifi cant reduction of 
the HRC binding to SERCA2a, they had oppo-
site effects on the interaction between HRC and 
triadin (Fig.  12.4b ). These fi ndings suggest that 
HRC may play a key role in the regulation of SR 
Ca 2+ -cycling through its direct interactions with 
SERCA2a and triadin, mediating a fi ne cross-talk 
between SR Ca 2+  uptake and release in the heart.
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   Indeed, acute overexpression of HRC in 
rat cardiomyocytes decreased Ca 2+ -induced 
Ca 2+ -release and impaired contractility [ 9 ]. In 
accordance, transgenic mice with cardiac overex-
pression of HRC presented with impaired SR Ca 2+  
uptake rates (35 %) and attenuated cardiomyocyte 
Ca 2+  transient decay (38 %), without alterations 
in peak Ca 2+  transients or SR Ca 2+  load [ 9 ]. The 
underlying mechanism involved inhibition of 
SERCA2a maximal rates of Ca 2+ -uptake [ 9 ]. The 
impaired SR Ca 2+ -uptake led to the development 
of cardiac hypertrophy and remodeling and ulti-
mately the presentation of congestive HF [ 9 ]. 

 Although overexpression of HRC compro-
mised cardiac function, it was protective upon 
ischemia/reperfusion injury and resulted in 
reduced infarct size [ 52 ]. This cardioprotection 
was due to reduced apoptosis and necrosis due 
to reduced SR and mitochondrial Ca 2+  load [ 52 ]. 

 Interestingly, ablation of HRC (HRC- knockout: 
KO) in mice did not result in any  morphological 
or histological abnormalities [ 10 ]. However, car-
diomyocytes exhibited signifi cant increases in 
Ca 2+ -cycling, contractility, and the maximal rates 
of SR Ca 2+ -uptake. The enhanced Ca 2+ -cycling 
resulted in increases in Ca 2+ -spark frequency, the 
occurrence of Ca 2+  spontaneous SR Ca 2+  release 
and delayed after-depolarizations with ISO in 
HRC-KO, compared to WT cells [ 10 ]. 

 In vivo, after-contractions developed under 
stress conditions of high-frequency stimula-
tion (5 Hz) in the presence of isoproterenol. 
Upon transverse-aortic constriction (TAC), the 
HRC-KO cardiomyocytes showed signifi cantly 
deteriorated cell contractility and Ca 2+ -cycling, 
severe hypertrophy and fi brosis. The KOs devel-
oped pulmonary edema and exhibited decreased 
survival after TAC [ 10 ]. Thus, HRC appears to 
play an essential role in maintaining the integrity 
of cardiac function. 

 In humans, an HRC variant (Ser96Ala) was 
identifi ed upon DNA analysis of 123 Greek 
patients with DCM and this variant was associ-
ated with life-threatening ventricular arrhythmias 
and sudden death [ 53 ]. The Ala/Ala homozy-
gous patients showed an increased number of 
malignant arrhythmias than the Ser/Ala hetero-
zygotes followed by the Ser/Ser homozygotes. 

This fi nding represents the fi rst genetic vari-
ant of an SR Ca 2+ -cycling gene associated with 
malignant arrhythmias in DCM and could serve 
as an independent predictor of susceptibility to 
arrhythmogenesis in the setting of DCM [ 53 ]. 
The underlying mechanisms include: (a) aber-
rant Ca 2+ -cycling and depressed SR Ca 2+ -load; 
(b) altered interactions of HRC with SERCA2a 
and triadin associated with impaired function 
and increased Ca 2+ -leak by the RyR; and (c) 
increased Ser2814 phosphorylation of RyR by 
the calmodulin kinase II (CAMKII), leading to 
lethal arrhythmias under stress conditions [ 54 ], 
consistent with the phenotype in human carriers.  

   Conclusions 

 In summary, several lines of experimental evi-
dence indicate that proper cardiac function is 
maintained, in part, through the complex regu-
lation of SR calcium cycling. Indeed, the 
cross-talk between SR Ca 2+ -cycling proteins 
mediates signaling pathways, which coordi-
nately regulate cardiac performance. Recent 
evidence demonstrates that there is “a regula-
tory SR Ca 2+ -transport ensemble” composed 
of SERCA2a, PLN, Hax-1, PP1, Inhibitor-1, 
Hsp20 and HRC. Disturbances in the fi ne reg-
ulation of these proteins are implicated as 
important contributors to depressed cardiac 
function and remodeling in the failing heart 
and restoring their function may hold promise 
as therapeutic strategy in heart failure.     
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    Abstract  

  Atherosclerosis is a slowly progressing disorder of large- and medium-
sized arteries leading to overt disease when signifi cant narrowing or 
atherosclerotic plaque rupture occurs. Infl ammation plays a key role in 
atherosclerotic plaque formation, progression and rapture. Both innate 
and adaptive immune responses are important to disease pathogenesis. 
Toll-like receptors, NOD-like receptors and the infl ammasome are key 
components of LDL and other atherogenic molecule recognition and inter-
nalization and the subsequent interaction with components of the adaptive 
immune response. The NLPR3 infl ammasome acts through the activation 
of caspase, can be primed by TLR activation and seems to have a crucial 
role in atherosclerosis and other related disorders such as diabetes, obe-
sity and the metabolic syndrome. However, its experimental inactivation/
modifi cation has provided confl icting results in animal models of the dis-
ease. Lipid perturbations are also important since they can lead to endo-
thelial cell activation and the augmentation of the infl ammatory immune 
response; even high density lipoproteins may lose their atheroprotective 
capacities. Chronic infl ammatory diseases are characterized by acceler-
ated atherosclerosis: Systemic lupus erythematosus, rheumatoid arthritis, 
Sjogren syndrome and antiphospholipid syndrome patients display an 
increased incidence of cardiovascular disease not explained by traditional 
risk factors. 

 Studying infl ammation is achieved through integration of data from 
animal models, high- throughput technologies and molecular imaging. 
Emerging and novel therapies target infl ammation to achieve  atherosclerosis 
regression. Modulators of cholesteryl ester transfer protein activity and 
interleukin-1 inhibitors, have produced promising results.  
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   Abbreviations 

  ACS    Acute coronary syndrome   
  AID    Autoimmune disease   
  AMPK    AMP activated kinase   
  AP-1    Activator protein 1   
  ApoB100    Apolipoprotein B100   
  APS    Antiphospholipid syndrome   
  ASC     Apoptosis associated speck-like pro-

tein containing a CARD   
  ATH    Atherosclerosis   
  BIR     Baculoviral inhibition of apoptosis 

repeat domain   
  CAD    Coronary artery disease   
  CCL    Chemokine ligand   
  CCR    C-C chemokine receptor   
  CD36    Cluster of differentiation 36   
  CETP    Cholesteryl ester transfer protein   
  CSF    Colony stimulation factor   
  CT    Computed tomography   
  CVD    Cardiovascular disease   
  CXCL    CX chemokine ligand   
  DAMP    Damage associated molecular pattern   
  DC    Dendritic cell   
  EC    Endothelial cell   
  ECM    Extracellular matrix   
  EDA    Ectodysplasin   
  eNOS    Endothelial NO synthetase   
  ERK    Extracellular signal regulated kinase   
  ET    Endothelin   
  F2LR3     Coagulation factor II (thrombin) 

receptor- like 3   
  FDG    18F fl uorodeoxyglucose   
  FFA    Free fatty acid   
  FoxP3    Forkhead box P3   
  FXR    Farsenoid X receptor   
  GPR120    G-protein couplet receptor 120   
  GWA    Genome wide assay   

  HDL    High density lipoprotein   
  HLA    Human leukocyte antigen   
  HMGB1    High mobility group box 1   
  HSP    Heat shock protein   
  IAPP    Islet amyloid polypeptide   
  ICAM    Intercellular adhesion molecule   
  IFN    Interferon   
  IL    Interleukin   
  IL    Insulin receptor   
  INFL    Infl ammation   
  IRF    Interferon regulating factor   
  IRS    Insulin receptor substrate   
  IVUS    Intravascular ultrasound   
  LDB    LIM domain binding factor   
  LDL    Low density lipoprotein   
  LOX    Lipoprotein scavenger receptor   
  LpPL    Likpoprotein associated phospholipase   
  LTB    Leukotriene beta   
  LXR    Liver X receptor   
  MACE     Major adverse cardiovascular 

events   
  MAD    Mothers against decapentaplegic   
  MAPK    Mitogen activated protein kinase   
  MARCO    Macrophage receptor with collagen 

structure   
  MCP    Monocyte chemoattractant protein   
  MCSF     Macrophage colony stimulating 

factor   
  MF    Macrophage   
  MI    Myocardial infarction   
  miRNA    microRNA   
  mmLDL    Minimally modifi ed LDL   
  MRI    Magnetic resonance imaging   
  MyD88    Myeloid differentiation factor 88   
  NALP     NACHT, LLR and pyrin domain 

containing protein   
  NAMP     Nutrition associated molecular 

pattern   
  NASH    Non-alcoholic steatohepatitis   

  Keywords  

  Atherosclerosis   •   Endothelial dysfunction   •   Infl ammasome   •   Toll-like 
receptors   •   High-throughput technologies  
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  NF-κΒ    Nuclear factor kappa beta   
  NIRS    Near-infrared spectroscopy   
  NLPR    NOD-like protein receptor   
  NLRs    NOD-like receptors   
  NO    Nitric oxide   
  NOD     Nucleotide binding oligomerization 

domain   
  OxLDL    Oxidized LDL   
  PAMP    Protein associated molecular pattern   
  PCAM    Platelet cell adhesion molecule   
  PET    Positron emission tomography   
  PGI    Prostacyclin   
  PI    Phosphoinositide   
  PMS    Neutrophil   
  PPAR     Peroxisome proliferator activated 

receptor   
  PSOX     Scavenger receptor that binds 

phosphatidylserine   
  RA    Rheumatoid arthritis   
  RANTES     Regulated on activation, normal 

T-cell expressed and secreted   
  RGD    Arginine glycine aspartic acid   
  ROS    Reactive oxygen species   
  sICAM    Soluble ICAM   
  siRNA    Small interfering RNA   
  SLE    Systemic lupus erythematosus   
  SMA    Small body size   
  SMC    Smooth muscle cell   
  SNP    Single nucleotide polymorphism   
  SPECT     Single photon emission computed 

tomography   
  SRA    Scavenger receptors class A   
  SRB    Scavenger receptors class B   
  SREBP     Sterol regulatory element binding 

protein   
  SS    Sjogren syndrome   
  sVCAM    Soluble VCAM   
  TG    Triglyceride   
  TGF    Transforming growth factor   
  T H     T-helper   
  TLR    Toll-like receptor   
  TMAO    Trimethylamine-N-oxide   
  TNF    Tumor necrosis factor   
  T REGS     T regulatory cells   
  TXNIP    Thioredoxin-interacting protein   

  VCAM    Vascular cell adhesion molecule   
  VSMC    Vascular smooth muscle cell   
  β2GP1    Beta 2 glycoprotein 1   

13.1          Introduction 

 Atherosclerosis (ATH), the underlying patho-
logical process of coronary artery (CAD) and 
cerebrovascular disease, is a slowly progressing 
chronic disorder of large- and medium – sized 
arteries, which becomes clinically apparent 
when signifi cantly narrowing of the vessel 
lumen or when thrombosis ensues. The concept 
that ATH constitutes a passive lipid accumula-
tion in the vessel wall, which dominated over 
the past decades, has recently been challenged 
by evidence suggesting that ATH is a predomi-
nantly low grade chronic infl ammatory disor-
der, where both, innate and adaptive immune 
responses play a pivotal role throughout initia-
tion, progression and clinical manifestation of 
the disease [ 1 ,  2 ]. 

 In this chapter, we discuss novel concepts in 
the physiology of infl ammation (INFL) and its 
role in the initiation and progression of ATH. In 
this context, we discuss innate and adap-
tive immune responses with emphasis on the 
infl ammasome and its role in ATH. Endothelial 
biology is closely linked to both INFL and 
ATH; we discuss facets of endothelial biology 
linked to both. Chronic INFL has an impact on 
lipid metabolism. In turn, lipid metabolism may 
affect INFL; we critically review the evidence 
and their importance. We next focus our atten-
tion to the chronic autoimmune infl ammatory 
diseases as unique models to study accelerated 
atherosclerosis in humans and decipher novel 
mechanisms. To this end, we discuss animal 
models and novel experimental approaches 
including high-throughput methods. We con-
clude with a brief discussion of the rationale 
behind the development of new therapeutic tar-
gets based on the “infl ammation hypothesis” 
of ATH.  
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13.2     The Immune System 
in Atherosclerosis 

13.2.1     Overview of the Immune 
Response in Atherosclerosis 

 Animal experiments, epidemiological studies 
and clinical investigations have established that 
high concentrations of cholesterol promote car-
diovascular disease (CVD). Cholesterol is trans-
ported in the blood by low density lipoprotein 
(LDL) particles containing esterifi ed cholesterol 
and triglycerides surrounded by a shell of phos-
pholipids, free cholesterol and apolipoprotein 
B100 (Apo-B100). Within the arterial intima, 
Apo-B100 binds to extracellular matrix (ECM) 
proteoglycans –that is, heavily glycosylated pro-
tein/collagen complexes that regulate permeabil-
ity and molecule binding within the ECM-. Both 
innate and adaptive immune responses have been 
described in atherosclerosis. 

13.2.1.1     Innate Immune Responses 
 Subendothelial LDL particles undergo oxida-
tive modifi cations mediated by myeloperoxi-
dases, lipoxygenases or reactive oxygen species 
(ROS). Modifi ed phospholipids such as phos-
phatidylcholine and oxidized 1-palmitoyl-2- 
arachidonoyl-sn- glycero-30-phosphocholine 
activate endothelial cells and resident mac-
rophages to express adhesion molecules and 
cytokines. The internalization of modifi ed LDL 
particles is mediated by scavenger receptors that 
recognize oxygenation specifi c epitopes on oxi-
dized LDL (ox-LDL), such as SRA-1 and SRA-
2, MARCO, CD36, SR-B1, LOX-1 and PSOX, 
and by Toll- like Receptors (TLRs) mainly TLR-
2, TLR-4 (but also likely TLR-1, TLR-5, TLR-7 
and TLR- 9). TLRs either expressed by macro-
phages or by resident endothelial cells play a 
major role in ATH. Knockout studies of hyper-
cholesterolemic mice demonstrated a major 
proatherosclerotic effect of MyD88, an adaptor 
molecule of TLR signaling. Targeted deletion of 
the gene encoding TLR-4 also attenuated ATH 
[ 3 ]. Furthermore, genetic variants of specifi c 
TLRs are linked to this process. The TLR-4 sin-
gle nucleotide polymorphism (SNP) Asp299Gly 

is associated with an increased risk for myocar-
dial infarction. In addition to surface bound 
TLRs, other receptors of the innate immunity 
such as the NOD-like receptors (NLRs) may 
also be involved in the recognition of intracel-
lular triggering stimuli. Some of these assemble 
into molecular platforms called “infl amma-
somes” which can trigger the secretion of cyto-
kines such as interleukin (IL)-18 and IL-1β. The 
NOD-like protein-3 (NLPR-3) infl ammasome is 
activated by cholesterol crystals in macrophages 
and seems to play a major role in atherosclerosis 
(see below).  

13.2.1.2    TLRs and NLRs 
 TLRs are transmembrane receptors belong-
ing to the TLR-IL-1 receptor superfamily –also 
including the Drosophila melanogaster protein 
Toll and the IL-18 receptor-. They are expressed 
throughout the body and are mainly found on 
“professional” innate immune cells but also on 
endothelial and smooth muscle cells. They ini-
tiate conserved signaling pathways involving 
mitogen-activated protein kinases (MAPKs), 
and other immune pathways culminating in the 
activation of nuclear factor (NF)-kB, activator 
protein 1 (AP-1) and interferon (IFN)-regulating 
factor (IRF). These transcription factors drive 
the expression of proinfl ammatory genes and 
signals that initiate adaptive immunity. In addi-
tion to pathogen derived components, TLRs are 
also capable of recognizing endogenous infl am-
matory ligands such as those released during 
necrotic cell death or the products of degradation 
of ECM. These endogenous ligands come under 
the term “damage associated molecular pat-
terns, (DAMPs)” and include heat shock proteins 
(HSPs), high mobility group box 1 (HMGB1), 
fi brinogen, heparin sulfate, ectodysplasin (EDA) 
and nucleic acids. Most of these potential TLR 
ligands are detected at high levels in atheroscle-
rotic lesions and are reported to be predictive 
of an increased risk for acute cardiac events. 
Importantly, minimally modifi ed LDL also acti-
vates TLR-4, triggering the expression of pro-
infl ammatory cytokines such as IL-1β, IL-6 and 
regulated on activation, normal T-cell expressed 
and secreted (RANTES) molecule. 
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 Nucleotide binding oligomerization domain 
(NOD)-like receptors (NLRs) comprise an 
additional family of innate receptors that drive 
the immune mechanisms aiming towards the 
elimination of invading pathogens. In a similar 
way to TLRs, NLRs activate NF-kB, a key tran-
scription factor for infl ammatory and immune 
gene expression. The NLRs NACHT, LLR and 
pyrin domain containing protein (NALP)-1 
and NALP-3 also activate caspase-1 which is 
a proinfl ammatory caspase that processes the 
pro-forms of IL-1β an IL-18, two crucial pro-
infl ammatory cytokines. The TLRs and NOD-1 
and NOD-2 can induce pro- IL-1β and IL-18 
through NF-kB stimulation. In this context, 
TLRs prime the caspase-1 containing com-
plexes (termed “infl ammasomes”) suggesting a 
complex interplay between TLRs and NLRs for 
the induction of IL-1β and IL-18. Importantly, 
the NLPR-3 infl ammasome can also be acti-
vated by cholesterol crystals and contribute to 
atherosclerosis.   

13.2.2     Hemodynamic Components 
of the Innate Immune 
Response 

 Turbulent fl ow at arterial branching points or high 
shear stress –as in the context of hypertension- 
may also induce endothelial cell activation lead-
ing to the expression of adhesion molecules such 
as E-selectin or vascular cell adhesion molecule 
1 (VCAM-1) on the surface of endothelial cells. 
These act synergistically with chemokines such 
as CCL2, CCL2, CXCL10, CX3CL1 to attract 
monocytes, dendritic cells (DCs) and T-cells into 
the intima. Endothelial cell derived colony stimu-
lating factor (CSF) leads to the differentiation of 
monocytes into macrophages, a key process in 
the development of ATH. Once differentiated and 
activated, macrophages express scavenger recep-
tors that take-up oxidized LDL. The ensuing cho-
lesterol accumulation within these cells leads to 
the formation of foam cells. 

 The removal of excess cholesterol from 
foam cells which is mediated by high den-
sity lipoprotein (HDL) and its principal 

 apolipoprotein, apolipoprotein A1 (apoA1) is 
considered to be atheroprotective. ATP-binding 
cassette transporters (ABC) A1 (ABCA1) and 
G1 (ABCG1) are key molecules to cholesterol 
efflux and cholesterol homeostasis. It has been 
demonstrated that passive cholesterol diffu-
sion accounts for 30 % of cholesterol efflux 
from foam cells. The rest 70 % of cholesterol 
removal is mediated by ABCA1 and ABCG1 
through an energy- dependent process accom-
plished through yet not fully clarified mecha-
nisms. Importantly, genetic deficiencies in 
either of these two transporters leads to TLR 
overexpression and inflammatory response 
which is potentially attributed to cholesterol 
accumulation in membranes. Of note, although 
cholesterol efflux is thought to confer some 
protection against ATH, experiments with dif-
ferent animal models genetically modified not 
to express ABCA1 or ABCG1 have generated 
conflicting results. 

13.2.2.1     Adaptive Immune Responses 
 Two molecules have emerged as important 
potent autoantigens in atherosclerosis; LDL and 
heat- shock protein 60 (HSP 60) [ 4 ,  5 ]. Whereas 
under normal conditions DCs tolerize T-cells to 
antigens, danger signals elicited during athero-
genesis, activate DCs switching them from tol-
erance to the activation of adaptive immunity. 
During the late stage of monocyte differentia-
tion, oxidized LDL gives rise to mature IL-12 
producing DCs that induce syngeneic and allo-
geneic T-cell stimulation. T-cells are recruited 
in parallel with macrophages in a T-cell to mac-
rophage ratio between 1:4 and 1:10 and contrib-
ute to lesion growth and disease aggravation. In 
this context, DC driven polarization of T-cells 
to the T H 1 phenotype leads to the production of 
IFN-γ, ΙL-10 and ΤΝF-α which contribute to 
plaque neovascularization, extracellular matrix 
(ECM) degradation and increased thrombo-
genicity, all markers of plaque destabiliza-
tion, thus conferring to atheroma a propensity 
to rupture. Although not yet fully established, 
infl ammatory Il-17 producing T cells (T H 17 
cells) may also contribute to atherosclerosis 
progression through the production of infl am-
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matory  cytokines. Regulatory, forkhead box P3 
(FoxP3) + T cells (T regulatory cells, T REGS ) have 
been found in animal and human atherosclerotic 
plaques. T REGS  may confer atheroprotection 
through the release of IL-10 and transforming 
frowth factor beta (TGF-β), two anti-infl amma-
tory cytokines that downregulate infl ammatory 
T H 1 immune response. Although less abundant, 
B-cells are also present in the adventitial site of 
the lesions where together with T-cells, macro-
phages and DCs they form the tertiary lymphoid 
tissues mostly seen in advanced severe ATH [ 6 ] 
(Fig.  13.1 ).

13.2.3         The Infl ammasome and 
the Role of NLPR-3 
Infl ammasome 
in Atherosclerosis 

 Infl ammasomes are a group of cytosolic multi-
protein complexes that recognize infl ammation- 
inducing stimuli including pathogen associated 
molecular patterns (PAMPs) and DAMPs and 
control the production of pro-infl ammatory 
cytokines such as IL-1β and IL-18, through the 
activation of caspase-1. They are also involved 
in pyroptosis, a form of cell death associated 

  Fig. 13.1    The activation of innate and adaptive immune 
response in atherosclerosis. ( a ) The innate immune 
response. Modifi ed LDL particles taken-up by scavenger 
receptors may activate the infl ammasome, leading to 
IL-1β secretion. Adjunctive signals come from modifi ed 
LDL activation of TLRs. NF-kB, IRF and AP-1 transcrip-
tion factors are then activated and a wide variety of proin-
fl ammatory molecules is produced. ( b ) The adaptive 
immune response. Activated DCs present naïve T cells 
with antigens such as ApoB100. The latter develop into 
effector T cells that enter the bloodstream. When recruited 
within atherosclerotic plaques, they are reactivated by 

antigens presented by local macrophages, DCs or B cells 
(Adapted by permission from Macmillan Publishers Ltd: 
Hansson and Henmarsson [ 6 ]. Copyright 2012) 
Abbreviations:  ApoB  apolipoprotein beta,  AP-1  activated 
protein 1,  DC  dendritic cell,  IL  interleukin,  IRF  insulin 
related factor,  IP  inositol triphosphate,  LTB4  leukotrien 
beta,  Mf  macrophage,  MCP  monocyte chemoattractant 
protein,  MyD88  myeloid differentiation primary response 
88,  NLPR3  Nod-like protein 3,  NFkB  nuclear factor kappa 
beta,  oxLDL  oxidized LDL,  TLR  toll-like receptor,  TNF  
tumor necrosis factor         
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with tissue repair. Under normal circumstances, 
infl ammasome activity needs to be tightly regu-
lated to avoid excessive deleterious cytokine pro-
duction. Indeed, alternative splicing, subcellular 
location and traffi cking of its components, direct 
sequestration of protein complexes and induc-
ible down-regulation by infl ammatory cytokines 
and CD4+ cells, are some of the mechanisms 
that protect the cell from the dire consequences 
of infl ammasome overactivation. Infl ammasome 
mediated processes are important for microbial 
infections as well as metabolic processes and 
mucosal defense. Infl ammasome activation has 
diverse effects on different cell lineages, namely 
the production of acute phase proteins by the 
liver, prostaglandin E2 release by brain, and che-
moattraction of neutrophils and platelets within 
bone tissue (Fig.  13.2a ).

   The most widely studied is the NLPR-3 
infl ammasome, normally activated during viral 
and parasitic infections. The NLPR-3 infl amma-
some also assembles in response to a diversity of 
signals. Phagosome- or mitochondria- derived 
ROS, lysosome aggregates comprising cathep-

sins B and L and cellular potassium effl ux act 
synergistically to promote NLPR-3 activation. 
Aberrant activation of NLPR-3 by non-infectious 
agents is implicated in a wide variety of diseases 
characterized by sterile INFL such as gout and 
pseudogout, silica/asbestos related diseases, 
Alzheimer’s disease and in metabolic diseases, 
but also in ATH. 

 The contribution of infl ammasome to the 
pathogenesis of ATH may be both direct – through 
activation by cholesterol crystals- and indirect. In 
the fi rst case, cholesterol crystals within macro-
phages activate NLPR-3 through phagolysosome 
destabilization [ 7 ]. In vivo priming of NLPR-3 
infl ammasome implicates TLR- 4/6 and MyD88 
dependent pathways and various scavenger recep-
tors; mice defi cient in any of these components 
exhibit less ATH [ 8 ]. LDL- receptor defi cient 
mice -which are prone to atherosclerosis- are 
resistant to disease when genetically modifi ed 
not to express NLPR-3 or IL-1β. However this 
fi nding was not confi rmed when APOE-defi cient 
mice –another ATH murine model- were knocked 
out for NLPR-3 and fed with a very high fat diet 
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  Fig. 13.2    The infl ammasome. ( a ) The organization of the 
infl ammasome. Core components of the infl ammasome 
belong to two families, namely NOD-like receptor (NLR) 
and the PYHIN (pyrin and HIN 200 domain) protein fam-
ily. The NLR family (NLRP1, NLRP2, NLRP3, NLRP6 
and NLRC4 and NLRP12) contain a nucleotide binding 
domain ( NBD ), carboxy-terminal leucine rich repeat 
(LRR) and either a PYD or a caspase activation domain 
(CARD) or both. The PYHIN family members AIM2 and 
IFI16 have a PYD and a HIN 200 domain commited to 
ligand binding. ( b ) The role of the infl ammasome in meta-
bolic syndrome. DAMPS activate NLPR3 infl ammasome 
in various tissues in obese patients. Palmitate and cerami-
des activate NLPR3 infl ammasome in activated macro-
phages of adipose tissue. Caspase-1 activation regulates 
adipocyte differentiation and leads to fatty acid oxygen-

ation. Within the pancreas, both resident macrophages 
and beta cells secrete IL-1β upon NLPR3 recruitment by 
IAPP and ROS. Beta cell death and impaired insulin pro-
duction ensue (Adapted by permission from Macmillan 
Publishers Ltd: Strowig et al. [ 2 ]. Copyright 2012). 
Abbreviations:  BIR  baculoviral inhibition of apoptosis 
repeat domain,  DAMP  damage associated molecular pat-
tern,  ERK  extracellular signal related kinase,  FIINF  
domain with function to fi nd,  IAPP  islet amyloid polypep-
tide,  IL  interleukin,  IL-1R  interleukin-1 receptor,  IP(3)-
Akt  insulin receptor protein kinase B,  IRS  insulin receptor 
substrate,  MyD88  myeloid differentiation primary 
response 88,  NLPR3  nod-like protein 3,  PMN  neutrophil, 
 p38MAPK  protein 38 mitogen activated protein kinase, 
 TLR  toll-like receptor,  TNF  tumor necrosis factor         
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[ 9 ]. This discrepancy may imply the existence of 
potent environmental factors that may alter the 
course of the disease, the deterministic effect of 
knocking out genes preferentially at early stages 
rather than when ATH has been established. This 
data suggest the presence of yet undefi ned redun-
dant mechanisms that may account for the activa-
tion of the infl ammatory cascade independently 
of the NLPR3 assembly [ 4 ]. 

 The indirect effects of infl ammasome activa-
tion on ATH have emerged from its role in meta-
bolic syndrome, obesity and diabetes (Fig.  13.2b ). 
Insulin resistance, impaired pancreatic beta-cell 
function, fatty liver disease and ATH are thought 
to be components of the “metabolic syndrome” 
and are associated with increased IL-1β and IL-18 
production which is the hallmark of NLPR-3 acti-
vation. Within adipose tissue, increased levels 
of palmitate and other saturated free fatty acids 
reduce the activation of AMP-activated kinase 
(AMPK), a key regulator of lipid metabolism. 
This in turn leads to defective mitochondrial 
autophagy, culminating in the accumulation 
of dysfunctional mitochondria which release 
enhanced levels of ROS and DNA into the cytosol. 
Both these molecules promote the activation of 
NLPR-3 infl ammasome and the release of IL-1β 
which hampers the function of both, insulin- target 
cells and pancreatic beta cells. More specifi cally, 
IL-1β inhibits the engagement of insulin recep-
tor (IR) by the insulin receptor substrate 1 (IRS1) 
and the phosphoinositie 3 kinase [PI(3)K-] signal-
ing pathway, which leads to insulin resistance. In 
the pancreas, islet amyloid polypeptide (IAPP), 
which is secreted together with insulin, may act 
synergistically with glucose to induce NLPR-3 
mediated macrophage derived IL-1β release, 
which causes beta cell dysfunction and death 
through the activation of Fas-FasL pathway and 
MAPK/ΝF-κB signaling cascade. Caspase-1 
activation is also capable of altering hepatic tis-
sue functions. Enhanced NLPR-3 activation has 
been demonstrated in patients with non alcoholic 
steatohepatitis (NASH). A role of the NLPR-3 
infl ammasome in shaping the adaptive immune 
response has also been postulated to contribute 
to the above- mentioned process. In this context, 
NLPR-3 driven, aberrant accumulation of lym-

phocytes into adipose tissue, and  commitment 
to the TH 17  lineage, may further enhance insu-
lin resistance and promote obesity. Along these 
lines, exercise and calorie restriction were shown 
to reduce NLPR-3 and IL-1β expression in obese 
individuals and mice genetically modifi ed not to 
express NLPR-3 were protected from obesity-
induced infl ammasome activation in their adi-
pose tissue [ 10 ]. Furthermore, infl ammasome 
contributes to the progression of type 2 diabetes, 
via thioredoxin- interacting protein (TXNIP)-, an 
ROS sensitive inducer of NLPR3 that senses islet 
amyloid polypeptide (IAPP)-, which may trigger 
further infl ammasome activation within athero-
sclerotic lesions and ultimately atherosclerosis 
progression and plaque destabilization. Of note, 
glyburide, which is an insulin secretagogue used 
for the treatment of diabetes, suppresses NLPR-3 
mediated IL-1β release which points towards the 
potential anti-infl ammatory actions of the drug 
as being of major importance for its antidiabetic 
effects [ 11 ]. 

 TLR “priming” of infl ammatory cells can pro-
vide indispensable adjunct signals for effective 
infl ammasome activation. The signifi cance of 
TLRs to infl ammasome activation is underscored 
by the fact that under normal circumstances, 
infl ammasome components such as NLPR-3, 
apoptosis associated speck like protein contain-
ing a CARD (ASC) and caspase-1 are expressed 
at extremely low or even undetectable levels. The 
necessary induction of the expression of infl am-
masome components as well as pro-IL-1β and 
pro-IL-18 seems to be accomplished through 
TLR activation upon their interaction with 
DAMPs –such as HSP-60 and HMGB1- or even 
dietary-derived ligands which come under the 
term “nutrition associated molecular patterns”, 
(NAMPs). Oxidized LDL ligates to a receptor 
complex engaging a TLR-4/6 heterodimer and 
the receptor CD36 to induce IL-1β expression 
[ 9 ]. Minimally modifi ed LDL (mmLDL) also 
induces TLR-4 dependent Syk- and Nox-2 medi-
ated macrophage derived ROS production, which 
is another essential signal for infl ammasome acti-
vation, NLPR-3 up-regulation and IL-1β release. 

 Another aspect of the combined TLR/NLPR-3 
activation in atherosclerosis is related to its 
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unique effect on cellular survival signals. In this 
context, scavenger receptor class A (SR-A) and 
TLR-4 combined signaling within endoplasmic 
reticulum stressed macrophages induces pro-
apoptotic signals potentially related to enhanced 
plaque necrosis and destabilization, which is not 
the case upon single TLR stimulation. In this case 
oxLDL, oxidized phospholipids, lipoproteins and 
saturated fatty acids may act as ligands for the 
doubly committed pathway. The potentially pro-
tective effects of omega-3 poly- unsaturated fatty 
acids through GPR120 mediated attenuation of 
infl ammasome activation remain to be further 
established [ 12 ]. 

 Genetic variation of infl ammasome related 
loci may also alter the expression profi le of sev-
eral cardiovascular disease related factors such 
as blood pressure, acute phase proteins and 
fi brinogen. These data originate from genome 
wide association and other genetic studies but the 
precise role of genetic determinants of infl amma-
some expression on cardiovascular disease bur-
den needs to be better elucidated.   

13.3     The Endothelium 
in Infl ammation 
and Atherosclerosis 

 The endothelium is the principal regulator of 
vascular wall homeostasis. Normally, endothe-
lial cells preserve a relaxed vascular tone com-
bined with a low level of oxidative stress. This 
is accomplished through the release of mediators 
such as nitric oxide (NO), prostacyclin (PGI2) 
and endothelin (ET) and the tight control of local 
angiotensin II activity. In addition, the endothe-
lium actively regulates vascular permeability 
to plasma constituents, leukocyte and platelet 
adhesion and aggregation. A wide variety of 
conditions are capable of altering this balanced 
endothelial regulation and divert the endothe-
lium from a “homeostatic” to “a non-adaptive” 
state, which comes under the term “ endothelial 
dysfunction ”. Pro-infl ammatory stimuli such as 
diet rich in saturated fat, obesity, insulin resis-
tance and hypertension activate the endothelium 
by increasing levels of circulating cytokines such 

as IL-1 and TNF-α. This up-regulates  endothelial 
expression of adhesion molecules such as 
intercellular adhesion molecule 1 (ICAM-1), 
VCAM- 1, P-selectin and V-selectin and facili-
tates the capture, rolling and fi rm tethering of 
leukocytes to the endothelial surface. Adhered 
monocytes then transmigrate into the intima in 
a monocyte chemoattractant protein 1 (MCP-1) 
mediated process that also involves macrophage 
colony stimulating factor (MCSF) and initiates 
or propagates local INFL. Studies have shown 
that patients with cardiovascular risk factors, but 
no overt cardiovascular disease have endothelial 
dysfunction, which is  per se  an independent pre-
dictor of future cardiac events. 

13.3.1    LDL and HDL Cholesterol 

 There is a well documented association between 
atherogenic lipoproteins (such as some forms of 
LDL, post-prandial chylomicron remnants and fast-
ing triglyceride-rich particles) and endothelium- 
dependent responses. Hypercholesterolemia and 
high levels of LDL are inversely related to endo-
thelium dependent vasodilation whereas anti-ath-
erogenic high density lipoproteins (HDL), apart 
from mediating reverse cholesterol transport, 
also seem to modulate endothelial function in 
a benefi cial manner. Oxidized LDL plays a piv-
otal role in endothelial activation. Accumulated 
modifi ed LDL molecules retained within the 
arterial intima activate endothelial cells which 
up-regulate the expression of adhesion molecules 
such as VCAM-1 and RANTES, a phenomenon 
that occurs predominantly at sites undergoing 
increased hemodynamic stress. This leads to the 
subsequent recruitment of leukocytes and mono-
cytes, and the propagation of local infl ammation. 
Post- prandial hypertriglyceridemia is also associ-
ated with increased levels of TNF-α, IL-6, soluble 
ICAM-1 (sICAM-1) and sVCAM-1, which imply 
a pro-infl ammatory effect for triglycerides in 
endothelial dysfunction and atherogenesis. 

 Plasma levels of HDL are strongly and 
inversely correlated with ATH. Their athero-
protective effects have been attributed to sev-
eral mechanisms including reverse cholesterol 
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transport, antithrombotic/anti-infl ammatory 
properties and importantly, their effects on 
endothelial repair. 

 HDLs have been shown to prevent LDL oxi-
dation and inhibit MCP-1 mediated macrophage 
transmigration into the intima. They also down-
regulate the expression of adhesion molecules 
and they inhibit the sphingosine kinase, extracel-
lular signal regulated kinase (ERK) and NF-kB 
signaling cascades of pro-infl ammatory cytokine 
production. Vacular smooth muscle cell prolif-
eration depends on the infl ammatory chemokines 
chemokine ligand 2 (CCL2), CCL5 and CX3CL1. 
Through NF-kB/Akt and pERK inhibition, HDLs 
reduce SMC chemokine expression and prolif-
eration contributing to the stabilization of athero-
sclerotic plaques. It is also postulated that HDL 
may protect against oxidative damage. Thus, 
some of its cardioprotective effects may rely on 
its ability to increase endothelial e-NO synthase 
(e-NOS) activity and NO production (Table  13.1 ). 
HDLs from humans with systemic infl ammatory 
disorders such as systemic lupus erythemato-
sus or rheumatoid arthritis may be incapable of 
preventing LDL oxidation, suggesting that HDL 
composition and function may be altered during 
infl ammation and that it can shift from an anti- 
infl ammatory to a pro-infl ammatory status under 
specifi c conditions (see below). Recent infor-
mation on the atheroprotective actions of HDLs 
may justify their use as therapeutic targets for the 
 prevention of atherosclerotic lesion formation and 
the regression and/or stabilization of the estab-
lished atherosclerotic plaque [ 13 ].

13.4         Interactions Between 
Infl ammation and Lipid 
Metabolism 

 Infl ammation and dyslipidemia are well estab-
lished risk factors for the development of 
ATH. Lipid lowering drugs exert their ath-
eroprotective effects, through the decrease of 
atherogenic lipids and other “off target”, anti-
infl ammatory actions. On the other hand, anti-
infl ammatory drugs, may partially restore an 
abnormal lipid profi le in subjects with systemic 
INFL. High through-put technologies –which 
are described later- in animal models and in 
human tissues, have unraveled the existence 
of an interplay between environmental factors, 
lipid metabolism and INFL, which is of crucial 
importance for the pathogenesis of ATH. Free 
cholesterol and TG, modifi ed LDL and free fatty 
acids (FFAs) can all alter the “infl ammatory sta-
tus” of an organism through a variety of mecha-
nisms (Fig.  13.3 ).

   Cholesterol feeding elevates markers of 
INFL such as CRP. Obese patients also exhibit 
chronic low INFL as evidenced by increased 
levels of CRP and cytokines such as TNF-α and 
IL-6. “Metabolic infl ammation” is believed to 
be primarily induced by metabolic endotox-
emia, that is, an increased translocation of 
lipopolysacharide (LPS or endotoxin) through 
the gut, upon high fat diet. The additive effect 
of cholesterol and/or TG induced up-regulation 
of NF-kB mediated cytokine production by 
several tissues including adipose tissue, liver 
and vasculature are also important. In addition 
to high fat diet  per se , modifi ed lipoproteins 
may also activate hepatic macrophages and 
vascular endothelial cells –through the recruit-
ment of the infl ammasome- and downregulate 
the function of T REGS . Importantly, adverse 
hemodynamic conditions may well activate 
sterol regulatory element binding protein-2 
(SREBP2) –a lipogenic transcriptor factor 
which is aberrantly regulated in NASH- and 
induce NLPR-3 infl ammasome in endothelial 
cells within atheroprone vascular areas, thus 
acting concomitantly with hyperlipidemia to 
increase ATH [ 14 ]. 

   Table 13.1    Atheroprotective and antiifl ammatory 
actions of HDL   

 Reverse cholesterol transport 
 Inhibition of LDL oxidation 
 Down-regulation of MCP-1, inhibition of macrophage 
transmigration to the intima 
 Alterations in signaling cascades of proifl ammatory 
cytokines (NF-kB, ΕRK) 
 Reduction of endothelial SMC proliferation 
 Enhancement of e-NOS activity and NO production 

   Abbreviations :  e-NOS  endothelial nitric oxide synthase, 
 ERK  extracellular signal related kinases,  MCP-1  mono-
cyte chemoattractant protein 1,  NF-kB  nuclear factor 
kappa beta,  NO  nitric oxide,  SMC  smooth muscle cell  
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 Nuclear lipid sensors comprise a specifi c 
group of transcription factors that upon recogni-
tion of intracellular lipids, regulate the expres-
sion of genes implicated in the infl ammatory 
cascade. Peroxisome proliferator activated recep-
tors (PPARs) are fatty acid sensors capable of 
modifying macrophage response and leukocyte 
recruitment. Liver X receptors (LXRs) are acti-
vated by oxysterols in response to increased 
intracellular cholesterol levels and exert their 
anti-infl ammatory effects through the activation 
or reverse cholesterol transport, reduction of 
infl ammatory gene expression and inhibition of 
T-cell proliferation through control of cholesterol 
content/membrane synthesis of T-cells. Finally, 
the farsenoid receptors (FXRs) are activated by 
endogenous bile acids and expressed at high 

 levels in the liver and the intestine. Their activa-
tion regulates bile acid, lipid and glucose metab-
olism, concurrently leading to FXR binding with 
infl ammatory transcriptional co-repressors or 
silencing mediators, which ultimately translates 
into modulation of INFL. 

 Importantly, lipid metabolism can be modi-
fi ed through epigenetic processes induced by 
the microbiome, that is the assembly of inte-
grally associated microorganisms coloniz-
ing  individuals. It has been demonstrated that 
alterations in the microbial population of the 
gut can induce metabolic changes favoring 
the development of metabolic syndrome, obe-
sity and diabetes. Increased plasma levels of 
trimethylamine-N- oxide (TMAO), an intesti-
nal microbiota- dependent metabolite of choline 
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occurs in various tissues such as pancreas, liver, adipose 
tissue contributing to tissue dysfunction and insulin resis-

tance (Reprinted from  Stienstra  et al. [ 1 ].  Copyright 
2012, with permission from Elsevier). Abbreviations: 
 ASC  apoptosis associated speck like protein containing a 
CARD,  IL  interleukin,  IL-1R  interleukin-1 receptor,  LPS  
lipopolysacharide,  NLPR3  nod-like protein 3,  ROS  reac-
tive oxygen species       

 

E.D. Papadimitraki and D.T. Boumpas



229

which is also induced by the farsenoid X recep-
tor, were associated with cardiovascular events 
in a dose- dependent way in 4,000 individuals 
studied with elective coronary angiography [ 15 ]. 
The promotion of thiol-dependent oxidant stress, 
macrophage activation, LDL oxidation and 
methionine methylation are some of the mech-
anisms explaining the atherogenic actions of 
TMAO. Importantly, these complex atherothrom-
bogenic host- microbiota interactions could be 
potentially modifi ed through dietary changes, the 
use of probiotics and pharmacological interven-
tions that can suppress the synthesis of TMAO. 

 Although the effects of lipids on infl ammatory 
pathways have been extensively studied, the role 
of infl ammation on lipid metabolism is addressed 
only by few studies. Acute infl ammation in the 
context of infection results in increases in TG 
levels with reduction of both LDL and HDL cho-
lesterol and concomitant increase in oxygenation 
of LDL particles which facilitate host defense. 
However, chronic INFL may induce detrimental, 
atherogenic effects. The most relevant studies 
come from patients with systemic infl ammatory 
and/or autoimmune conditions, who display an 
abnormal lipid metabolism and increased inci-
dence of CAD.  

13.5     Accelerated Atherosclerosis 
in Autoimmune 
Infl ammation 

 Autoimmune diseases (AIDs) are a heterogeneous 
group of disorders characterized by humoral 
induced cell-mediated immune responses against 
self-constituents. The combined effect of com-
plex predisposing genetic factors, immune con-
ditions and environmental triggering events is 
important to AID manifestations. Among AIDs, 
systemic lupus erythematosus (SLE), rheumatoid 
arthritis (RA), antiphospholipid syndrome (APS) 
and Sjogren syndrome (SS) display augmented 
ATH linked to an increased cardiovascular 
morbidity and mortality that cannot be attrib-
uted to the classical predisposing risk factors 
for CAD. There is a growing body of evidence 
in favor of a causative link between chronic 

 autoimmune  infl ammation and accelerated ath-
erosclerosis in patients with AIDs. 

 Cardiovascular disease in SLE patients has 
been reported with an overall incidence of 
6–10 % in various cohorts. Strikingly, women 
with SLE display a 5- to 9- fold increased risk 
for CAD compared with their non-diseased 
counterparts, and premenopausal status does 
not seem to confer to them adequate cardiovas-
cular protection. Endothelial impairment is one 
of the key issues in the pathogenesis of ATH in 
SLE patients. This is induced by the integrated 
effects of proinfl ammatory cytokines –such as 
TNF-α, IFN-γ and IL-10-, the direct toxic actions 
of cytotoxic T-cells and the autoreactive B-cell 
mediated complement-dependent attack of the 
endothelium, all of which synergistically act to 
destroy its integrity and allow the propagation 
of infl ammation and atherogenesis. Importantly, 
circulating immune complexes and anti-endo-
thelial autoantibodies are capable of inducing a 
pro- infl ammatory and pro-adhesion endothelial 
cell phenotype. Defective functions of T REGS  –
that do not suffi ciently suppress autoreactive 
T-cells- and enhanced T H 17 activity promoting 
INFL and tissue destruction are also implicated 
in SLE-related ATH. Interestingly, patients with 
SLE display increased antibody titers to oxLDLs, 
and these correlate with disease activity scores 
and complement activation. Furthermore, anti-
bodies to HDL and apoA1 are also elevated in 
patients with active SLE. Of note, these correlate 
inversely with the activity of paraoxonase which 
normally confers to HDL its anti-oxidant prop-
erties [ 16 ]. Chronic INFL may cause a decrease 
in HDL concentration and impair its functions 
through several alternative mechanisms; these 
include the enhancement of endothelial lipase 
and soluble phospholipase A2 activities as well 
as the replacement of apoA-1 in HDL with serum 
amyloid A. Modifi ed HDL molecules have been 
identifi ed as activators of protein kinase Akt, 
which in turn regulates apoptotic signals on 
endothelial, smooth muscle cells and pancreatic 
beta cells, and drives the production of adhe-
sion molecules and NO within the endothelium. 
Thus, in the context of chronic INFL, HDL may 
lose its atheroprotective properties and become 
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 pro-atherogenic [ 17 ]. On the basis of these obser-
vations, it can be concluded that, SLE may con-
fer increased cardiovascular risk by instigating 
both, endothelial damage and alterations in lipid 
metabolism. 

 RA is characterized by synovial infl ammation 
and hyperplasia, autoantibody (anti-CCP and RF) 
production, cartilage tissue and bone destruction 
and systemic manifestations such as pulmonary 
or cardiovascular disease. Increased expression 
of adhesion molecules, pro- infl ammatory cyto-
kines and matrix metalloproteases all contribute 
to joint erosion and atherosclerosis in rheumatoid 
patients. Tumor necrosis factor alpha (TNF-α) is 
a key cytokine to RA pathogenesis. This cytokine 
has a pivotal role in the disruption of microvas-
cular and macrovascular circulation in patients 
and animal models of the disease. Through 
NF-kB dependent and independent pathways, it 
is capable of inducing the expression of various 
other infl ammatory cytokines, chemokines and 
ROS that contribute to endothelium apoptosis, 
vascular oxidative stress, impaired NO bioavail-
ability, neovascularization and vascular INFL. It 
also impairs insulin sensitivity by interfacing 
with insulin receptor signaling at the level of 
insulin receptor substrates through activation 
of kinase enzymes that phosphorylate serine of 
threonine residues, thus regulating cell prolifera-
tion, apoptosis and differentiation, namely serine 
kinases . Importantly, environmental factors such 
as diet, smoking and aging have a strong impact 
on TNF-α production. In addition, some dietary 
supplements and exercise act favorably on vascu-
lar function, since they diminish TNF-α produc-
tion and inhibit ΤΝF-α mediated signaling [ 18 ]. 

 On the basis of the importance of TNF-α 
for endothelial dysfunction, several clinical tri-
als have investigated the use of the three cur-
rently available TNF-α inhibitors (infl iximab, 
etanercept and adalimumab) in vascular dis-
orders that accompany RA and other autoim-
mune conditions. A growing body of evidence 
-mainly derived from observational databases 
and registries- suggests that anti-TNF biologic 
agents as well as methotrexate, can reduce the 
risk of future cardiovascular events in patients 
with RA. Chronic treatment with either of the 

 above- mentioned agents improves endothelial 
function in RA patients. Anti-TNF-α therapy 
ameliorates insulin resistance, beta-cell func-
tion and insulin signaling in individuals with 
active RA [ 19 ]. In addition to TNF-α inhibitors, 
various statins (atorvastatin and simvastatin) and 
the ACE- inhibitor quinapril have been found to 
decrease circulating levels of ΤΝF-α, which par-
allels the improvement of endothelial function 
in patients with type 2 diabetes, congestive heart 
failure, RA or hyperlipidemia [ 20 ,  21 ]. The role 
of TNF-α inhibition in CAD and type 2 diabetes 
remains to be further investigated on the basis of 
randomized controlled trials. 

 Antiphospholipid syndrome (APS) is charac-
terized by an excessive production of autoanti-
bodies against phospholipids, mainly cardiolipin 
and β2-glycoprotein 1 (β2GP1). Circulating 
immune complexes may lead to the formation of 
blood clots that are implicated in the pathogen-
esis of spontaneous abortions and cardiovascu-
lar disease. The atherosclerotic plaques of APS 
patients are infi ltrated with β2GP1 in conjunction 
with CD4+ cells. Immune complexes composed 
of antibodies against oxLDL/β2GPI are postu-
lated to be taken up by Fcγ receptors, that is spe-
cifi c IgG class recognizing receptors of immune 
cells that upon binding with their substrate acti-
vate an infl ammatory immune response. This 
leads to endothelial activation and promotes the 
formation of foam cells and ATH [ 22 ].  

13.6     Studying Infl ammation 
in Atherosclerosis 

13.6.1    Animal Models 

 Murine models are indispensable to study ATH, 
but some limitations need to be considered when 
it comes to translate fi ndings from mouse to 
humans. To cite a few: cholesterol levels in hyper-
lipidemic atherosclerotic mice greatly exceed 
the levels found in humans. Mice naturally lack 
cholesteryl ester transfer protein (CETP) which 
transfers cholesteryl ester from HDL to apoB-
containing lipoproteins in humans. In reference 
to the immune system, humans lack the clear 
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T-helper (Th) 1 and Th2 polarization found in 
mice and markers for M1 and M2 macrophage 
phenotypes partially differ between both spe-
cies. Importantly, mouse plaques are not prone 
to plaque vulnerability and plaque rupture. The 
latter has been ascribed to differences in vessel 
size, location of plaques, thrombus formation 
and size and the fi brinolytic system [ 23 ]. Despite 
their limitations, murine atherosclerosis models 
represent an important asset to the study of ATH.  

13.6.2     High-Throughput 
Technologies 

 High-throughput cell biology refers to the use of 
automation equipment with classical cell biology 
techniques to address biological questions which 
would be unattainable using conventional meth-
ods. It combines techniques from chemistry, biol-
ogy, optics and image analysis in order to gain 
precise insight into cell functions, interactions 
and disease pathogenesis. High-throughput biol-
ogy serves as one facet of the so called “omics 
research”, which refers to the interface between 
large scale biology (genome, proteome, transcrip-
tome), technology and researchers with a view to 
combine different methods into large scale exper-
iments of good quality and with  repetitive results. 

 Atherosclerosis is a complex biologic process. 
The widespread application of genomics, tran-
scriptomics, proteomics and epigenomics, aims 
to model biological processes involved in the 
pathogenesis of ATH as interconnected networks 
that would have never been discovered without 
these new technologies. 

 In 2007 data from the International HapMap 
Project and the development of dense genotyping 
chips enabled genetic epidemiologists to identify 
gene loci affecting susceptibility to CAD into 
the region 9p21 of the human genome, a fi nding 
that was replicated across multiple international 
studies [ 24 ]. More recently, genome-wide assays 
(GWAs) have identifi ed INFL related loci asso-
ciated with CAD risk. These include CXCL12 
–relating to the homonymous atheroprotective 
chemokine-, the ABO locus –which is linked to 
the expression of cytokine IL-6- and the HLA-C 

major histocompatibility locus on chromosome 
6p21 [ 25 ]. 

 Macrodissection and laser-capture microdis-
section have allowed the isolation and analysis 
of specifi c subregions within atherosclerotic 
lesions (media, adventitia, fi brous cap, etc.) and 
particular cell types for subsequent genome wide 
expression profi ling, enhancing our understand-
ing of cell type specifi c functions in athero-
genesis. Using expression profi les from human 
atherosclerotic arterial wall, carotid stenosis 
and visceral fat, an atherosclerosis-related set of 
genes linked to transendothelial leukocyte migra-
tion pathway and to the transcriptional cofac-
tor LIM domain binding factor 2 (LDB2) were 
identifi ed as major regulators of the atheroge-
netic process. Transcriptional analysis of human 
endothelial cells (ECs), smooth muscle cells 
(SMCs), and hepatocarcinoma cells treated with 
atorvastatin or pitavastatin confi rmed the statins’ 
impact on coagulation, cell growth and vascular 
constriction. 

  MicroRNAs  (miRNAs) have recently emerged 
as a novel class of gene regulators that work 
via transcriptional degradation and translational 
inhibition or activation. miRNAs are small non- 
coding RNA molecules encoded by eukaryotic 
nuclear DNA that function in transcriptional and 
post-transcriptional regulation of gene expres-
sion. Profi ling of miRNAs has also offered 
insights in atherosclerosis related mechanisms. 
A variety of functions of endothelial and infl am-
matory cells involved in angiogenesis, neointi-
mal formation and lipid metabolism have been 
found to be regulated by miRNAs. Fichtlscherer 
et al. [ 26 ] detected a signifi cant reduction in the 
plasma concentration of vascular and infl amma-
tory cell- derived miRNAs in patients with CAD 
whereas cardiac muscle-miRNAs showed an 
increased trend. miRNA-124 has recently been 
described as a biomarker for cerebral infarction. 
Whether microRNAs can be used as diagnostic 
biomarkers predictive of disease classifi cation 
and prognosis remains to be further investigated. 
They are further discussed in Chap.   14    . 

 RNA interference refers to an RNA-dependent 
gene silencing process resulting in the reduction 
of mRNA levels. It is initiated by short double 

13 Infl ammation and Atherosclerosis

http://dx.doi.org/10.1007/978-3-319-08798-6_14


232

stranded RNA molecules, named siRNAs. siRNAs 
are a valuable tool for the investigation of infl am-
matory networks and cellular signaling in ath-
erosclerosis. siRNA studies concerning vascular 
infl ammation are mostly based on knocking down 
on specifi c genes. Silencing proteins SMA- and 
MAD- -(intracellular proteins transducing signals 
from TGF-beta ligands, which are homologues 
to the  Drosophila  protein  mad , −mothers against 
decapentaplegic-, and the  Caenorhabditis elegans  
protein  sma , −small body size-) related signaling 
in human aortic endothelial cells, down-regulation 
of TNF-α dependent NF-kB activation or silenc-
ing p13-AKT, all had atheroprotective effects. 
Via transfection of NLPR-3 infl ammasome into 
cultured vascular smooth muscle cells (VSMCs), 
Wen et al. [ 27 ] recently showed that NLPR-3 acti-
vation is indispensable for VSMC calcifi cation, 
which has a signifi cant role in plaque progression 
and stability. In another interesting study, Nox1 
was identifi ed as a pharmacologically accessible 
target linked to hyperglycemia-induced oxidative 
stress in diabetic patients [ 28 ]. 

  Proteomics  involve the study of protein struc-
ture, expression, modifi cation and protein- protein 
interactions. The establishment of LDL-receptor 
as a key instigator of MAPK and ERK signaling 
pathway having a major role in ATH has been 
achieved through proteomics analysis in humans 
and animal models of the disease. 

  Metabolomics  investigate the whole set of 
metabolites and their interactions with each other 
or with diverse regulators. 

  Lipidomics  refers to the study of the lipi-
dome, i.e., the assembly of lipids of an organism, 
which is of outstanding interest in atherosclerosis 
research. 

  Epigenomics  involves the study of pheno-
typic or gene expression changes caused by 
inheritable mechanisms independent of DNA 
sequence,  e.g.  DNA methylation and histone 
posttranscriptional modifi cations, as well as 
the study of non-coding RNA alterations which 
are also considered as epigenetic mechanisms. 
Importantly, epigenetic alterations depend on 
a wide variety of intrinsic and extrinsic factors, 
such as environmental effects or developmental 
cellular changes. Initial epigenetic studies have 

addressed  vascular- infl ammation related epigen-
etic changes mostly on a global DNA level, and 
have focused less on specifi c genes. 

 DNA methylation is the most thoroughly 
investigated of all epigenetic mechanisms. It is 
associated with gene silencing, genome integrity 
and tissue homeostasis, is mitotically stable and 
transmitted through cell division with 97–99 % 
fi delity per mitosis.  De novo  methylation occurs 
in 3–5 % of mitoses in adult somatic cells. There 
is substantial evidence indicating that defi cient 
methylation is linked to increased infl ammation 
and atherosclerosis and that cardiovascular risk 
factors may alter epigenomic patterns related to 
subclinical or overt cardiovascular disease. For 
example, genomic DNA within human athero-
sclerotic lesions has been shown to be hypometh-
ylated. Also, methylation changes have been 
reported for genes involved in atherogenesis, 
such as estrogen receptor a, nitric oxide syn-
thase, and 15- lipoxygenase. Interestingly, high 
through-put, genome wide array based meth-
ylation profi ling of peripheral DNA from heavy 
smokers, revealed that these displayed a signifi -
cantly reduced methylation of F2RL3, a gene 
with strong impact on cardiovascular mortality in 
patients with stable CAD [ 29 ]. 

 Overall, high-throughput technologies offer a 
tremendous asset in the fi eld of vascular infl am-
mation and cardiovascular disease research, 
which is expected to point towards novel ways to 
prevent or treat CAD in the years to come [ 30 ].   

13.7    Imaging of Infl ammation 

 Infl ammation has a key role in atherosclerotic 
plaque formation, progression and rupture. 
Endothelial dysfunction, vascular INFL, athero-
sclerotic plaque composition and vulnerability 
can all be studied using multiple invasive or non- 
invasive imaging modalities. The combination of 
cardiovascular and molecular imaging is rapidly 
evolving and current developments in cardiovas-
cular biology and imaging allow the noninvasive 
molecular evaluation of atherosclerotic plaque 
characteristics and prediction of future events. 
Positron emission tomography (PET) and single 
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photon emission computed tomography (SPECT) 
are readily used in clinical practice. Magnetic 
resonance (MRI), computed tomography (CT) 
and ultrasound (U/S) have primarily been used 
for the visualization of anatomical structures. The 
development of targeted contrast agents enables 
molecular imaging using these techniques. 

 Molecular contrast agents consist of a ligand 
and a contrast element. The ligand is usually an 
antibody, −antibody-fragment, peptide, oligo-
saccharide- with a specifi c binding capacity to a 
molecular target. It retains the contrast element 
at the site of interest. The attached contrast ele-
ment is specifi c to the imaging modality used, 
for example, a radionuclide tracer for PET and 
SPECT, iodine for CT, gadolinium for MRI, or 
microbubbles for ultrasound. The contrast ele-
ment can either be attached directly to the carrier, 
or via a carrier vehicle, such as micelle, nanopar-
ticle, or microbubble [ 31 ]. 

13.7.1    PET/CT Scan 

 Positron emission tomography (PET) using 
[18F]-fl uorodeoxy-glucose (FDG) has been 
recently advocated as a means of measuring 
vascular INFL. FDG is a glucose analogue, and 
the method relies on the ability of FDG-PET to 
highlight areas of increased glucose metabolism, 
a feature of macrophages in ATH, particularly in 
high risk, “activated’ plaques. The uptake of FDG 
is directly proportional to macrophage density 
and activation which are hallmarks of plaque acti-
vation. PET/FDG uptake correlates with markers 
of systemic INFL and risk factors for atheroscle-
rosis and can accurately quantify INFL in aorta, 
iliac and peripheral arteries. The small lumen 
of coronary arteries, combined with cardiac and 
respiratory motion during data acquisition and 
myocardial cell FDG uptake, compromise the 
effi ciency of the method in defi ning coronary 
artery plaque characteristics. Furthermore, the 
use of radionuclide tracers is associated with ion-
izing radiation, which limits the method’s clinical 
utility. The method is still under development and 
further ameliorations/manipulations with ongo-
ing efforts to reduce the dose radiation or dose 

equivalent are expected to provide adequate and 
accurate coronary image data with a safe total 
radiation dose in the near future [ 32 ]. 

 The combined assessment of FDG and 
18F-sodium fl uoride (18F NaF) –an agent that 
effectively recognizes regions of active calcifi ca-
tion- has recently emerged as a very promising 
method for the identifi cation of active INFL and 
concomitant active calcifi cation, both markers 
of a “vulnerable atheroclerotic plaque” [ 33 ]. In 
addition to FDG and 18 NaF, several other probes 
detecting a wide variety of markers of vulnerable 
atherosclerotic plaques are under experimental 
and even clinical evaluation. These include mark-
ers of apoptosis (Annexin 5), lectin-like oxidized 
LDL receptor (LOX-1), matrix metalloproteases 
(MMPs), thrombus formation (tissue factors, 
TFs), intraplaque vascularization ( 18 F Galacto 
RGD, a ligand of ανβ3 integrin), and vascular 
INFL (VCAM-1, MCP-1, labeled LDL, etc.).  

13.7.2     IVUS and Contrast Enhanced 
Ultrasound 

 The morphologic features of a stenosis and ref-
erence segment can be assessed by intravascular 
ultrasound (IVUS). Besides precise dimensional 
measurements, IVUS can locate determinants of 
plaque vulnerability such as a thin fi brous cap, 
the presence of a necrotic core in contact with 
the lumen, a high eccentricity index, the presence 
of echolucent zones within the plaque represent-
ing large necrotic pools, and the existence of a 
prominent enlargement of the vessel referred to 
as “positive remodeling”, all indirect evidence of 
an ongoing infl ammatory process. 

 Targeted contrast ultrasound relies on the 
selective retention of the contrast agent after 
clearance of the freely circulating non-attached 
population. Microbubbles designed for molecu-
lar imaging targeted to antigens expressed on 
endothelial cells, adherent leukocytes or plate-
lets are under development. Contrast enhanced 
ultrasound is under development and is expected 
to make a major contribution to understanding, 
accurate diagnosis and therapeutics of athero-
sclerosis [ 34 ].  
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13.7.3    OCT and NIRS 

 Even more detail of structure and plaque com-
position can be obtained with optical coherence 
tomography (OCT). Intracoronary OCT is a 
catheter- based optical imaging modality capa-
ble of providing high-resolution cross sectional 
images of the coronary wall employing near 
infra-red light. It has a superior resolution for 
evaluating features of the vulnerable plaque such 
as plaque rupture, intracoronary thrombus, thin- 
capped fi broatheroma and the presence of mac-
rophages within the fi brous caps [ 35 ]. In a study 
by Jefferson et al. [ 36 ], contrast enhanced OCT 
using microparticles of iron oxide, successfully 
detected the presence of VCAM-1 and platelet 
cell adhesion molecule 1 (PCAM-1) in cultured 
endothelial cells under conditions of increased 
shear-stress ex-vivo. Using a catheter system 
similar to that of IVUS, near infrared wave- length 
light can be employed to detect cholesterol con-
tent in a vessel, based on the molecule’s distinct 
“spectroscopic signature”. Near-infrared spec-
troscopy (NIRS) is at present a clinical research 
tool providing a well validated “chemographic” 
map of coronary vessels [ 37 ].   

13.8     Targeting Infl ammation 
in Atherosclerosis 

 Current therapies in atherosclerosis are largely 
restricted to alleviating hypertension and hyper-
lipidemia or controlling hemostasis to prevent 
thrombotic complications. Established, emerging 
and future directions in the treatment of athero-
sclerosis as an “infl ammatory disease” are subse-
quently discussed. 

13.8.1    Established Therapies 

 Benefi ts gained from the administration of statins 
rely on their pluri-potent actions which may well 
extend beyond their lipid-lowering effects. Along 
these lines, statins improve endothelial function 
and reduce plaque lipids and thrombogenicity 
thereby limiting and stabilizing atherosclerotic 

plaques. Aggressive lipid-lowering with atorv-
astatin reduced high sensitivity CRP (hs-CRP) 
and entailed regression of atherosclerotic lesions 
assessed by IVUS [ 38 ], whereas in acute coronary 
syndrome (ACS) patients, aggressive statin treat-
ment may independently reduce the incidence of 
subsequent myocardial infarction, with concur-
rent LDL and hsCRP reduction. Shifting the lipid 
balance in favor of HDL cholesterol using nico-
tinic acid achieves regression of carotid intima-
media thickness owing to the anti- infl ammatory 
effects entailed by binding of niacin to its recep-
tor GPR109A [ 39 ]. Finally, b-blockers and ACE 
inhibitors may also have a role in the regression 
of endothelial dysfunction and infl ammation.  

13.8.2    Emerging Therapies 

 Artifi cial HDL-mimetic complexes promote cho-
lesterol effl ux by avidly binding oxidized lipids, 
exert anti-infl ammatory effects and may mediate 
regression of CAD. The selective Lp-PLA inhibi-
tor daraplatib prevented the expansion of plaque 
related necrotic core in patients with CAD [ 40 ]. 
Torcetrabib, a cholesteryl ester transfer protein 
(CETP) inhibitor, effectively increased HDL 
cholesterol, but was associated with an increased 
mortality, subsequently thought to be due to com-
pound specifi c “off-target” effects which included 
a rise in blood pressure and vascular INFL [ 41 ]. 
A 24-month double-blind-placebo controlled ran-
domized trial employing 130 subjects assessed 
the safety profi le and the effi ciency of dalcetrabib, 
a novel modulator of CETP activity, in modify-
ing vessel enlargement using MRI and PET/CT 
data. Dalcetrabib exhibited a good safety profi le 
and achieved a reduction in vascular infl amma-
tion and in vessel enlargement over 24 months, 
but long term data are required to establish the 
clinical effi cacy and safety of this agent [ 42 ].  

13.8.3    Experimental Therapies 

 Based on data coming from high through-put 
studies, a variety of therapeutic schemes employ-
ing modulators of INFL including cytokine and 
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chemokine modulation (IL-1 and IL-6; CCR-2 
antagonist), selective phospholipase and leukot-
riene inhibitors and others are currently under 
experimental evaluation. Most of these are pre-
sented in Table  13.2  [ 44 – 50 ].

13.8.3.1      Interleukin-1 Inhibitors 
 In humans atherosclerotic arteries show elevated 
levels of IL-1 and the IL-1 receptor antagonist 
gene was associated with a lower incidence of 
restenosis after coronary stenting. A large sec-
ondary prevention trial [Canakinumab Anti- 
Infl ammatory Thrombosis Outcomes Study 
(CANTOS)] with canakinumab, a neutralizing 
antibody of IL-1β is ongoing [ 43 ]. In addition, the 
Medical Research Council- Interleukin-1 recep-
tor antagonist-HEART study will compare short 
term use of Anakinra, an IL-1 receptor antagonist 

to placebo in patients with myocardial infarction. 
Preliminary results from anakinra in MI patients 
imply a lower incidence of subsequent heart fail-
ure in treated subjects versus controls, but this 
remains to be confi rmed by long term more solid 
data [ 44 ].    

   Conclusions 

 The concept that ATH constitutes a passive 
lipid accumulation in the vessel wall, which 
dominated over the past decades, has been 
challenged by evidence suggesting that ATH is 
a predominantly low grade chronic infl amma-
tory disorder, where both, innate and adaptive 
immune responses play a pivotal role through-
out initiation, progression and clinical mani-
festation of the disease. Endogenous ligands 
like DAMPs and NAMPs as well as modifi ed 

   Table 13.2    Emerging therapies targeting infl ammation in atherosclerosis   

 Drug  Therapeutic action  Mechanism  Effects  Human studies  Reference 

 Canakinumab  Inhibition of IL-1  IL-1β neutralizing ab  Reduced stent
restenosis 

 Yes  [ 43 ] 

 Anakinra  Inhibition of IL-1  IL-1r antagonist  Reduced HF after MI  Yes  [ 44 ] 
 Tocilizumab  Inhibition of IL-6  IL-6r antagonist  Improved endothelial

function in RA,
adverse lipid effects 

 Not in 
atherosclerosis 

 [ 45 ] 

 VIA 2291 
(Atreleuton) 

 Reduces
leukotriene
production 

 5-Lipoxygenase
inhibitor 

 Reduced plaque
volume and new
plaque formation 
in recent MI 

 Yes  [ 46 ] 

 DG031  Reduces
leukotriene
production 

 Inhibitor of 5
Lipoxygenase
activating protein 

 Reduced
infl ammatory
markers in patients
with risk variants for
leukotrien genes 

 Not evaluated for
MACE reduction 

 [ 47 ] 

 Daraplatib  Inhibition of
lipoprotein
phospholipase 

 LpPLA2 inhibitor  Reduced IL-6 
and CRP in CAD 

 Yes, ongoing
STABILITY and
SOLID/TIMI 52 trial 

 [ 48 ] 

 Dorcetlabib  Cholesteryl ester
transfer protein
(CETP) inhibitor 

 HDL mimetic complex  Reduced vascular
infl ammation and
vessel enlargement
in CAD 

 Yes  [ 42 ] 

 MLN1212  CCR2 antagonism  CCR2 monoclonal ab  Reduces hsCRP 
in CAD 

 Not evaluated for
MACE reduction 

 [ 49 ] 

 Immunization  Tolerisation
against plausible
antigens 

 Immunization with
DCs pulsed with
diverse molecules such
as LDL, apoB100,
HSP fragments 

 Confl icting results  No  [ 50 ] 

   Abbreviations :  apoB100  apolipoprotein B 100,  CAD  coronary artery disease,  DC  dendritic cell,  HSP  heat shock pro-
tein,  MACE  major adverse cardiovascular events  
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cholesterol  molecules, partially through TLR 
activation, lead to NLPR-3 infl ammasome up-
regulation, caspase activation and infl amma-
tory cytokine release. Lipid metabolism has a 
crucial role in this process. Largely infl uenced 
by modifi able extrinsic factors –such as diet 
intake- as well as intrinsic processes –such as 
microbiome associated engagement of nuclear 
lipid receptors- it may determine the magnitude 
and quality of the ensuing immune response. 
Adaptive immunity, hemodynamic parameters 
and endothelial activation act synergistically 
with lipid metabolism to orchestrate the infl am-
matory response culminating in atherosclerosis. 

 Patients with systemic infl ammatory and/
or autoimmune conditions display abnormal 
lipid metabolism and increased incidence of 
CAD. Endothelial damage, autoantibodies 
against lipid components, loss of atheroprotec-
tive HDL properties, increased systemic INFL 
resulting in impaired insulin resistance, obe-
sity and metabolic syndrome are implicated 
in increased CAD burden of these patients. 
Based on data coming from high through-put 
studies, therapeutic schemes employing mod-
ulators of INFL that were originally utilized 
as immune- suppressors for systemic infl am-
matory conditions, are currently under experi-
mental evaluation. Among these therapies, 
schemes based on IL-1R antagonism have 
produced promising results.     
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  14      Stress Proteins and the Adaptive 
Response of the Heart 

           Theodora     Tzanavari       and     Katia     P.     Karalis     

    Abstract  

  Stressors may be major contributors to cardiovascular disease. The sys-
temic adaptive response to stressors, referred as “stress response”, is pri-
marily mediated by the activation of the hypothalamic-pituitary-adrenal 
(HPA) axis and the catecholaminergic system. At the cellular level, cardio-
myocytes have developed various mechanisms to counterbalance stressors 
affecting their contractile, metabolic and other functions. These mecha-
nisms include remodeling and activation of the fetal gene program. Here 
we describe the fundamentals of the stress response, we review the implica-
tions of stressors such as oxidative, endoplasmic and metabolic on heart 
function and we discuss the effects of specifi c hormonal mediators of the 
stress response in heart function. We particularly refer to the cardiovascular 
effects of Corticotropin Releasing Hormone and its related peptides in sup-
porting the adaptive response, a potentially therapeutic strategy to over-
come stressors threatening homeostasis and driving disease development.  

  Keywords  
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  IGF-1    Insulin-like growth factor 1   
  iPLA 2     Calcium insensitive phospholipase A 2    
  IκBK    IκB kinase   
  JNK    jun N-terminal kinase   
  K ATP     ATP-sensitive potassium channel   
  MAPK    Mitogen activated protein kinase   
  MCPIP    Monocyte chemoattractant protein- 

induced protein   
  MI    Myocardial infarction   
  MPTP    Mitochondrial permeability transition 

pore   
  mROS    Mitochondrial ROS   
  NFκB    Nuclear factor κ light-chain enhancer 

of activated B cells   
  PGC1α    Peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha   
  PI3K    Phosphoinositide-3-kinase   
  PKCε    Protein kinase C epsilon   
  REM    Remodeling   
  ROS    Reactive oxygen species   
  SNS    Sympathetic nervous system   
  SOCE    Store-operated Ca 2+  entry   
  STIM1    Stromal interaction molecule 1   
  UCN    Urocortin   
  UPR    Unfolded protein response   

14.1          Introduction: Defi nition 
of Stress 

 Living organisms survive by maintaining a com-
plex dynamic and harmonious equilibrium, or 
homeostasis, that is constantly challenged by 
intrinsic or extrinsic disturbing forces or stress-
ors. In this context, stress may be defi ned as a 
‘state of disharmony, or threatened homeostasis’. 
Although minimum at normal levels, stress is an 
important part of normal daily life, as it enables 
the organism to cope with changes in the environ-
ment. However, excess stress, either physical or 
psychological, is a cause of harm [ 1 ]. 

 As already described in Chap.   6    , Hans Selye, 
who was the fi rst to defi ne stress, conceived the 
General Adaptation Syndrome, as “the non- 
specifi c response by the body to any demand”, 
physical or psychological [ 2 ]. The General 
Adaptation Syndrome represents a “chronologi-
cal development of the stress response to stressors 

when their action is prolonged”. It consists of an 
initial “alarm reaction” or “shock” phase, a sec-
ond “resistance” phase and a fi nal “exhaustion” 
phase. According to Selye, during the second 
phase the body is allowed to compensate and 
restore homeostasis. In addition, Selye distin-
guished eustress (healthy stress) from distress 
(pathogenic stress). Distress resulting from an 
excessive or inappropriate response to a stressor 
can lead to stress-induced maladies [ 3 ]. The adap-
tive responses can be either specifi c to the stressor 
or nonspecifi c. Along these lines, Chrousos and 
Gold described the activity of the stress system as 
a sigmoidal dose-response curve with stressor 
potency and stress response related in a nonlinear 
manner. This concept can be  modifi ed to show 
stressor potency as an independent variable and 
the stress response as the dependent variable. The 
activity of the stress response will need a thresh-
old to be activated, beyond which a quasilinear 
relationship commences. As expected, beyond a 
given point, the activity of the stress response 
does not increase despite further increase in 
stressor potency. This dose-response sigmoid 
curve is individual-specifi c [ 4 ]. The latter is the 
core of the theory of “allostasis”, which is defi ned 
as the “stability obtained through changes”. This 
concept which was developed by Sterling and 
Eyer refers to the active processes via which the 
body responds to daily events to maintain homeo-
stasis [ 5 ]. The concept of allostasis suggests that 
when an organism is threatened, effector systems 
are activated to promote adaptation to a new equi-
librium, rather than a return to the previous, no-
longer-existing condition. Various allostatic 
mechanisms may be triggered by any given condi-
tion. Depending on the actual mechanisms trig-
gered some sort of adaptation will be affected; 
this is the allostatic load to which the organism is 
submitted. Under normal conditions, allostasis is 
the mechanism that protects the body, promotes 
improved health and guarantees survival. When 
the allostatic load is excessively strong or lasts for 
a long period, it becomes allostatic overload, with 
the continued activation of the effector systems, 
which is extremely harmful, resulting in maladap-
tation and the appearance of stress related dis-
eases [ 4 ]. Stress increases the susceptibility of the 
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body to infection, autoimmune diseases, chronic 
fatigue syndrome, psychiatric illnesses, cancer, 
and chronic diseases. Depending on the individ-
ual situation and predisposition, stress can be a 
major contributor to the development of cardio-
vascular disorders (CVD), such as  ischemic  heart 
disease, arrhythmia and sudden death [ 6 ].  

14.2    Hormonal Regulation 
of the Adaptive Response 

 The stress system is organized into central, 
peripheral, and cellular systems within a network 
of anatomical regions that work together to keep 
the body both informed and ready to react to 
encountered changes in either external or internal 
cellular environments [ 1 ]. The hypothalamic-
pituitary- adrenal (HPA) axis and the sympathetic 
nervous system (SNS) constitute the main effec-
tor pathways of the stress system [ 7 ,  8 ]. 

 The HPA axis is the principal endocrine axis 
regulating the stress response [ 4 ]. Stressors of dif-
ferent origins activate the hypothalamic 
corticotropin- releasing hormone (CRH), which 
stimulates pituitary ACTH secretion and fi nally 
release of glucocorticoid from the adrenal gland 
[ 9 ]. In parallel, the catecholaminergic system is 
activated both at the locus coeruleus and the adre-
nal medulla, leading in the release of norepineph-
rine and epinephrine. The HPA axis operates via 
forward positive feedback system, so that follow-
ing its activation, glucocorticoid, the end-product 
of its activation, exerts negative feedback on CRH 
and ACTH. CRH has anxiogenic properties and 
coordinates the adaptive, behavioral, and physical 
changes that occur during stress. Glucocorticoid, 
the fi nal mediator of the HPA axis, plays a crucial 
role in mounting the adaptive response to stress 
and are crucial for the appropriate termination of 
every stress response. Glucocorticoid, via their 
receptors, act on positive or negative glucocorti-
coid responsive elements (GREs) to activate or 
suppress the expression of various genes, which 
are either directly or indirectly implicated in vital 
metabolic pathways [ 10 ,  11 ]. Cortisol, the pri-
mary glucocorticoid in humans, is continuously 
secreted by the adrenal cortex and its release 

increases signifi cantly during environmental 
stressors [ 12 ]. 

 The SNS, the other principal effector compo-
nent of the stress system, provides a mechanism 
which allows rapid regulation of vital functions, 
such as cardiovascular, respiratory, gastrointesti-
nal, renal, and endocrine functions [ 13 ,  14 ]. 
Cytokines, in particular IL-6, are potent activa-
tors of the central stress response, forming a 
feedback loop through which the immune/infl am-
matory system communicates with the brain [ 15 ]. 

 When stress, which moderates the proteome of 
the cytosol, endoplasmic reticulum (ER) and 
mitochondria, is sensed in one tissue, it can 
 activate responses in different tissues in a non- 
autonomous way. This way, mechanisms that pro-
tect against and mechanisms that promote disease 
progression rely on coordination and communica-
tion between cells and tissues. The control of 
intercellular communication and cell- autonomous 
regulation is subject to neuroendocrine regulation 
through HPA activation. Chronic activation of the 
stress system, together with its associated cata-
bolic, anti-reproductive, antigrowth and immuno-
suppressive effects, may prove detrimental for the 
organism. A cellular stress response may thus 
develop into a systemic stress response through 
activation of the hypothalamic- pituitary-adrenal 
(HPA) axis and release of glucocorticoid. Results 
of chronic stress include behavioral changes 
affecting physical activity and dietary habits lead-
ing to weight gain and the metabolic syndrome, 
and thus to abnormalities of glucose and lipid 
metabolism [ 16 ], induction of chronic hypercorti-
solemia that can in the long run cause visceral fat 
accumulation, decreased lean body mass, and 
insulin resistance [ 17 ,  18 ], and increased sympa-
thoadrenal system activity. The latter contributes 
to impaired glucose tolerance and to increased 
risk for acute cardiovascular events [ 19 ].  

14.3    Stress and Cardiovascular 
Disease 

 The concept of stress being involved as risk fac-
tor for CVD dates back more than 100 years ago 
and has been thoroughly investigated using a 
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combination of epidemiological, mechanistic, 
psychophysiological experiments and clinical 
studies. Adaptation to stressors is an integral part 
of cardiovascular physiology, whereas stress can 
be a major contributor in the development of car-
diovascular disorders, such as ischemic heart dis-
ease, arrhythmia and sudden death [ 6 ]. Chronic 
stress, either at early life or adulthood, has been 
associated with a 40–60 % excess risk of cardio-
vascular disorder [ 20 ]. 

 Cardiomyocytes have developed various 
mechanisms to deal with stressors affecting their 
contractile performance and/or energy supply. 
The success of these mechanisms depends to a 
large extent on the nature and duration of the 
stress. At the cellular level, stress results in 
adverse rearrangement of cytoskeletal structures, 
a process known as remodeling (REM), together 
with the accumulation of dysfunctional mitochon-
dria and ER. Success or failure of these cellular 
adaptive mechanisms, which will be discussed in 
detail in the following paragraphs, may lead to 
repair of the injury or propagation of the damage 
often progressing to heart failure (HF). 

14.3.1    Cardiomyocyte Remodeling 
in Response to Stress 

 At the cellular level, REM causes stress to the 
cardiomyocyte as a whole, by altering energy 
metabolism, the structure of the contractile appa-
ratus and the cytoskeleton. Thus, cardiomyocytes 
lose the characteristics of mature (differentiated) 
cardiomyocytes and re-express genes from 
embryonic or fetal developmental stages REM is 
intimately connected to cellular dedifferentia-
tion. It has been proposed that by dedifferentia-
tion or sarcomeric disassembly, cardiomyocytes 
gain resistance to altered metabolic and/or 
hypoxic stress [ 21 – 24 ]. Dedifferentiation pro-
vides cardiomyocytes with a plasticity which 
allows the myocardium to cope much better with 
hypoxia-induced or overload-induced cell death, 
preventing the progression from compensated 
hypertrophy to HF [ 25 ]. Parallel activation of the 
fetal gene program is characterized by the up- 
regulation of early cardiac-specifi c transcription 

factors, including MEF2c, NFAT, GATA and 
Nkx2.5 [ 26 ], as well as the stem cell markers 
c-kit, Runx1 and Dab2. Numerous other genes, 
including destrin, a-SM-actin, the natriuretic 
peptides ANP and BNP, smooth-muscle actin 
(ACTN1), moiesin, and oncostatin M (OSM) are 
also re-expressed. The fetal gene program also 
shows induced expression of ER chaperones such 
as BiP/GRP78, GRP94 and calreticulin during 
early development, and also triggers signifi cant 
changes in metabolic programs [ 27 ]. These 
changes are also described in Chap.   17    . 

 In diseased states, compensatory REM is 
accompanied by certain maladaptive processes 
including infl ammatory infi ltration, increased 
interstitial connective tissue (increasing the oxy-
gen diffusion distance and wall stiffness), reduc-
tion of cardiomyocyte cell contacts, and apoptotic 
cell death, eventually reducing the ventricular 
ejection capacity [ 28 – 30 ]. The degree of cardio-
myocyte degeneration and loss of differentiation 
markers can be correlated with the extent of 
infl ammatory infi ltration [ 23 ,  31 ]. 

 Myocyte dedifferentiation, including loss of 
myoglobin, reduces oxygen-dependent genera-
tion of ATP, but maintains the ability of heart cells 
to generate energy by glycolysis. Cardiac REM 
and metabolic adaptation are closely intercon-
nected, as refl ected by the characteristic switch 
from fatty acid oxidation to glucose utilization in 
stressed cardiomyocytes. Interestingly, although 
changes in mitochondrial metabolism seem ini-
tially benefi cial to sustain contractility and sur-
vival, increasing evidence suggests that metabolic 
reprogramming might eventually result in mito-
chondrial dysfunction and cardiac failure [ 32 ]. 

 A good method to study and understand com-
pensatory REM in animal models is cardiac isch-
emia, as it comprises response mechanisms 
caused by the lack of oxygen and includes sec-
ondary infl ammatory infi ltration. Importantly, 
REM affects both ischemic and non-ischemic 
regions of the ventricle leading to changes in 
chamber size, shape and function. Smaller dam-
ages may only lead to hypertrophy of remaining 
cardiomyocytes in order to normalize wall stress, 
while large infarcts cause signifi cant changes in 
heart architecture [ 33 – 35 ].  
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14.3.2    Cardiomyocytes 
and Oxidative Stress 

 The accumulation of dysfunctional mitochondria 
is characteristic of a wide spectrum of cardiac 
diseases. Mitochondria are important cellular 
energy components. In addition to producing 
energy through respiration, mitochondria regu-
late cellular metabolism and produce reactive 
oxygen species (ROS) through electron transport 
chains (ETCs). Although the adrenergic system 
plays a central role in stress signaling and stress 
is often associated with increased production of 
ROS, ROS overproduction generates oxidative 
stress, a key part of various common pathological 
conditions, including the metabolic syndrome 
and numerous cardiovascular diseases, such as 
coronary artery disease, heart failure, left ven-
tricular hypertrophy, diabetic cardiomyopathy 
and hyperkinetic arrhythmias. 

 ROS are reactive chemical units involving two 
main categories: (a) free radicals such as super-
oxide (O 2  − ), hydroxyl (OH) and nitric oxide 
(NO); and (b) non-radical derivatives of O 2  such 
as hydrogen peroxide (H 2 O 2 ) and peroxynitrate 
(ONOO − ) [ 36 ]. Under normal conditions, ROS 
control several physiological processes, includ-
ing host defense, hormone biosynthesis, fertiliza-
tion and cell signaling. Oxidative stress causes 
protein, lipid and DNA damage leading to cellu-
lar dysfunction. Excessive O 2  −  may decrease 
nitric oxide (NO) availability, leading to endothe-
lial dysfunction and endothelium-dependent 
vasodilation decrease [ 37 ]; while oxidative pro-
tein modifi cation may result in the formation of 
nitrotyrosine that represents a powerful and 
autonomous marker of cardiovascular diseases. 
O 2  −  is also implicated in the generation of oxi-
dized LDL, a key initiator of atherosclerosis 
(ATH) [ 38 ]. 

 ROS can cause posttranslational protein modi-
fi cations to regulate signaling pathways. Redox 
modifi cations may affect mitochondrial function 
either directly or indirectly by acting on media-
tors involved in most mitochondrial activities. 
For example, STAT3 seems to preserve ETC 
activity by preventing ROS leakage at complex 
I. In mice, cardiac-specifi c deletion of STAT3 

results in the development of cardiac  infl ammatory 
fi brosis, dilated cardiomyopathy and heart failure 
with advancing age; while lack of STAT3 elimi-
nates the cardioprotective effects of ischemic 
preconditioning, contrary to its overexpression in 
cardiomyocytes, which protects mice against 
doxorubicin toxicity that involves mitochondrial 
dysfunction [ 39 ]. Expression of a recombinant 
form of STAT3 that targets mitochondria and 
lacks the DNA-binding domain protected the 
heart from ischemic damage by decreasing mito-
chondrial ROS (mROS) production and attenuat-
ing cytochrome c release in a model of ischemia. 
mROS is of a dual nature. Very high quantities of 
mROS directly damage proteins, lipids and 
nucleic acids. Lower levels, however, function as 
signaling molecules to adapt to stress, and even 
lower amounts of mROS are required for normal 
cell function. For example, mROS are involved in 
cardioprotective preconditioning pathways, and 
antioxidants render ischemic preconditioning 
ineffective [ 40 ]. 

 Emerging evidence points to the role of 
NAPDH oxidase (NOX) family of enzymes, 
a major source of ROS in both metabolic and 
cardiovascular dysfunction [ 41 ]. As very well 
established, β-adrenergic signaling is markedly 
attenuated in conditions such as heart failure, with 
downregulation and desensitization of the recep-
tors and their uncoupling from adenylyl cyclase. 
Transgenic activation of β 2 - adrenoreceptor leads 
to elevation of NADPH oxidase activity, with 
greater ROS production and p38 MAPK phos-
phorylation. Inhibition of NADPH oxidase or 
ROS signifi cantly reduces the p38 MAPK sig-
naling cascade. βAR stimulation antagonizes 
the protective effect of the Akt pathway through 
inhibition of hypoxia-inducible factor 1-alpha 
(Hif1a) and Sirt1 induction, key elements in 
cell survival [ 42 ].  Sirtuins , a family of seven 
highly conserved class III histone deacetylases 
that regulate a wide range of cellular processes, 
such as transcription, infl ammation, apoptosis, 
and aging [ 43 ], are involved in modulating the 
cellular stress response directly by deacetylation 
of some factors. Lately, the role of Sirt1 (also 
called NAD +  – dependent protein deacetylase) 
as the most important factor in the pathway of 
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mitochondrial biogenesis and a key regulator of 
cellular defense and survival has been recognized 
[ 44 ]. Sirt1 increases cellular stress resistance, by 
induction of insulin sensitivity, decrease in cir-
culating free fatty acids and insulin-like growth 
factor 1 (IGF-1), induction of 5’ AMP-activated 
protein kinase (AMPK) and peroxisome pro-
liferator-activated receptor gamma coactivator 
1-alpha (PGC1a) activity, and mitochondrial 
genesis. Resveratrol, a therapeutic agent and an 
activator of SIRT1, suppresses ROS production 
and induces the expression of the mitochondrial 
protein NDUFA13 [ 45 ,  46 ].  

14.3.3    Endoplasmic Reticulum 
Stress 

 The endoplasmic reticulum (ER) is an intracel-
lular organelle with major contribution to pro-
tein synthesis and metabolism of nutrients and 
toxic metabolic products. ER stress developing 
in states of overwhelming load of the ER is 
associated with a variety of states such as oxida-
tive stress, ROS production, viral infection, 
environmental toxins, heat, drugs, infl ammatory 
cytokines, lipotoxicity, Ca 2+  depletion, meta-
bolic starvation and aging. ER stress has been 
also identifi ed as a key contributor in the patho-
genesis of cardiac and vascular diseases [ 27 , 
 47 – 50 ]. Tight control of metabolic homeostasis 
that is necessary for normal function of all tis-
sues is particularly important for the cardiac tis-
sue and involves Ca 2+,  K + , Na + , Cl − , oxygen, 
glucose, amino acids, and fatty acids. Disruption 
of metabolic homeostasis can lead to ER stress. 
For example, disruption of Ca 2+  homeostasis is 
directly responsible for ER stress and activation 
of cardiac REM, leading to cardiac hypertrophy. 
Cardiomyocytes monitor Ca 2+  homeostasis in 
regard to excitation-contraction versus ER stress 
by, at least in part, the regulation of store- 
operated Ca 2+  entry (SOCE) and an ER 
membrane- associated Ca 2+  sensor, stromal 
interaction molecule 1 (STIM1) [ 51 ]. In rats, 
SOCE is abundant in neonatal cardiomyocytes, 
while it is absent in adult cardiomyocytes [ 52 ], 
correlating with STIM1 mRNA and protein 

expression. Stress- triggered STIM1 re-expres-
sion and consequent SOCE activation are criti-
cal elements in the upstream, Ca 2+  -dependent 
control of pathological cardiac hypertrophy 
[ 52 ]. In states of thoracic aortic constriction 
(TAC) and in neonatal cardiomyocytes under 
induced hypetrophy, STIM1 protein and mRNA 
levels are signifi cantly increased. The above is 
an example of the molecular pathways mediat-
ing mobilization of Ca 2+  -signaling molecules 
and pathways and their interconnection to the 
preservation of ER function, all contributing to 
support normal cardiac function in normal and 
adverse conditions. 

 There is a constant, interactive relation 
between active infl ammation and ER stress, 
underlying a spectrum of diseases with insulin 
resistance the most widely studied [ 53 ]. Increase 
of the unfolded protein response (UPR), ROS 
production, Ca 2+  release from the ER, and the 
activation of the nuclear factor κ light-chain 
enhancer of activated B cells (NF-κB) and of 
Jun N-terminal kinase (JNK) can trigger the 
infl ammatory response associated with ATH 
and CVD [ 54 – 56 ]. Briefl y, upon tissue damage, 
infl ammatory cells such as neutrophils and mac-
rophages are recruited to the site of damage, ini-
tiating infl ammatory cytokine production and 
ROS generation, protein folding disruption and 
ER stress triggering. When ER stress is pro-
longed, NF-κB initiates apoptosis, thereby shift-
ing the outcome of the compensatory mechanism 
from an adaptive to a maladaptive one. NF-κB 
activation is initiated via the action of IκB 
kinase (IκBK), which phosphorylates and inac-
tivates IκB-α. Its inactivation in turn results in 
NF-κB nuclear translocation and in the expres-
sion of infl ammation- related genes, such as 
those encoding the potent infl ammatory cyto-
kines TNFα and IL-6 [ 54 ,  56 ]. Specifi c to car-
diomyocytes, NFκB deletion promotes an 
adaptive response to ER stress, whereas once 
NFκB is activated, cardiomyocytes undergo 
infl ammation, fi brosis and apoptosis. The angio-
genic factor MCP-1 is linked to infl ammation 
and the activation of autophagy in the heart. 
During chronic infl ammation, increased MCP-1 
expression induces oxidative stress by upregu-
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lating monocyte chemoattractant protein-
induced protein (MCPIP), a novel zinc fi nger 
protein, which causes oxidative stress via iNOS 
activation and ROS production, followed by the 
induction of ER stress-responsive genes and 
autophagy [ 57 ]. Gene-silencing experiments 
have demonstrated that MCPIP reduction 
decreases MCP-1 induced cell death in cardiac 
myoblasts. MCP-1 recruits monocytes and dif-
ferentiates monocytic lineage cells into 
endothelium- like cells, thus promoting vascular 
growth and angiogenesis [ 58 ]. 

 ER stress is highly associated with various 
CVD. Myocardial infarction (MI) provides a 
classic example; it results in severe complica-
tions associated with hypoxia and fuel starva-
tion in the muscle tissue, generation of a buildup 
of misfolded protein, and thus disruption of ER 
homeostasis and generation of ER stress. 
Furthermore, during ischemia, ER stress results 
in the degeneration of cardiac myocytes and 
over time in cell death. However, if precondi-
tioning, such as mild heat stress, is applied, 
damage may be prevented, most possibly due to 
the activation of an adaptive coping response, 
consequently limiting the amount of damage 
generated during the subsequent insult. 
Similarly, hypertension or aortic construction or 
stenosis, also resulting in pressure overload, 
induce ER stress. The list of CVD implicating 
ER stress is growing rapidly. Congenital dilated 
cardiomyopathy (CDCM) is linked to a muta-
tion in the KDEL receptor, which leads to a 
buildup of misfolded proteins and results in ER 
stress [ 59 ]. Reports show that disruptions in the 
excitation-contraction coupling, with abnormal 
Ca 2+  homeostasis, result in ER stress and con-
gestive HF. Atherosclerosis results from the 
accumulation of misfolded proteins due to the 
oxidation of lipids, the upregulation of  homo-
cysteine  in vascular cells, and inclusion of large 
amounts of cholesterol esters in macrophages. 
ER stress may also play a role in  cardiac amy-
loidosis . It is thus obvious that ER stress and 
CVD are intimately intertwined and therefore 
therapeutic interventions to cope with ER stress 
provide a promising venue in the fi ght against 
detrimental chronic diseases [ 60 ].  

14.3.4    Effects of the Hormonal 
Mediators of the Stress 
Response in the Cardiovascular 
System 

 HPA axis is the principal endocrine axis regulat-
ing the stress response. Stressors of different ori-
gins activate the hypothalamic CRH, which 
stimulates pituitary ACTH secretion and fi nally 
release of glucocorticoid from the adrenal gland. 
In parallel, the catecholaminergic system is acti-
vated both at the locus coeruleus and peripheral 
sites leading to the release of norepinephrine and 
epinephrine. The HPA axis operates via forward 
positive feedback system, while the end-product, 
glucocorticoid exerts negative feedback regula-
tion of CRH and ACTH. All different compo-
nents of the HPA axis affect, directly or indirectly, 
heart function and may precipitate disease devel-
opment. A summary of HPA axis and CRH regu-
lation is shown in Fig.  14.1 . Below, we give a 
brief summary of the effects of glucocorticoid 
and the CRH family of peptides in the regulation 
of cardiovascular function.

14.3.4.1      Glucocorticoid 
 Cardiomyocytes participate actively in the adap-
tive stress response via initiating a cascade of 
pathways to secure homeostasis. Failure to do so, 
results in extensive tissue damage, disease devel-
opment and eventually HF. Glucocorticoid act by 
synchronizing the metabolic, autonomic, psycho-
logical, hemostatic and cardiovascular compo-
nents of the stress response via its multiple 
tissue-specifi c genomic and non-genomic effects. 
These actions facilitate the vascular and meta-
bolic effects of other stress hormones, such as 
catecholamines, glucagon and angiotensin-II, 
through stimulation of α1 adrenergic and angio-
tensin II receptor expression, and increase in the 
affi nity and binding capacity of β-adrenergic 
receptors. In parallel, glucocorticoid suppresses 
associated processes such as infl ammation, cel-
lular proliferation and tissue repair processes. 
Finally, glucocorticoid prepare the organism for 
prolonged nutritional deprivation by facilitating 
proteolysis and support development of insulin 
resistance at the muscle level, while inducing 
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gluconeogenesis and lipolysis. This pleiotropic 
action of glucocorticoid may be harmful for the 
cardiovascular system because of increased blood 
pressure and insulin resistance. Corticosteroid 
excess is associated with adverse cardiovascular 
outcomes. Patients with Cushings’s syndrome 
and primary aldosteronism, two conditions char-
acterized by glucocorticoid excess and inappro-
priately high aldosterone production respectively, 
have increased risk for CVD. Prior to treatment 
of Cushing’s syndrome, it has not been uncom-
mon for patients to experience early death from 
MI or stroke. In animal models, excess glucocor-
ticoid can induce ATH. In humans, it has been 
suggested that corticosteroid-treated patients 
with rheumatoid arthritis and lupus erythemato-
sus develop signifi cantly more ATH than those 
not treated with steroids and the risk of ATH is 
related to the cumulative dose of corticosteroid. 
There have also been cases of adverse outcomes 

of steroid-dependent rheumatoid arthritis patients 
treated with thrombolytic agents for acute MI, 
possibly due to increased risk of myocardial rup-
ture. However, there has been no consensus on 
the proposed adverse effects of glucocorticoid 
given acutely in MI [ 61 ]. 

 On the other hand, glucocorticoid defi ciency 
may result in hypotension, weight loss, hypogly-
cemia and death, particularly during stress; 
while glucocorticoid excess can lead to hyper-
tension, insulin resistance, hyperglycemia and 
weight gain [ 62 – 64 ]. The vascular effects of glu-
cocorticoid seem to be achieved by enhancing 
adrenergic stimulation, angiotensin II and possi-
bly endothelin-1. Glucocorticoid upregulate 
angiotensin II type I receptor expression and α1 
adrenergic receptors in rat vascular smooth mus-
cle cells and potentiate the vasoconstrictive 
actions of angiotensin-II and norepinephrine in 
animals [ 65 ]  

  Fig. 14.1    HPA axis is the principal endocrine axis regulat-
ing the stress response. Stressors of different origins acti-
vate the hypothalamic CRH, which stimulates pituitary 
ACTH secretion and fi nally release of glucocorticoid from 
the adrenal gland. The HPA axis operates via forward posi-
tive feedback system, while the end-product, glucocorti-

coid exerts negative feedback regulation of CRH and 
ACTH. In addition to its expression in the central nervous 
system, several functions in peripheral sites have been iden-
tifi ed. Genetic ablation of CRH ( Crh  knockout,  Crh−/−  
mouse) in the heart negatively affects cardiac function, 
through the  Erk1/2 ,  Akt  and  NFκB  signaling pathways       

 

T. Tzanavari and K.P. Karalis



247

14.3.4.2    Crh and CRH-Related 
 In addition to its expression in the central ner-
vous system, CRH has been identifi ed in periph-
eral sites with functions not completely elucidated 
yet. So far, a dual, both anti- and pro- proinfl am-
matory role for peripheral CRH has been identi-
fi ed. Its signifi cant expression in infl amed human 
and rodent tissues due to the corresponding neu-
trophil and polymorphonuclear cell accumula-
tion has been shown [ 66 ], and its effects have 
been confi rmed in transgenic animal models [ 67 –
 70 ]. Angiogenic effects of CRH, both  in vivo  and 
 in vitro,  have been shown [ 71 ,  72 ]. 

 CRH belongs to an extended family of CRH- 
related peptides, which includes urocortins 
(UCN) (I, II and III). These peptides share sig-
nifi cant homology with CRH, while they all bind 
the same family of receptors (CRHR1 and 
CRHR2), with CRH and UCN I binding both 
receptors, although with different affi nities, and 
UCN II and III binding CRHR2 exclusively. 
UCNs and CRHRs are also widely expressed in a 
variety of tissues. CRH receptors belong to the 
G-protein coupled receptors (GPCRs) family and 
upon activation stimulate various intracellular 
pathways, in a time- and tissue-dependent man-
ner. Expression of both CRHRs and UCN have 
been identifi ed in the endothelium and the heart 
with CRHR2 robustly [ 73 ] and CRHR1 mini-
mally if at all expressed [ 74 ]. Activation of 
phosphoinositide- 3-kinase (PI3K)/Akt (protein 
kinase B/Akt) and mitogen-activated protein 
kinases (MAPK) in endothelial cells by CRHR2 
links its expression with specifi c biological 
effects, while protective effects in cardiomyo-
cytes during experimental ischemia have been 
shown [ 75 ,  76 ]. Furthermore we have recently 
found stimulation of VEGF by CRH via 
CRHR2 in endothelial cells [ 72 ,  77 ]. 

 Cardioprotective effects of UCNs have been 
well documented in several experimental sys-
tems. In general, urocortins exhibit potent vaso-
dilatory effects in arteries of different species 
through regulation of intracellular Ca 2+  levels, 
increase heart contractility and evoke positive 
inotropic and lusitropic effects. More specifi cally, 
UCNs protect the heart from ischemia and reper-
fusion injury via improvement of  post- ischemic 

cardiac  performance, such as cardiac contractil-
ity, prevention from Ca 2+  overload and reduction 
of cardiac cell death. These effects involve the 
activation of several signaling pathways targeting 
both cytoplasmic and mitochondrial processes. In 
particular UCN1, by initially binding to GPCRs, 
initiates the activation of PI3K, protein kinase A 
(PKA), Akt, protein kinase C (PKC) and MAPKs. 
Activation of these kinase pathways alters the 
activity of various channels including the mito-
chondrial permeability transition pore (MPTP), 
which is involved in the induction of cell death 
[ 78 ,  79 ], as described in Sects.   15.2.1     and   15.2.2    . 
Apart from their acute effects, UCNs exert more 
prolonged, modulatory actions, such as transcrip-
tional and translational effects on mitochondrial 
ATP-sensitive potassium channel (K ATP ), calcium 
insensitive phospholipase A 2  (iPLA 2 ) and protein 
kinase C epsilon (PKCε), all three involved in car-
dioprotection [ 80 – 84 ]. UCN1 acts via a p42/p44 
MAPK (Erk1/2)-dependent signaling pathway 
in protecting both  in vitro  primary cell models 
and  ex vivo  and  in vivo  rodent heart from reper-
fusion injury. Erk1/2 phosphorylation and acti-
vation is mediated by the MAP kinase MEK1/2 
following UCN1 treatment; while its inhibition 
disrupts UCN1-mediated cardioprotection [ 85 , 
 86 ]. PI3K and its downstream effector Akt are 
crucial for UCN-stimulated increase in survival 
of cardiomyocytes [ 87 ]. Both MEK1/2 and PI3K 
are responsible for preventing pro-caspases -9 
and -3 from being cleaved into their active forms 
[ 88 ,  89 ]. UCN2 and UCN3 also act through the 
PI3K pathway [ 75 ]. In addition to the protective 
effects, UCN treatment of both neonatal and adult 
rat cardiomyocytes stimulates the secretion of 
atrial natriuretic peptide (ANP) and brain natri-
uretic peptide (BNP), both of which are mark-
ers of hypertrophy [ 90 ,  91 ]. Another signifi cant 
contribution of UCN1-mediated cardioprotection 
involves  de novo  protein synthesis. For example, 
expression of the cardioprotective heat shock pro-
tein 90 (HSP90) has been reported to be induced 
by UCN1, a specifi c effect blocked by the MK1/2 
inhibitor PD98059 [ 92 ]. The expression of car-
diotrophin-1 (CT-1), an additional cardioprotec-
tive peptide, is also increased upon exposure of 
cells to UCN 1 [ 93 ]. 
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 Based on the above experimental evidence for 
the cardioprotective role of urocortins and on the 
reported role of CRH on various peripheral sites, 
a possible role for CRH in the cardiac adaptive 
response to stressors has recently been explored 
by our group. The absence of CRH in mice leads 
to low levels of ACTH and corticosterone and a 
blunted HPA response. Thus, CRH regulates 
adrenal function as well as responses to stress 
mediated via the HPA axis. Genetic ablation of 
CRH ( Crh -knockout,  Crh−/− , mice) leads to 
inability of the cardiovascular system to cope 
with a mild stressor, resulting in death. Similar to 
those described for UCNs, signaling pathways 
involved in this process, include Erk1/2, Akt, and 
AMPK.  Crh  deletion also results in increased 
infi ltration of the heart tissue with infl ammatory 
cells and apoptosis. Metabolic dysregulation evi-
dent by signifi cantly compromised ability for 
fatty acid oxidation may underlie, at least, the lat-
ter, and possibly drive the compromised function 
of the  Crh−/−  heart [ 94 ].    

   Conclusion 

 Heart is a tissue where different pathways 
activated by various stressors convey and alter 
its functions, often resulting in remodeling, 
chronic infl ammation, metabolic dysfunction 
and ultimately, heart failure. Given the active 
participation of the heart in the adaptive 
response to stressors, and the effects of spe-
cifi c mediators of the adaptive response on 
these processes, the possibility they represent 
promising targets for novel therapeutic 
schemes is raised. New models taking into 
account the contribution of these factors at 
both the cell and systemic responses and pro-
posing novel therapeutic strategies need to be 
validated.     
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    Abbreviations 

  AMI    Acute myocardial infarction   
  APO    Apoptosis   
  AUTO    Autophagy   
  CD    Cell death   
  CHF    Heart Failure   
  DR    Death Receptor   
  ER    Endoplasmic reticulum   
  HF    Heart Failure   
  HMG    High Mobility Group   
  HSP    Heat Shock Protein   
  I/R    Ischemia/Reperfusion   

  LMP    Lysosome membrane permeabilization   
  MCU    Mitochondrial calcium uniporter   
  MI    Myocardial Infarction   
  MITO    Mitochondria   
  MPTP    Myocardial Permeability Transition P…   
  N    Necrosis   
  PARP    Poly-ADP ribose polymerase   
  REM    Myocardial Remodeling   
  TLRs    Toll like receptors   
  UPS    Ubiquitin Proteasome System   

15.1          Introduction 

    Cell death (CD) is a main player in cardiovascular 
disease. In the myocardium its various forms lead 
to cardiomyocyte loss, which, especially when 

        D.  V.   Cokkinos    MD, FESC    
  Heart and Vessel Department ,  Biomedical Research 
Foundation Academy of Athens ,   Athens ,  Greece   
 e-mail: dcokkinos@bioacademy.gr  

  15      The Mechanisms and Modalities 
of Cell Death 

           Dennis     V.     Cokkinos    

    Abstract  

  Cell death is involved in many aspects of cardiovascular disease. Its main rep-
resentatives are Apoptosis, which is characterized by nucleus condensation, 
Necrosis, characterized by cytosolic membrane rupture, which induces infl am-
mation and innate immunity activation, and Autophagy which is an energy and 
membrane-sparing and mitochondrial preservation process. These three 
modalities are interconnected with signifi cant cross-talk among them, espe-
cially between Necrosis and Apoptosis, acting on the Mitochondrial 
Permeability Transition Pore. They are involved in acute myocardial infarction 
with the resultant ischemia/reperfusion injury, chronic heart failure, especially 
post- infarct, pressure and volume cardiac overload and antineoplastic therapy. 
The diagnostic elements of Cardiac death modalities are briefl y described and 
the continuous advance in therapeutic approaches is underlined.  
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replaced by fi brotic tissue leads to cardiac remod-
eling (REM), chronic heart failure (CHF), and 
death. It is beyond the scope of this article to stress 
the increasing incidence of CHF. However, it must 
also be realized that during organ and specifi cally 
cardiac development many cells and cellular for-
mations disappear or are transformed through 
various processes. This review cannot in any way 
be all-inclusive. The outline of the main operative 
mechanisms will be given, always with a view 
towards their clinical and translational aspects. 

 Galluzzi et al. [ 1 ] very elegantly describe that 
in human health and disease conditions, CD plays 
a very prominent role; thus myocardial infarc-
tion, (MI) stroke, infl ammation, atherosclerosis, 
immunologic factors, AIDS, are involved in the 
cardiovascular fi eld. In the chapter of oncology, 
interplay is vastly more complex. 

 Before trying to describe the various modali-
ties, the diffi culty in their defi nition should be 
underlined. The Nomenclature Committee on Cell 
Death in 2005 and more detailed report in 2009 
[ 2 ], in order to circumvent these diffi culties, which 
any reader who is not an expert in this fi eld will 
duly appreciate, actually decided to use purely 
morphological criteria (Table  15.1 ), although as 
Galluzzi et al. [ 1 ] point out CD can also be classi-
fi ed apart from morphologic  appearance according 
to: enzymological criteria, functional aspects, as 
programmed or accidental, physiological, patho-
logical or immunological characteristics. The 
Nomenclature Committee itself [ 2 ] expresses the 
wish that morphological aspects should be 
replaced by biochemical and functional criteria.

   The term CD includes three modalities lead-
ing to this result. Some atypical forms will be 
described at the end of this chapter.  

15.2    Apoptosis 

 Here it must be reminded, as Whelan et al. [ 3 ] 
and other authors point out, that apoptotic pro-
grammed CD in the nematode Caenorhabditis 
elegans has been conserved over 600 million 
years during the development of this organism. 

 Moreover, since it involves the Mitochondria 
(MITO) it gives a signifi cant insight into the 

function of these important organelles, as will be 
further described. 

 Its name derives from the Greek, meaning fall-
ing (ptosis)-off (apo). While necrosis (N) is char-
acterized by cell swelling due to plasma membrane 
rupture, this membrane in Apoptosis (APO) 
remains intact (not to be confused with the rupture 
of the outer mitochondrial membrane) while the 
cell shrinks, together with the nucleus. 
Morphologic characteristics of the nucleus in APO 
are chromatin condensation, and nuclear fragmen-
tation. In a further stage, the nucleus break-up is 
also called karyorrhexis (rhexis = rupture). 

 The cells emit processes or pseudopodia (bud-
ding) which contain pyknotic nuclear fragments, 
as described 20 years ago by Majno and Joris [ 4 ] 
who mention that the fi rst microscopic picture of 
APO probably appeared in 1886. These “buds” are 
phagocytosed by local resident cells, usually with-
out causing an infl ammatory response. 

 Kroemer et al. [ 2 ] as well as Kostin [ 5 ] describe 
plasma membrane “blebs” as typical of APO 

 Apoptotic bodies contain fragments of both 
cytoplasm and nucleus. 

 Whelan et al. [ 3 ] and Crow et al. [ 6 ] from the 
group of Richard Kitsis describe the two path-
ways which mediate cell death in APO and which 
are intimately entwined:
    (a)      Extrinsic pathway  or death receptor (DR) 

pathway [ 7 ]. This is effected by the binding 
of death ligands, Fas and TNF-α being prime 
examples. Fas binds to the cell surface recep-
tors, binding to the adaptor protein FADD 
(Fas- associated via death domain). FADD 
recruits procaspases-8 and-10 through the 
DISC (multiprotein death inducing complex) 
which activates procaspase-3 and Bid, (BH3 – 
interacting domain death agonist) which acti-
vates pro-to caspase-3. 
 Kostin [ 5 ] has also given a concise descrip-
tion of the two pathways. The death receptor 
activation is effected- apart from Fas, and 
TNFα by AT II and β1 adrenergic receptors, 
which are further discussed in Chap.   5    .   

   (b)      The intrinsic pathway  or canonical or mito-
chondrial pathway. It also involves the endo-
plasmic reticulum (ER). This combines 
extra-cellular and intra-cellular stresses of 
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any type; however in the former, defi ciency 
of nutrients, radiation, drugs and physical 
stress predominate, while in the latter the 
main factors are oxidative stress, DNA dam-
age and protein misfolding. Both types of 
signals are transmitted to the MITO by the 
BH3 only proteins which will be further 
described. These stimulate the release of 
cytochrome-c and other apoptogens as 
described by Baines [ 7 ].    

  Apoptotic stimuli are ultimately mediated 
through the proapoptotic Bcl-2 protein family. 
This family is differentiated as follows:
    1.     The antiapoptotic members , of which Bcl-2 

(B cell Leukemia/lymphoma 2) and Bcl-XL 
(long isoform) are the representatives.   

   2.    The proapoptotic members, which include 
many proteins:  Main players are (Bax (Bcl-2 
associated X protein), Bak (Bcl-2- homolo-
gous antagonist killer and BH3-only (Bcl-2 
homology domain 3-only) proapoptotic pro-
teins: Bid (BH3 interacting domain death ago-
nist), Bad (Bcl-2-antagonist of cell death). 
Bim (Bcl-2-interacting mediator of cell death). 
Bmf (Bcl-2 modifying factor), Noxa, Smac/
DIABLO which will be discussed further on, 
Puma (p 53 upregulated modulator of APO), 
which is essential for DNA damage-induced 
APO, BNIP3 (Bcl-2 and 19 kDa interacting 
protein-3). Either Bax or Bak are necessary 
for this process; they are translated to the outer 
mitochondrial membrane (MOM). They stim-

     Table 15.1    Cell death methodology   

 Defi nition  Notes  Methods of detection [ 3 – 5 ] 

  Molecular or morphological criteria lo defi ne dead cells  
   Loss of plasma 

membrane integrity 
 Plasma membrane has broken down, resulting in the 
loss of cell’s identity 

 (IF) Microscopy and/or FACS to 
assess the exclusion of vital 
dyes,  in vitro  

   Cell fragmentation  The cell (including its nucleus) has undergone 
complete fragmentation into discrete bodies (usually 
referred to as apoptotic bodies) 

 (IF) microscopy 
 FACS quantifi cation of 
hypodiploid events (sub-G 1  
peak) 

   Engulfment by 
adjacent cells 

 The corpse or its fragments have been phagocytosed by 
neighboring cells 

 (IF) microscopy 
 FACS colocalization studies 

  Proposed points-of-no return to defi ne dying cells  
   Massive activation of 

caspases 
 Caspases execute the classic apoptotic program, yet in 
several instances, caspase- independent death occurs. 
Moreover, caspases are involved in non-lethal processes 
including differentiation and activation of cells 

 Immunoblotting 
 FACS quantifi cation by means of 
fl uorogenic substrates or specifi c 
antibodies 

  ΔΨ m  dissipation  Protracted ΔΨ m  loss usually precedes MMP and cell 
death; however, transient dissipation is not always a 
lethal event 

 FACS quantifi cation with 
ΔΨ m , -sensitive probes Calcein- 
cobalt technique 

  MMP  Complete MMP results in the liberation of lethal 
catabolic enzymes or activators of such enzymes. 
Nonetheless, partial permeabilization may not 
necessarily lead to cell death 

 IF colocalization studies 
 Immunoblotting after subcellular 
fractionation 

  PS exposure  PS exposure on the outer leafl et of the plasma 
membrane often is an early event of apoptosis, but may 
be reversible. PS exposure occurs also in T-cell 
activation, without cell death 

 FACS quantifi cation of Annexin 
V binding 

  Operative defi nition of cell death, in particular in cancer research  
   Loss of clonogenic 

survival 
 This method does not distinguish cell death from 
long-lasting or irreversible cell cycle arrest 

 Clonogenic assays 

  From Kroemer et al. [ 2 ] by permission from Nature Publishing Group 
 Abbreviations:  ΔΨ   m   mitochondrial transmembrane permeabilization,  FACS  fl uorescence-activated cell sorter,  IF  immu-
nofl uorescence,  MMP  mitochondrial membrane permeabilization,  PS  phosphatidylserine  
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ulate the release of cytochrome c and other 
apoptogenic mitochondrial proteins into the 
cytosol. Bax activation may be mediated 
through calpain; as this protein will also be 
mentioned as an effector of N, its participation 
in both processes may represent another link 
in the crosstalk of the two processes. Bax and 
Bak, which are located at the ER as well as the 
MITO increase ER Ca +2  stores, while Bcl-2 
decreases them. The increased ER Ca 2+  
increases the release of Ca 2+  in the cytoplasm, 
causing APO [ 6 ].     
 Cytochrome c and other apoptogens (impor-

tantly procaspase-9) are gathered in the apopto-
some, activating pro-caspase 9, which activates 
caspase-3, the main mediator of apoptotic 
CD. Many other effectors are involved in this 
process, as described by Whelan et al. [ 3 ] and 
Crow et al. [ 6 ]. 

 According to Whelan et al. [ 3 ] the main inhib-
itor of APO in the intrinsic pathway are the Bcl-2 
proteins. However, the IAP proteins (inhibitor of 
APO family) are also important, since they inhibit 
activated caspase-3 and −7. 

 Other APO inhibitors are: FLIP (FLICE-like 
Fas associated death domain protein-like- 
interleukin- 1-converting enzyme like inhibitory 
protein), and ARC (apoptosis repressor with a 
CARD). 

 Apart from their role in APO, several BH3 
only members also regulate cell-cycle, DNA 
repair and metabolism, but are also involved in 
the crosstalk of APO with the third cell death 
process to be discussed next, autophagy (AUTO) 
by liberating Beclin 1 from its binding within the 
Bcl-2/Bcl-XL complexes. 

 Crompton [ 8 ] underlines the multifaceted 
actions of the Bcl-2 family proteins, with the 
Bcl-2/Bax ratio determining resistance to 
APO. This ratio is very widely used in REM 
myocardium studies. 

 The JNKs (superfamily of MAP-kinases) are 
instrumental in both cell proliferation and APO; 
the balance can be tilted by many factors. 

 Dhanasekaran and Reddy [ 9 ] point out that 
JNK signals APO by various mechanisms: It 
increases expression of TNF-α, Fas and Bak. 
It also phosphorylates the p53 family of proteins. 

It is also critical for the release of cytochrome c, 
and induces cleavage of Bid; it promotes the 
release of Smac/DIABLO, which antagonizes 
cytosolic IAPs, from the inter-membrane space 
to the cytosol, stimulating caspase activation. 

 The mitochondria production of APO is to a 
large extent mediated by the MITO. A descrip-
tion of their structure and function is considered 
helpful. 

 They are located into the intermyofi brillar 
spaces, underneath the sarcolemma. Their loca-
tion permits more effi cient ATP supply to the 
myofi brils. 

 The MITO drive two different CD mecha-
nisms (APO and N) through the mitochondrial 
permeability transition pore (MPTP). They are 
surrounded by two membranes [ 7 ,  8 ,  10 ], with a 
narrow intermembrane space between them. 

15.2.1    The Outer Membrane (MOM 
or OMM)  

 It has many pores based on protein, which allow 
passage of ions and molecules. It drives APO. 

 This is the action site of the already mentioned 
pro-death members of the Bcl-2 family. Under 
the response to noxious stimuli, Bax which nor-
mally resides in the cytosol, is translocated to 
MOM and the endoplasmic reticulum (ER). 

 Thus it causes MOM permeabilization and the 
release of pro-apoptotic proteins from the inter- 
membrane space into the cytosol, such as cyto-
chromes, Smac/DIABLO and endonuclease-G 
(endo G). Cytochrome c binds to the cytosolic 
protein apaf 1 and thus causes the formation of 
the “apoptosome” which activates the caspase-9 
and −3 system [ 7 ].  

15.2.2    The Inner Membrane (MIM 
or IMM) 

 This has more restricted permeability, much like 
the cell plasma membrane. It is involved in elec-
tron transport and ATP synthesis, and is spanned 
by the Mitochondrial Permeability Transition 
Pore (MPTP) which drives N. 
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 This pore is inhibited by low pH <7:0 thus it is 
closed during ischemia, which corresponds clini-
cally to persistent artery occlusion. When reper-
fusion occurs, there is restitution of pH and 
acceleration of cytosolic Ca 2+  increase (which is 
slow during ischemia). The cell deals with this 
explosive Ca 2+  increase by taking it up into the 
mitochondria via the MITO Ca 2+  uniporter a pro-
tein that uses the negative ΔΨm to drive Ca 2+  into 
the matrix [ 12 ]. 

 There exist many MPTP activators, such as 
Ca 2+ , ROS, Pi inorganic phosphate which uses 
after adenine nucleotides are depleted after the 
onset of ischemia and a reduction of the ATP/
ADP ratio. From the pharmacological agents 
cyclosporine-A is a typical inhibitor; its  benefi cial 
effects on I/R injury [ 8 ] will be discussed later. 

 The MPTP is very well described by Baines 
[ 7 ], Crompton [ 8 ], Lemasters et al. [ 10 ], and 
Weiss et al. [ 11 ]: They state that the MITO use 
electron transport to develop an electrochemical 
gradient across the MIM (membrane space and 
matrix). This is formed by the MIM membrane 
potential (ΔΨm or ΔCm according to Weiss et al. 
[ 11 ] ≈ −200 mV), and a proton gradient (ΔpH). 
The electrochemical gradient is employed by 
ATP synthase to phosphorylate ADP to 
ATP. When MPTP opens, ΔΨm depolarizes, and 
the synthase actually starts consuming ATP in a 
(futile) attempt the restore the proton gradient; 
solutes up to 15 kDa pass the MIM, and cause 
MITO swelling. As MITO swell, the MIM 
stretches, but actually it is the MOM which rup-
tures: The surface of MIM is enhanced by the 
cristae, parallel invaginating membrane struc-
tures. The MOM rupture effects the release of 
pro-apoptotic proteins from the inter-membrane 
space, notably cytochrome c, Smac/DIABLO 
and endonuclease – G (endoG). Cytochrome c 
binds to the cytosolic protein apaf1, creating the 
“apoptosome” which activates the Caspase-9 and 
3 protease system, while EndoG translates to the 
nucleus, mediating DNA fragmentation, as 
described by Baines [ 7 ], who also points out that 
the Bcl-2 proteins permeabilize the MOM while 
ROS and Ca 2+  the MIM. The role of ROS produc-
tion is complex. MITO ROS can trigger MPTP 
opening, with further ROS release creating 

a  cascading process known as ROS-induced ROS 
release mechanism. 

 Some further molecular characteristics of the 
MPTP should be given:
    (a)     The voltage-dependent anion channel 

(VDAC) resides in the MOM. This protein 
facilitates effi cient transport of ATP/ADP 
across MOM; According to Baines [ 7 ], this 
protein, although very abundant, is not an 
essential component of the MPTP.   

   (b)     The Adenine nucleotide translocase (ANT) 
family resides in the MIM and facilitates the 
exchange of ATP and ADP across it. It is con-
sidered an essential factor, although recently 
some doubts have emerged about its central 
role. Crompton [ 9 ] points out that VDAC and 
ANT can interact strongly in junctional sites 
between the two membranes. They form a 
complex which can recruit additional pro-
teins. One    of these is Cyclophilin-D (CYPD).      

15.2.3    Cyclophilin-D 

 This protein resides in the MITO matrix. Its acti-
vation opens the MPTP, while its inhibition (by 
cyclosporine-A or sangliferin A) is cardioprotec-
tive [ 12 ]. Interestingly according to Lemasters 
et al. [ 10 ] CsA prevents both N and APO. 

 The MITO phosphate carrier (PiC) is a CypD- 
interacting protein which regulates ATP synthe-
sis. Its overexpression induces APO. 

 Apart from the MPTP, another death channel 
has been described, the mitochondrial apoptosis 
channel, which is regulated by the Bcl-2 protein 
family [ 12 ]: The Mitochondrial calcium uni-
porter (MCU), through which. normally, Ca 2+  
enter the MITO. As Pan et al. [ 13 ] describe, 
under normal conditions entry of Ca 2+  in the 
MITO augments their ATP production to match 
its demand up to 10–20 fold. However, larger 
increases can induce CD. Normally, most unstim-
ulated cells maintain Ca 2+  in the range of 100–
200 nM in the cytosol and the MITO through the 
function of pumps in the plasma membrane and 
the ER. 

 The MCU blockade can prevent abnormal 
increase Ca 2+  (and Fe 2+  entry). 
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 Thus it is suggested that MCU is required to 
cope with increased Ca 2+  cycling. 

 During ischemia, the closed state of the MPTP, 
effected by a decrease in pH, activation of Pi, and 
a mild increase of Ca 2+  and ROS results into lim-
ited damage. At reperfusion, the opening of the 
MPTP is characterized by an increase of the pH, 
the Pi, the Ca 2+  and an explosive increase of ROS 
resulting into irreversible damages. 

 Lemasters et al. [ 10 ] recapitulate that the 
MPTP is involved in both APO and N. 

 Another question which has been advanced is 
whether APO can be induced without the all- 
important caspase-3 activation [ 3 ,  12 ]. 

 Studies in mice and C. elegans provide evi-
dence for caspase independent CD. The apoptosis- 
inducing factor (AIF) is such a candidate. 

 Susin et al. [ 14 ] have shown that AIF can 
cause a picture of mitochondrial- effected APO 
which cannot be prevented by a wide ranging 
caspase inhibitor. It does not need Apaf 1 or pro-
caspase- 9 for its action. However, AIF is required 
for cell death mediated by poly-ADP ribose poly-
merase (PARP), which is a main component of 
N, as will be further described. It also interacts 
with cyclophilin A, and triggers the release of 
cytochrome c. They suggest that it has a direct 
effort on isolated nuclei, effecting chromatin 
condensation and fragmentation which can be 
caspase-independent. They also postulate that 
BH3-domain only protein may act independently 
of Apaf-1 and caspases.  

15.2.4    Other Pathways Involved 
in APO 

15.2.4.1    The Tumor Suppressor p53 
 It exerts its pro-apoptotic action through activa-
tion of multiple pro-apoptotic genes, i.e. Bax, 
Bid, Puma, apaf-1, caspase 6 and Fas. 

 The endoplasmic (or sarcoplasmic in muscle 
cells) reticulum pathway ER. 

 It causes an increase in intracellular Ca 2+ ; its 
stores are increased by Bax and Bak which-apart 
from the outer mitochondrial membrane –are 
also located in the ER, together with the anti-
apoptotic Bcl-2 which has an opposing effect. 

 The HSP-70 which a well known cardiopro-
tective chaperone reduces ER stress. It also 
reduces the apoptosome formation and AIF 
activation.    

15.3    Necrosis 

  Necrosis  (N) to the non-researcher has been con-
sidered the prevalent form of CD. It derives from 
the Greek νεκρός = corpse, dead person) It is usu-
ally considered to be non-programmed, in con-
trast to the two forms of Programmed Cell Death 
(PCD),  Apoptosis  and  Autophagy . 

 However it will be subsequently shown that 
this distinction is not absolute. 

 Thus, some authors are bringing back the 
originally employed term  oncosis,  which is a pre-
dominantly morphologic term [ 6 ,  15 ]. The mor-
phologic differences of the two modalities are 
well presented by Feuerstein et al. [ 15 ] (Fig.  15.1 ).

   The main causes of N are: The impact of a 
stress or insult beyond the protective capacity of 
the cell, which causes rupture of the plasma 
membrane and swelling of the MITO and endo-
plasmic reticulum (this is why the term oncosis 
has also been used. It is accompanied by nuclear 
pyknosis. However, the nuclear chromatin con-
densation is not as intense as seen in APO 
(Fig.  15.1 ). 

 The increased membrane permeability and 
rupture has two results: cellular and 
extracellular.
    1.     Cellular  

 The cell and its organelles swell, as already 
described.   

   2.     Extracellular  
 Necrotic cells release their intracellular con-
tent, thus they induce infl ammatory reactions, 
both of adjacent cells but also systemically. 
This causes activation of innate immunity, as 
will be further described.     
 N occurs because ATP cellular supply is 

exhausted. In what sequence this is associated 
with membrane rupture is diffi cult to ascertain, as 
will be further discussed. The decline in function 
of the ATP-dependent ion pumps in the mem-
brane lead to the opening of the “death channel” 
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which results in colloid osmotic forces and entry 
of cations inside the membrane, 

 The “death channel” is selectively permeable 
to cations and inhibitable by glycine [ 16 ]. 

 Hotchkiss et al. [ 12 ] very pertinently point out 
that acute and profound decreases in ATP induce 
N, while modest yet chronic decreases of ATP 
induce APO. 

 Various types of insults have been described: 
Loss of blood fl ow is what mostly concerns the 
cardiologist, but physical trauma, heat, and radia-
tion are also signifi cant factors. 

 In what instances is N seen in the heart? 
 In the cardiovascular context, it is mainly 

caused by the abrupt interruption of blood fl ow, 
especially during coronary occlusion in the 
course of an acute myocardial infarction (AMI). 
The emergence of APO was widely identifi ed 
when reperfusion was introduced in the therapy 
of MI. 

 Baines [ 7 ] reviews work showing that the 
MPTP is inhibited by low pH, and that it is quies-
cent during ischemia (occlusion). 

 However N is also seen as a result of combina-
tion of ischemic and reperfusion injury. 

 Early on it must be stressed that the limits 
between N and APO are becoming less distinct. 
Thus, very experienced workers refer to cell 
death as occurring through “necrosis or apopto-
sis” in I/R [ 17 ]. 

 A main component of cell N is calcium over-
load during reperfusion [ 5 ,  6 ]. 

 Also, Baines [ 7 ] points out that if a stress is severe 
and/or prolonged ATP (which is required for APO) 
will be signifi cantly depleted and N will occur. 

 It is proposed that the hypercontraction caused 
by I/R in early experiments is a characteristic 
component of contraction band necrosis [ 3 ]. 

 It is postulated that Ca 2+  overload at 
higher magnitudes can cause N and at lower 

• Rupture of plasma
 membrane
• Vital dye
 uptake
• Random DNA
 fragmentation

Apoptotic
body
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 - chromatin
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  Fig. 15.1    Morphological differentiation of necrosis from 
apoptosis. This fi gure illustrates cardinal features of the 
histological appearances of cell death by either necrosis or 
apoptosis. The integrity of the plasma membrane and cell 
swelling are marked in necrosis, whereas cell shrinkage 
and fragmentation are most common in apoptosis. Most 

notable is the discrete process of phagocytosis of the 
“apoptotic bodies” by resident cells eliminating apoptosis, 
whereas cell eruption and content leakage (events trigger-
ing infl ammation) are the fi nal outcome of necrosis 
(Reproduced from Feuerstein et al. [ 15 ], copyright 1997 
with permission from Elsevier)       

 

15 The Mechanisms and Modalities of Cell Death



260

APO. Garcia-Dorado et al. [ 18 ] believe that 
APO is not a main component of Ca 2+  overload 
–induced. CD. Due to the increase of membrane 
permeability the necrotic cells swell (while they 
characteristically shrink in APO). The mitochon-
dria also swell. As already stated cellular con-
tents during N spill into the extracellular space 
(and can be detected the periphery-plasma) 
inducing an infl ammatory response [ 13 ]. This is 
mostly ascribed to molecules such as high mobil-
ity group protein B1 (HMGB 1). 

 Zong and Thompson [ 19 ] point out that N 
may enter the fate cycle of a cell and that the 
infl ammation that it elicits may be a warning 
response. Thus, according to Whelan et al. [ 3 ] 
some authors have used the term Necroptosis, 
which will be discussed later on. 

 Galluzzi et al. [ 1 ], Whelan et al. [ 3 ] and 
Hotchkiss et al. [ 12 ] stress an intriguing point: 
That N may be less accidental and more regu-
lated than originally thought. 

 Thus Galluzzi et al. [ 1 ] postulate that there 
exists a stereotyped cascade of events in the vari-
ous models of N. Another aspect which they refer 
to is that N can occur during mammalian devel-
opment, i.e. the death of chondrocytes during 
bone growth, or in the adult the loss of intestinal 
epithelial cells. 

 Luke et al. [ 20 ] have described that the intra-
cellular serpin-6 which “regulates” N, exibits a 
prosurvival function by blocking N, protecting 
against hypotonic shock, heat shock, oxidative 
stress, and cation channel hypertrophy, thus cast-
ing doubt on its completely accidental nature. 

15.3.1    Necrotic Pathways 

 According to Whelan et al. [ 3 ] N can be signaled 
by two pathways:
    1.    The fi rst involves death receptors, such as 

Tumor Necrosis Factor-α receptor 1 (TMFR1). 
This receptor can promote survival, APO or 
N. Laster et al. [ 21 ] stress the complex nature 
of the cytotoxic response that it can induce: In 
the rat fi broblast F17 cell line it induced typi-
cal APO while in the L-M line it caused 
N. Further details are beyond the scope of this 

review. However, one interesting aspect must 
be mentioned, the role of procaspase-8, which 
when activated can induce APO, but when 
inhibited, the result is N, through an increase 
of ROS production.   

   2.    The second necrotic mechanism is effected by 
the mitochondrial permeability transition pore 
(MPTP) which as already stated is situated in 
the inner mitochondrial membrane, actually 
on its inner leaf facing the intermembrane 
space.    
  This process is regulated by Cyclophilin 

D. MPTP can be opened by increases in oxidative 
stress, increased phosphate concentration, ade-
nine nucleotide depletion, and importantly an 
increase of the matrix Ca 2+ . 

 Its opening causes the break-down of intracel-
lular ATP. 

 Cyclophilin-D regulates MPTP pore opening 
and swelling of the mitochondria hallmark of N 
and cell death. 

 Cytoplasmic Ca 2+  through MPTP opening can 
lead to N, in the worm and in the mammal 
through the proteases calpains, which are acti-
vated by Ca 2+ , and cathepsins which are released 
from the lysosomes during stress. 

 According to Zong and Thompson [ 19 ] cal-
pain activation leads to N through cleavage of 
the Na + /Ca 2+  exchanger in the plasma membrane 
and a sustained secondary intracellular Ca 2+  
overload. 

 However, according to Whelan et al. [ 3 ] cal-
pain can also induce APO through Bax and Bid, 
and autophagy, through cleavage of Atg 5 
(autophagy related 5 homolog) which will be 
described later. According to the same authors, 
the lysosomal cathepsins leak out explosively of 
the lysosomes, digest molecules and lead to N; 
under less abrupt conditions; partial lysosomal 
rupture leads to APO. They point out that N, 
APO and AUTO can be initiated by the lyso-
somes, whose integrity is preserved by HSP70. 

 Syntichaki et al. [ 22 ] point out that they are 
the result of perturbation of intercellular Ca 2+ . 

 Hotchkiss et al. [ 12 ] delineate the following 
mediators of N: ROS, Ca 2+ -activated non- 
lysosomal proteases calpains and cathepsins. 
These proteases are activated by oxidative stress 
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and Ca 2+  overload. Prolonged elevation of cate-
cholamines Ang II and other vasoactives hor-
mones may well be involved. 

 Whelan et al. [ 3 ] describe how ischemia- 
induced hypoxia increases intracellular acidosis, 
which extrudes H +  from the cell by Na + /H +  
exchange leading to an increase of intracellular 
Na + , which through the Na + /Ca 2+  exchanger leads 
to an intercellular Ca 2+  increase, with the cell 
swelling effects which have already been 
described. 

 At reperfusion, Ca 2+  induced Ca 2+  release is 
effected through the ER(SR), or sarcoplasmic 
reticulum and MPTP opening is induced in some 
forms of N, such as DNA damage from alkylat-
ing agents mainly through ATP depletion. They 
also describe that HMGβ1, which as already 
stated is released as an infl ammatory elicitor dur-
ing N, can provide a switch from APO to N. 

 Opening of the MPTP pore is a major compo-
nent of necrotic cell death. At R, APO cell death 
occurs at a lower incidence than N, but for a more 
extended time: APO occurs as early as 30 min 
and as late as 3 days after R initiation [ 23 ]. 

 According to Whelan et al. [ 3 ], Poly-ADP- 
ribose-polymerase (PARP) is a main player in N 
occurring through DNA damage from alkylating 
agents.   

15.4    Autophagy 

 This term derived from the Greek (auto = self and 
phagy = eat), delineates a process of death trig-
gered by a sub-lethal stress involving nutrient 
deprivation. This causes the cell to recycle its 
own non-essential redundant or damaged organ-
elles. Kroemer et al. [ 2 ] point out that probably 
one should defi ne CD not occurring  through , but 
 with  AUTO. The same authors point out that cells 
with the characteristics of autophagic CD can 
still recover when the noxious stimulus is 
withdrawn. 

 According to Clarke    et al. [ 24 ], AUTO occurs 
regularly during the development of an organism, 
as in the amphibian tail during metamorphosis. 

 Three forms have been described: 
 Macroautophagy  will be further discussed. 

 Chaperone mediated AUTO  refers to a process 
mediated through chaperone proteins, such as 
HSC70 and Heart Shock Protein (HSP)70; these 
bind selectively to the substrate and deliver it 
to the lysosomes for degradation.  In micro- 
autophagy  , the material to be phagocytized is 
surrounded by invagination of the lysosomal 
membrane. From this point on,  macro-autophagy  
will be described, in which the material to be 
phagocytized is sequestered within the character-
istic body, the “autophagosome” contained by a 
double membrane vesicle. 

 This body can be well seen with electron 
microscopy. Its formation is governed by 
autophagy- regulating (atg) proteins, one of which 
interestingly a hallmark of AUTO-is Beclin-1(atg 
6) [ 25 ]. Characteristically Beclin-1 is a BH3- 
only protein already described to be active in 
APO. Moreover, the anti-apoptotic proteins Bcl-2 
and Bcl-XL can also inhibit starvation-induced 
AUTO. 

 Thus Bcl-2 plays a dual role: it can be pre- 
survival in the MITO, by blocking APO, and det-
rimental in the ER, by inhibiting AUTO. 

 Additional factors are the phosphatidylinosital-
3- kinase (PI-3 K) and the mammalian target of 
rapamycin (mTOR) which inhibits autophago-
some formation. 

 Whelan et al. [ 3 ] point out that under energy 
availability (fed condition) mTOR inhibits 
AUTO by phosphorylating and activating Atg 
proteins. 

 However, under starvation, reduced PI3K-Akt 
signaling decreases mTOR activity and activates 
AUTO. 

 After inclusion in the autophagosome, its 
components are lysed by the action of the lyso-
somes, providing the cell with amino acids, free 
fatty acids and energy. 

 Nucleus pyknosis can be seen, but is not so 
prominent as in APO. Thus, nucleus pyknosis is 
a characteristic of all three death modalities. 
Autophagosomes fuse with the lysosomes, the 
enclosed cytoplasmic material is degraded by 
acid hydrolysis, and the nutrients are released to 
the cytosol for recycling 

 Wang et al. [ 26 ] describe the multiple ways 
in which AUTO participates in metabolic 
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remodeling: It provides amino acids, nucleotides, 
sugars and lipids. The former enter the tricarboxylic 
(TCA) acid cycle. Nucleotides can be recycled into 
new nucleic acids or enter the pentose phosphate 
pathway (PPP). Sugars can participate into new glu-
cose synthesis and glycolysis, while lipids undergo 
β-oxidation. Together with energy production, the 
above processes contribute to new membrane gen-
eration biosynthesis. Starvation nutrient depriva-
tion, hypoxia, ROS, damaged organelles and protein 
aggregates can induce AUTO, in an mTOR depen-
dent process. 

 According to Dhesi et al. [ 27 ], the process of 
AUTO involves fi ve steps:
    1.    Formation of the isolation membrane or 

phagophore.   
   2.    Expansion of the phagophore.   
   3.    Formation of the double membrane.   
   4.    Fusion of the autophagosome with a lysosome 

to form the autolysosome.   
   5.    Digestion of the content together with the 

inner membrane layer by the lysosome 
hydrolases.    
  However, there is some discussion if these 

processes can actually cause CD, convert-
ing AUTO from a survival to a death process, 
if it is overexpressed. The increased number of 
autophagosomes in dying cells might signify 
that they are associated with CD, but it can well 
be a sign of failure of the cell to survive despite 
sacrifi cing its vital components, according to 
Hotchkiss et al. [ 12 ]. 

 Thus, Dhesi et al. [ 27 ] believe that it is a ben-
efi cial process under most conditions. They also 
describe ER-phagy, or reticulo-phagy which 
selectively targets the ER, which actually forms 
the dual membranes described. 

 Gottlieb and Mentzer [ 28 ] also point out that it 
is a benefi cial process under most conditions. 
Notably they enumerate many cardioprotective 
agents which induce AUTO (diazoxide, ranola-
zine, rapamycin, statins). They describe an addi-
tional term, mitophagy which is a specialized 
form which causes elimination of the MITO, 
which have been reported to be contained within 
the autophagosomes. Thus, they could be pro-
tected from “a mitochondrial stampede” causing 

widespread cell death by the “ROS begetting 
ROS production” process already described. 
They further stress that this may be the more 
important mechanism, since the amount of 
energy production may not be critical. They fur-
ther enlarge upon the adaptive versus maladap-
tive instances, some of which will be further 
described. They conclude that the bulk of avail-
able evidence supports the protective role of 
AUTO. 

 Another question has arisen whether AUTO 
can be an adaptive response in desmin-related 
cardiomyopathy which is characterized by over-
expression of mutated ab crystalin (cry 
ABR120G). It is being discussed by two investi-
gative groups. 

 Tannous et al. [ 29 ] believe that AUTO 
increases by twofold in order to cope with the 
increase of misfolded protein aggregates seen in 
this disorder. Blunting AUTO dramatically has-
tened progression to heart failure. 

 Maloyan et al. [ 30 ] remark that mice with this 
cardiomyopathy show progressive MITO abnor-
malities and activation of CD through APO. By 
preventing APO through crossing this mice with 
transgenic stains with cardiac-specifi c Bcl-2 
overexpression, they found decreased MITO 
abnormalities, attenuation of APO, reduction of 
protein aggregation, restitution of cardiac func-
tion, prevention of cardiac hypertrophy and a 
prolongation of survival by 20 %. However, the 
animals still died prematurely, thus inhibition of 
APO resulted in AUTO upregulation and 
increased N according to the authors, as detected 
by an increase of Evan Blue Dye cells, a tech-
nique which detects necrotic CD-related abnor-
malities. It is not clear from their work if CD is 
overall reduced or not. 

 Zhu et al. [ 31 ] have a different opinion as 
regards hemodynamic stress and AUTO: They 
consider that AUTO increases after transverse 
aortic constriction representing a maladaptive 
process. These questions will be further addressed 
when the three forms of death are assessed in the 
principal cardiological conditions. 

 Ferdous et al. [ 32 ] provide a very comprehen-
sive review. They differentiate among three forms 
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of AUTO activity:  Basal,  which is adaptive. This 
includes homeostatic protein control, ROS detox-
ifi cation and removal of defective MITO. 
 Maladaptive,  which consists of excessive catabo-
lism, MITO elimination, adverse REM, and 
reduced cell survival, or complete AUTO 
absence. 

 These authors point out the role of FoxO 
(Forehand box-containing protein, O subfamily) 
in governing AUTO. 

 Cao et al. [ 33 ] describe the role of this protein, 
which is activated by mechanical unloading and 
acts through the AUTO-lysosomal and 
ubiquination- proteasomal pathways to produce 
cardiac atrophy. Interestingly, it triggers BNIP-3 
(Bcl-2 and 19-kDa interacting protein 3) which is 
also involved in APO. 

15.4.1    The Role of the Ubiquitin 
Proteasome System (UPS) 

 It is often mentioned, but its actual role has not 
been adequately defi ned. Calise and Powell [ 34 ] 
provide a recent inclusive review. 

 This system, in parallel with the various 
mechanisms involved in CD has defi nite roles in 
cell-cycle control, protein turnover and quality 
control, cell signaling and APO. 

 According to the authors, the system is closely 
involved in myocardial ischemia. Its four compo-
nents include the proteasome, ubiquitin (UB), the 
ubiquitination machinery and the deubiquitin-
ases. It is an energy-requiring (ATP) process. 

 The proteasome can be involved in the removal 
and clearing of oxidized and damaged proteins. It 
can also form a hybrid, the “immunoprotea-
some”, since the ubiquitin system is also involved 
in immune response and antigen presentation. 

 Ubiquitin (Ub) is involved in protein 
degradation. 

 The UPS and specifi cally the proteasome, 
becomes dysfunctional in ischemia, both myo-
cardial and cerebral. Its ATP-dependent activity 
is mainly affected, decreasing proteasome activ-
ity. It is also affected by oxidative damage. As in 
so many aspects of CD, the authors describe that 

whether a proteasome inhibitor has benefi cial or 
detrimental effects is dose and time dependent. 
Thus, the inhibitor bortezomib, indicated for 
multiple myeloma treatment, may demonstrate 
cardiovascular toxicity. 

 The UPS becomes dysfunctional during isch-
emia, while its function is preserved by ischemic 
preconditioning. 

 The UPS exerts a parallel function to AUTO, 
which also prevents proteotoxic stress, but targets 
mostly macromolecular structures and organ-
elles. Moreover, AUTO is upregulated while the 
UPS becomes dysfunctional at ischemia. 
Actually, it is suggested that there is an inverse 
relationship between UPS and autophagic fl ux.  

15.4.2    Efforts at CD Modality 
Clarifi cation 

 It must be pointed out that the efforts to further 
clarify the various modalities of CD continue. 

 Thus the nomenclature Committee on Cell 
Death has issued Recommendations in 2005 and 
2009 [ 2 ]. They state that it is important to dis-
criminate between  dying  as a process and  death  
as an end point (Table  15.1 ). 

 They also suggest that exact description of 
various characteristics should replace the men-
tion of the modality itself i.e. TUNEL positive 
cells % instead of APO %. Similarly they recom-
mend that “double membraned microvesicles” 
should be described instead of AUTO. 

 Galluzzi et al. [ 1 ] as many other authors have, 
describe that N is a negative defi nition i.e. cell 
death with no signs of APO or AUTO. Moreover 
they suggest limiting the use of the term oncosis. 
However, Kostin [ 5 ] extensively uses this term. 

 The Committee authors [ 2 ] also describe 
the term:  Mitotic catastrophe  which occurs 
after a dysregulated of failed mitosis and is 
morphologically accompanied by micro- and 
multinucleosis. 

 Also in their Table  15.2  they describe 
“cornifi cation”.

   They also comment on the validity of the term 
“programmed cell death”. 
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 They point out that “genetic programming” 
characterizes APO during development and 
aging. They recommend that the terms develop-
mental, etoposide, osmotic shock-induced cell 
death etc. should be used. 

 Moreover, they give a useful suggestion as to 
when a cell can be considered dead (Table  15.1 ).
    1.    When it has lost the integrity of its plasma 

membrane.   
   2.    When including the nucleolus. it has under-

gone complete fragmentation into discrete 
bodies.   

   3.    Its corpse or its fragments has been engulfed 
by an adjacent cell in vivo.    
  In their Table  15.2  they give morphologic 

characteristics of APO, AUTO, and N.  

15.4.3    Cross Talk Among Processes 

 Before fi nishing this description of the various 
forms of CD, the common pathways of the cross-
talk among the three processes, which has already 
been referred to, and addressed by most expert 
groups [ 1 – 3 ,  12 ] must be further discussed. 

 Kung et al. [ 35 ] described experiments both in 
C. elegans and mammalian cells. 

 They stress that the process of N is as old as 
APO, and that Virchow fi rst described the “unreg-
ulated” or ‘accidental” form of N. They describe 
that in APO the main mechanism is permeabili-
zation of the MOM, while in N the opening of the 
MPTP, which spans the MIM. They also point 
out that the same death ligands that can activate 
APO (TNFα, Fas ligand TRAIL-TNF-related 
APO-inducing ligand) can also stimulate N, and 
that TNFα can induce survival, APO or N. They 
also remind how, when caspase-8 is deleted or 
inhibited, APO cannot be initiated and pro-
grammed N emerges through TNFR1 ligation. 
They also remind that apart from Ca 2+  overload, 
Fe 2+  cystolic increase can lead to TNFα-induced 
N. They also remind that APO and N are con-
nected at the death receptor and MITO pathways, 
and that the MOM and MIM are separated by 
only microns, promoting these cross-talks. 

 A number of expert researchers has been dis-
cussing to what extent N death can be considered 
to be programmed. 

 Konstandinidis et al. [ 36 ] from the Richard 
N. Kitsis group also stress that MITO and the ER 
are central to both APO and N signaling; the 
Bcl-2 family proteins can be implicated both in 
APO and N. Also, they stress that the ER can 
mediate both APO and N, and that the proapop-
totic proteins Bax and Bak have been shown to 
also regulate N. 

 Proskuryakov et al. [ 37 ] underline that various 
stimuli (cytokines, ischemia, heat irradiation, 
pathogens) can cause both APO and N. Also, 
protective mechanisms (Bcl-2/Bcl – XL, HSPs) 
are equally effective against both forms of 
CD. Finally, they stress that a main difference 
between the two forms of CD are the infl amma-
tory response caused by N. This will be discussed 
further. 

     Table 15.2    Distinct modalities of cell death   

 Cell death mode  Morphological features 

 Apoptosis  Rounding-up of the cell 
 Retraction of pseudopodes 
 Reduction of cellular and nuclear 
volume (pyknosis) 
 Nuclear fragmentation 
(karyorrhexis) 
 Minor modifi cation of cytoplasmic 
organelles 
 Plasma membrane blebbing 
 Engulfment by resident 
phagocytes , in vivo  

 Autophagy  Lack of chromatin condensation 
 Massive vacuolization of the 
cytoplasm 
 Accumulation of (double- 
membraned) autophagic vacuoles 
 Little or no uptake by phagocytic 
cells,  in vivo  

 Cornifi cation  Elimination of cytosolic organelles 
 Modifi cations of plasma membrane 
 Accumulation of lipids in F and L 
granules 
 Extrusion of lipids in the 
extracellular space 
 Desquamation (loss of 
corneocytes) by protease activation 

 Necrosis  Cytoplasmic swelling (oncosis) 
 Rupture of plasma membrane 
 Swelling of cytoplasmic organelles 
 Moderate chromatin condensation 

  Adapted from Kroemer et al. [ 2 ] by permission by Nature 
Publishing Group  
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 The question whether and how much. N can 
be programmed-thus merging towards APO-is 
being posed with increasing frequency. 

 Kung et al. [ 35 ] and Konstandinidis et al. [ 36 ] 
point out a signifi cant difference: In APO the 
central mitochondrial event is permeabilization 
of the MOM while in N the opening of the MIM 
and the MPTP which is regulated by 
Cyclophilin D. 

 The same authors describe that programmed 
N can be activated by the same ligands as APO 
(TNFa, FasL, TRAIL), and that the intrinsic 
mitochondrial death pathway is the more ancient, 
conserved in C. elegans. 

 The same authors stress that regulated-or 
 programmed- N is an important factor of CD in 
MI or CHF, as will be further discussed. 

 Linkerman and Green [ 38 ] use another term 
for programmed cell death-Necroptosis-which is 
dependent on the activity of the Receptor- 
interacting protein interacting protein 3 (RIP3) 
which through various processes death binds to 
the TNF and (FADD). This kinase is necessary 
for programmed N. In contrast, Necrostatin 
(Nec)-1 is a small molecule inhibitor of pro-
grammed N, which inhibits the kinase activity of 
the RIP. Kinase 3 (RIPK3). 

 Necroptosis was initially recognized as a 
defensive mechanism against viral infection. 
However, according to the authors it is operative 
also in I/R injury, myocardial infarction, athero-
sclerosis among others. It is characterized by 
the necrosome. It is caspase-independent and 
can actually be triggered by TNF in the  presence 
of caspase-8 inhibition. It is inhibited by  necro-
statin 1 which is an inhibitor of RIPK1(receptor 
increasing protein kinase 1)    which after a series 
of interactions) promotes CD. The authors point 
out that necroptosis and APO may occur in the 
same organ. 

 Finally, it should be realized that N death is 
predominant in the ubiquitous cardiovascular 
involvement of atherosclerosis, but APO also 
contributes. 

 The great majority of dying cells in human 
atherosclerotic plaques undergo N. Oxidative 
stress, depletion of ATP and increased Ca 2+  
together with decreased clearance of APO cells 

promotes this process, which in turn, through the 
release of various substances, further promotes 
infl ammation.  

15.4.4    The Induction 
of Infl ammation by Various 
Modalities of Cell Death 

 Traditionally, as already described, N has been 
considered as causing infl ammation through the 
rupture of the cell membrane and the spilling of 
intracellular contents in the intercellular space. 
APO was traditionally considered as not causing 
infl ammation actually causing “anergy” [ 12 ]. 
Konstantinidis et al. [ 36 ] characteristically 
describe that in APO, when phagocytosis by 
macrophages or occasionally neighboring cells is 
effi cient, infl ammation is avoided. 

 The infl ammatory response after I/R is well 
known. Again, this process is not solely noxious, 
because it contributes to healing, as pointed by 
Timmers et al. [ 39 ]. 

 These authors refer to the endogenous alarm 
signals produced by I/R as Danger-associated 
Molecular Patterns. These include HSPs, high- 
mobility group box-1, hyaluronic acid and fi bro-
nectin fragments. 

 Here it must be pointed out that the activation 
of Toll-like receptors (TLRs) can also have a ben-
efi cial effect, if not prolonged. Otherwise, it 
exerts a deleterious action. 

 However, APO has another effect: it contrib-
utes to the production and secretion of micropar-
ticles which modulate the innate and acquired 
immune system. 

 Kostin [ 5 ] remarks that an essential part of 
APO is timely removal of the dying cell before it 
causes a secondary infl ammation. 

 Here it must be stressed again that the role of 
CD is not the same for all pathologic conditions. 
What is bad for the heart may be good for 
cancer. 

 As regards AUTO, it was also long regarded a 
“clean” process. However, Oka et al. [ 40 ] showed 
that mitochondrial DNA escaping from AUTO 
leading to TLR-9 mediated infl ammatory cardio-
myocyte responses. 
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 On the other hand, infl ammation itself can 
trigger APO [ 41 ]. 

 Kung et al. [ 35 ] further describe “silent” vs 
“noisy” removal. In the former, phagocytosis is 
predominant. In “noisy” removal, N factors 
released (protein and nucleic acid) modify the 
infl ammation response. The high-mobility group 
protein β1(HMG β1) is such a protein which acts 
through the well known TLRs and RAGEs 
(Receptor for advanced Glucation End-products). 

 Linkermann and Green [ 38 ] point out that N 
triggers infl ammation, and innate and adaptive 
immune responses. They further describe that: 
 Necroptosis,  as already described, is a main ele-
ment of ischemia-reperfusion-injury, and allo-
immune injury in organ transplantation. They 
also note that RIPK3 confers resistance against a 
viral load. However, absence of these mecha-
nisms prevented various types of infl ammatory 
lesions (intestinal epithelial cells, atherosclerotic 
lesions through high-fat diets). The authors con-
sider Necroptosis as a second-line defense mech-
anism against viruses which however can result 
in maladaptive infl ammatory response.  

15.4.5    The Role of HSPs 

 These protective chaperones delay lysosome 
membrane permeabilization (LMP) and N 
induced by TNF and oxidative stress. LPM leads 
to a release of ROS, free cytosolic iron –which is 
important for TNFα induced N and release of 
cathepsins which leads to N. 

 Kroemer et al. [ 2 ] give some more additional 
defi nitions of atypical CD. 

  Pyroptosis  is an APO type of death seen in 
macrophages infected with Salmonella 
typhimurium, Yersinia, P. aeruginosa, and other 
pathogens, mainly through caspase-1 activation. 
The macrophages involved exhibit morphologi-
cal features of APO, but also some traits of N. It 
is induced by the infl ammasome [ 42 ], which is 
described by Boumpas and Papademetraki in 
Chap.   13     of this book. 

  Excitotoxicity  is a death of neurons through 
glutamate or related excitatory amino acids. It 
overlaps with APO and N.   

15.5    Cell Death in Various 
Conditions 

 Up to now a general description of CD modalities 
has been given. However, it is obvious that there 
are many situations which can affect cell survival 
in different ways. Many authors [ 3 ,  36 ] give a list 
of these conditions. 

15.5.1    Acute Myocardial 
Infarction (AMI)  

 In the human this dramatic event has been the 
subject of intense research regarding its patho-
physiology and treatment. Many older obser-
vations are no longer pertinent, since currently 
in the vast majority of cases reperfusion (R) is 
employed, either by thrombolysis or by primary 
angioplasty. It is thus very interesting that most 
descriptions are based on the work of Kajstura 
et al. [ 23 ] which is 18 years old but still widely 
referred to. They studied AMI post left coronary 
artery ligation in rats. At that time they studied 
only APO and N, not AUTO. They found that at 
2 h the former was responsible for the death of 2.8 
million (M) cells while the latter for the death of 
only 90.000. APO was still the major component 
of cardiomyocyte death at 4.5 h, killing 6.6 M 
myocytes. Myocytes showing both APO and N 
were prominent only after 6 h. N peaked at 1 day, 
involving 1.1 M myocytes, remained elevated 
up to 2 days and decreased sharply at 7 days. 
However, it must be noted that the researchers 
did not study the border zone, which is important 
area between necrotic and remote myocardium. 

 The most important point concerning this 
work is that the authors used permanent coronary 
artery ligation without re-opening it, i.e. without 
employing reperfusion. Few direct comparisons 
exist, performed by the same team, between per-
manent occlusion and occlusion/reperfusion. 
Gottlieb et al. [ 17 ] performed such a study in the 
rabbit: They compared animals undergoing 
30 min of ischemia (I) and 4 h of reperfusion (R) 
compared to those undergoing 4.5 h of continu-
ous ischemia only. They also studied other groups 
of animals which will be discussed further on. 
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 Their main fi ndings can be summarized as fol-
lows: Seven rabbits underwent I/R. They all 
showed a typical nucleosome ladder on DNA 
electrophoresis, in the ischemic LV area but not 
outside it. In this group 50 % of cells developed 
CD in the ischemic area at risk, by TTC (triphe-
nyl tetrazolium chloride) staining which mainly 
signifi es N. In the fi ve rabbits undergoing con-
tinuous occlusion, no nucleosome cleavage sug-
gestive of APO was detected. This is in agreement 
with the suggestions of Baines [ 7 ] that APO can-
not occur with persistent ischemia, during which 
he suggests that the MPTP is quiescent. 

 Gotlieb et al. [ 17 ] also studied two more sub-
groups: At 5 min of ischemia only, no CD was 
detected, nor was APO detected at only 5 min 
of ischemia and 4 h R. Additionally, the authors 
subjected three animals to 30 min I only with-
out R. No DNA nucleosomal fragmentation was 
found. They did not specifi cally study N in this 
subgroup. 

 The authors also postulate that APO may be 
converted to N by polymorphonuclear attach-
ment to the ischemic area activation. This brings 
into focus an aspect of the I/R injury discussed by 
Whelan et al. [ 3 ]: They note that both the extrin-
sic and intrinsic pathways are involved, with the 
latter playing a more central role, as evidenced by 
the effects of various manipulations of Bcl-2 and 
Bax and their inhibitors. In describing N, the 
authors point at that cyclophilin D, a factor affect-
ing APO is also involved in N through explosive 
MPTP opening. 

 One aspect that has not been adequately dis-
cussed is the contribution of infl ammation in the 
I/R injury. Yellon and Hausenloy [ 43 ] gave a very 
detailed review. They describe the following 
potential mediators of reperfusion injury:
    The O   2    paradox, part of which is oxidative stress.  
 Oxidative stress reduces the bioavailability of 

NO. Here the authors remind the inconclusive 
results of antioxidant treatment in R injury.  

   The calcium paradox  
 At R, the abrupt increase in intracellular 

Ca 2+  occurs. It is the result of sarcolemmal 
membrane damage and ER dysfunction. The 
explosive Ca 2+  overload opens MPTP and 
causes CD.  

   The pH paradox  
 Reperfusion normalizes the pH mainly by wash-

ing out lactic acid, activating the Na + -H +  
exchanger and the Na + -bicarbonate symporter. 

 Baines [ 7 ] has very well described the effects of 
pH normalization. 

 The authors also point that a fourth, important 
component of R injury exists:     

15.5.2    Infl ammation 

 The release of chemoattractant attracts neutro-
phils into the infarct zone. These cells have very 
important effects: They induce vascular plug-
ging and also release degrading enzymes and 
ROS. 

 It has already been described that during N, 
due to the rupture of the cytoplasmic membrane, 
cell contents leaking into the intercellular space 
elicit a systemic reaction Timmers et al. [ 39 ] have 
termed it an innate immunity activation. 

 Dutta et al. [ 44 ] showed that an index MI 
accelerates atherosclerosis. They ascribe this 
fi nding to activation of sympathetic nervous sys-
tem, signaling expression of Interleukin-6, 
ΜΜP-9, myeloperoxidase and LY-6c in athero-
sclerosis plaques after an acute infarct. 

 Another protective mechanism which sheds 
light on I/R injury is the active protein 
Phosphatase-1 Inhibitor-1 which attenuates the 
ER stress response, which, when induced in the 
ischemic heart contributes to APO through 
altered Ca 2+  homeostasis [ 45 ]. Murphy and 
Steenbergen [ 46 ] discuss the relative roles of the 
CD modalities in I/R. They also stress that this 
injury can be a mixture of all three, and that the 
MPTP is a major regulator of both APO and N. 

 Further evidence suggesting that at I/R both 
APO and N are induced are given by other 
authors. 

 Ong and Gustafsson et al. [ 47 ] stress that N, 
APO, and AUTO all contribute to call death in 
the reperfused heart. They re-iterate that during 
ischemia N is the main component, due to long- 
lasting oxygen deprivation and ATP depletion. At 
reperfusion (R) both APO and N are rapidly 
activated. 
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 Park and Lucchesi [ 48 ] point out, in accor-
dance with the fi ndings of Gotlieb et al. [ 17 ], that 
N occurs only if R is initiated after 20 min of 
occlusion. They also stress the activation of the 
complement cascade, which triggers the already 
mentioned innate immunity, and the neutrophil/
endothelium interaction as a major component of 
the infl ammatory response. 

 Eltzsching and Eckle [ 49 ] gave a translational 
review. 

 They also stress the role of the innate immune 
responses, representing a “sterile infl ammation”. 

 They further underline that I/R dues not oper-
ate only during the course of an acute MI. The 
kidney, intestine, and brain undergo similar pro-
cesses, while cardiac and vascular surgery create 
similar conditions. 

 Additionally, multi-organ I/R injury may be 
seen in trauma, resuscitation after cardiac arrest, 
sickle cell disease and sleep apnea. 

 In accordance with this Whelan et al. [ 3 ] state 
that cyclophilin D, a major factor in APO, accord-
ing to Crompton [ 9 ] is also involved in N. They 
also describe the role of necrostatin-1, which 
reduces infarct size after I/R through RPI-RIP3 
signalling. 

 Whelan et al. [ 3 ] also suggest that during 
occlusion AMPK is activated inhibiting the 
AUTO inhibitor mTOR thus AUTO is induced. 
However at reperfusion Beclin-1 induced AUTO 
as already suggested by Matsui et al. [ 50 ] may be 
detrimental. 

 Again, the interplay between AUTO and APO 
in hypoxia has been described by Azad et al. [ 51 ] 
in cancer cells which underwent cell death 
hypoxia. This was reduced by AUTO but not 
with caspase inhibitors. This autophagic death 
was effected through a mechanism involving 
BNIP3. 

 Konstantinidis et al. [ 36 ] point out that many 
paradigms of pharmacologic or genetic manipu-
lations of CD exist in the setting of MI. Thus, 
lack of Fas and Bax and Bak in mice results into 
smaller infarcts; the same is seen with Bcl-2 
overexpression. The lack of cyclophilin-D has 
the same effect. The protective role of cyclophilin-
 D inhibition by cyclosporine A or sanglifehrin A 
has already been discussed.  

15.5.3    Myocardial Remodeling 

 The development of post-MI CHF is linked to the 
emergence of myocardial remodeling (REM). 

 Mani and Kitsis [ 52 ] give an excellent edito-
rial comment. They cite 13 animal and human 
studies which point out the main role played by 
APO in this aspect. 

 Sam et al. [ 53 ] studying the mouse heart, have 
very pertinently shown that at 6 months post-MI 
REM APO can co-exist with increased wall 
thickness in areas remote from the infarct. 

 We [ 54 ] and others have shown that APO is 
mainly expressed in the border zone surrounding 
the infarct, in the experimental animal [ 55 ] and in 
the human [ 56 ]. The subject has been studied 
very extensively. 

 Slezak et al. [ 57 ] postulate that AUTO is a 
prosurvival mechanism in the hibernating 
myocardium. 

 Gotlieb and Mentzer [ 17 ] cite numerous stud-
ies suggesting that AUTO is protective against 
post-MI REM 

 Interestingly, Fallavolita et al. [ 58 ] have shown 
that APO and reduced SERCA-2 underlie the 
transition from chronically stunned to hibernat-
ing myocardium. 

 Kung et al. [ 35 ] and Konstandinidis et al. [ 36 ] 
point out that N probably participates in post-MI 
heart failure but that further data are needed. The 
MITO are strongly involved in CHF. 

 However, although the post-MI is the prime 
paradigm of REM and CHF in which APO is 
strongly involved, other causes have been noted. 
Thus:  Pacing induced HF  involves APO, i.e. cas-
pase- 3, AIF, and the nuclear-localized marker 
p53 and p21, according to Marin-Garcia et al. 
[ 59 ] who stress that:
   In rapid atrial fi brillation induced for 3 weeks in 

the dog, an increase of APO TUNEL and 
molecular markers caspases-3 and 8, reduced 
Bcl-2 is seen at the atria.  

  APO can be seen in volume overload produced 
by an A-V shunt in rats, especially the males 
[ 60 ].  

  Pressure overload can also produce APO, in the 
spontaneous hypertensive rat and after aortic 
banding [ 61 ].  
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  The antineoplastic drug doxorubicin signifi cantly 
induces APO, characterized by Caspase-3 
activation and Bcl-XL decrease [ 62 ].     

15.5.4    The Aging Heart 

 In Fischer 344 hearts, Kajstura et al. [ 63 ] in the 
left ventricular free wall at 24 months found 
13,600 myocytes undergoing N but only 874 
cells undergoing APO. A combination of both 
processes involved 14,500 cells. Olivetti et al. 
[ 64 ] in 106 human hearts found that in aging men 
64 M cells had been lost in both right (19 M) and 
left side (45 M). They did not differentiate 
between N and APO. 

 In a specifi c form of CHF, acromegalic cardio-
myopathy Frustaci at al [ 65 ] found a massive 
increase in APO (495 fold in the myocytes and 
305 fold in the non myocytes). They also found 
collagen accumulation indicative of previous 
N. Only the magnitude of cardiomyocyte APO 
correlated with the degree of myocardial 
dysfunction. 

  Myocarditis  is an uncommon but signifi cant 
cause of acute heart failure. Its main manifesta-
tion is the presence of necrotic myocytes. In the 
subacute phase the myocardium is infi ltrated by 
natural killer cells. TNFa and IL-1 B and IL-2 are 
produced. Cytotoxic T lymphocytes can lyse 
virus-infected cardiocytes [ 66 ]. 

 Brunner et al. [ 67 ] have shown APO in virus- 
induced dilated cardiomyopathy in mice. 

 It is interesting that a vicious feed-back cycle 
has been postulated in acute myocarditis, since 
cardiac myosin, liberated through an initial insult 
can promote chronic immunity and chronic 
infl ammation through TLRs [ 68 ]. 

 As Whelan et al. [ 3 ] point out, autophagosomes 
are increased in this condition; however it cannot 
be determined whether this is compensatory or 
deleterious, This has already been discussed in the 
context of hemodynamic overload states. 

 Knaapen et al. [ 69 ] have found in cardiac tis-
sue of pts with terminal CHF due to both isch-
emic and dilated cardiomyopathy autophagic cell 
death by granular cytoplasmic ubiquitin inclu-
sions but no APO or N indications. 

 Park et al. [ 70 ] addressed the question    whether 
cardiomyocytes are the only heart cells involved 
in cardiac injury. 

 They point out that, by cell number 75 % of 
cells in the heart are non-myocytes. In a primate 
model of chronic heart failure produced fi rst by 
experimental MI and subsequently rapid pacing 
for 2–6 months, they found, as expected an 
increase in APO with the emergence of 
HF. However, the TUNEL-positive nonmyocytes 
were eightfold higher than cardiomyocytes in the 
borderzone and ninefold higher in the remote 
area.  

15.5.5    Therapeutic Implications 

 This is the translational investigator’s dream. 
 Whelan et al. [ 3 ] and Hotchkis et al. [ 12 ] dedi-

cate parts in their extensive reviews. 
 The fi rst group of authors [ 3 ] concentrates 

mostly on acute MI, which according to their 
postulation requires treatment for a limited period 
of time. They focus on the promise of small mol-
ecule polycaspase inhibitors which reduce infarct 
size by 21–52 % following I/R. 

 In the already cited reviews by Whelan et al. [ 3 ] 
the following fi ndings can be underlined: Bcl-2 
overexpression, Bax ablation and caspase inhibi-
tion reduce I/R injury, through APO reduction. 

 They also mention that Akt reduces infarct 
size. However, its adenoviral transduction seems 
diffi cult to apply. 

 On this subject of acute MI excellent reviews 
have been written: The Working Group of 
Cellular Biology of the Heart of the European 
Society of Cardiology states that “there is cur-
rently no effective therapy for protecting the 
heart against the detrimental effects of acute I/R 
injury [ 71 ]. 

 Possibly the drug giving the greatest promise 
is cyclosporine A, which inhibits N by inhibiting 
MPTP [ 72 ]. This clinical benefi cial result is sup-
ported by experimental data with cyclosporine A 
but also by sanglifehrin –A another powerful 
inhibitor by the MPTP. 

 Hydrogen sulfi de is a drug which in small 
doses may protect against I/R injury [ 73 ]. 
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 Necrostatin −1 which decreases N by inhibiting the 
activity of RIP1 may prove a promising agent [ 74 ]. 

 It is interesting that a modality widely 
employed in the past therapeutic, glucose-insulin- 
potassium, reduces APO in AMI by soluble Fas 
and sFas measurements [ 75 ]. 

 Further data are given in this book by Wang 
and Fragogiannis in Chap.   16    .  

15.5.6    Mechanisms of Conditioning 

 This very important cytoprotective mechanism, a 
universal phenomenon, decreases CD through all 
its three forms (N, APO and AUTO). 

 A pertinent review is given in this volume by 
Iliodromitis et al. in Chap.   28     and very recently 
by Ovize et al. [ 76 ]. 

 In the fi rst review, the major signaling path-
ways underlying cardioprotection are noted. The 
authors point out that “conditioning” (pre-, peri- 
and post-) is effected by two endogenous cardio-
protective pathways:
   RISK: Reperfusion Injury Salvage Kinase  
  SAFE: Survival Activating Factor Enhancement    

 The former is exerted through MEK1/2-E881/2 
and PI3K-Akt while the latter by the TNFα 
receptor and STAT3. 

 Both pathways relay these signals from cell mem-
brane reception to the MITO and MPTP inhibition. 

 It has been shown by many authors that it 
decreases N, evidenced by decrease of LDH and 
CK production and tetrazolium staining [ 77 ,  78 ]. 

 Ischemic preconditioning (IPC) also induces 
AUTO which exerts a protective role, at I/R [ 79 ]. 

 It both increased Beclin-1 AUTO and 
decreased APO in a rat I/R model [ 80 ]. 

 Heat damage of H9c2 cells by temperatures of 
40–44 °C at 90–180 min caused N, APO and 
AUTO, which was diminished by HSP70 induc-
tion through mild heat preconditioning [ 81 ].  

15.5.7    Other Cardioprotective 
Interventions 

  Hypothermia  has been tried against both myocar-
dial and cerebral ischemia. It was found to 

 ameliorate APO in rat hearts undergoing experi-
mental transplantation [ 82 ]. 

 Exercise training can upregulate AUTO [ 83 ].  

15.5.8    Pharmaceutic Interventions 

 Minocyclin protects against hypoxia-ischemia- 
against APO: it inhibits MITO Ca 2+  uptake [ 84 ]. 

 Cardiac damage is produced by antineoplastic 
treatment. In doxorubicin-induced cardiotoxicity 
both APO and N are seen [ 60 ]. Here it must be 
repeated that the intrinsic apoptotic pathway activ-
ity is downregulated as the heart matures with age. 

 In a tumor-bearing mouse model, augmenta-
tion of AUTO by rapamycin attenuates doxorubi-
cin induced cardiotoxicity [ 85 ]. 

 It has already been stated that while N triggers 
infl ammation [ 4 ]; infl ammation also contributes 
to death in heart failure. Christia and 
Frangogiannis [ 41 ] have given an excellent 
account, with therapeutic implications. 

 Chen et al. [ 86 ] have shown that T3 treatment 
for 3 days in experimental MI in rats decreased 
border area APO through phosphorylation of Akt. 

 We have shown the same results but at 2 weeks 
after AMI in the rat [ 87 ]. 

 Ferreyra et al. have shown the same in acute 
tubular necrosis induced by I/R in the rat [ 88 ]. 

 This drug is now being used in a multicenter 
European trial in post-infarct patients. However, 
the results are not uniform in all organs. 
Hyperthyroidism has been found to induce 
hepatic injury. Kumar et al. have found that it 
also induces APO in the rat liver [ 89 ], while 
Sinha et al. [ 90 ] also showed that thyroid hor-
mone stimulates hepatic lipid catabolism via acti-
vation of autophagy. 

 Another promising drug is Bendavia which is 
an overall MITO protective agent: It has shown 
benefi cial effect early post-MI in the dog [ 91 ].  

15.5.9    Chronic Treatment- 
Prevention of Remodeling 

 Although most efforts are directed at acute MI, 
the very important problem of REM  characterized 
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by cardiac enlargement and leading to CHF and 
death should not be underestimated. It is postu-
lated that 30 % of anterior infarcts, despite 
 primary angioplasty and the administration of 
the four main drugs, ACE inhibitors or 
Angiotensin Receptor blockers, aldosterone 
inhibitors and b-blockers. Thus, a large number 
of drugs has been and is still being tried to pre-
vent or reverse this process. The concept of REM 
is being described by Swyngedaw in Chap.   17    , 
and Wang and Frangogiannis et al. in Chap.   16     
in this book. 

 Gajarsa and Kloner gave recently a very perti-
nent review [ 92 ]. 

 The authors describe extensively the benefi ts 
of β-blocker therapy, clarifying that β1 receptors 
induce hypertrophy and APO, while β2 receptor 
stimulation may be antiapoptotic, up to a year in 
the rat, but only with concominant β1 blockade. 
They also describe the benefi cial anti-angioten-
sin- II and antialdosterone therapy. Both these 
substances induce APO and fi brosis. 

 The authors also describe attempts at MMP 
inhibition; the PREMIERE study in which a 
broad MMP inhibitor PG-116800 showed no 
effect. Before further describing therapeutic 
attempts against post-MI REM and CHF one 
must be reminded that in real-life most of these 
patients already receive anti-adrenergic, anti- 
angiotensin and anti-aldosterone treatment in 
their great majority. 

 Statins, although they possess anti-necrotic 
anti-fl ammatory and anti-apoptotic qualities, 
have proven disappointing in HF trials. 

 Tousoulis et al. [ 93 ] describe the efforts at nitric 
oxide manipulation, with emphasis on sildenafi l, 
an NO synthase transcription enhancers. 

 TNFα neutralization would be an obvious tar-
get. However, it was not successful in the 
RENEWAL and ATTACH trials [ 94 ,  95 ]. 

 Another long-used drug, Pentoxifi lline, which 
modulates TNFα mRNA expression, has proven 
successful in a small trial [ 96 ]. 

 Also, Interleukin-1 blockade by Anakinra pre-
vented REM after MI, without evidence of 
impaired healing [ 97 ]. 

 The n-3 polyunsaturated fatty acids (PUFA) 
have been to anti-apoptotic in many studies;. 

α-linolenic acid prevents APO in cardiomyop-
athic hamsters [ 98 ]. 

 Kanamori et al. [ 99 ] found that Resveratrol 
reverses REM in rat hearts with large, old myo-
cardial infarctions through enhanced AUTO. 

 A drug which has been tried in patients 
with heart failure with preserved ejection frac-
tion is relaxin. This agent decreases APO in 
the swine acute MI model while also decreas-
ing N, and inflammation, and improving the 
cardiac index [ 100 ]. 

 Valproic acid, a drug widely used in psychiat-
ric treatment, has been shown to ameliorate post-
 MI REM in the rat, by HDAC inhibition [ 101 ]. 

 MAO inhibitors have a strong MITO protec-
tive action and have been shown to exert anti- 
REM activity in pressure overload [ 102 ]. 

 We have shown favorable results with 
Rasagiline at 4 weeks post-MI in the rat. 

 Very recently Unsöld et al. [ 103 ] have shown 
that melusin, a chaperone protein improves post-
 MI remodeling. 

 Some other drugs to be considered are 
Ranolazine which is emerging as an anti- ischemic 
drug. Erythropoetin has been very successful in 
the animal but has disappointed in the human. 

 This brings into focus the great variety of ther-
apies available for therapy of post-MI REM. The 
review by Dorn [ 104 ] emphasizes that in ventric-
ular REM all three modalities of CD are involved. 

 Here it must be reminded that in the post-MI 
heart three distinct zones have been delineated: 
The infarct, the border, and the remote zone. 
Each has distinct characteristics. 

 Thus the diffi culty of managing post-MI REM 
can be readily appreciated.   

15.6    Imaging of Cell Death 

 After enumerating these 3 CD modalities and the 
complexity of their interactions and their cross-
talk and the interventions pertaining to their pre-
vention or reversal it should be stressed that their 
detection is equally complex. As Kroemer et al. 
in their review [ 2 ] point out, their detection is 
based on many methods as shown in their 
Table  15.3 , reproduced here (Table  15.3 ).
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   Table 15.3    Biochemical aspects of distinct modalities of cellular catabolism   

 Cell death mode  Biochemical features  Methods for detection [ 3 – 5 ] 

 Apoptosis  Activation of proapoptotic 
Bcl-2 family proteins (e.g. 
Bax, Bak, Bid) 

 IF microscopy localization studies 
 Immunoblotting with conformation-specifi c antibodies 

 Activation of caspases  Colorimetric/fl uorogenic substrate-based assays in live cells 
 Colorimetric/fl uorogenic substrate-based assays of lysates in microtiter 
plates 
 FACS/IF microscopy quantifi cation with antibodies specifi cally 
recognizing the active form of caspases 
 FACS/IF microscopy quantifi cation with antibodies specifi c for cleaved 
caspase substrates 
 FACS/IF microscopy quantifi cation with fl uorogenic substrates 
 Immunoblotting assessment of caspase- activation state 
 Immunoblotting assessment of the cleavage of caspase products 

 ΔΨ m  dissipation  Calcein-cobalt technique (FACS/IF microscopy) 
 FACS/IF microscopy quantifi cation with ΔΨ m -sensitive probes 
 Oxygen-consumption studies (polarography) 

 MMP  Colorimetric techniques to assess the accessibility of exogenous 
substrates to IM-embedded enzymatic activities 
 FACS-assisted detection of IMS proteins upon plasma membrane 
permeabilization 
 FACS-assisted detection of physical parameters of purifi ed mitochondria 
 HPLC-assisted quantifi cation of mitochondrial alterations in purifi ed 
mitochondria 
 IF microscopy colocalization studies of IMS proteins (e.g. Cyt  c ) with 
sessile mitochondrial proteins (e.g., VDACI) 
 IF (video) microscopy with Cyt  c -GFP fusion protein 
 Immunoblotting detection of IMS proteins (e.g. Cyt  c ) upon cellular 
fractionation 

 Oligonucleosomal DNA 
fragmentation 

 DNA ladders 
 FACS quantifi cation of hypodiploid cells (sub-G 1 , peak) 
 TUNEL assays 

 Plasma membrane rupture  Colorimetric/fl uorogenic substrate-based assays of culture supernatants 
in microtiter plates to determine the release of cytosolic enzymatic 
activities (e.g. LDM) 
 FACS quantifi cation with vital dyes 

 PS exposure  FACS quantifi cation of Annexin V binding 
 ROS overgeneration  FACS/IF microscopy quantifi cation with ROS-sensitive probes 
 ssDNA accumulation  FACS quantifi cation with ssDNA-specifi c antibodies 

 Autophagy  Beclin-1 dissociation from 
Bcl-2/X L  

 Co-immunoprecipitation studies 

 Dependency on  atg  gene 
products 

 Genetic studies (e g., knockout models, RNA interference, plasmid-
driven overexpression systems) 

 LC3-I to LC3-II 
conversion 

 IF microscopy with GFP-LC3 fusion protein 
 Immunoblotting with LC3-specifi c antibodies 

 p62 Lck  degradation  Immunoblotting with p62-specifi c antibodies 
 Cornifi cation  Expression of TGs  Immunoblotting with antibodies specifi c for TG type 1, 3 and 5 qRT-PCR 

 Expression of TG 
substrates 

 Immunoblotting with antibodies specifi c for TG substrates (e.g. loricrin, 
SPR, involucrin, keratins) qRT-PCR 

 Crosslinking activity  HPLC detection of К-L isodipeptide bonds 
 Monodansyl-cadaverine incorporation to detect TG activity in tissues 
 Radiolabeled putrescine incorporation to detect TG activity in cell extracts 
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   The author being primarily a clinical cardiolo-
gist wishes to stress the importance of imaging 
for detecting many of the aspects involved in CD, 
such as APO and infl ammation. 

 Cell death imaging can include many modali-
ties which are extensively described in Chaps.   22     
and   23     of this book. 

 Finally, the huge and continuously expanding 
aspect of peripheral biomarkers is beyond the 
scope of this chapter.  

   Conclusion 

 It is obvious that supplemental technologies 
incrementally used in CD prevention and rever-
sal are expected to be incrementally important 
for the human. However, the continued impor-
tance of basic research fi ndings is obvious.     
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    Abstract  

  The adult mammalian heart has negligible regenerative capacity; thus, 
sudden death of a large number of cardiomyocytes in the infarcted 
 myocardium leads to replacement of dead cells with collagen-based scar. 
Repair of the infarcted heart can be divided into three distinct, but 
 overlapping phases: the infl ammatory phase, the proliferative phase and 
the maturation phase. Cardiomyocyte necrosis and matrix fragmentation 
in the infarcted myocardium release damage- associated molecular  patterns 
(DAMPs) that activate innate immune cascades and trigger the 
 infl ammatory reaction. Induction of chemokines and cytokines is a 
 hallmark of the post-infarction infl ammatory response mediating 
 recruitment of neutrophils and mononuclear cells in the myocardium. As 
infi ltrating leukocytes clear the wound from dead cells and matrix debris, 
pro-infl ammatory signaling is repressed and fi broblasts undergo 
 myofi broblast conversion. Induction of specialized matricellular proteins 
that modulate growth factor and cytokine responses plays a critical role in 
activation of reparative cells and in formation of the scar. Cross-linking of 
the collagen- based matrix marks the end of the proliferative phase, as the 
scar matures and most fi broblasts and vascular cells in the wound undergo 
apoptosis. This chapter  provides an overview of the phases of repair in the 
infarcted heart. Moreover, we discuss challenges and opportunities in 
 targeting the infl ammatory and reparative response following infarction in 
order to attenuate adverse remodeling and to prevent progression of 
 post-infarction heart failure.  
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  TLRs    Toll-like receptors   
  TNF-α    Tumor Necrosis Factor-α   
  TSP-1    Thrombospondin-1   
  VEGF    Vascular Endothelial Growth Factor   

16.1          Introduction 

 Acute myocardial infarction (AMI) is a major 
cause of morbidity and mortality in both indus-
trial nations and in the developing world. Despite 
advances in coronary care and the introduction 
of new treatment modalities, approximately 
16 % of patients who experience an AMI will die 
within 1 year of hospitalization [ 1 ]. In patients 

suffering an AMI, prolonged sudden occlusion 
of a coronary artery triggers a series of events 
that culminates in death of ischemic cardiomyo-
cytes. Adult mammalian hearts have negligible 
regenerative capacity; thus, extensive necrosis of 
ischemic cardiomyocytes in the infarcted myo-
cardium activates an infl ammatory cascade that 
not only serves to clear the dead cells and matrix 
debris, but also results in healing and replace-
ment of the damaged tissue with scar. Therefore, 
infl ammation (INFL) after AMI is an important 
component of the reparative response [ 2 ]. 
However, in addition to its role in repair of the 
infarcted myocardium and in scar formation, the 
infl ammatory cascade is also involved in post-
infarction cardiac remodeling (REM), a constel-
lation of geometric and functional alterations 
that involves both cardiomyocytes and intersti-
tial cells and is associated with progression of 
heart failure (HF), development of ventricular 
arrhythmias and death. The extent of adverse 
remodeling is dependent not only on the size of 
the infarct, but also on the qualitative character-
istics of the wound. It is clear that the molecular 
and morphologic changes associated with infarct 
healing directly infl uence REM and affect prog-
nosis in patients with AMI. 

 Although recent advances have resulted in the 
development of novel strategies that salvage 
myocardium and improve early mortality in 
patients with myocardial infarction (MI), 
approaches directly targeting the healing process 
are lacking. Therefore, understanding of the spe-
cifi c events involved in infarct healing is crucial 
in order to design novel therapeutic strategies 
aiming at optimizing cardiac repair and attenuat-
ing post-infarction remodeling. The current 
chapter summarizes the cellular and molecular 
events associated with infarct healing and 
describes the pathways implicated in REM of the 
infarcted heart. 
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16.1.1    The Phases of Cardiac Repair 

 For descriptive purposes, the reparative response 
following myocardial infarction can be divided 
into three distinct, but overlapping phases: the 
infl ammatory phase, the proliferative phase and 
the maturation phase [ 3 ]. Necrosis of a large 
number of cardiomyocytes in the infarcted myo-
cardium releases danger signals activating an 
innate immune response that results in infi ltration 
of the infarct with abundant neutrophils, mono-
cytes and lymphocytes. As professional phago-
cytes clear the infarct from dead cells and matrix 
debris, the infl ammatory reaction is repressed 
and mesenchymal cells are recruited into the 
infarct, leading to the proliferative phase. 
 Fibroblasts  differentiate into myofi broblasts and 
deposit extracellular matrix proteins in the 
infarcted area. Maturation of the scar follows, as 
matrix proteins are cross-linked and fi broblasts 
become apoptotic leading to formation of a stable 
scar with a low cellular content.   

16.2    The Infl ammatory Phase 

16.2.1     Initiation of the Post- 
infarction Infl ammatory 
Response 

 Ischemic myocardial injury results in decreased 
oxygen tension and subsequent loss of oxidative 
phosphorylation leading to decreased generation 
of ATP. Cessation of aerobic metabolism, ATP 
depletion and accumulation of products of anoxic 
metabolism occur within only 10 s of occlusion. 
Striking myocardial dysfunction occurs almost 
simultaneously and is evident within 60 s. Five to 
ten minutes after the onset of ischemia reversible 
ultrastructural cardiomyocyte changes appear, 
including depletion of cytoplasmic glycogen 
stores and mitochondrial swelling. After 
20–40 min of sustained ischemia, irreversible 
cardiomyocyte injury occurs (involving fi rst the 
more susceptible subendocardial cardiomyo-
cytes), evidenced by sarcolemmal disruption and 
by the presence of small amorphous mitochon-
drial densities [ 4 ]. Acute sudden necrosis of 

 cardiomyocytes in the infarcted heart activates 
the innate immune system and initiates an intense 
infl ammatory response (Fig.  16.1 ). Necrotic car-
diomyocytes release endogenous “danger” sig-
nals, known as damage-associated molecular 
patterns (DAMPs) [ 5 ]. High-mobility group 
box-1 (HMGB1), heat shock proteins (HSPs), 
ATP and matrix fragments (including low molec-
ular hyaluronic acid, and fi bronectin fragments) 
serve as DAMPs following infarction activating 
the immune response [ 6 ]. DAMPs signal through 
activation of Toll-like receptors (TLRs), a family 
of transmembrane receptors that trigger down-
stream pro-infl ammatory pathways. Moreover, 
activation of the complement cascade and gener-
ation of  reactive oxygen species  (ROS) also con-
tribute to activation of the infl ammatory reaction 
in the infarcted myocardium.

16.2.2        Role of Complement 
Activation in Post-infarction 
Infl ammation 

 The  complement  system is a fi rst line of defense 
with a central role to the innate immune response. 
Involvement of the complement system in MI was 
fi rst demonstrated in a rat MI model by Hill and 
Ward [ 7 ]. Since then, numerous studies docu-
mented that activation of complement is an early 
event in postinfarction infl ammation and healing 
[ 8 ]. In the infarcted myocardium,  subcellular 
 substances released by dying  cardiomyocytes 
(such as cardiolipin) can activate complement. On 
the basis of extensive  experimental evidence, 
inhibition of the  complement system seems to be 
a promising therapeutic target to reduce myocar-
dial injury and limit the infarct size. Consumptive 
depletion of complement [ 9 ], antibody-induced 
inhibition of individual  complement components 
(e.g. C5), or infusion of modifi ed native 
 complement components that block complement 
activation exhibited protective actions in experi-
mental animal models of AMI [ 10 ,  11 ]. The effec-
tiveness of such approaches in animal models 
generated considerable interest leading to clinical 
trials testing the effectiveness of C5 inhibition in 
patients with MI. Most  clinical studies have 

16 Repair of the Infarcted Myocardium



282

focused on pexelizumab, a humanized single 
chain variable fragment (scFv) to complement 
C5. Although some favorable results of 
 pexelizumab were reported as adjunctive therapy 
to reduce reperfusion injury in coronary artery 
bypass surgery [ 12 ], most of the clinical data, 
showed no benefi t in patients with AMI [ 13 ].  

16.2.3    The Role of ROS Generation 

 Reactivate Oxigen species (ROS) are atoms or 
molecules with unpaired electrons in their outer 
orbit; they are highly reactive entities and can 
participate in a variety of biochemical reactions 
[ 14 ]. ROS react directly with cellular lipids, pro-
teins and DNA causing cell injury and death, and 
are critically involved in the oxidative burst reac-
tion, which is essential for phagocyte function. 

The normal heart possesses substantial ability to 
counterbalance the generation of ROS through 
inhibitory enzymatic pathways and through 
 activation of intracellular antioxidants. The 
 antioxidant defenses, however, are overwhelmed 
following infarction, resulting in net generation 
of free radicals that may cause myocardial 
 contractile dysfunction and structural damage 
[ 15 ]. Generation of ROS can activate the immune 
cells in the infarcted heart and trigger cytokine 
and chemokine release partially through 
 activation of NF-κB system [ 16 ]. Overactive 
ROS-mediated signaling has the potential for 
 detrimental actions in the infarcted heart  mediated 
through matrix degradation and by inducing 
 cardiomyocyte apoptosis. 

 Free radical scavengers have been widely 
used to study the role of ROS in the pathophysi-
ology of MI; their effects generated interest in 

  Fig. 16.1    The infl ammatory phase of cardiac repair. 
Release of damage-associated molecular patterns 
(DAMPs) by dying cardiomyocytes and matrix fragments 
activates innate immune pathways leading to recruitment 

of leukocytes in the healing infarct. Mast cells, neutro-
phils and mononuclear cells, but also endothelial cells, 
fi broblasts and cardiomyocytes contribute to the pro-
infl ammatory environment       
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possible clinical applications. Jolly et al. [ 17 ] 
demonstrated protective effects of combining the 
antioxidant enzymes superoxide dismutase 
(SOD) and catalase in reduction of infarct size in 
dogs undergoing coronary occlusion and reper-
fusion. Recently, transgenic mice with specifi c 
overexpression of extracellular SOD (ecSOD) in 
cardiomyocytes exhibited signifi cant protection 
from post-ischemic/reperfusion injury [ 18 ]. In 
addition, mice overexpressing manganese SOD 
(MnSOD) demonstrated a signifi cant decrease in 
infarct size in Langendorff-perfused hearts 
undergoing coronary artery ligation [ 19 ]. 
However, not all experimental evidence suggests 
a deleterious effect of ROS in the infarcted heart 
[ 20 ]. The timing of administration, the dosage of 
the antioxidant, and the pleiotropic effects of 
ROS may be responsible for contradictory fi nd-
ings in experimental studies. Thus, it is not sur-
prising that studies using antioxidant therapy in 
myocardial infarction have produced discourag-
ing results in the clinical arena. A small clinical 
study using recombinant human SOD in patients 
with AMI undergoing balloon angioplasty [ 21 ] 
demonstrated no signifi cant improvement in left 
ventricular function.  

16.2.4     TLR Signaling 
in the Post- infarction 
Infl ammatory Reaction 

 DAMPs exert their pro-infl ammatory actions by 
activating members of the TLR family; binding 
of danger signals to the respective TLRs induces 
activation of several kinases and of the NF-κB 
cascade. Of the 13 known mammalian TLRs, 
TLR-2, -3 and -4 has been identifi ed to play an 
important role in mediating the infl ammatory 
response in the infarcted heart [ 22 – 24 ]. Deletion 
of TLR-4 [ 25 ] or disruption of TLR-2 signaling 
[ 23 ] by specifi c antibodies have decreased infarct 
size and suppressed infl ammation following MI, 
identifying TLR-2 and -4 as key components of 
the innate immune response in the heart. Thus, 
TLR-dependent activation of infl ammatory cells 
plays an important role in the innate immune 
response following MI.  

16.2.5     NF-κB Activation 
in Myocardial Infarction 

 TLR-mediated, complement-activated and ROS- 
induced pathways converge on the activation of 
the transcription factor NF-κB, an important sig-
naling component for early infl ammatory activa-
tion that triggers cytokine, chemokine and 
adhesion molecule expression in the ischemic 
myocardium. Activation of the NF-κB system 
has been demonstrated in models of experimental 
myocardial ischemia and reperfusion. Although 
some studies have suggested injurious pro- 
infl ammatory actions of NF-κB in the infarcted 
myocardium, other investigations indicated that 
the NF-κB pathway may also mediate cytopro-
tective responses in the ischemic heart [ 26 ]. 
Activation of the NF-κB signaling cascade in 
multiple parallel processes involving various cell 
types, critical for infarct healing, complicates 
understanding of its role in myocardial infarc-
tion. In vivo studies examining the role of cell- 
specifi c NF-κB activation at different stages of 
the reparative response would greatly contribute 
to our understanding of cardiac injury and repair.  

16.2.6     Infl ammatory Signals 
and Cellular Events During 
the Infl ammatory Phase 
of Infarct Healing: 
Chemokine Signaling 
in the Infarcted Heart 

 Induction of chemokines is a prominent feature of 
the post-infarction infl ammatory response 
 [ 27 – 29 ]. The chemokines are small polypeptides 
with molecular weights in the range of 8–14 kDa 
that play an important role in leukocyte traffi ck-
ing. From a structural perspective, chemokines 
are divided into subfamilies on the basis of the 
number and sequential relationship of their con-
served cysteine residues (CXC, CC, XC and 
CX 3 C chemokines) [ 3 ]. CXC chemokines that 
contain the ELR (elastin-like recombinamer) 
motif, such as IL-8/CXCL8, mediate neutrophil 
migration, whereas CC chemokines, such as 
Monocyte Chemoattractant Protein (MCP)-1/CCL2 
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recruit mononuclear cells. The effects of chemo-
kines extend beyond actions on cells of hemato-
poietic origin. For example, the CXC chemokine 
Stromal Derived Factor (SDF)-1 is implicated in 
 angiogenesis and fi brous tissue deposition [ 30 ]. 
On the other hand, another ELR- negative CXC 
chemokine, Interferon-inducible Protein (IP)-10/
CXCL10 exerts direct inhibitory actions on fi bro-
blast migration, serving as an antifi brotic agent 
[ 31 ], and may also act as an angiostatic mediator 
[ 32 ]. Using a mouse model of reperfused infarc-
tion, our laboratory demonstrated that endoge-
nous IP-10/CXCL10 is an essential inhibitory 
signal that regulates the cellular composition of 
the healing infarct, preventing uncontrolled fi bro-
sis and attenuating adverse REM through direct 
actions on fi broblast migration and function [ 33 ]. 

 Monocyte Chemoattractant Protein (MCP)-1/
CCL2 is the best-studied CC chemokine. In addi-
tion to its critical role in mononuclear cell recruit-
ment, MCP-1 has been suggested to exert important 
actions on non-hematopoietic cells, inducing 
angiogenic and arteriogenic effects [ 34 ] and modu-
lating fi broblast phenotype and activity by increas-
ing collagen expression and by regulating matrix 
metalloproteinase synthesis [ 35 ]. Using both anti-
body neutralization studies and genetic disruption 
models, we have documented a crucial role of 
MCP-1 on macrophage recruitment and activation, 
cytokine synthesis and myofi broblast accumula-
tion in healing infarcts [ 36 ]. MCP-1 −/− mice dem-
onstrated decreased and delayed macrophage 
infi ltration accompanied by impaired phagocytosis 
and delayed replacement of injured cardiomyo-
cytes by granulation tissue in the healing infarct.  

16.2.7     Expression and Role 
of the Cytokines 
in Myocardial Infarction 

 Activation of cytokine cascades is a prominent 
characteristic of the post-infarction infl ammatory 
reaction. Complement activation, TLR signaling, 
free radical generation and NF-κB activation are 
capable of stimulating cytokine expression in 
both resident and blood-derived cells, resulting in 
marked cytokine upregulation in the infarcted 
area. Cytokines are highly pleiotropic and are 

capable of modulating phenotype and function of 
all cell types involved in cardiac repair. Their 
multifunctional and context-dependent proper-
ties have hampered understanding of their role in 
the infarcted myocardium. 

 As the prototypical pro-infl ammatory cyto-
kine, interleukin (IL)-1 mediates synthesis of 
other cytokines, chemokines, growth factors, and 
adhesion molecules in the infarct and stimulates 
leukocyte recruitment [ 37 ]. Marked IL-1β upreg-
ulation has been reported in experimental models 
of MI and in patients suffering an AMI [ 38 ]. 
Activation of the infl ammasome, the molecular 
platform involved in IL-1 activation, is noted in 
both cardiomyocytes and non-cardiomyocytes in 
the infarcted heart [ 39 ,  40 ]. IL-1 is a central 
mediator in the post-infarction infl ammatory 
response; disruption of IL-1 signaling markedly 
reduces infi ltration of the infarcted myocardium 
with leukocytes and attenuates MMP expression 
decreasing dilative REM [ 37 ]. IL-1 also critically 
regulates fi broblast phenotype in the infarct, 
delaying conversion of fi broblasts into myofi bro-
blasts and promoting a matrix-degrading pheno-
type [ 41 ]. Because of its central role in mediating 
post-infarction INFL, matrix degradation and 
dilative REM, the IL-1 system may be a promis-
ing therapeutic target in patients with AMI [ 42 ]. 

 The pro-infl ammatory cytokine Tumor 
Necrosis Factor-α (TNF-α) is released early in the 
infarcted myocardium [ 43 ], and (much like IL-1) 
may stimulate expression of other infl ammatory 
mediators by leukocytes and endothelial cells. 
TNF-α defi cient mice undergoing MI protocols 
had reduced expression of chemokines and adhe-
sion molecules suggesting an important role for 
TNF-α in mediating the post-infarction infl am-
matory response [ 44 ]. However, as a highly pleio-
tropic mediator, TNF-α does not simply serve 
as a trigger of a cytokine cascade, but may also 
modulate cell survival pathways. Experimental 
studies exploring effects of TNF signaling on 
cardiomyocyte survival have produced contradic-
tory results. Kurrelmeyer et al. [ 45 ] demonstrated 
that TNFR1/TNFR2 double receptor knockout 
mice undergoing left coronary artery ligation 
had signifi cantly increased infarct size exhibit-
ing accentuated cardiomyocyte  apoptosis when 
compared with wild-type  controls. In contrast, 
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Sugano et al. [ 46 ] reported that reduction of bio-
active TNF-α through local delivery of sTNFR1 
inhibited cardiomyocyte apoptosis in a rat model 
of ischemia/reperfusion. Attempts to implement 
anti-TNF approaches in patients with AMI have 
been disappointing, possibly refl ecting the pleio-
tropic actions of the cytokine that may exert both 
injurious effects (through accentuation of infl am-
mation) and protective pro-survival actions on 
cardiomyocytes.  

16.2.8     The Cellular Immune 
Response in the Infarcted 
Myocardium 

16.2.8.1    The Neutrophils 
 Early recruitment of abundant neutrophils is a 
hallmark of the post-infarction infl ammatory 
reaction. Neutrophils release oxidants and prote-
ases, secrete mediators that may amplify infl am-
matory cell recruitment, and phagocytose dead 
cells and debris. Early experimental studies sug-
gested that neutrophil depletion in ischemia- 
reperfusion models markedly reduced infarct size 
[ 47 ] suggesting a role for neutrophils in exten-
sion of ischemic injury. However, more recent 
studies using genetic models associated with 
marked reduction in neutrophil infi ltration in the 
infarct did not confi rm these observations sug-
gesting that neutrophil-mediated injury may not 
increase the size of the infarct [ 48 ]. 

 Neutrophil transmigration in the infarcted 
myocardium requires specifi c interactions 
between the leukocytes and the endothelium, 
mediated through activation of a multistep adhe-
sive cascade (Fig.  16.1 ). Each step of the cascade 
requires either upregulation, or activation, of dis-
tinct sets of adhesion molecules. First, leukocytes 
are captured by endothelial cells or roll on the 
endothelial surface via interactions that involve 
members of the selectin family. The selectin fam-
ily includes L-, P- and E-selectin. L-selectin 
(CD62L) is expressed in neutrophils, whereas 
P-selectin (GMP-140, CD62P) and E-selectin 
(CD62E) are expressed in the endothelial sur-
face. Although extensive evidence suggests the 
role of the selectins in supporting leukocyte 
 margination under shear stress, the effects of 

selectin- related interventions in experimental 
models of myocardial ischemia have been incon-
sistent [ 48 ]. 

 As leukocytes roll on the endothelium through 
selectin-mediated actions, they “sense” chemo-
kines immobilized on the endothelial surface and 
engage into a fi rm adhesive interaction with 
endothelial cells through activation of the integ-
rins [ 49 ]. The integrins are a family of heterodi-
meric membrane glycoproteins that consist of an 
α and a β subunit. Activated neutrophil β2 (CD18) 
integrins interact with endothelial Intercellular 
Adhesion Molecular (ICAM)-1 resulting in fi rm 
adhesion of leukocytes into the vascular endothe-
lial layer. After fi rm adhesion, transmigration of 
activated neutrophils follows. The transmigration 
step is dependent on adhesion molecules, such as 
ICAM-1, Vascular endothelial (VE)-cadherin 
and members of the Junctional Adhesive 
Molecular (JAM) family. Because of the critical 
role of the integrins in neutrophil adhesion and 
transmigration, integrin-targeting strategies have 
been utilized to mitigate post-reperfusion infl am-
mation in various experimental models. In ani-
mal models of experimental MI, inhibition of 
CD11/CD18 integrin resulted in signifi cant 
reduction of infarct size [ 50 ]. However, despite 
the promising fi ndings of the experimental stud-
ies, in small clinical trials leukocyte integrin inhi-
bition was not effective in reducing infarct size 
and acute injury [ 51 ].  

16.2.8.2     Monocytes 
and Macrophages 

 Monocytes and macrophages are key cellular 
effectors in the post-infarction infl ammatory and 
reparative response [ 52 ]. Distinct monocyte sub-
populations are sequentially recruited in the 
infarcted myocardium [ 53 ]. The CC chemokine 
CCL2/MCP-1 plays an important role in chemo-
tactic attraction of pro-infl ammatory monocytes 
that express the chemokine receptor CCR2 and 
have prominent phagocytic properties [ 36 ]. Other 
mediators including complement,  Transforming 
growth factor  (TGF)-β, free  radicals and other CC 
chemokines may also play a role in  regulating 
monocyte infi ltration; their role in recruitment of 
specifi c monocyte subsets remains unknown. The 
recruited monocytes are predominantly bone 
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 marrow-derived; however, in mouse models extra-
medullary sources (such as the spleenic monocyte 
reservoir) may also mobilize monocyte subpopu-
lations [ 54 ,  55 ]. Recruited monocytes undergo 
phenotypic changes and may differentiate into 
macrophages (Fig.  16.2 ) in response to microenvi-
ronmental factors, such as cytokines and growth 
factors. The maturation of monocytes into mature 
 macrophages is a complex and poorly understood 
process, that involves growth factors such as 
Macrophage-Colony Stimulating Factor (M-CSF) 
and Granulocyte Macrophage-Colony Stimulating 
Factor (GM-CSF) [ 56 ]. In addition to the clear-
ance of the infarct from dead cells and matrix 
debris, macrophages have several additional func-
tions including: (a) the  production of a wide range 
of growth factors and cytokines that stimulate 
fi broblast and endothelial cell  proliferation and 
may regulate the healing response and angiogene-
sis and (b) remodeling of the extracellular matrix 
network through the  production of matrix metal-
loproteinases and their inhibitors.

16.2.8.3        The Mast Cells: Versatile Cells 
with a Potential Role 
in Infarct Healing 

 Mast cells are multifunctional cells that contain a 
wide range of mediators, including cytokines, 
growth factors, tryptase, chymase and histamine. 

Due to their strategic location, mast cells are 
likely to play an important role in initiating the 
infl ammatory response through the release of 
pro-infl ammatory mediators, capable of trigger-
ing the cytokine cascade. Mast cells release hista-
mine and TNF-α in the early stages of the 
ischemic response and may play an important 
role in initiating the cytokine cascade [ 43 ]. As the 
infarct heals, induction of Stem Cell Factor (SCF) 
attracts mast cell progenitors, leading to a marked 
increase in mast cell numbers in the infarcted 
area (Fig.  16.3 ) [ 57 ]. Mast cell-derived media-
tors, have potent pro-infl ammatory, angiogenic 
and fi brogenic actions. Although other cell types 
can produce growth factors and cytokines, hista-
mine and the proteases tryptase and chymase are 
uniquely secreted by mast cells and may play an 
important role in cardiac repair [ 58 ].

16.3          The Proliferative Phase 
of Healing 

16.3.1     Resolution 
of the Post- infarction 
Infl ammatory Response 

 During the infl ammatory phase of infarct healing, 
infi ltration with activated neutrophils and mono-
nuclear cells plays a crucial role in phagocytotic 
removal of dead cells and debris. However, 
 effective repair is dependent on timely repression 

  Fig. 16.2    Immunohistochemical staining with the 
macrophage- specifi c antibody PM-2K identifi es an abun-
dant macrophage population in canine infarcts after 1 h of 
coronary occlusion and 72 h of reperfusion       

  Fig. 16.3    Toludine blue staining identifi es mast cells 
accumulating in the infarcted canine heart ( arrows )       
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and resolution of the infl ammatory reaction and 
on spatial containment of post-infarction infl am-
mation in the infarcted area. Unrestrained, 
 prolonged or expanded infl ammatory activity 
could have catastrophic consequences in the 
injured heart, leading to adverse dilative REM 
and to the development of systolic and/or  diastolic 
dysfunction. Repression of infl ammation is an 
active process that requires timely activation of 
endogenous “STOP” signals that suppress the 
infl ammatory reaction and trigger reparative 
 cascades. From a cell biological perspective, 
timely resolution of infl ammation following MI 
requires the coordinated actions of several differ-
ent cell types including neutrophils, mononuclear 
cells, endothelial cells and pericytes. Alterations 
in the extracellular matrix network also partici-
pate to the resolution of infl ammation after 
 myocardial infarction.  

16.3.2     Activation of Inhibitory “STOP” 
Signals in the Infarcted Heart: 
Expression of Decoy Receptors 
to Terminate Infl ammation 
in Myocardial Healing 

 Cytokines and chemokines play important roles 
in post-infarction infl ammation by interacting 
with their receptors, thus activating downstream 
intracellular pathways. However, for several 
members of the cytokine and chemokine fam-
ily, receptors have been identifi ed that bind to 
the corresponding infl ammatory mediators with 
high affi nity, but do not transduce a signal, thus 
serving as a molecular trap to remove the cyto-
kine or chemokine from the local microenviron-
ment. Although induction of decoy receptors to 
limit INFL is an intriguing mechanism for nega-
tive regulation of the infl ammatory reaction, 
the role of such receptors in MI remains largely 
unknown. D6 is a chemokine decoy receptor 
that specifi cally binds and scavenges infl am-
matory CC-chemokines. Recently, Cochain 
et al. [ 59 ] found that D6 is upregulated in the 
infarcted myocardium, and that D6 −/− mice 
have increased chemokine levels in the infarct 
heart associated with enhanced infi ltration with 
neutrophils and monocytes. As a result of the 

 accentuated infl ammatory reaction, D6 null mice 
were more susceptible to cardiac rupture prone 
after myocardial infarction. These fi ndings 
suggest that induction of decoy receptors may 
protect the infarcted heart from uncontrolled 
infl ammation following infarction.  

16.3.3     Activation of Intracellular 
Pathways That Inhibit 
the Innate Immune Response 

 As uncontrolled TLR activation may stimulate a 
broad spectrum of infl ammatory signals, several 
distinct pathways have evolved to negatively reg-
ulate TLR-mediated responses. Interleukin-1 
receptor associated kinase (IRAK)-M, is a mem-
ber of the IRAK family, predominantly expressed 
in macrophages, that lacks kinase activity but 
functions as a decoy to limit TLR- and IL-1 
mediated infl ammatory responses [ 60 ]. Our 
recent experiments demonstrated that IRAK-M is 
upregulated in macrophages and fi broblasts in 
the infarcted myocardium. IRAK-M null mice 
showed accentuated dilative REM with increased 
infi ltration of pro-infl ammatory monocytes and 
overactived MMP activity, suggesting that endog-
enous IRAK-M may attenuate adverse postin-
farction remodeling by suppressing infl ammatory 
activity and by inhibiting fi broblast-mediated 
matrix degradation in the infarcted heart [ 61 ].  

16.3.4     The Role of Soluble Inhibitory 
Mediators in Suppression 
of the Post- infarction: 
Infl ammatory Response 
the Role of TGF-Β 

 TGF-β is a multifunctional cytokine that exerts a 
wide range of biological effects in regulation of 
cell proliferation, differentiation, and apoptosis 
and has profound modulatory actions in the 
immune response. Because of its effects on both 
infl ammatory and reparative cells, TGF-β is 
 ideally suited as a “master switch” mediator in 
the transition from infl ammation to fi brous tissue 
deposition in healing infarcts. TGF-β suppresses 
cytokine and chemokine synthesis by stimulated 
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macrophages and endothelial cells, while pro-
moting  myofi broblast  transdifferentiation and 
activation [ 62 ], In addition, TGF-β exerts matrix- 
preserving actions, decreasing expression of pro-
teinases and increasing synthesis of proteinase 
inhibitors, such as Plasminogen Activator 
Inhibitor (PAI)-1 and TIMP-1. Unfortunately, the 
complex biology of TGF-β activation and its 
multiple cellular actions have hampered our 
efforts to understand its role in infarct healing. 

 TGF-β is markedly upregulated in MI and is 
predominantly localized in the infarct border 
zone [ 63 ]. Early TGF-β inhibition has deleterious 
consequences on the infarcted heart, presumed 
due to enhanced pro-infl ammatory cytokine syn-
thesis [ 64 ]. Thus, timely activation of TGF-β sig-
naling may be important for suppression of 
infl ammatory mediator synthesis following 
infarction. GDF-15 belongs to the TGF-β super-
family, is induced in the infarcted heart and has 
been reported to suppress chemokine-triggered 
integrin activation, thus limiting the infl amma-
tory leukocyte adhesion to the endothelium. 
GDF-15 null mice undergoing coronary artery 
ligation protocols exhibited enhanced recruit-
ment of neutrophils into the infarcted myocar-
dium and an increased incidence of cardiac 
rupture [ 65 ], suggesting an important role of this 
growth factor in negative regulation of the post- 
infarction infl ammatory reaction.  

16.3.5    The Potential Role of IL-10 

 IL-10, a cytokine with potent anti-infl ammatory 
properties, is predominantly expressed by acti-
vated Th2 lymphocytes and a subset of macro-
phages infi ltrating the infarct [ 66 ]. Its expression 
shows a late and prolonged time course in the 
infarcted canine and mouse heart [ 66 ]. Monocytes 
and macrophages are particularly responsive to 
the anti-infl ammatory actions of IL-10. In 
 addition, IL-10 may play a signifi cant role in 
 extracellular matrix remodeling by promoting 
Tissue Inhibitor of Metalloproteinases (TIMP)-1 
synthesis, leading to stabilization of the matrix 
[ 67 ]. Yang et al. demonstrated that IL-10 −/− 
mice had an enhanced infl ammatory response 
and increased mortality following myocardial 

infarction [ 68 ]. In contrast, our laboratory found 
comparable survival and post-infarction remod-
eling in WT and IL-10 null mice undergoing 
reperfused infarction protocols. When compared 
with WT animals IL-10 null mice had elevated 
myocardial MCP-1 and TNF-α expression [ 69 ]; 
suggesting a relatively subtle effect of IL-10 in 
repression of the post-infarction infl ammatory 
reaction that is not critical for the reparative 
response.  

16.3.6     The Extracellular 
Matrix as a Regulator 
of the Post-infarction 
Infl ammatory Reaction 

16.3.6.1     Removal of Matrix 
Fragments Modulates 
the Infl ammatory Response 
in Healing Myocardium 

 Extracellular matrix proteins not only provide 
structural and mechanical support to the tissue, 
but also modulate cell signaling through interac-
tions with specifi c surface receptors. During 
infarct healing, the cardiac extracellular matrix 
undergoes dynamic changes that drive the infl am-
matory and reparative response [ 70 ]. During the 
fi rst few hours after MI, matrix fragments are gen-
erated in the infarcted area and stimulate the 
infl ammatory mediator synthesis. Evidence from 
our lab suggested that hyaluronan, a key compo-
nent of the cardiac extracellular matrix, may 
undergo degradation in the infarcted area, leading 
to accumulation of pro-infl ammatory low molec-
ular weight hyaluronan fragments in infarcted 
area. The hyaluronan fragments may activate 
endothelial cells and macrophages inducing syn-
thesis of cytokines and chemokines. Removal of 
the low molecular weight hyaluronan fragments 
from the infarcted area attenuates infl ammation in 
the infarcted heart triggering inhibitory signals 
through interactions involving CD44 [ 71 ].  

16.3.6.2     The Role of the Matricellular 
Proteins 

 Matricellular proteins are a family of structur-
ally unrelated macromolecules that do not play 
a structural role, but bind to the matrix and 
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 modulate cell-cell and cell-matrix interactions 
[ 72 ]. Temporally and spatially restricted induc-
tion and deposition of matricellular proteins 
is observed in the proliferative phase of infarct 
healing. Our laboratory has demonstrated that the 
matricellular protein thrombospondin (TSP)-1, a 
crucial TGF-β activator with potent angiostatic 
and anti- infl ammatory properties, is strikingly 
upregulated in the border zone of the infarct [ 73 ]. 
TSP-1 null mice exhibited enhanced and pro-
longed expression of chemokines in the infarcted 
heart and showed expansion of the  infl ammatory 

infi ltrate into the noninfarcted area. These fi nd-
ings suggest an important role for TSP-1 in sup-
pression and containment of the infl ammatory 
reaction following infarction. Therefore, local-
ized induction of TSP-1 in the infarct border 
zone may form a “barrier” preventing expansion 
of the infl ammatory infi ltrate into the nonin-
farcted area. Other matricellular proteins, such as 
TSP-2, SPARC/ osteonectin, osteopontin (OPN), 
 tenascin- C and periostin are also upregulated in 
the infarcted heart and modulate the reparative 
response (Fig.  16.4 ) [ 72 ].
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  Fig. 16.4    The matricellular 
proteins osteopontin, 
SPARC, tenascin-C, periostin 
and  thrombospondin-1 
regulate fi broblast phenotype 
and activity in the healing 
infarct. Other specialized 
matrix proteins (such as 
ED-A fi bronectin) also play 
a critical role in 
 myofi broblast conversion       
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16.3.7         The Cellular Effectors 
in Resolution of the Post-
infarction Infl ammation 

16.3.7.1     Macrophage-Mediated 
Clearance of Apoptotic 
Neutrophils in Resolution 
of Post-infarction 
Infl ammation 

 Clearance of apoptotic cells in the injured tissue 
may be a crucial cellular mechanism for resolu-
tion of infl ammation. Neutrophils infi ltrating the 
infarct are programmed to undergo apoptosis, and 
clearance of apoptotic neutrophils by phagocytes 
ingesting is associated with active suppression of 
infl ammation and release of large amounts of 
inhibitory mediators. Apoptotic granulocytes 
attenuate infl ammation in healing myocardium by 
releasing mediators that inhibit further neutrophil 
recruitment, or by activating an anti- infl ammatory 
program in macrophages. Macrophages 
 phagocytosing neutrophils release large amounts 
of IL-10, TGF-β and proresolving lipid mediators 
[ 2 ]. Although the fundamental biology of the 
infl ammatory response suggests that macrophage-
mediated clearance of apoptotic infi ltrating neutro-
phils may be crucial in triggering anti-infl ammatory 
and proresolving signals, direct evidence support-
ing this concept in vivo is lacking. Recently, Wan 
and co-workers demonstrated that clearance of 
apoptotic (efferocytosis) in the ischemic myocar-
dium through activation of myeloid-epithelial-
reproductive tyrosine kinase (Mertk) in myeloid 
cells promotes resolution of infl ammation protect-
ing from adverse remodeling [ 74 ].   

16.3.8     Mononuclear Cell Subsets 
as Negative Regulators 
of Infl ammation Following 
Myocardial Infarction 

16.3.8.1     Inhibitory Monocytes/
Macrophages in Resolution 
of Infl ammation 

 Two main subsets of monocytes have been identi-
fi ed in mice: (1) a subpopulation of Ly6C hi  pro- 
infl ammatory monocytes that exhibit high levels 

of the CC chemokine receptor CCR2 and low 
level of expression of the fractalkine receptor, 
CX3CR1 (Ly6C hi  CCR2  hi  CX3CR1 low ); (2) a sub-
set of Ly6C low CCR2 low/neg CX3CR1 hi  resident 
monocytes. Following myocardial infarction, 
early induction of CCR2 ligands (such as  MCP- 1) 
recruits the proinfl ammatory Ly6C hi  cells into the 
injured site; these cells secrete infl ammatory cyto-
kines and phagocytose dead cells and debris [ 53 ]. 
Inhibiting Ly6C hi  monocytes infi ltration into the 
infarcted has been suggested as a promising thera-
peutic strategy to suppress the infl ammatory 
response in healing myocardium [ 75 ,  76 ]. 
However, attenuation of pro-infl ammatory mono-
cyte infi ltration may delay phagocytotic removal 
of dead cardiomyocytes. CX3CR1 (+) monocytes 
also infi ltrate the myocardium and may play a 
reparative role; however, the mechanisms of their 
recruitment are poorly understood [ 77 ]. In human 
patients, CD16- monocytes have the same proin-
fl ammatory character as murine Ly6C hi  cells. 
Recently, the presence and localization of 
CD14 + CD16− and CD14 + CD16+ monocyte 
subsets was studied in human AMI [ 78 ]. In the 
infl ammatory phase after AMI, CD14+ cells were 
identifi ed in the infarct border zone, adjacent to 
cardiomyocytes, and consisted predominantly of 
CD14 + CD16− cells. In contrast, during the pro-
liferative phase, the infi ltrate of CD14+ cells was 
localized mainly in the infarct core, and contained 
about 60 % CD14 + CD16− cells and 40 % 
CD14 + CD16+ monocytes. Further clinical data 
have demonstrated that circulating proinfl amma-
tory CD14+/CD16- cells exhibit an early peak in 
patients with ST elevation myocardial infarction 
and are negatively correlated with recovery of 
function 6 months after the acute event [ 79 ]. 

 In response to the dynamic alteration in cyto-
kine and growth factor expression in the infarct, 
the infi ltrated monocytes undergo phenotypic 
changes. Upregulation of macrophage-colony 
stimulating factor induced monocyte to macro-
phage differentiation [ 56 ]. Macrophages can 
secrete inhibitory mediators to suppress infl am-
mation during resolution of post-infarction heal-
ing. On the other hand, as they phagocytose 
apoptotic cells, macrophages acquire pro- 
resolving properties secreting anti-infl ammatory 
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mediators. In a somewhat simplifi ed classifi ca-
tion, macrophages are classifi ed into pro- 
infl ammatory M1 and inhibitory/reparative M2 
subsets. In the healing infarct, M1 macrophages 
are abundant during the fi rst 3 days after AMI, 
whereas M2 macrophages represented the 
 predominant macrophage subset after 5 days [ 80 ].   

16.3.9     Regulatory T Cells 
in Resolution 
of Infl ammation 

 Subpopulations of T cells with suppressive 
 properties (such as regulatory T cells/Tregs) may 
also be involved in negative regulation of post- 
infarction infl ammation. Recent evidence sug-
gested that Tregs infi ltrate the infarcted heart and 
may play an important role in suppression of post-
infarction infl ammation, ameliorating pathologic 
cardiac remodeling [ 81 ,  82 ]. Chemokine receptor 
CCR5 null mice exhibited reduced myocardial 
infi ltration with Tregs, associated with increased 
infl ammation after myocardial infarction, indicat-
ing that Tregs may play a role in suppression of 
postinfarction infl ammation [ 81 ]. Recently, Tang 
and his coworker [ 82 ] demonstrated that in rats 
undergoing infarction protocols, cell therapy with 
Tregs improved cardiac function. In addition, 
infi ltration of neutrophils, macrophages and lym-
phocytes and expression of TNF-α and IL-1β 
were also signifi cantly decreased in the rats that 
received Tregs. Take together, those data demon-
strate that Treg cells may serve to protect against 
adverse ventricular remodeling and may contrib-
ute to improve cardiac function after myocardial 
infarction via inhibition of infl ammation, or direct 
 protection of cardiomyocytes.  

16.3.10     Formation of Granulation 
Tissue in the Healing Infarct 

16.3.10.1     Myofi broblast Activation 
in Infarct Healing 

 In adult mammalian hearts, fi broblasts are the 
most abundant non-cardiomyocytes located in 
the interstitial and perivascular space. In normal 

hearts, the resident fi broblasts play a role in main-
tenance the homeostatic of extracellular matrix 
network. During the proliferative phase of myo-
cardium healing, fi broblasts undergo  dramatic 
phenotypic changes, exhibiting high proliferative 
activity, increased migration through the provi-
sional matrix network of the infarct, conversion 
into myofi broblasts (Fig.  16.5 ) through expres-
sion and incorporation of contractile proteins 
in the cytoskeleton, and increased synthesis of 
both structural and matricellular extracellular 
matrix proteins [ 83 ]. Mechanical tension, TGF-β 
and altered extracellular matrix composition 
are responsible for myofi broblast conversion. 
Activated myofi broblasts in the healing infarcts 
produce large amounts of extracellular matrix 

  Fig. 16.5    Myofi broblasts infi ltrating the infarcted mouse 
heart (1 h ischemia/72 h reperfusion) are identifi ed as 
α-smooth muscle actin (α-SMA)-positive spindle shaped 
cells located outside the media of vessels ( arrows ). 
Vascular smooth muscle cells are also labeled through 
α-SMA staining ( arrowheads )       
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proteins (such as collagens and fi bronectin) [ 84 ]. 
Myofi broblasts also deposit matricellular pro-
teins, thus modulating cytokine and growth fac-
tor signaling, and regulate matrix metabolism by 
expressing MMPs and their inhibitors.

   Animal model studies have suggested prom-
ising new approaches that may prevent adverse 
remodeling following myocardial infarc-
tion by targeting fi broblast functions [ 85 ]. 
Limiting fi broblast-mediated infl ammatory and 
matrix- degrading activity by using IL-1 inhi-
bition, or blocking fi brogenic growth factor-
mediated  cascades, such as TGF-β1/Smad3 
signaling or FGF-2 may attenuate remodel-
ing and  dysfunction of the infarcted heart [ 86 , 
 87 ]. Targeting fi broblasts may also provide 
an  effective tool to inhibit arrhythmogenesis. 
Evidence suggests that conversion of fi broblasts 
into myofi broblasts during the proliferative 
phase is associated with generation of arrhyth-
mias [ 88 ]. However, it should be noted that 
pharmacological disruption of fi broblast func-
tion may have adverse consequences because 
of the potential interference with scar forma-
tion. While excessive matrix deposition in the 
infarcted heart causes diastolic dysfunction, 
exaggerated matrix degradation may induce 
chamber dilation and systolic dysfunction. 
Thus, caution is needed when targeting fi bro-
blast-mediated matrix deposition to selectively 
target excessive fi brosis, while avoiding matrix 
loss that may have catastrophic consequences 
on cardiac geometry and function.   

16.3.11     Infarct Angiogenesis 
for Myocardial Healing 

 Wound healing is associated with intense angio-
genesis that serves to provide oxygen and nutri-
ents to the metabolically active cells of the 
healing wound. Angiogenic growth factors are 
expressed in the ischemic heart where they may 
stimulate vascular formation promoting cardiac 
repair. bFGF and Vascular Endothelial Growth 
Factor (VEGF) are induced and released during 
the fi rst few hours following myocardial isch-
emia and may mediate neovessel growth [ 32 ]. 

Hypoxia-Inducible Factor (HIF)-1α, an upstream 
initiator of ischemia-induced angiogenesis, is 
also expressed by cardiomyocytes, endothelial 
and infl ammatory cells early after myocardial 
infarction [ 89 ]. HIF-1α activation induces VEGF 
expression and release, playing an important role 
in mediating endothelial sprouting in the healing 
infarct [ 90 ]. Several other mediators, such as the 
angiopoietins and members of the chemokine 
family are also capable of modulating angiogen-
esis, and may participate in the complex process 
of neovessel formation following myocardial 
infarction [ 33 ,  91 ].   

16.4    The Maturation Phase 

 As a matrix network comprised of mature cross- 
linked collagen is formed, signals inhibiting 
fi brosis are activated and mark the transition to 
the maturation phase of infarct healing. The 
 pathways involved in suppression of the fi brotic 
response are poorly understood and may involve 
a wide of range of signals implicated in suppres-
sion of growth factor signaling. Fibroblasts in the 
mature scar become quiescent and may undergo 
apoptosis as they become deprived of key pro- 
survival signals transduced through matricellular 
proteins and fi brogenic growth factors. Moreover, 
the infarct vasculature matures, as infarct neoves-
sels acquire a coat comprised of pericytes [ 92 ]. 
During the proliferative phase of healing, a rich 
network of capillaries is formed along with 
enlarged pericyte-poor “mother vessels” [ 93 ]. As 
the vasculature matures, some infarct neovessels 
are coated with pericytes, whereas uncoated ves-
sels regress [ 94 ]. 

16.4.1     Targeting the Infl ammatory 
and Reparative Response 
in Myocardial Infarction 

 Despite growing understanding of the role of 
infl ammatory mediators in cardiac repair, imple-
mentation of strategies targeting infl ammation in 
patients with AMI has not been successful. Early 
application of broad anti-infl ammatory strategies 
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(such as corticosteroids) in AMI patients had del-
eterious effects [ 95 ], suggesting the need for 
selective anti-infl ammatory approaches to 
achieve effective suppression of harmful effects 
without interfering with the reparative response. 
In the 1980s and 1990s a large amount of experi-
mental evidence suggested that infl ammation 
may extend acute ischemic injury and that target-
ing specifi c infl ammatory pathways may mark-
edly reduce the size of the infarct. Antibody 
neutralization approaches in large animal models 
identifi ed integrin inhibition as a highly promis-
ing and effective strategy in reducing infarct size 
following ischemia and reperfusion [ 50 ]. These 
studies generated great enthusiasm about the 
potential use of anti-infl ammatory strategies in 
patients with AMI. Unfortunately, translation of 
this highly promising concept in human patients 
has been unsuccessful, as three small clinical tri-
als targeting β2 integrins in human patients did 
not show benefi cial effects [ 51 ]. Approaches 
 targeting other key infl ammatory mediators were 
equally disappointing. A large clinical trial tar-
geting the complement system, a pathway critical 
in activation of the post-infarction infl ammatory 
reaction failed to protect patients undergoing per-
cutaneous interventions for AMI [ 13 ]. In recent 
years the development and availability of geneti-
cally manipulated mice showed that, in most 
cases, attenuation of infl ammation does not sig-
nifi cantly affect the size of the acute infarct [ 36 , 
 37 ,  48 ], challenging the early pharmacologic 
studies. However, the apparent disconnect 
between animal experimentations and clinical 
investigations had a lasting effect on the fi eld and 
dampened enthusiasm about the potential useful-
ness of approaches targeting the infl ammatory 
reaction in patients with AMI. This is unfortunate 
because the critical role of key infl ammatory cas-
cades in post-infarction remodeling has not been 
exploited therapeutically. 

 How should we proceed to translate our 
knowledge on the reparative response following 
myocardial infarction into therapy for patients 
with AMI? Successful translation requires 
understanding the fundamental biology of the 
reparative response and insights into the com-
plexities and pathophysiologic heterogeneity of 

the  clinical context. Unlike animal models, AMI 
in human patients is characterized by a wide 
range of pathophysiologic responses, dependent 
on characteristics of the patient (age, gender, 
genetic profi le, etc.) and the disease (pattern of the 
disease, presence or absence of comorbidities). 
There is a need for development of biomarker- 
based strategies to identify patient subpopula-
tions with distinct pathophysiologies. Overactive 
infl ammation induces matrix degradation in the 
myocardium, causing chamber dilation and sys-
tolic dysfunction. On the other hand, accentuated 
pro-fi brotic signaling is associated with exces-
sive matrix deposition and diastolic dysfunction. 
The association between persistent elevations 
of  pro- infl ammatory chemokines in the serum 
of patients with acute coronary syndromes and 
increased mortality may refl ect the adverse con-
sequences of prolonged infl ammation on cardiac 
remodeling [ 96 ]. These patients may benefi t from 
treatment with anti-MCP-1 or anti-IL-1 agents 
(such as anakinra) [ 86 ]. On the other end of the 
spectrum, certain patient subpopulations (such as 
diabetics) develop post-infarction heart failure in 
the absence of signifi cant dilation [ 97 ], predomi-
nantly associated with diastolic dysfunction [ 98 ]. 
The pathologic changes observed in these indi-
viduals may refl ect activation of the pro-fi brotic 
TGF-β/Smad axis. These patients may benefi t 
from cautious inhibition of Smad signaling.   

   Conclusion 

 The recent focus of the cardiovascular commu-
nity on cardiac regeneration following infarc-
tion has raised hopes for the development of 
effective therapies that stimulate new cardio-
myocyte growth. Much like the past experi-
ence with anti- infl ammatory strategies, cell 
therapy approaches demonstrated impressive 
effectiveness in animal models; however, clini-
cal investigations have been much less encour-
aging. The fi eld has moved from the early 
notion that cell therapy can induce myocardial 
regeneration to the concept that cells can be 
used as tools for modulation of the infl amma-
tory or reparative response. Eventually, growth 
in our understanding of the biology of progeni-
tor cells will lead to effective and practical 
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approaches to regenerate the heart. This effort 
will likely require decades of work and may be 
a long journey through failed attempts and 
occasional successful experiences. There is no 
doubt however, that understanding of the 
endogenous reparative response will remain 
critical for successful implementation of 
regenerative strategies.     
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    Abstract  

  “Re-modelling” implies changes which result in the re-arrangement of 
normally existing structures. The present review focuses only on perma-
nent modifi cations in relation to clinical dysfunction in cardiac remodel-
ling (CR) secondary to myocardial infarction and/or arterial hypertension, 
and includes a special chapter on the senescent heart, since it is mainly a 
disease of the elderly. 

 From a biological point of view CR is determined by (i) the general 
process of adaptation which allows both the myocyte and the collagen 
network to adapt to new working conditions; (ii) ventricular fi brosis, i.e. 
increased collagen concentration, which is multifactorial and caused by 
ischemia, senescence, diabetes, various hormones and infl ammatory pro-
cesses; (iii) cell death, a parameter linked to fi brosis, is usually due to 
necrosis and apoptosis, and occurs in nearly all models of CR. 

 The process of adaptation is associated with various changes in genetic 
expression, including a general activation which causes hypertrophy, iso-
genic shifts which result in the appearance of a slow isomyosin and a new 
Na + , K +  ATPase with a low affi nity for sodium, reactivation of genes 
encoding for ANF and the renin-angiotensin system, and a diminished 
concentration of SERCA, -adrenergic receptors and the K +  channel 
responsible for I to . 

 The senescent heart is a remodelled heart sharing many similarities 
with cardiac hypertrophy in the compensated state. Nevertheless, the phe-
notype of these two remodelled hearts differs in some crucial points. The 
senescent heart is indeed much more fi brotic and arrhythmogenic, and has 
several specifi cities. 
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   Abbreviations 

  ANF    Atrial natriuretic factor   
  AP    Action potential   
         ATPase of the Sarcoplasmic Reticulum   
  BNP    Brain-natriuretic factor   
  CR    Cardiac remodeling   
  EC    Endothelial cells   
  ECG    Electrocardiogram   
  HF    Heart Failure   
  HYP    Hypertrophy   
  LV    Left ventricular   
  MI    Myocardial infarction   
  MMPs    Matrix Metalloproteinases   
  NYHA    New York Heart Association   
  PP    Phenotypic plasticity   
  QT    QT interval duration   
  SERCA       Sarcoplasmic reticulum calcium ATPase   
  TIMP    Tissue Inhibitors of MMP   

17.1          Defi nitions 

 Re-modelling qualifi es changes which result in 
the re-arrangement of normally existing struc-
tures. The above-defi nition includes gestational 
and developmental aspects, and also the so-called 
physiological cardiac hypertrophy which follows 
intensive exercise. Cardiac remodelling, (CR), 
concerns the two components of the cardiovascu-
lar system, namely the coronary vessels and the 

myocardium itself. In current practice myocar-
dium remodelling is mainly utilised to describe 
the changes in cardiac structures that followed 
myocardial infarction, (MI.) The word was subse-
quently extended and used to qualify a variety of 
conditions including pure mechanical overload, 
as well as hypertensive, valvular cardiopathy, 
familial hypertrophic and dilated cardiomyopa-
thy. Transgenic manipulations [ 1 ], experimental 
or clinical hormonal infl uence (i.e. due to thy-
roxin, angiotensin II, or aldosterone) [ 2 ] are also 
able to remodel the myocardium. CR is, at least in 
part, a reversible process. This has considerable 
links to clinical and basic pharmacology and has 
been extensively reviewed [ 2 – 11 ]. 

 CR is triggered by mechanical stretch; never-
theless after myocardial ischemia there are also 
several different factors including the changes 
directly induced by ischemia, diabetes, obesity, 
senescence, hormones and vasoactive peptides, 
which can modify the consequences of the 
mechanical factor. Currently, the most common 
clinical situation during which remodelling is 
known to occur is a rather complex biological 
mixture of stretch due to mechanical overload, 
aging, myocardial ischemia, stress due myocar-
dial scar and increased plasma levels of hor-
mones or vasoactive peptides. An additional 
factor has to be listed, namely the unknown sig-
nal which provides to the heart the information 
concerning the amount of substance which has 
been lost after a MI.  

 From a clinical point of view, fi brosis is for the moment a major marker 
for HF, and a crucial determinant of myocardial heterogeneity, increasing 
diastolic stiffness, and the propensity for reentry arrhythmias. In addition, 
systolic dysfunction is facilitated by slowing of the calcium transient and 
the down-regulation of the entire adrenergic system. Modifi cations of 
intracellular calcium movements are the main determinants of the trig-
gered activity and automaticity which cause arrhythmias and alterations in 
relaxation.  

  Keywords  

  Cardiac remodeling   •   Cardiac torsion – Cardiocytes      Cardiac hypertrophy   • 
  Laplace law   •   Initial shortening velocity   •   Muscle economy   •   Adaptation    
  Senescent heart   •   Myocardial fi brosis  
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17.2    Cellular Remodeling 

 The fi rst demonstration that, in adults, cardiac 
myocytes (Fig.  17.1 ) hypertrophy (HYP) and 
cardiac non-muscular cells both hypertrophy and 
divide by mitosis in response to cardiac overload 
was made using thymidine-labelling in the labo-
ratory of Murray Rabinowitz and Radovan Zak 
[ 3 ]. This fi nding provided the basis for the gen-
eral belief that postnatal growth of cardiocytes 
occurs through myocyte hypertrophy, and that 

cardiac myocytes are terminally differentiated 
cells which are unable to re-enter the cell cycle. 
In contrast, in the non muscle cells, which include 
both fi broblasts and endothelial cells (EC), a 
hyperplastic component persists. Then during 
mechanical overloading the heart hypertrophies 
and this process is due to cardiocyte HYP. This 
was the credo in cell cardiology during 30 years 
despite the repeated observations of rare mitotic 
fi gures and several polyploid cardiocytes, mainly 
in very bulky human hearts (references quoted in 
Ref. [ 6 ]). These mitotic images do not necessar-
ily mean that cardiocytes multiply; there are 
many other explanations, nevertheless the above- 
credo remains alive for many years.

   A second thesis was supported since a long 
time by the group of Piero Anversa [ 12 ] 
(Fig.  17.2 ). According to Anversa cardiocytes 
remain able to multiply during all their life and 
are still capable to regenerate, even in old persons. 
In addition, there are a substantial amount of stem 
cells within the heart and these stem cells remain 
active in adult and even in aged hearts, which may 
have practical consequences for regenerative sur-
gery. A technological revolution has recently 
bring strong support to this view, the retrospective 
C 14  cellular birth dating. Surprisingly such a revo-
lution was due to the Cold War and the nuclear 

  Fig. 17.1    Electron micrograph of an isolated adult 
cardiocyte       

Normal heart

Hypothesis N°2

Hypothesis N°1

Mitotic images

In both hypothesis
non muscular cells
(vascular & fibroblasts)
hypertrophy and proliferate

  Fig. 17.2    The two 
hypothesis concerning the 
role of cardiocyte 
 hypertrophy. Hypothesis N°1 
is from Zak and Rabinowitz’s 
Group [ 3 ] hypothesis N° 2 is 
that of Anversa et al. [ 12 ]       

 

 

17 Pathways to Cardiac Remodeling



302

bomb [ 13 ,  14 ]. Before the Cold War the atmo-
spheric radioactive C 14  concentration was very 
low and stable. In 1963, the occurrence of nuclear 
assays acutely enhanced this concentration. In 
1970, nuclear assays stopped which results in an 
exponential decay in atmospheric concentration 
in the isotope. C 14  is found in every tissue of indi-
viduals born after this date [ 13 ] and it is therefore 
possible to quantitate the turn-over of a given cat-
egory of cells providing the method to quantitate 
the radioactive compound is sensitive enough. 
The group of Anversa was able to measure the 
turn-over of cardiocytes on human hearts and 
found that, approximately, the age of these cardio-
cytes was 8 months in children, 8 years in adults 
and 2 years and a half in aged persons. The con-
clusion was that the turn-over rate of aged cardio-
cytes is accelerated (probably by the increased 
aortic impedance that causes an impedance 
mechanical overload in aged hearts, see below 
[ 15 ]). In addition, they found that, between the 
age of 20 and 80 years cardiocytes, EC and fi bro-
blasts of the myocardium were respectively 
replaced 8, 6 and 8 times. Mechanical overload 
enhances this turn-over rate.

   Cardiocyte HYP is the result of a sarcomeric 
reorganisation. Dilation of the heart is associated 
with myocyte lengthening mediated by the genera-
tion of new sarcomeres in series. The result is a pro-
nounced enhancement of the length/width ratio of 
the myocytes. The same phenomenon is observed 
in the rat 2 or 6 days after birth. This would suggest 
that during CR a foetal gene program involving acti-
vation of the cytoskeletal proteins is initiated which 
regulates the overall shape of the myocyte by pref-
erentially directing lengthening of the cell. In con-
trast, HYP of cardiocytes is the result of the addition 
of new sarcomeres in parallel. Such a hypothesis is 
favoured by the observation made by J.-L. Samuel 
et al. showing a reversible rearrangement of the 
microtubular network during the early stage of car-
diac overload [ 16 ]. 

17.2.1    Anatomical Remodeling 

 The current belief that the heart is a sphere or a 
rugby balloon, is against evidence. The human 
heart and the bird heart, are more like a mop and 

hypertrophy or dilatation are not simply an exag-
geration of the balloon structure but have also 
modifi ed the structure of the mop. Ventricles do 
not contract homogeneously; during contraction 
the apex does not move despite the fact that it is 
free, while the basis, that is attached, is moving 
periodically up and down. The diastolic fi lling 
cannot be explained using the balloon image and 
requires a model in which fi lling is an active pro-
cess and this is the case in such a model: In 
Spain, an anatomist named F. Torrent-Guasp 
provided the response by showing that in fact the 
ventricular myocardium is constituted by a sin-
gle contractile band that is submitted during 
embryogenesis to several modifi cations. The 
fi nal result is a double helix structure of the ven-
tricles [ 17 ,  18 ]. It is possible to quantify the tor-
sion of the heart [ 19 ], but such a measure is not 
routinely performed despite the fact that this 
likely to provide a better estimation of myocar-
dial performance than the classical ejection 
fraction. 

 The contractile band is unique and begins 
below the pulmonary artery and then takes a 
rightward direction to form the right ventricle, 
the posterior wall of the left ventricle, followed 
by the descending and the ascending fi bers of 
the left ventricle to end as an apical loop; the 
subepicardium becomes subendocardium dur-
ing the formation of the loop [ 17 ,  20 ]. CR 
strongly modifi es the “mop” structure of the 
heart, especially during dilatation. Fibers pro-
gressively lose their helicoidal shape by becom-
ing parallel which per se will seriously impair 
the contractile performance. The mop effect is 
also strongly attenuated by fi brotic bands and 
the loss of homogeneity [ 17 ]. 

 The increase in left ventricular (LV) mass and 
volume is accompanied by a change in the shape 
of the ventricle. If the process is triggered by a 
MI, the remodelling is asymmetric and is associ-
ated with infarct expansion. Early ventricular 
remodelling following coronary occlusion is 
dominated by infarct expansion which is an acute 
dilation caused by death and slippage of the myo-
cytes; it dramatically alters ventricular volume 
and geometry. 

 Ventricular remodelling after MI is the result of 
infarct expansion and volume-overload  hypertrophy 
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of non-infarcted myocardium. Later on CR is 
 associated to additional enlargement and sphericity 
of the ventricle, a decrease in stroke volume and 
impaired diastolic fi lling [this aspect of remodeling 
has been developed in 7]. Systolic impairment 
 secondary to the loss of contractile material results 
in an increased end-systolic  volume, an increased 
 cardiac size and a  secondary augmentation of the 
diastolic fi lling pressure and distensibility. As the 
fi brosis increases, the  distensibility decreases result-
ing in an increase in diastolic pressure and volume. 
Peripheral mechanisms including vasoconstriction 
subsequently increase both preload and afterload; 
this produces an increased wall stress and a progres-
sive thinning of the area. Simultaneously in non-
infarcted segments, elevation of the end-diastolic 
stress causes volume- overload HYP which tends to 
normalise the wall stress according to Laplace’s 
law. The extent and location of the infarction, ther-
apy or associated diseases, may considerably mod-
ify remodelling [ 21 ]. Ventricular HYP remains 
symmetric and concentric when the cause of CR is 
pressure overload due to arterial hypertension or 
aortic stenosis, by contrast volume overload creates 
dilatation and renders the fi bers more parallel and 
attenuates the loop structure [ 7 ]. 

17.2.1.1     Physiological Mechanisms 
of Adaptation 

 In every organ or organism, the so-called “pheno-
typic plasticity” is a general mechanism widely 
utilized in nature to adapt organs to new environ-
mental conditions [ 8 ,  22 ]. In muscle physiology, 

biological adaptation is an evolutionary process 
by which an organ structure, i.e. the structure of a 
muscle is modifi ed to obtain a thermodynamic 
status adapted to the new mechanical conditions. 
Skeletal or cardiac muscles are equally “plastic” 
and equally capable to adapt to changes in 
chronic loading conditions by both increasing the 
contractile mass and modifying their maximum 
shortening velocity. In terms of economy, the 
myocardium is slightly continuously different 
from the skeletal muscle: (i) it has indeed to 
 contract day and night and then requires a highly 
effi cient oxygen-dependent source of energy as 
mitochondria; (ii) it has a more or less “spheric 
shape” as already described, and as such respond 
to the Laplace law (Fig.  17.3 ).

   In the heart, changing loading conditions, for 
example during pressure overload after aortic ste-
nosis, is just like increasing the load on a skeletal 
muscle fi ber (or the load on a car). To maintain 
contraction (or, for the car, to pursue the trip), the 
cardiac contraction velocity becomes slower (the 
driver has to slow his car), and, in the same time, 
the muscle economy (the amount of work per 
mol of Adenosine Tri-Phosphate, ATP) drops [ 5 ]. 

 This adaptation process begins very rapidly 
and is dominated by several changes in genetic 
expression which allow the heart to recover a 
normal economy and to maintain a normal con-
traction for a long period of time. Quantitative 
modifi cations lead to cardiac hypertrophy, and, 
according to Laplace’s law, will normalise the 
wall stress (Fig.  17.3 ). Simultaneously,  molecular 

Surface of the section

P

P

h

Surface = πr2
Wall stress = P x r/(2h)

  Fig. 17.3    The Laplace law: dilatation of the heart requires hypertrophy to maintain a normal wall stress       
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changes will allow the myocardial fi bre to 
 contract more slowly and to recover a normal 
economy by having a lower maximum shortening 
velocity, Vmax (see further) [ 5 ]. The permanent 
changes in genetic expression simultaneously 
have, even at the beginning, both benefi cial 
effects in terms of muscular economy and detri-
mental, or even useless, consequences. Heart 
Failure, (HF), when it occurs, indicates the limits 
of the process of biological adaptation. 

 Such a change in the phenotype is the same in 
a variety of conditions, including foetal develop-
ment, volume and pressure-overload, senescence 
or hypothyroidism. The same programme is 
always used simply because this is the only 
developmental program available in the heart; (   in 
contrast, in the skeletal muscle, two programs are 
available, a foetal and an embryonic program, 
they both are re-expressed during mechanical 
overload [ 23 ]).   

17.2.2    Cardiac Hypertrophy 

 Cardiac HYP enables the heart to adapt the new 
working conditions by both multiplying the con-
tractile units and reducing the wall stress accord-
ing to Laplace’s law. The activation of protein 
synthesis is a rapid and rather homogeneous phe-
nomenon, it belongs the foetal reprogramming as 
well, and, for example, the fi rst signs of an acti-
vated synthesis can be observed within half an 
hour after banding the aorta of a rabbit [ 4 ] 
(Tables  17.1  and  17.2 ). Others have shown that 
total protein, myosin, myoglobin, and collagen 

synthesis, were activated after 3 h of increased 
aortic pressure. The accumulation of total 
 proteins or myosin is due to an increased rate of 
synthesis, nevertheless the rate of degradation is 
also augmented in parallel; such a paradoxical 
wasting effect is a general feature in protein 
metabolism [references in  6 ].

     Table 17.1    Energy transmission in cardiac mechanical overload expressed in calories per gram (heat produced)   

 Type of heat  Origin 
 Variation in 
hypertrophy (%) 

 During contraction  Initial heat  Sliding process  −54 a  
 Ca movements  −60 a  

 After contraction  Recovery heat  Mitochondrial activity  −20 
 Permanent survival of the tissue  Resting heat  Ionic milieu and synthesis activity  −1 

  Changes in contractile activity  
 Force (N/mm 2 )  Force-time integral  +17 a  

 Shortening velocity  −48 a  

  This schematic view has been rearranged from the different data published by N. Alpert 
  a Highly signifi cant  

     Table 17.2    The fetal reprogramming in cardiac 
overload   

 Changes in gene expression  Consequences 

 Global increase in gene 
expression 

 Hypertrophy and 
normalization of wall 
stress 

 Activation of microRNAs 
(non coding) 

 Fine tuning of the foetal 
program 

  Genes induced or re-expressed  
 Increased expression of 
beta myosin heavy chain, 
ANF and BNP, neuronal 
NO synthase and 
caveoline; anaerobic 
switch (LDH-M, CK-B) 

 Decreased myosin ATPase 
and Vmax; decreased 
exercise performances, 
better recovery period 

 Increased Economy 

 Increased alpha-3 subunit 
of Na-K-ATPase 

 Decreased Na affi nity 

 Increased genes coding the 
apoptotic pathway 

 “Eat-me” signal occurs at 
the early beginning after 
an overload 

  Genes expression blunted  (the concentration of the 
corresponding protein diminishes) 
 Ca-ATPase of SR 
(SERCA2), early transient 
K current It0, alpha 
myosin heavy chain; 

 Increased action potential 
duration and relaxation 
time 

 Beta-1 adrenergic and 
muscarinic receptor 

 Decreased contractility 
during exercise 

 Myoglobin  Participates in the 
anaerobic switch 
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17.2.2.1       Thermodynamic Adaptation 
 In order to quantitate the economy of a system, it 
is necessary to measure the mechanical perfor-
mance indices such as force, or force/time inte-
grals, or work (economy is then termed effi ciency) 
and the corresponding energy fl ux. The energy 
fl ux can be quantitated by measuring ATP, or 
oxygen consumption, or heat production (the 
heat production is an index of economy accord-
ing to the second Carnot principle in thermody-
namic, see [ 5 ] for further explanations). A major 
technical progress was made following the inven-
tion of a microthermopile which allowed 
N. Alpert’s group to measure heat production on 
a rabbit papillary muscle as well as in strips of 
human cardiac muscle on a beat-to-beat basis. 

 The heart, as any other muscle, utilizes energy: 
(i) for the simple survival of the tissue, such as 
protein synthesis and ion movements (“resting 
heat”); (ii) resynthesis of the high-energy phos-
phate stores which mainly occurs in mitochon-
dria, but can depend on the anaerobic glycolytic 
pathway during ischemia (“recovery heat”); (iii) 
contraction (“initial heat”), including ATP hydro-
lysis for cross-bridge cycling (“tension- dependent 
initial heat”), and excitation-contraction coupling 
(“tension-independent initial heat”) (Table  17.1 ). 

 The fundamental process of adaptation which 
occurs during mechanical overload, both in 
human and in experimental models, includes a 
slowing of Vmax with a diminution of the heat 
produced per g of active tension during contrac-
tion. Both the resting and recovery heats remain 
unchanged. Special experimental protocols allow 
one to partition heat produced by the sliding pro-
cess, from that produced by the movement of cal-
cium and the activity of the different calcium 
pumps. Both systems are used during contraction 
and both function more economically during car-
diac HYP in animal models and in end-stage HF 
in humans [ 5 ]. 

 To conclude: (i) the reduction in Vmax is the 
main basic process responsible for myocardial 
adaptation to mechanical overload. 
Thermodynamic data has suggest that this reduc-
tion is due to a decreased recruitment of myosin 
cross-bridges. Such modifi cations already exist 
in the compensated stage. (ii) In sharp contrast 

with the current bedside opinion, the diminution 
of Vmax (the initial shortening velocity, which is 
also the maximum shortening velocity and is 
obtained by extrapolation of the shortening 
velocity/load curve) has a benefi cial event at least 
at the myofi ber level, since it allows the cardiac 
fi ber to contract at a normal energy cost. 
Nevertheless at the organ level the diminution of 
Vmax is also the fi rst step which will fi nally lead 
to a decrease in cardiac output and fi nally to fail-
ure. (iii) Perturbed mitochondrial oxidative phos-
phorylation or anaerobic energy metabolism are 
both unlikely candidates to cause HF since the 
“recovery heat” remains unchanged (despite a 
non statistically signifi cant 20 % decrease) even 
during end-stage HF in dilated cardiomyopathy. 
Hence, investigations concerning the adapta-
tional process have to focus on energy utilisation 
rather than energy production (Table  17.1 ).    

17.3    Molecular Remodeling 

 The necessary foetal reprogramming is directly 
triggered by the mechanical effect; mechano-
transduction is a general evolutionary process 
which exists also in plants and fi nally results in 
foetal reprogramming. There are several clinical 
tools that allow the clinician to fully appreciate 
this mechanism. 

17.3.1    The Foetal Reprogramming 

 The foetal program is the only alternative avail-
able for the myocardium, and, by chance (!), it 
allows the muscle to have a slower maximum 
shortening velocity (Vmax, the shortening veloc-
ity for an unloaded muscle) which will improve 
economy and, from a thermodynamic point of 
view, allows the adaptation process to occur. The 
foetal program includes the reprogramming of 
genes that have been expressed during the foetal 
life and were blunted during adulthood, as the 
isomyosin shift. The shift results in the expres-
sion of the slow form of isomyosin, the beta iso-
myosin with a low ATPase that corresponds to 
the slow maximum contractile velocity, Vmax 
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[ 24 ]. It also includes both the reactivation of a 
program still expressed during normal adulthood 
as synthesis of the collagen and contractile pro-
teins (that fi nally causes cardiac hypertrophy), 
and the non activation of genes that are not acti-
vated in the foetus, which will result in a diminu-
tion of the concentration (per g of tissue) of the 
corresponding protein, a receptor for example. 
They include genes encoding the beta adrenergic 
receptors, some potassium channels (see follow-
ing paragraph) and the calcium activated ATPase 
of the Sarcoplasmic Reticulum, SERCA [ 25 ]. 
The changes in SERCA were not the only modi-
fi cations in membrane proteins that were respon-
sible for the adaptation of the intracellular 
calcium movements, others exist (see Table  17.2 ).  

17.3.2     Mechanosensation 
and Mechanotransduction 

 The myocardial cells are able to sense mechani-
cal stimuli and, by so-doing, to reactivate the 

 foetal program. The so-called mechanosensation 
allows mechanical stimuli to stimulate nuclear 
sensors (Fig.  17.4 ). Some of these transcription 
factors were already identifi ed as factors used 
during normal development or after hormonal 
induction. Others have been recently discovered 
including various kinases but also various 
microRNAs which may, potentially, have a clini-
cal interest, in other disease states they can cur-
rently be measured in the blood.

   Several groups have evidenced that numerous 
microRNAS are able to promote HYP and that it 
is possible to inhibit the hypertrophic process 
either by using transgenic knock-out of 
microRNA genes or by using specifi c 
“antagomirs”. In addition one group has shown 
an increased expression of dozen of microRNA 
after cardiac overloading. Interestingly the 
microRNAs that were overexpressed were the 
same described during cardiac development 
which represents a new argument in favor of the 
foetal reprogramming. It is generally accepted 
that microRNAs do not control the general 

Mechanical stress

Fine tunning by microRNAs [2]

Thermodynamic adaptation

Slowing of Vmax

Normalisation of economy [3]

External membrane

Reexpression of fœtal programme [3]

Mecanotransduction

- Activation of various kinases and proteases

- Then activation of foetal transcription factors

Mecanosensation

- Membrane proteins

- Z line proteins

- Ionic channels

(1) Nature 2010, 466, 62
(2) Circulation 2007, 116, 258
(3) Physiol Rev 1999, 79, 215

Chromatin remodeling by Brg -1 [1]

  Fig. 17.4    Mechanosensation and mechanotransduction       
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 process of adaptation but constitute a sort of fi ne 
tuning of the gene expression in this condition 
[ 26 – 28 ].  

17.3.3     Clinical Markers 
of Reprogramming 

 Two markers are easily available: the plasma lev-
els of the atrial natriuretic factor, ANF, or the 
brain-natriuretic factor, BNP, and the QT internal 
duration (QT). 

 ANF has been discovered by Hatt in 1976 
[ 29 ]. It forms small grains in normal atria and is 
physiologically regulated by water availability. 
Mechanical overload induces the ventricular 
expression of genes coding for ANF and is 
responsible for the enhanced plasma levels of 
ANF. BNP is normally expressed in both atria 
and ventricles and mechanical overload also 
enhances its plasma level of BNP is a more sensi-
tive biomarker for mechanical overload and has 
now been widely adopted by clinicians. An 
enhanced level of BNP indicates cardiac over-
load and,  stricto  sensu, is not a marker of HF as 
generally believed.  Stricto  sensu, the defi nition of 
HF is indeed purely functional and does not 
include an elevated plasma level of BNP 
(or ANF). 

 Another, frequently forgotten, direct marker 
of the adaptational process is the lengthening of 
the QT interval in the electrocardiogram (ECG), 
and its equivalent on action potential (AP), the 
lengthening of the action potential duration. The 
increased QT (or QTc, if corrected for heart 
rate) interval duration in the ECG and the 
enhanced action potential duration in isolated 
cardiomyocytes are well-documented character-
istics of the hypertrophied heart and cardiocyte. 
The AP potential shape and duration depends on 
the activity of several ion channels and can 
increase either when an outward current is 
depressed or when an inward current is 
enhanced. The modifi cations of these current 
activities result from changes in the expression 
of genes encoding ion channels. These genes 
were not expressed in the foetus. Acquired mod-
ifi cations of the  repolarisation time refl ect the 

adaptational response compensating for the 
mechanical overload such as the isomyosin 
shift. An important contribution concerning CR 
was the discovery that the electrophysiological 
modifi cations of the two components of the 
transient outwork K +  current Ito, Ito-s (regulat-
ing slow recovery from inactivation) and Ito-f 
(regulating fast recovery from inactivation), 
refl ect changes in the genetic expression of the 
corresponding K +  channels at the level of both 
the protein and the mRNA. The expression of 
Kv1.4 and Kv2.1, which are genes encoding Ito-
s, and that of Kv4.2, which is the gene encoding 
Ito-f, are decreased by 60 and 54 % respectively 
suggesting that the diminution of Ito, and the 
corresponding lengthening of both action poten-
tial and QT are in fact transcriptionally regu-
lated and participate in the adaptational process. 
During HF in humans convincing reports have 
shown that the prolongation of the duration of 
the AP is, at least in part, caused by I to  since 
3 mM 4-aminopyridine, a specifi c inhibitor of 
I to , does not entirely restore a normal duration. 
Moreover, there is a co-ordinated decrease in I to  
and I K1 . The delayed rectifi er is hardly detect-
able and plays only a minor role in the human 
cardiocyte [see detailed references in  30 ].  

17.3.4     Deleterious Aspects of Cardiac 
Remodeling 

 The less controversial defi nition of HF is “ven-
tricular dysfunction with symptoms” [ 31 ] which 
means that HF is a disease state with both abnor-
malities in the myocardial structure (i.e. CR) 
and clinical symptoms due to fl uid retention. 
The severity of the disease is commonly appre-
ciated using the New York Heart Association 
(NYHA) classifi cation which is entirely based 
on functional symptoms. HF indicates the limits 
of the adaptational process and also the develop-
ment of myocardial fi brosis which is an addi-
tional deleterious process linked to the new 
determinants of CR, including senescence, dia-
betes, and ischemia. Therefore CR is both ben-
efi cial and deleterious, the so-called Yin and 
Yang paradox. 
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17.3.4.1     The Deleterious 
Consequences of Foetal 
Reprogramming 

 Heart failure may indicate the limits of the above- 
defi ned adaptational process. Every phenotypic 
modifi cation has a limit, e.g. the benefi cial 
effects, in terms of myocardial economy. For 
example, the isomyosin shift is maximal when 
the fast myosin has been completely replaced by 
the slow isoform (Table  17.2 ).  

17.3.4.2    Cell Death and Fibrosis 
 Fibrosis is multifactorial and is caused by myo-
cardial ischemia or hypoxia, senescence (see 
below), infl ammatory processes, diabetes, hor-
mones, vasoactive peptides. Failure is also caused 
by a loss of muscle due to necrosis or apoptosis 
and above all by replacement fi brosis [ 11 ]. A 
main myocardial marker of HF is the concentra-
tion of collagen, the main component of the myo-
cardial extra-cellular matrix whose concentration 
indicates fi brosis. The wound healing response of 

the myocardium after myocardial infarction 
involves both reparative fi brosis, which is 
 organised as a scar, and, in the surrounded area, 
reactive fi brosis and compensatory myocyte HYP. 

 Tissue injury is initially associated with infl am-
matory cells, mainly macrophages, which trans-
form interstitial fi broblasts into myofi broblasts 
detectable 4 days after injury. Myofi broblasts 
have a high density of angiotensin II receptors, 
and contain various forms of collagenases (or 
Matrix MetalloProteinases, MMPs) and collagen-
linked proteases and proteases regulatory proteins 
as TIMP (Tissue Inhibitors of MMP). These vari-
ous components regulate the rather complex col-
lagen metabolism (Fig.  17.5 ) [ 11 ].

   Vasoactive peptides and aldosterone which are 
secreted during CR are all able to activate fi bro-
genesis and represent models currently utilised in 
experimental models [ 2 ,  11 ]. Non-insulin depen-
dent diabetes is associated with interstitial ven-
tricular fi brosis, resulting from an increased type 
III collagen [ 32 ].    

Normal heart
Non adaptative remodeling

Adaptative remodeling

ECM

ECM: Fibrosis

 

  Fig. 17.5    Role of fi brosis in cardiac remodeling       
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17.4    Cardiovascular Senescence 

 As compared to adult heart, the senescent heart is 
different and is both an organ submitted to the 
consequences of the senescent arterial system 
and a senescent organ. The senescence process 
generates arterial stiffness and increases aortic 
impedance and, by so-doing, creates an imped-
ance overloading of the left ventricle. 
Nevertheless, senescence is also a general pro-
cess that affects directly the myocardium and 
causes cardiocyte loss and replacement fi brosis. 

 The normal load of the LV is a rather complex 
parameter, called aortic impedance which 
includes aortic stiffness, blood pressure and vis-
cosity and the effects of aortic elasticity on aortic 
distensibility. The senescent heart is very much 
alike a left ventricular pressure overload model 
such as that due to aortic stenosis. Nevertheless, 
in senescence, the load is aortic impedance, not 
only arterial hypertension as frequently thought. 
In 26-month old rats, it was shown that the LV is 
modifi ed and, from a thermodynamic point of 
view, there is a compensatory cardiac CR. This is 
caused by the same phenotypic modifi cations of 
contractile and membrane proteins as in the 
pressure- overloaded heart [ 33 ]. The LV of aged 
persons is normally hypertrophied and also sub-
mitted to the general process of adaptation. The 
force-time integral of the individual myosin 
cross-bridge cycle is correlated with the age of 
the patient with non-failing myocardium, sug-
gesting that, even in man, ageing is associated 
with an improved economy. Finally, recent data 
also suggest that the turn-over rate of myocytes is 
augmented in aged senescent human hearts [ 15 ]. 

 Phenotypic modifi cations of the myocardium 
predominate in the LV. Nevertheless, the senes-
cent heart is not exactly the same as an over-
loaded young myocardium in at least three points: 
the high incidence of arrhythmias, cell death, and 
an important fi brosis. Clinical and experimental 
studies have demonstrated a prevalence of supra-
ventricular and ventricular ectopic beats and an 
attenuation of heart rate variability. Arrhythmias 
result from both fi brosis and changes in the mem-
brane phenotype responsible for the increased 
duration of the AP and calcium transient [ 34 ,  35 ]. 

The aged heart contains fewer myocytes than 
younger hearts. Based on autopsy fi ndings, it has 
been suggested that the process is gender-specifi c 
and does not occur in women [ 36 ]. The cause of 
death includes both ischemic necrosis due, in 
part, to the aged-related reduction in coronary 
reserve. Necrosis is the predominant cause of cell 
death; quantifi cation has indeed shown that there 
are about 1,000 times more necrotic cells than 
apoptotic cells. Apoptosis during ageing is local-
ised into the LV suggesting that it is initiated by 
mechanical factors. Myocardial fi brosis is a con-
stant fi nding in healthy senescent hearts both in 
rats and humans. Cardiac fi brosis in this condi-
tion is certainly, at least in part, a reparative pro-
cess related to myocyte death and predominates 
in the subendocardium. Nevertheless, the regula-
tion of myocardial concentration of collagen dur-
ing ageing is a complex phenomenon. Different 
studies have provided converging results and 
have shown a paradoxically inverse relationship 
between the protein and mRNA content of colla-
gen in aged hearts; the lower the mRNA concen-
tration, the higher the protein levels [ 37 ], which 
is in contrast with the situation observed with 
another component of the extra-cellular matrix, 
fi bronectin. In addition a 40–45 % diminution of 
both collagenase (MMP) 2 and MMP 1 has 
recently been evidenced in 22–24 month old rat 
hearts, suggesting that collagen accumulation is, 
at least in part, regulated at the level of the degra-
dative pathway. A recent paper [ 38 ] had explored 
the collagen turn-over in a sheep model of 
tachycardia- induced HF in young and aged ani-
mals. As compared to young controls, the colla-
gen content of the myocardium is augmented in 
senescent controls and in failing young animals. 
Nevertheless and surprisingly, the increase in 
myocardial collagen was less pronounced in the 
old failing animals and this is due to a reduction 
of collagenase inhibitor activity. 

 The senescent heart, even in the absence of 
arterial hypertension or coronary insuffi ciency, is 
potentially a diseased heart. Myocardial function 
in the elderly is still normal because of the vari-
ous adaptational mechanisms. Nevertheless the 
laboratory of Sophie Besse able to demonstrate 
that very old rats (28 month old) were potentially 
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failing with a very high diastolic pressure while 
rats do not suffer from coronary atherosclerosis 
[ 39 ]. As such it resembles compensatory cardiac 
hypertrophy occurring before NYHA stage I dur-
ing the course of an arterial hypertension.  

   Conclusions 

 CR results from interactions between mechan-
ical factors which cause adaptational modifi -
cations of the cardiocyte, and numerous 
etiologic, epidemiological or neurohormonal 
factors which all are capable to modify the 
cardiocyte phenotype, can cause cell death 
and trigger the fi brotic process. The slowing 
of the shortening velocity is a consequence of 
the general process of adaptation, and is a 
major factor to improve the thermodynamic 
status of an overloaded heart An important 
clinical consequence is that, in chronic HF, the 
target of therapy should be economy, not inot-
ropy. Chronic HF rarely occurs in the absence 
of several additional factors, namely fi brosis 
or cell death. In clinical practice, CR and HF 
are diseases of aged people with myocardial 
infarction and/or arterial hypertension. From a 
biological point of view, cardiocyte modifi ca-
tions, cell death and fi brosis are combined in 
the failing human heart. Fibrosis renders the 
myocardium stiffer and mechanically and 
electrically heterogeneous and this plays a 
crucial role in the genesis of arrhythmias and 
deterioration of both systolic and diastolic 
function. For the moment, therefore fi brosis is 
the best marker of heart failure.     

  Dedication   This chapter is dedicated to the memory of 
three great friends, Pierre-Yves Hatt (Paris, F), Radek Zak 
(Chicago, USA) and Norman Alpert (Burlington, USA) 
who, all, were pioneers in this fi eld of medical research. 
Without them such a chapter could not be written and they 
all were determinant in the genesis of the concept of 
remodelling and adaptation. All three had in common 
modesty, a very rare quality.  
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    Abstract   

  Electrocardiographic alternans, a phenomenon of beat-to-beat alternation 
in cardiac electrical waveforms, has been implicated in the pathogenesis of 
ventricular arrhythmias and sudden cardiac (SCD). However, rather than 
merely being associated with an increased risk for SCD, several lines of 
pre-clinical and clinical evidence suggest that cardiac alternans may play 
a causative role in generating the electrophysiologic substrate necessary 
for the onset of ventricular arrhythmias. In the clinical setting, a positive 
microvolt T-wave alternans (MTWA) test has been associated with a 
heightened risk of arrhythmic mortality and SCD during  medium - and 
 long -term follow-up. Although defi ciencies in Ca 2+  transport processes 
have been implicated in the genesis of alternans at the sub-cellular and 
cellular level, the specifi c underlying mechanisms have not been fully elu-
cidated. In this chapter we propose a framework of conditions necessary to 
give rise to alternans from the myocyte to the whole heart level. It supports 
the idea that alternans results from a synergistic interaction between a vul-
nerable substrate and an inciting trigger event. Lastly, the potential clinical 
utility of modulating repolarization alternans via electrical or pharmacologic 
therapies to prevent life threatening arrhythmias is explored.  
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   Abbreviations 

  ([Ca 2+ ] i )    Intracellular calcium concentration   
  AP    Action potential   
  APD    Action potential duration   
  CICR    Calcium-induced-calcium-release   
  DAD    Delayed after depolarization   
  ECG    Electrocardiogram   
  EGM    Electrogram   
  ICD    Implantable cardioverter-defi brillator   
  LVEF    Left ventricle ejection fraction   
  MI    Myocardial infarction   
  MTWA    Microvolt T-wave alternans   
  NCX    Na + /Ca 2+  exchanger   
  RA    Repolarization alternans   
  RyRs    Ryanodine receptors   
  SCD    Sudden cardiac death   
  sEADs    Spontaneous early after-

depolariza tions   
  SERCA2a    Sarcoplasmic reticulum Ca 2+  ATPase   
  SR    Sarcoplasmic reticulum   
  VT/VF    Ventricular tachycardia/ventricular 

fi brillation   
  VTE    Ventricular tachyarrhythmic events   

18.1          Introduction 

 Electrocardiographic alternans, a phenomenon 
of beat-to-beat oscillation in the morphology 
and/or duration of electrocardiographic wave-
forms, was fi rst described by Hering in 1908 [ 1 ]. 
Much of the interest in the alternans phenomenon 
has focused on alternans during the repolariza-
tion phase of the ventricles, also known as repo-
larization alternans (RA). More specifi cally, RA 
has been associated with an increased risk for 
malignant ventricular arrhythmias and sudden 
cardiac death (SCD) across a wide range of 
pathophysiological conditions including both 
ischemic and non- ischemic congestive heart 

failure with impaired left ventricle ejection 
fraction (LVEF) and recent myocardial infarc-
tion (MI) [ 2 ,  3 ]. Cardiac alternans can also be 
produced in structurally normal hearts under 
conditions of chronotropic stimulation [ 4 ,  5 ] or 
signifi cant metabolic stress [ 6 ]. 

 This chapter aims to present a contemporary 
understanding of the sub-cellular and cellular 
processes underlying the genesis of cardiac alter-
nans and potential therapeutic applications based 
on this mechanistic understanding.  

18.2     Mechanisms of Alternans 
in Isolated Myocytes 

 Two major hypotheses have been developed to 
explain the alternans phenomenon at the cellular 
level. The fi rst hypothesis suggests that alterna-
tion in sarcolemmal currents, membrane voltage 
and action potential (AP) morphology leads to 
beat-to-beat fl uctuations in intracellular calcium 
concentration. In support of this hypothesis, it 
has recently been shown that the modulation of 
sarcolemmal Ca 2+  [ 7 ] and K +  [ 8 ,  9 ] currents based 
on changes in AP morphology [ 10 ] has a signifi cant 
effect on the stability of Ca 2+  handling processes 
and the transition to stable [ 11 ] alternans. In con-
trast, the second major hypothesis suggests that 
alternation of intracellular calcium concentration 
([Ca 2+ ] i ) is the primary event which then second-
arily leads to alternans of membrane voltage and 
AP morphology [ 6 ,  10 ,  12 – 16 ]. According to the 
second hypothesis, [Ca 2+ ] i  alternans can result 
from stress-induced [ 5 ,  12 ] perturbations in any 
number of Ca 2+  transport processes including 
Ca 2+  entry into the cytoplasm [ 9 ], recovery of 
ryanodine receptors (RyRs) from inactivation, 
triggering of sarcoplasmic reticulum (SR) Ca 2+  
release [ 6 ,  13 ], SR Ca 2+  uptake [ 17 ], intra-SR 
Ca 2+  redistribution [ 18 ] and linking of intracellular 
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Ca 2+  handling to surface membrane voltage [ 10 ] 
(Fig.  18.1 ). The mechanisms that give rise to 
cardiac alternans may reside anywhere along this 
multi-step process of intracellular calcium 
cycling. A preponderance of recent data has 
emerged in support of the second hypothesis, 
suggesting the primacy of perturbations in Ca 2+  
handling processes as the fundamental event in 
the genesis of cellular alternans.

   Among the many steps involved in calcium 
cycling, alternation of calcium entry into the cell 
via incomplete recovery from inactivation of the 
L-type calcium channel ( I  Ca,L ) could theoretically 
lead to [Ca 2+ ] i  alternans [ 9 ,  19 ]. However, a num-
ber of studies have demonstrated that peak  I  Ca,L  is 
unchanged during alternans [ 6 ,  13 ,  20 ,  21 ], and 
equally importantly,  I  Ca,L  has been shown to be 
unaltered in myocytes from diseased hearts [ 22 ], 
making this a less likely mechanism for the lower 
alternans threshold observed in the failing heart. 
Furthermore, alternans of [Ca 2+ ] i  can be elicited 
in a high-frequency stimulated myocyte during 
AP-clamp with similar AP morphology [ 23 ], also 
suggesting that the Ca 2+  infl ux trigger of calcium-
induced- calcium-release (CICR) is not the pri-
mary event in inducing alternans. The use of 
small depolarizing pulses [ 20 ] to induce alter-
nans may account for alternans encountered at 
very high stimulation frequencies when most of 
the L-type Ca 2+  channels are unavailable, and 
thus provide a plausible explanation for the pres-
ence of alternans in the normal heart at unusually 
high stimulation frequencies [ 4 ,  5 ]. 

 Beat-to-beat fl uctuations in SR Ca 2+  content 
have also been implicated as a potential mecha-
nism for alternans. SR Ca 2+  measurements made 
during alternans using the indirect approach of 
measurement of the caffeine-evoked Na + /Ca 2+  
exchanger (NCX) current have suggested that SR 
Ca 2+  alternates [ 20 ,  24 ,  25 ]. However, others have 
shown that while [Ca 2+ ] SR  exerts a major infl u-
ence on SR Ca 2+  release, beat-to-beat alternation 
in [Ca 2+ ] SR  is not required for [Ca 2+ ] i  alternans to 
occur [ 6 ,  21 ]. 

 The rate of recovery of the RyR from a refrac-
tory (adapted or inactivated) state is another step 
in the calcium cycling machinery that may give 
rise to alternans. Given that calcium-induced 

calcium release is a slower process than either 
sarcoplasmic reticulum Ca 2+ -ATPase (SERCA2a) 
mediated Ca 2+  uptake or  I  Ca,L  recovery [ 26 ] 
incomplete RyR recovery on alternate beats at 
high stimulation frequencies may produce chro-
notropically induced alternans. With increased 
steepness of the released Ca 2+ -SR Ca 2+  content 
relationship, as may occur in diseased hearts 
[ 22 ], small changes in [Ca 2+ ] SR  should result in 
large changes in the beat-to-beat [Ca 2+ ] i , even for 
a constant  I  Ca,L  trigger [ 26 ,  27 ]. As such, a large 
[Ca 2+ ] i  would be produced when the [Ca 2+ ] SR  is 
relatively high and a disproportionately small 
[Ca 2+ ] i  when the [Ca 2+ ] SR  content is relatively low. 
A large [Ca 2+ ] i  would then cause enhanced Ca 2+  
mediated L-type current inactivation, thus sup-
pressing Ca 2+  entry, as well as enhanced Ca 2+  
extrusion from the myocyte via the NCX [ 25 ], all 
of which results in a lower SR Ca 2+  content and 
hence lower [Ca 2+ ] i  on the next beat. The lower 
[Ca 2+ ] i  then results in decreased Ca 2+  mediated 
L-type current inactivation and reduced Ca 2+  
extrusion through the NCX, leading to increased 
SR Ca 2+  content and a return to the higher [Ca 2+ ] i  
on the following beat. This sequence sets the 
stage for  concordant cellular  alternans between 
[Ca 2+ ] i  and membrane voltage/action potential 
duration (APD) such that both oscillate  in-phase  
(i.e. large [Ca 2+ ] i  corresponds to a long APD and 
vice versa). 

 While the use of small depolarizing pulses to 
induce alternans [ 20 ] may differ signifi cantly 
from the often encountered chronotropic induc-
tion of alternans, the biphasic rise in [Ca 2+ ] i  [ 25 ] 
has been attributed to an initial steep rise in acti-
vation of the RyRs, while the second slower 
phase has been attributed to wave like propagation. 
We [ 25 ] and others [ 28 ] have ascribed this sec-
ondary slower phase to secondary RyR openings 
[ 25 ,  29 ]. We have shown that elevated SR Ca 2+  
content results in both aberrant SR Ca 2+  release 
and [Ca 2+ ] i  alternans, and also gives rise to an 
inward depolarizing current that results in spon-
taneous early after-depolarizations (sEADs) and 
APD prolongation which correlates directly with 
the magnitude and timing of the aberrant Ca 2+  
release. We have also shown the presence of  dis-
cordant cellular  alternans between [Ca 2+ ] i  and 

18 A Translational Approach to Probe the Arrhythmic Potential of the Heart: Therapeutic Considerations



316

APD at the myocyte level and the importance of 
[Ca 2+ ] i  in defi ning the in- or out-of-phase rela-
tionship between [Ca 2+ ] i  and AP (Fig.  18.1b ). 

 In aggregate, these fi ndings support the primacy 
of alternation in [Ca 2+ ] i  in driving APD alternans 
and also in determining the presence of concor-
dance or discordance between [Ca 2+ ] i  and AP 
morphology within the individual myocyte. 
Furthermore, experimental evidence suggests 
that the same Ca 2+  cycling perturbations that give 
rise to cellular alternans can be viewed as inher-
ently coupled processes of an intracellular patho-
physiological substrate and trigger events (i.e. 
transient β-stimulation bursts), which in concert 
create the necessary conditions for the establish-
ment of cellular alternans. 

 Many studies have suggested that RyRs are 
more likely to be triggered by cytosolic Ca 2+  
when SR luminal Ca 2+  is elevated [ 30 ,  31 ] and 
that increasing SR Ca 2+  content increases sponta-
neous SR Ca 2+  release [ 32 ] and delayed after- 
depolarizations (DAD) amplitude towards the 
threshold to trigger an AP [ 33 ,  34 ]. Furthermore, 
triggered activity arising from DADs in response 
to high stimulation rates [ 35 ] or to catechol-
amines has been demonstrated in normal ventric-
ular myocytes [ 36 ], experimental heart failure 
preparations [ 37 ] and cardiomyopathic human 
hearts [ 38 ]. These studies provide a plausible jus-
tifi cation for the hypothesis that SR Ca 2+  “stabili-
zation” at a sub-maximal value is the primary 
reason for abolishing alternans in studies in 
which thapsigargin and ryanodine treatment of 
myocytes markedly suppressed [Ca 2+ ] i  and pre-
vented APD alternans [ 12 ], and ryanodine treat-
ment alone abolished both tension and AP 
alternans in papillary muscles [ 18 ]. 

 In that context, in the normal heart, CICR is 
manifest by an operational baseline [Ca 2+ ] SR  that 
is lower than the threshold to trigger spontaneous 
Ca 2+  release. However, high stimulation fre-
quency or β-adrenergic stimulation trigger SR 
Ca 2+  overload that raises the SR Ca 2+  baseline 
level close to or above the threshold at which 
spontaneous sub-threshold Ca 2+  release may 
occur. In the diseased heart, although the baseline 
SR Ca 2+  level is decreased, the [Ca 2+ ] SR-threshold  for 
RyR opening is also decreased. Although 

β-adrenergic responsiveness is impaired in the 
diseased heart [ 39 ], even a moderate residual or 
transient β-adrenergic responsiveness [ 37 ] may 
result in spontaneous sub-threshold Ca 2+  release 
at a lower [Ca 2+ ] SR.  The lower than normal 
[Ca 2+ ] SR-threshold  for RyR opening in diseased hearts 
may explain the presence of electrocardiographic 
alternans at lower heart rates than in normal 
hearts (Fig.  18.2 ).

   Further justifi cation for the role of SR Ca 2+  
content in the genesis of alternans comes from 
the recent study by Xie and Weiss [ 28 ] demon-
strating that under control conditions, myocytes 
become susceptible to Ca 2+  overload during rapid 
pacing and that interactions between spontaneous 
Ca 2+  waves and AP-triggered [Ca 2+ ] i  produce 
 sub-cellular spatially discordant  alternans (SDA) 
and even more complex sub-cellular [Ca 2+ ] i  pat-
terns. Therefore, the genesis [ 35 ,  40 ] and propa-
gation [ 41 ] of Ca 2+  waves, which are in general 
associated with increased SR Ca 2+  content 
through increased luminal Ca 2+  sensitization of 
the RyR to cytosolic Ca 2+  and perhaps through 
increased ability of cytosolic Ca 2+  to activate 
adjacent RyR sites, may essentially reset local 
[Ca 2+ ] SR  [ 28 ], and give rise to sub-cellular alter-
nans. According to this mechanism, a partially 
propagated Ca 2+  wave triggers a gradient in SR 
refractoriness when the next AP occurs. In the 
region of the myocyte through which the Ca 2+  
wave has already passed, the affected SR is empty 
and partially refractory, thus minimizing Ca 2+  
release. In contrast, the region into which the 
Ca 2+  wave has not entered causes the release of a 
normal amount of SR Ca 2+ , resulting in a spa-
tially non-uniform [Ca 2+ ] i . In the next beat, both 
[Ca 2+ ] SR  content and excitability of the refractory 
region will have recovered, producing a large 
release, therefore perpetuating the presence of 
sub-cellular spatially discordant alternans. 

 The presence of sub-cellular spatially discor-
dant [Ca 2+ ] i  leads to increased dispersion of sub- 
cellular electrophysiologic properties and, in the 
setting of an appropriate trigger, may lead to an 
arrhythmia at the cellular level. Although sub- 
cellular spatially discordant alternans is usually 
preceded by sub-cellular spatially concordant 
alternans, under certain circumstances 
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  Fig. 18.1    Representative examples of [Ca 2+ ] i  and AP 
alternans. ( a ) Representative example of concordant 
[Ca 2+ ] i  and AP alternans in a left ventricular canine myo-
cyte stimulated every 0.8 s. The arrows indicate a sub-
threshold early after- depolarization; ( b ) representative 
example of phase transitions ( a )–( d ) between [Ca 2+ ] i  and 
AP alternans obtained during the same data record as ( a ). 

In-phase (concordant) [Ca 2+ ] i  and AP alternans leads to 
out-of-phase (discordant) alternans ( a ) and ( c ) and back 
again to in-phase alternans ( b ) and ( d ). “A” and “B” 
denote large and small [Ca 2+ ] i  or long and short APD 
respectively; the peak [Ca 2+ ] i  and APD for these beats are 
also shown [ 25 ,  29 ]       
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 sub- cellular spatially discordant alternans may 
arise spontaneously [ 28 ]. 

 In support of the concept of sub-cellular spa-
tially discordant alternans, it is also possible that 
as SERCA2a, NCX and RyR function is dynami-
cally regulated on a beat-to-beat basis by many 
metabolic and ionic factors in the microdomain 
of the SR [ 42 ,  43 ], SR Ca 2+  uptake and release is 
also dynamically changing, especially in the 
 diseased heart [ 28 ,  37 ,  44 ], thus creating differ-
ential spatial heterogeneity of thresholds for the 
onset of alternans in different regions of the myo-
cyte [ 28 ,  42 ]. In such cases, small differences of 
SR Ca 2+  content in different parts of the myocyte 
may exist under basal conditions and these differ-
ences may be amplifi ed once the steepness of the 
relationship between Ca 2+  release and SR Ca 2+  
content begins to rise. 

 In summary, these data suggest that in the dis-
eased heart, cellular alternans requires a trigger 
event (such as increased β-stimulation or a Ca 2+  
wave) and an appropriate sub-cellular substrate 
to develop. Increasing the probability of RyR 

opening alone does not produce arrhythmogenic 
Ca 2+  release due to an accompanying decrease in 
SR Ca 2+  content. β-adrenergic stimulation 
increases SR Ca 2+  content and thereby allows the 
increased RyR open probability to produce Ca 2+  
release [ 44 ]. A trigger event alone may be suffi -
cient to induce alternans in the normal heart; 
however, it requires supra-physiologic heart rates 
in order to create a heterogeneous (fragmented) 
sub-cellular Ca 2+  release profi le. In the diseased 
heart, however, perturbations in the intracellular 
calcium cycling machinery create a suffi ciently 
heterogeneous sub-cellular substrate leading to 
development of alternans at lower heart rates and 
predisposing to arrhythmogenesis. 

18.2.1     Mechanisms of Alternans 
in the Intact Heart 

 As discussed above, the current paradigm sug-
gests that perturbations in cellular calcium 
cycling processes lead to alternation in 
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  Fig. 18.2    Relationship between cellular calcium content 
and alternans threshold. Schematic diagram of the effect of 
the SR Ca 2+  content on a proposed model for cellular alter-
nans. Ca 2+  cycling though calcium-induced-calcium-release 
(CICR) includes the L-type Ca 2+  channel, the SR Ca 2+  
ATPase pump ( SERCA2a ), phospholamban ( PLB ), the 
ryanodine receptor ( RyR ) channel and the Na + /Ca 2+  
exchanger ( NCX ). The solid line shows the SR Ca 2+  baseline 

([Ca 2+ ] SR-base ) and the dashed line shows the threshold SR 
Ca 2+  ([Ca 2+ ] SR-th ) content at which Ca 2+  release occurs. In the 
normal heart, CICR is manifested by an operational baseline 
of [Ca 2+ ] SR  that is lower than the threshold to trigger sponta-
neous Ca 2+  release. However, high stimulation frequency or 
β-adrenergic stimulation results in SR Ca 2+  overload that 
raises the SR Ca 2+  baseline level above the threshold such 
that spontaneous sub-threshold Ca 2+  release may occur       
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 cytosolic Ca 2+  levels, which then secondarily 
lead to oscillations in membrane voltage and 
AP duration. In a manner analogous to  sub-cel-
lular  spatially concordant and discordant alter-
nans of [Ca 2+ ] i , APD alternans at the tissue or 
whole heart level can also be spatially concor-
dant or discordant. 

 Studies in normal hearts using optical map-
ping techniques have shown that discordant AP 
alternans (refl ecting two adjacent areas of the 
myocardium that oscillate with opposite phase) 
is associated with a state of marked cardiac elec-
trical instability, as evidenced by the fact that 
when ventricular fi brillation occurs following 
alternans, it only occurs after discordant APD 
alternans, but never concordant APD alternans 
[ 5 ]. This unstable electrical substrate is consis-
tently induced at a critical heart rate threshold 
and is largely independent of the pacing site [ 5 ], 
suggesting that it is caused by heterogeneities of 
cellular repolarization properties and not hetero-
geneous propagation delay. Interestingly, in this 
study, alternans most commonly involved the 
slope of the AP plateau and the onset of fi nal 
repolarization, timing during CICR that coin-
cides with the timing of aberrant RyR release 
during alternans observed by our group [ 25 ] and 
others [ 13 ]. 

 Recently a two-photon confocal imaging 
study in the intact rat ventricle [ 45 ] has shown 
that the spatial distribution of [Ca 2+ ] i  alternans 
within the myocyte is time-dependent. 
Specifi cally, areas that mark the boundaries 
between regions of the myocyte that are out of 
phase during alternans can drift within the myo-
cyte. These phase-mismatched myocyte regions 
are essentially driven by the myocyte membrane 
potential, defi ned by a spatial average potential of 
all myocytes within the electrotonic space constant, 
and thus providing a spatial constraint to the 
region of discordant alternans. Furthermore, the 
same study [ 45 ] has shown that rapid pacing 
synchronized Ca 2+  waves in a suffi cient mass of 
neighboring myocytes to cause DADs at the tissue 
level. In contrast, sporadic Ca 2+  waves in indi-
vidual myocytes at slow rates had no effect on 
membrane potential due to source-sink mis-
match, wherein the magnitude of the Ca 2+  wave 

(source) is insuffi cient to overcome diffusion into 
adjacent myocytes (sink), such that the wave fails 
to propagate. Thus, if myocytes in a region of 
tissue synchronously develop Ca 2+  waves [ 45 ], 
resulting in sub-cellular alternans, it is possible 
that the amplitude and the phase of APD alter-
nans in that region may change relative to the 
surrounding tissue, thus increasing dispersion of 
APD and generating a potentially arrhythmo-
genic substrate. 

 Based on this evidence, it is conceivable that 
following cardiac “injury”, during the  remodeling 
phase of the heart, the compensatory increase in 
β-adrenergic stimulation results in progressively 
increased SR Ca 2+  content and a higher probability 
of inducing alternans. Although in end-stage 
heart failure the loss of β-adrenergic responsive-
ness is almost complete [ 39 ], in moderate car-
diac dysfunction, it is likely that residual 
β-adrenergic responsiveness results in higher 
[Ca 2+ ] SR  content and spontaneous SR Ca 2+  release 
[ 37 ]. As the heart transitions from the compensa-
tory phase to clinical heart failure, cardiac 
remodeling progresses to the point that the slope 
of the released SR Ca 2+ -SR Ca 2+  content rela-
tionship is steep enough that despite the loss of 
β-adrenergic responsiveness [ 39 ], transient/
residual β-adrenergic responsiveness [ 37 ] may 
result in higher [Ca 2+ ] SR  content, increased inci-
dence of fractionated, aberrant SR Ca 2+  release 
and Ca 2+  waves, and higher probability of alter-
nans occurrence. 

 In summary, it appears that AP alternans 
begins in a localized area in the heart and gives 
rise to micro-volt level alternans [ 46 ]. When 
this region of AP alternans extends to a signifi -
cant portion of the myocardium (such that it is 
large enough to overcome the three-dimen-
sional current sink problem) and becomes 
suffi ciently synchronous, it can then be seen 
on the surface electrocardiogram as repolariza-
tion alternans [ 47 ]. Localized alternation in 
APD in turn is associated with delayed recov-
ery on an every other beat basis, resulting in 
spatial dispersion of recovery, fractionation of 
depolarization wavefronts and setting the stage 
for the development of re-entry and arrhythmia 
onset (Fig.  18.3 ) [ 2 ,  15 ,  48 ].
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18.3         Repolarization Alternans 
and Clinical Arrhythmia 
Susceptibility 

 Microvolt T-wave alternans (MTWA) testing has 
traditionally been used as a marker of medium- 
and long-term risk of ventricular tachyarrhyth-
mic events (VTEs) and SCD. T-wave alternans 
represents an alternating fl uctuation in the mor-
phology of cardiac repolarization (ST-segment 
and T-wave) on the body-surface electrocardio-
gram (ECG). 

 The alternans analysis algorithm for the esti-
mation of RA has been previously described in 
detail [ 49 – 53 ]. Briefl y, following R-wave detec-
tion and alignment, ST-segment and T-wave 
annotations are obtained using the wavelet 
transform and RA is estimated using a rolling 
128- beat window that is shifted one beat at a 
time (Fig.  18.4 ). Spectral alternans analysis is 
performed on a beat-by-beat basis for each 128-
beat data sequence using a 512-point power 
spectrum to improve the frequency-domain res-
olution. To account for the spatial variability of 
RA, spectral analysis is independently per-
formed for each lead.

   Repolarization alternans indices are estimated 
as follows:

  alternans voltage V alternans peakμ μ( ) = − noise    

  
K

alternans peak
score

noise

noise

=
− μ

σ    

where, the alternans peak is the peak in the 
aggregate power spectrum corresponding to 
0.5 cycles/beat and the mean (μ noise ) and the stan-
dard deviation (σ noise ) of spectral noise are esti-
mated from a predefi ned aggregate power 
spectrum noise window (0.40–0.46 cycles/beat), 
as shown in Fig.  18.4 . The alternans voltage is a 
direct measure of the presence of alternans while 
the alternans K score  is a measure of the statistical 
signifi cance of the alternans voltage. 

18.3.1     Repolarization Alternans 
and Medium-/Long-Term 
Arrhythmia Susceptibility 

 Clinical MTWA testing identifi es microvolt-level 
alternation during low-level exercise or 
 chronotropic stimulation. A robust body of litera-
ture has identifi ed a close association between 
heightened levels of MTWA and risk of VTE/
SCD [ 2 ,  3 ,  54 ,  55 ]. TWA is believed to represent 
an electrocardiographic manifestation of spatio-
temporal APD heterogeneity and the cellular and 
sub-cellular mechanisms which give rise to APD 
alternans (discussed above) likely provide the 
physiologic substrate for TWA identifi ed on ECG 

Long APD

Action potential alternans leads
to T-Wave alternans

Spatial alternans leads
to wave front fractionation,

and reentry

Short APD Short APD
Short APD Region

Long APD

Long APD Region

  Fig. 18.3    Functional relationship of alternans and re-
entry. Localized action potential alternans is manifested 
as repolarization alternans on the electrocardiogram. 
Localized regions of tissue exhibiting action potential 

alternans are associated with delayed recovery on an 
every other beat basis. These tissue areas of delayed 
recovery may lead to wavebreak and the development of 
reentry       
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(   for a more detailed discussion of clinical MTWA 
testing, please see Verrier et al. [ 55 ] and 
Rosenbaum et al. [ 54 ]). 

18.3.1.1     Clinical Value of Microvolt T 
Wave Alternans 

 A robust body of clinical literature has demon-
strated that MTWA can be used to stratify patients 
for risk of VTE/SCD with positive and negative 
predictive values that are comparable to invasive 
electrophysiologic testing [ 54 ]. In general, these 
studies have demonstrated that patients with a 
positive MTWA test have a signifi cantly increased 
risk of VTE/SCD compared to those with a nega-
tive MTWA test result. Furthermore, the negative 
predictive value of MTWA testing has been 
excellent and consistent with the observation that 
even among patients with impaired left ventricu-
lar ejection fraction (LVEF) (i.e. ≤35 %), those 
with a negative MTWA have a very low risk of 
VTE/SCD, on the order of about 1 % per year 
[ 56 ]. In light of this data, there was signifi cant 
optimism that MTWA testing could serve as a 
useful tool for identifying patients who were 
most or least likely to benefi t from primary pre-
vention implantable cardioverter-defi brillators 
(ICDs) [ 3 ]. However, more recent studies, including 

larger percentages of patients implanted with 
primary prevention ICDs, have raised some 
doubt about the utility of MTWA testing for this 
purpose. In particular the MASTER study 
enrolled 575 patients meeting Multicenter 
Automatic Defi brillator Implantation Trial II 
(MADIT-II) criteria for ICDs [ 57 ]. All patients 
underwent MTWA testing followed by ICD 
implantation. Over 3 years of follow-up, MTWA 
was not a signifi cant predictor of the primary 
endpoint of documented VTE, SCD or “appropri-
ate” ICD shocks. In a similar study design, the 
Sudden Cardiac Death in Heart Failure Trial 
(SCD- HeFT) investigators performed MTWA 
testing in a subset of 490 patients enrolled in the 
overall trial [ 58 ]. Again, MTWA testing was not a 
signifi cant predictor of the same primary end-
point (documented VTE, SCD or appropriate 
ICD therapy). 

 Several possible explanations have been pro-
posed to explain the discrepancy between earlier 
trials in which MTWA testing appeared to be a 
useful tool for VTE/SCD risk stratifi cation and the 
more recent studies (MASTER, SCD-HeFT sub-
study) in which MTWA has not been a signifi cant 
predictor. Although differences in the manage-
ment of β-blockers at the time of MTWA testing 
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  Fig. 18.4    Representative example of the algorithm used to estimate repolarization alternans       

 

18 A Translational Approach to Probe the Arrhythmic Potential of the Heart: Therapeutic Considerations



322

[ 59 ] may have contributed to differences in study 
results, it seems likely that the primary cause for 
the apparent discrepancy involves the use of 
appropriate ICD therapy as a surrogate for aborted 
SCD as an endpoint in clinical trials. It is widely 
acknowledged that appropriate ICD therapy is a 
relatively poor surrogate for SCD and in the 
Defi brillators in Non-Ischemic Cardiomyopathy 
Treatment Evaluation (DEFINITE) trial, the fre-
quency of appropriate ICD therapies among 
patients randomized to ICDs was more than two-
fold greater than the rate of SCD in the control arm 
[ 60 ]. This observation has been attributed to the 
fact that many appropriate ICD therapies treat 
arrhythmias that would have self-terminated or 
that ICDs may induce arrhythmias that they subse-
quently treat [ 60 ,  61 ]. Therefore, in studies that 
include a high percentage of patients implanted 
ICDs, the use of appropriate ICD therapy as an 
endpoint may confound the capacity of MTWA 
testing to predict risk of VTE/SCD. 

 In support of this hypothesis, a recent system-
atic analysis demonstrated that MTWA testing 
was a signifi cant predictor of VTE/SCD in stud-
ies where a relatively small percentage (i.e. 
≤15 %) of patients are implanted with ICDs but 
was a much less robust predictor in studies with 
higher percentages of ICDs [ 61 ]. Furthermore, in 
a pooled analysis of over 2,800 patients without 
ICDs, the 2 year risk of SCD among patients with 
a non-negative MTWA test was over four-fold 
higher than patients with a negative test result 
[ 56 ]. Both the MASTER trial and the SCD-HeFT 
sub-study included a large percentage of patients 
with ICDs and this observation may provide a 
plausible explanation for the discrepancy between 
these and earlier studies. Despite the potentially 
confounding effect of ICDs in recent MTWA 
studies, the aggregate of clinical data strongly 
supports the notion that an increased magnitude 
of RA, as detected by MTWA testing, is closely 
associated with the substrate that gives rise to 
VTE/SCD over medium and long-term follow-
 up. In light of these fi ndings, it is plausible that 
MTWA testing is best utilized for patients who 
do not already have ICDs in order to determine 
whether they are at risk and should be considered 
for ICD therapy. 

 There has also been recent interest in the use 
of MTWA as part of a multi-marker strategy for 
SCD risk stratifi cation. Current guidelines for 
primary prevention ICD implantation rely 
 predominantly on assessment of LVEF. However, 
as highlighted in the recent National Heart, Lung 
and Blood Institute and Heart Rhythm Society 
(HLBI/HRS) report on SCD prediction and pre-
vention [ 62 ], there is widespread recognition that 
LVEF refl ects only one aspect of the complex 
electro-anatomic substrate that gives rise to ven-
tricular arrhythmias and in isolation, LVEF is a 
sub-optimal risk stratifi cation tool. Specifi cally, 
among patients who are currently candidates for 
primary prevention ICD therapy (i.e. LVEF 
≤35 %), only a small percentage of patients 
(~2–5 %/year) will suffer a ventricular arrhyth-
mia resulting in SCD [ 62 ], demonstrating that the 
positive predictive value and specifi city of low 
LVEF for predicting SCD is quite limited. 
Conversely, the majority of SCD events occur in 
patients with only mildly impaired or even pre-
served LV systolic function [ 63 ], thus highlight-
ing the limited negative predictive value and low 
sensitivity of impaired LVEF for determining 
SCD risk. 

 In light of this, we have hypothesized that 
multi-marker SCD risk profi ling may provide 
better risk stratifi cation than individual risk 
markers used in isolation. In a cohort of over 
3,000 patients, we developed a multi-marker 
profi le to predict risk of SCD at 24 months based 
on three variables: LVEF, MTWA status and 
presence of coronary artery disease [ 64 ]. We 
sought to characterize the limitations of LVEF 
for SCD risk prediction by comparing it to the 
multi-marker model. In Fig.  18.5  we compared 
the  predicted  and  observed  SCD free survival at 
24 months for patients with LVEF ≤ or >35 %. 
Using the multivariate model, patients were 
divided into four groups based on  predicted  risk 
of 24 month SCD: <1, 1–5, 5–10 and >10 %. For 
patients in each of the four predicted risk groups, 
the  observed  rate of SCD was then plotted using 
Kaplan-Meier estimates. From Fig.  18.5 , it is 
evident that the risk of SCD is not homogeneous 
for patients stratifi ed by LVEF and important 
overlap exists between patients above and below 
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the LVEF 35 % threshold. Specifi cally, among 
patients with LVEF ≤35 %, approximately 39 % 
(540 out of 1,389) were predicted to be in the 
highest quartile of SCD risk based on the multi-
variate model and the observed event rate in this 
subgroup approaches 10 % at 24 months, con-
fi rming the heightened level of risk. However, a 
signifi cant minority of patients with LVEF 
≤35 % was predicted to be at relatively low risk 
of SCD at 24 months. Out of 1,389 patients with 
LVEF ≤35 %, 89 (6 %) had a predicted risk of 
<1 % and 482 (35 %) had a predicted risk of 
1–5 %. The very low observed event rates in 
these subgroups highlight the signifi cant hetero-
geneity of risk even among patients with 
impaired LV systolic function and support the 
notion of multivariate risk prediction. Figure  18.5  
also demonstrates a similarly heterogeneous risk 
profi le among patients with LVEF >35 %. 
Although the majority of patients with LVEF 
>35 % (1,167 out of 1,919, 61 %) are predicted 
to, and observed to, have a very low risk of SCD 
(<1 % at 24 months), it is evident from the sur-
vival curves that a subset of patients with LVEF 
>35 % can be identifi ed who demonstrate sig-
nifi cantly increased SCD risk. Nearly 22 % of 
patients with LVEF >35 % (420 out of 1,919) are 

predicted to have a 24 month SCD risk of either 
5–10 or >10 % and the observed events rates in 
these patients clearly seen to exceed the risk 
among many of the patients with LVEF ≤35 %. 
With the use of the multi-marker model, this 
subgroup of patients can be identifi ed as being at 
heightened risk of SCD but would be missed 
with the use of LVEF alone.

18.3.2         Repolarization Alternans 
and Acute Arrhythmia 
Susceptibility 

 In addition to a role in risk stratifying patients for 
ICD therapy, recent clinical observations have also 
suggested that heightened RA may be an impor-
tant predictor of short-term arrhythmia suscepti-
bility. Analysis of ambulatory body-surface 
electrograms (Holter monitors) from patients with 
coronary artery disease has demonstrated a sharp 
upsurge in RA magnitude (measured by time-
domain techniques) within minutes prior to spon-
taneous VTE [ 65 ]. TWA amplitude reached a peak 
about 10 min prior to the onset of ventricular arrhyth-
mia with a peak magnitude about 25 % higher than 
during a mean baseline obtained 60–120 min prior 
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  Fig. 18.5    Kaplan-Meier event-free survival curves for 
the primary endpoint of sudden cardiac death, stratifi ed by 
 predicted  SCD risk based on the multivariate model. 
Using the multivariate model, patients with left ventricle 
ejection fraction (LVEF) ≤ or >35 % were further stratifi ed 
into one of four groups based on predicted SCD risk at 24 

months: <1, 1–5, 5–10 and >10 %. The survival curves 
demonstrate that even among patients stratifi ed by LVEF, 
there is still signifi cant heterogeneity in SCD risk, which 
can be accurately predicted by the multivariate model. 
The p value by log-rank test is <0.001, suggesting a sig-
nifi cant difference in survival across subgroups       
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the VTE. Sharp upsurges in T-wave alternans 
immediately preceding spontaneous ventricular 
arrhythmias have also been documented from 
body-surface ECGs (leads V1, V5 and aVF) in 
patients hospitalized for acute heart failure [ 66 ]. In 
this study, TWA increased from a baseline of 
18.6 ± 2.1 μV to 27.9 ± 4.6 μV (p < 0.05) during the 
15–30 min prior to arrhythmia onset and remained 
elevated until the occurrence of VTE; results were 
similar across all three body surface leads. 

 Although the magnitude of surges in TWA 
measured from body-surface leads is less than 
that measured from intra-cardiac electrograms 
(EGMs), the aforementioned data support the idea 
that signifi cant increases in T-wave alternans prior 
to the onset of spontaneous VTE can be measured 
from body-surface electrodes and may be used to 
predict acute arrhythmia susceptibility (Fig.  18.6 ). 
However, given the signifi cantly larger magnitude 
of RA measured from intra- cardiac EGMs, it 
seems likely that the use of intra-cardiac data will 
provide a much more robust assessment of the 
link between surges in RA and acute arrhythmo-
genesis. Importantly, simultaneous measurement 
of RA from body- surface and intra-cardiac elec-
trograms by our group [ 53 ] and others [ 67 ] has 
shown a high degree of correlation suggesting 
that these measurements are detecting the same 
electrical phenomenon.

   Analysis of intra-cardiac EGMs from ICDs 
has demonstrated a sharp increase in RA magni-
tude immediately prior to spontaneous ventricular 
arrhythmias [ 49 ,  68 ]. However, a similar upsurge 
in RA has not been observed prior to induced 
ventricular arrhythmias or preceding inappropriate 
ICD shocks [ 68 ]. A recent prospective, multi-
center study has extended these observations by 
analyzing intra-cardiac EGMs from patients with 
ICDs [ 69 ]. In this study, due to the limited number 
of beats stored by the ICD prior to the onset of 
the VTE, repolarization dynamics were estimated 
using a simple averaging method which measures 
both alternans and non-alternans T-wave variabil-
ity (TWA/V). Although this method is less specifi c 
for determining alternans periodicity than the 
better validated spectral- analytic method, given 
the signifi cantly larger amplitude of T-wave alter-
nans measured from ICD shock electrograms 
compared to body- surface ECGs, the simple 
averaging method can provide a measure of 
T-wave dynamics without extensive signal process-
ing and with a limited number of beats to analyze 
prior to arrhythmia onset. The magnitude of 
TWA/V immediately prior to VTE was compared 
to four control data segments: baseline rhythm, 
rapid pacing (at 105 bpm), time-matched 
 ambulatory EGMs from the same time of day at 
which spontaneous VTE occurred and EGMs 

a

b

  Fig. 18.6    Visible    T-wave polarity alternans preceding 
and following self-terminating torsade de pointes ventric-
ular tachycardia ( a ) captured on holter monitor of a 72 
year old female patient with a history of resuscitated car-

diac arrest [ 80 ]. In panel ( b ), three minutes of continuous 
ECG monitoring after the termination of ventricular 
tachycardia shows persistent T-wave alternans and several 
runs of non-sustained ventricular tachycardia       
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prior to supraventricular tachycardia (SVT) 
onset. The magnitude of TWA/V prior to sponta-
neous VTE was signifi cantly greater than during 
any of the four control data segments. 
Furthermore, in logistic regression models, each 
10 μV increase in TWA/V was associated with an 
increase in odds of VTE of 2.2. These data show 
a close temporal association between surges in 
T-wave alternans/variability and onset of sponta-
neous ventricular arrhythmias. 

 In aggregate, several lines of evidence support 
the idea that surges in RA, measured either from 
body-surface or intra-cardiac electrodes, are 
closely associated with an increase in acute 
ventricular, and potentially atrial arrhythmia sus-
ceptibility. These data suggest that the heart 
either passes through a state of heightened RA on 
the way to ventricular tachycardia/ventricular 
fi brillation (VT/VF) or heightened RA occurs in 
close conjunction with developing VT/VF [ 15 , 
 16 ]. In either scenario, these fi ndings suggest that 
detecting signifi cantly elevated levels of RA may 
serve as an important  short- term predictor of 

impending arrhythmias and also raise the possi-
bility of using upstream therapies to abort VT/VF 
prior to arrhythmia onset.  

18.3.3     Utility of Repolarization 
Alternans to Guide Therapy 

 Repolarization alternans in vivo is known to be a 
spatially and temporally heterogeneous phenom-
enon and therefore, any attempt to deliver 
upstream suppressive therapy is predicated on the 
ability to accurately detect alternans regardless of 
where in the heart it originates. Our group has 
identifi ed a novel lead confi guration for the 
optimal spatio-temporal detection of intra-car-
diac RA (based on two leads positioned in the RV 
and the CS), using the spectral technique (more 
details on this method can be found in [ 53 ]). 
Although there are dynamic fl uctuations in RA 
magnitude during acute ischemia, we have shown 
that there is a surge of RA that remains signifi cantly 
elevated compared to baseline within the fi rst 
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  Fig. 18.7    Signifi cant repolarization alternans (RA) induced 
by angioplasty-balloon occlusion of the circumfl ex coronary 
artery preceding ventricular fi brillation. Alternans voltage 
( a ) and K score  ( b ) estimated from an intra-cardiac system of 
far-fi eld bipolar leads (CS3CS8, RV2CS3 and RV2CS8) of 
catheters in the right ventricle and the coronary sinus. The 

vertical line corresponds to the start of the occlusion. A 
marked elevation in alternans voltage and K score  is observed 
during several minutes prior to VF, demonstrating that these 
markers can be accurately measured immediately prior to 
the onset of arrhythmia and may be used as a trigger to initi-
ate “upstream” anti-arrhythmic therapy       
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5 min of the recording [ 53 ]. Using the same 
model, in Fig.  18.7 , we demonstrate the use of 
the triangular RV-CS lead confi guration to detect 
temporal surges in RA, immediately prior to the 
onset of ventricular fi brillation. Our data suggest 
that if signifi cant RA is present in the heart, the 
RV-CS lead confi guration is able to detect it more 
than 85 % of the time. Therefore, despite the sig-
nifi cant spatiotemporal heterogeneity of RA, 
using this novel lead confi guration, RA can be 
detected with a high degree of sensitivity when it 
is present in the heart. The use of the RV-CS lead 
confi guration also has important clinical applica-
bility since many currently utilized implantable 
devices (i.e. cardiac resynchronization therapy 
platforms) already employ RV and CS leads. The 
ability to detect heightened levels of RA from 
implantable intra-cardiac devices opens the door 
to the possibility of delivering upstream therapy 
to suppress RA and prevent a favorable substrate 
for arrhythmogenesis from developing. Upstream 
therapy also has the important potential benefi t of 
preventing the need for ICD shocks, which have 
an adverse impact on quality of life and may also 
have a detrimental effect on heart failure disease 
progression [ 70 ].

   Various forms of upstream therapy [ 71 ] have 
been proposed including adaptive pacing protocols 
[ 51 ,  72 ,  73 ] that might be incorporated into exist-
ing implantable device platforms such that if the 
device detects an unstable myocardial substrate 
(as evidenced by heightened RA magnitude), the 
adaptive pacing protocol would be activated to 
deliver electrical therapy to re- stabilize the elec-
trical substrate so that even if a trigger event 
occurred (i.e. a premature beat), that trigger 
would no longer encounter a vulnerable electrical 
substrate and the onset of arrhythmia would be 
prevented. The adaptive pacing protocol could be 
terminated when the RA magnitude falls below a 
predetermined threshold. 

 Prior studies have investigated the use of 
dynamic pacing protocols based on real-time 
measurement of APD to control alternans. 
Simulation studies in one-dimensional cable 
geometry have suggested that RA control is 
limited to a maximum cable length due to the for-
mation of standing wave patterns of alternans 
[ 74 ]. In vitro studies have utilized dynamic 

 pacing protocols based on real-time measure-
ment of APD to control RA in small sections of 
bullfrog myocardium [ 75 ], canine Purkinje fi bers 
[ 73 ] and perfused canine right ventricular prepa-
rations [ 76 ], demonstrating alternans control over 
a region of tissue as large as ~2–2.5 cm. However, 
these studies were limited in controlling alter-
nans in spatially constrained models. The only 
in vivo demonstration of dynamic pacing therapy 
to control alternans, demonstrated control of AV 
nodal conduction alternans in fi ve patients under-
going clinically-indicated electrophysiology 
studies [ 72 ]. However, AV nodal conduction 
alternans remains a spatially limited phenomenon 
and does not recapitulate the complex spatial-
temporal nature of alternans during ventricular 
repolarization. Therefore, the ability to control 
ventricular alternans, in-vivo, in the diseased 
heart has been elusive until recently. 

 Data from our group on the use of adaptive 
pacing to suppress RA are presented in Fig.  18.8 . 
Using the acute coronary artery occlusion model 
in swine, we plot the alternans voltage 
(Fig.  18.8a ) and K score  (Fig.  18.8b ) of the trian-
gular intra- cardiac bipolar lead confi guration 
CS2CS8, LV4CS2 and LV10CS2. In interven-
tion “a”, one observes signifi cant spontaneously 
occurring RA. Upon detection of signifi cant 
RA, we estimated the phase of RA [ 52 ] and 
applied in-phase R-wave triggered pacing with 
positive polarity from a catheter lead in the right 
ventricle apex with the following parameters: 
amplitude: +4 mA; pulse width: 10 ms; pulse 
coupling: 10 ms, on every even beat (interven-
tion “b”). We observe that R-wave triggered 
pacing results in a signifi cant reduction of spon-
taneous RA during acute ischemia (77.59 % 
average reduction across the three leads of the 
alternans voltage compared to baseline, 
p < 0.0001; 92.55 % average reduction across 
the three leads of the K score  compared to base-
line, p < 0.0001). In intervention “c”, R-wave 
triggered pacing is discontinued, leading to an 
increase of the alternans voltage and K score  
(68.62 % average increase across the three leads 
of the alternans voltage compared to RA sup-
pression, p < 0.0001; 87.06 % average increase 
across the three leads of the K score , compared to 
RA suppression, p < 0.0001).
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  Fig. 18.8    Example of spontaneously occurring alternans 
suppression in sinus rhythm during acute myocardial isch-
emia. Alternans voltage ( a ) and K score  ( b ) are plotted for the 
intra-cardiac lead confi guration CS2CS8, CS2LV4 and 
CS2LV10. Alternans suppression pacing is delivered from 
the right ventricle apex (RV12; amplitude: +4 mA, width: 
10 ms, coupling to R-wave: 10 ms).  a : spontaneously 
occurring alternans is visible at baseline,  b : R-wave trig-
gered pacing is delivered from RV12 on every even beat 
with a positive polarity pulse, which results to signifi cant 
reduction of RA (77.59 % reduction of the alternans voltage 
compared to baseline, p < 0.0001; 92.55 % reduction of the 

K score  compared to baseline, p < 0.0001),  c : R-wave trig-
gered pacing is discontinued and both alternans voltage and 
K score  increase to the baseline level during sinus rhythm. 
Transitions  a  to  c  occur correspondingly at times marked 
by solid vertical black lines, while the colored horizontal 
lines during each intervention indicate the mean value of 
the alternans voltage and K score  during that intervention. In 
( c ) ECG morphology changes during the corresponding 
recordings  a – c , above;  panels  show the median odd ( red )/
even( blue ) beats in a 128-beat sequence of the triangular 
intra-cardiac bipolar lead confi guration CS2CS8, CS2LV4 
and CS2LV10 during each intervention         
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   These fi ndings are further supported by our 
recent observation [ 51 ] that pacing during the 
absolute refractory period on an every beat basis 
induces a consistent, lead-dependent modulation 
on ventricular repolarization. These data provide 
an important proof of concept that the phase of 
RA is a critical parameter that can be estimated in 
real-time and used to suppress spontaneously 

occurring RA. Pacing on every beat does not sup-
press RA because it fails to account for the impor-
tance of phase (i.e. long or short action potential) 
in the pathogenesis of alternans. Importantly, pac-
ing on every beat in this model does not decrease 
the level of alternans (data not shown). 

 In Fig.  18.8c , we present the change of ECG 
morphology from baseline during sinus rhythm 
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(when signifi cant RA is present), to RA suppres-
sion by pacing during the absolute refractory 
period. The median odd/even beats (in a 128-
beat sequence) of the triangular intra-cardiac 
bipolar lead confi guration CS2CS8, CS2LV4 
and CS2LV10 are shown during spontaneous 
RA (intervention A), in-phase R-wave triggered 
pacing with positive pulse polarity (intervention 
“b”) and baseline RA (intervention “c”). The 
presence of the pacing pulse during the absolute 
refractory period can be appreciated in interven-
tion “b”, along with the loss of discrimination 
between odd and even beats, consistent with the 
suppression of RA. While visible RA is present 
during both baselines (interventions “a” and 
“c”), intervention “b” demonstrates a signifi cant 
reduction in the alternans level, to the extent that 
RA is no longer visible. 

 These data provide an important proof of con-
cept that adaptive pacing protocols can be used in 
real-time to suppress RA and potentially prevent 
the formation of a pro-arrhythmic substrate. The 

use of stimulation during the absolute refractory 
period to control RA is based on a vast body of 
literature investigating the use of non-excitatory 
stimulation for cardiac contractility modulation 
(CCM). It has been shown in computer simula-
tions [ 77 ] and experimental studies that stimula-
tion during the absolute refractory period is 
capable of controlling APD. Specifi cally, pacing 
stimuli applied during the early absolute refrac-
tory period appear to modulate  I  to  [ 78 ], which 
may lead to further activation of the L-type Ca 2+  
channel and modulation of calcium transients 
[ 78 ]. Therefore, the use of sub-threshold stimula-
tion to control APD and RA may share common 
mechanisms with the pathogenesis of RA at the 
cellular level. 

 Beyond adaptive pacing protocols, detection 
of RA by implantable devices may also be cou-
pled to other forms of therapy. For instance, there 
is signifi cant interest in coupling micro- 
electromechanical systems (MEMS) to implant-
able devices to facilitate localized delivery of 
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 pharmacologic agents for treating various aspects 
of chronic heart failure i.e. neurohormonal antag-
onists, diuretics, anti-arrhythmic agents [ 79 ]. It is 
conceivable that timely and potentially localized 
delivery of anti-arrhythmic agents may also be 
capable of suppressing RA and re-stabilizing the 
electrical substrate.   

   Conclusions 

 The prevailing hypothesis of repolarization 
alternans is that dynamic sub-cellular pertur-
bations in intracellular Ca 2+  homeostatic mech-
anisms occurring on a beat-to-beat basis give 
rise to [Ca 2+ ] i  alternans, which in turn gives 
rise to APD alternans and electrocardiographic 
alternans. At the whole heart level, the pres-
ence of discordant APD alternans is associated 
with increased spatial dispersion of refractori-
ness, wavefront fractionation and under certain 
circumstances, the onset of reentrant arrhyth-
mias. This paradigm suggests that rather than 
being merely associated with  medium - and 
 long -term risk of VTE/SCD, surges in RA may 
play a more proximate role in creating the con-
ditions necessary for  acute  arrhythmogenesis. 
The temporal association between RA and 
acute arrhythmia susceptibility may also have 
important clinical implications for early detec-
tion of impending arrhythmias and for guiding 
upstream anti-arrhythmic therapies.     
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  19      Animal Models of Cardiovascular 
Disease 

           Inês     Falcão-Pires       and     Adelino     F.     Leite-Moreira       

  Abstract 

 Cardiovascular diseases (CVD) often lead to heart failure (HF). HF preva-
lence is continuously rising and represents one of the leading causes of 
death and an economic burden in the western societies. The study of 
potential novel therapeutic options and interventions requires reliable ani-
mal models to evaluate myocardial progressive structural and functional 
changes. Indeed, during the past 40 years, basic and translational scientists 
have used small animal models to understand the pathophysiology of HF 
and improve prevention and treatment of patients suffering from conges-
tive HF (CHF). Each species and animal model has advantages and disad-
vantages and the choice of one model over another should take them into 
account for a good experimental design. 

 The aim of this chapter is to describe and highlight the features of some 
commonly used animal models of cardiovascular diseases with a particu-
lar emphasis on the ones leading to HF, including nongenetically and 
genetically engineered models. Larger animal models will be briefl y men-
tioned and compared to rodents but this chapter will mostly focus on rat 
and mouse models.  
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   ATH    Atherosclerosis   
  CHF    Congestive heart failure   
  CVD    Cardiovascular diseases   
  DCM    Dilated cardiomyopathy   
  DM    Diabetes mellitus   
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  EF    Ejection fraction   
  EMCV    Encephalomyocarditid virus   
  HF    Heart failure   
  HFpEF    Heart failure with preserved ejection 

fraction   
  HFrEF    Heart failure with reduced ejection 

fraction   
  HT    Hypertension   
  HYP    Hypertrophy   
  LAD    Left anterior descending   
  LV    Left ventricle   
  MCT    Monocrotaline   
  MI    Myocardial infarction   
  MS    Metabolic syndrome   
  RAAS    Renin-angiotensin-aldosterone system   
  REM    Remodeling      

19.1     Introduction 

 Cardiovascular diseases (CVD) represent the 
leading cause of deaths worldwide, though since 
the 1970s, cardiovascular mortality rates have 
declined in western society countries. CVD 
includes all the diseases of the heart and circula-
tion including coronary heart disease, congenital 
heart disease and stroke among other. The 
increasing prevalence of risk factors such as 
hypertension, obesity and diabetes has led to a 
striking rise in CVD, often progressing towards 
HF. In turn, this syndrome can be defi ned as an 
abnormality of cardiac structure or function lead-
ing to failure of the heart to deliver oxygen at a 
rate commensurate with the requirements of the 
metabolizing tissues, despite normal fi lling pres-
sures (or only at the expense of increased fi lling 
pressures) [ 1 ]. It is the common symptomatic end 
stage of a number of distinct CVD and thus is 
considered a multifactorial and polygenetic 
syndrome. 

 Heart failure is often divided in two distinct 
entities, namely HF with reduced ejection fraction 
(EF, HFrEF) and HF with preserved EF (HFpEF). 
Despite the controversy on the defi nition of each 
entity, HFrEF is related to systolic dysfunction 
and characterized by an inability of the myocar-
dium to contract and eject blood. In turn, HFpEF 
is associated to diastolic dysfunction and so refers 

to a disturbance in accommodating blood volume 
during diastole at low fi lling pressures, due to 
impaired ventricular relaxation (primarily affect-
ing early diastole) or increased myocardial stiff-
ness (primarily affecting late diastole) [ 2 ]. Besides 
being rather diffi cult to replicate pure HFpEF in 
animal models, these are also more demanding 
and time consuming than HFrEF. Therefore, the 
great majority of animal models have been devel-
oped for HFrEF. Simillarly, cardiac failure can 
affect the right, the left or both ventricles. 
Nevertheless most animal models were developed 
to exhibit left ventricular failure.  

19.2    Animal Models of 
Cardiovascular Disease 

19.2.1    Vascular Dysfunction and 
Atheroscrosis 

 The hypothesis that macrovascular disease is due 
to hypercholesterolemic dyslipidemia has been a 
powerful concept that has fostered the develop-
ment of cholesterol-lowering therapeutics, most 
notably statins. However, despite recent thepeuti-
cal progresses that effectively control plasma 
cholesterol concentrations, a major reduction in 
the incidence of CV Diseases was not observed. 
Animal models of vascular dysfunction and ath-
erosclerosis are hard to achieve without highly 
abnormal diets or genetically modifi ed mice. 
Such is the case of the JCR:La-Cp derived from 
Koletsky corpulent rats inbred over many genera-
tions to produce a rat presenting signifi cant 
ATH, hyperlipidemia, insulin-resistance-induced 
micro/macrovascular lesions, ischemic myocar-
dial lesions and spontaneous myocardial infarc-
tion (Fig.  19.1 ) (MI). Also, knockout mice such 
as  ApoE  −/−  and  LDLR  −/−  are widely used as mod-
els of ATH.  ApoE  −/−  mouse presents hypercholes-
terolemia and exhibits advanced intima lesions 
confi ned to aortic root area, which may spread 
upon a high-cholesterol diet. Similarly, the 
C57BL/6 mouse develops some ATH in the aor-
tic root when fed with a high-fat or high-choles-
terol diet. In turn  LDLR  −/−  mouse is a model of 
the familial hypercholesterolemia due to a muta-
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tion affecting the LDL receptor, developing 
extremely high plasma cholesterol levels. Similar 
to untreated humans, these mice exhibit xantho-
mas and extensive atherosclerotic lesions in sev-
eral vessels [ 3 ].  

 Of note is the fact that most of diet-induced 
ATH models do not present occlusive coronary 
artery disease, myocardial infarction, cardiac 
dysfunction and premature death, which are a 
rather common feature of human atherosclerotic 
disease that may lead to congestive HF.  

19.2.2    Metabolic Syndrome 

 The metabolic syndrome (MS) is diagnosed 
whenever three of the following disorders: obe-
sity, hypertension, insulin resistance, hyperglyce-
mia or dyslipidemia are found in the same 
individual. This triad represents a threatening and 
complex disorder, which is the leading cause of 

CV morbidity and mortality in modern societies. 
Over the last four decades, two signifi cant muta-
tions (i.e.  fa  and  cp ) that elicit obesity have been 
identifi ed in rats. The  fa  mutation, originally 
described by Zucker in 1961 [ 4 ] has been back-
crossed into several strains (Fig.  19.1 ). The  cp  
mutation described originally by Koletsky has 
been also backcrossed into several strains, includ-
ing SHHF/Mcc- fa  cp  rats [ 5 ]. Several strains have 
been selectively inbred and backcrossed for many 
generations to select particular features, such as 
hypertension, obesity or hyperglycemia, giving 
rise to a huge variety of models whose relation-
ship can be diffi cult to establish and comprising a 
part or the whole metabolic syndrome phenotype 
as illustrated in Fig.  19.1 . 

 This chapter will address separately animal 
models of hyperglycemia and diabetes mellitus, 
hypertension and obesity, highlighting those that 
might represent good animal models of the meta-
bolic syndrome. 

  Fig. 19.1    Relationship between different strains of rats 
whose selective crossing over several generations gave 
rise to different animal models of diabetes, hypertension, 
obesity and metabolic syndrome. Currently male obese 
ZDF, obese ZSF 1 , Koletsky and obese SHHF/Mcc- fa  cp  
rats are accepted as good animal models of metabolic syn-
drome. *: the timing depends on the gender and genotype. 

 CHF  congestive heart failure,  DCM , dilated cardiomyop-
athy,  DD  diastolic dysfunction,  DM  diabetes mellitus,  HF  
heart failure,  HGly  hyperglycemia,  HLep  hyperlepti-
nemia,  HLip  hyperlipidemia,  HIns  Hyperinsulinemia,  HT  
hypertension,  IR  insulin resistance,  MI  myocardial infarc-
tion,  mth  months,  RF  renal failure,  SD  systolic dysfunc-
tion,  wks  weeks       

→ Obese, IR, HLip (3 mth), normotensive, atherosclerosis (20 mth)
→ Ischemic myocardial lesions and spontaneous Ml

Obese JCR:La-cp
SHR-Heart Failure (SHRHF)

SHR-Stroke Prone (SHR-SP) LA/N-cp (Hansen’s colony)

SHR/N-cp (Hansen’s colony)

WKY/N-cp (Hansen’s colony)

Obese Koletsky (obese
SHROB or obese SHR )

Lean SHHF/Mcc-facp

(Sylvia McCune’s colony)

Obese Zucker Diabetic Fatty (ZDF)
(julia Clark and Richard Peterson’s colony)

Lean Zucker Diabetic Fatty (ZDF)
(julia Clark and Richard Peterson’s colony)

Obese ZSF
1

Lean ZSF
1

Lean Koletsky (Lean
SHROB)

→ EarlyCHF

→ Obese, normotensive, HLip,
Hlns, non-IR/Hlns and non-DM

→ Obese, HT, HLip, non-IR/Hlns

→ Normotensive, non-IR

→ Lean, HT and without RF

(Heterozygous for leptin
receptor mutation: Cp: +/–)
→ Lean, HT, Hlns, IR, HLip

→ Lean, normotensive, non-DM

→ Obese, IR, DM, HGly (7−10wks), temporary Hlns (↓ with β-cells
fatigue), HLip, HLept. Normotensive, mild nephropathy with
hydronephrosis. Recommended to be fed with Purina #5008

→      require a diabetogenic diet to develop the phenotype

→ Develops DM and diffuse
myocardial fibrosis when fed

with a high-frutose diet

→ Develops DM and diffuse
myocardial fibrosis when fed

with a high-sucrose diet

→ Hlns, IR, HLip, severe HT
nephropathy end stroke prone

(Homozygous for leptin
receptor mutation: Cp, k,

facp,fak, Leprcp or Ob–Rk +/+)
→ Obese, HT, HLip, IR, Hlns,
HLept. Nephropathy and RF

(Homozygous for leptin receptor
mutation: facp

→ obese, HLip, HT, CHF and DCM 
(10–24mth*), hepatomegaly, proteinuria,
diabetic nephropathy, pulmonary edema

→ DM in    versus IR in

(Heterozygous for leptin receptor
mutation: facp

→ Lean, HT, non-DM, CHF and DCM
(15mth*)

(ƒacp:+/– at the leptin receptor
gene locus)

(ƒa/ƒacp at the leptin receptor
gene locus)

→ Obese, HGly+IR+Hlns 
(7−10wks) and HLip+DM (12wks

fed with Purina 5008), HT, DD
and CHF, RF (12 mth), DD 
(20 wks) and SD (47wks)

Wistar
(Aokiand

Okamoto’s colony)

Wister Kyoto
→ Normotensive

→ Considerable genetic
differences from SHR

Spontaneous
Hypertensive Rats

(SHR)
→ HT (6 wks), no HF and

no RF

→ HGly, Hlip and HIns
 (12 wk), glucose intolerance,

IR and HT (16 wk)

Sprague-Dawley

Wistar Fatty

Zucker
(Zucker and Zucker’s

colony)

Obese Zucker (Zucker fatty)
(Homozygous for leptin receptor mutation:

ƒa, Leprfa or Ob-Rfa +/+)
→ Obese, mild IR+HIns, HLip, HT with aging

Lean Zucker
(Heterozygous for leptin receptor

mutation: ƒa+/–)
→ Lean

Heterozygous(+/fa)

Obese SHHF/Mcc-facp

(Sylvia McCune’s colony)

+
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19.2.2.1    Hyperglycemia and Diabetes 
Mellitus 

 Animal models have been extensively used in 
diabetes research, including pharmacological 
rodent models of diabetes such as streptozotocin 
(STZ) and alloxan, drugs that when administred 
to rats or mice induce diabetes mellitus (DM) as 
soon as 24–48 h post-injection. These substances 
are selectively toxic to pancreas β-cells, induce 
insulin defi ciency and hyperglycemia and there-
fore represents a model of type-1 diabetes [ 6 ]. On 
the other hand, selective inbreeding has produced 
several strains of animal that are considered rea-
sonable models of type 2 diabetes and related 
phenotypes such as obesity and insulin resistance 
(Fig.  19.1  and Table  19.1 ). Apart from their use 
in studying the pathogenesis of the disease and its 
complications, all new treatments for diabetes, 
including islet cell transplantation and preventive 
strategies, are initially investigated in animal 
models. In recent years, a large number of new 
genetic animal models for the study of diabetes, 
including knockin or generalized and tissue-spe-
cifi c knockout mice have been described. Rodent 
models of type-2 diabetes include the Zucker 
fatty rat, as well as db/db and ob/ob mice, all of 
which display dysfunctional or absent leptin 
homeostasis and therefore develop insulin resis-
tance at different timepoints (Table  19.1 ). 

 These rodent models share many features of 
human diabetic cardiomyopathy. For example, 
rodent models of obesity, insulin resistance and 
type 2 diabetes present left ventricle (LV) hyper-
trophy, diastolic dysfunction, increased cardiac 
fatty acid uptake and utilization, decreased car-
diac effi ciency, impaired mitochondrial energet-
ics, increased myocardial lipid storage and 
impaired Ca 2+  handling [ 7 ]. Moreover, depending 
on the model, in vivo studies have revealed sus-
ceptibility to systolic and diastolic dysfunction 
assessed by echocardiography and hemodynam-
ics [ 8 ] as well as propensity to ischemia/reperfu-
sion injury following ligation/unligation of the 
left anterior descending coronary artery (LAD), 
which occurs in conjunction with structural and 
functional changes to the LV [ 9 ]. 

 However, there are several limitations when 
comparing these models to human diabetic car-

diomyopathy, as spontaneous ischemia and ath-
erosclerotic disease are not prominent in rodents 
[ 10 ]. The latter becomes simultaneously a valu-
able aspect as the effects of obesity, insulin resis-
tance and diabetes on the heart can be studied 
independently of coronary artery disease [ 11 ]. 
Importantly, rodent models present sudden and 
uncontrolled hyperglycemia or insulin resistance, 
whilst in the clinical setting patients with diabe-
tes are increasingly well controlled. Moreover, 
because DM develops at varying stages in these 
models, it is important to keep in mind that stud-
ies performed in animals before the onset of dia-
betes may refl ect changes that are secondary to 
the underlying obesity and insulin resistance, and 
studies performed after the onset of diabetes may 
refl ect the added effects of hyperglycemia of dif-
ferent durations.  

19.2.2.2    Systemic Hypertension 
   Spontaneously Hypertensive Rats SHR 
 Systemic hypertension is another relevant risk 
factor for human congestive HF. Spontaneous 
hypertension is a natural model of pressure over-
load, in which systemic hypertension leads to HF 
with ageing. Hypertensive vascular lesions 
appear within 6–7 weeks, being more severe in 
males than in females. For the fi rst 12 months, 
hypertrophy is compensated and contractility is 
preserved, but after 18–24 months there is overt 
congestive HF characterized by fi brosis, LV dila-
tion and reduced systolic function [ 12 ]. These 
structural and functional changes occur together 
with a marked rise in cytokine levels such as 
TNF-α and interleukin-6 [ 13 ]. Transition to fail-
ure has been suggested to depend on signifi cant 
alterations in the expression of genes encoding 
extracellular matrix proteins, oxidative stress and 
increased apoptosis of myocytes [ 12 ]. The grad-
ual onset of hypertension with ageing makes this 
model suitable for studying the transition from 
hypertrophy to CHF and for reproducing hyper-
tension-induced CHF in humans [ 14 ]. It has the 
advantage of avoiding the complications associ-
ated with surgical or pharmacological interven-
tions, while mimicking the changes found in 
human essential hypertension [ 12 ]. Indeed, the 
SHR is a very useful model of genetic hyperten-
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sion because drugs that lower blood pressure in 
SHR also decrease blood pressure in essential 
hypertension, being this one of the main reasons 
why researchers have used it extensively. 
Nonetheless, the long period required for devel-
oping CHF poses a great limitation, making it a 
time-consuming and consequently an expensive 
model. Moreover, Wistar Kyoto (WKY) is cur-
rently accepted as the “normotensive” control of 
SHR but it shows considerable genetic differ-
ences displayed and thus no ideal control exists 
for SHR.  

 The SHR stroke prone (SHR-SP) was selec-
tively bred from a substrain of the SHR that 
showed even higher levels of blood pressure and 
a strong tendency to die from stroke [ 16 ]. 
SHR-SP rats also display nephropathy, insulin 
resistance, hyperinsulinemia, hypertriglyceride-
mia and hypercholesterolemia. Moreover, despite 
comparable degrees of hypertension among 
males and females, stroke-related mortality is 
greater in males than females. Renal vascular dis-
ease including thrombotic microangiopathy 
affecting glomeruli and microvessels as well as 
cardiac damage are more prominent in male 
SHR-SP [ 17 ]. 

   Spontaneously Hypertensive HF Prone 
Rats (SHHF) 
 These animals were developed by backcrossing 
the obese SHR (SHROB) rat to the SHR/N rat 
and afterwards selectively bred to decrease the 
age at which animals developed CHF. The obese 
offspring carries the  fa   cp   corpulent gene, which 
encodes a defective leptin receptor gene, and 
therefore they develop obesity and HF. The time 
for the development of HF depends on  fa   cp   geno-
type and gender (male animals are more prone to 
HF than females [ 18 ]) but, in general, SHHF rats 
present HF earlier than the SHR strain, with loss 
of cardiac function starting at the age of 15 
months [ 19 ]. The obese SHHF display hyperten-
sion, nephropathy, obesity, insulin resistance, 
hyperinsulinemia, type 2 DM, hypertriglyceride-
mia and hypercholesterolemia. Controls are 
SHHF lean that also exhibits HF characteristics 
but at a different age from the SHHF obese. All 
SHHF, regardless of genotype or gender, eventu-

ally develop spontaneous dilated cardiomyopa-
thy (DCM). These animals present alterations in 
the renin-angiotensin-aldosterone system 
(RAAS) and also in calcium metabolism [ 20 ]. 
The greatest advantage of this strain, which is 
considered a good model of metabolic syndrome, 
is the possibility of studying drug interventions in 
an extended range of cardiovascular risk factors 
like obesity, diabetes and renal dysfunction [ 21 ].  

   Dahl Salt-Sensitive Rats 
 This is a mutant strain of Sprague–Dawley rats 
that is characterized by hypersensitivity to 
sodium intake [ 22 ]. When placed on a high salt 
diet since the 6th week of age they develop con-
centric LV hypertrophy (HYR) without chamber 
dilation around the 11th week and decompensate 
HF with marked ventricular dilation between the 
15th and the 20th week [ 23 ]. Failure is associated 
with reduced myocardial performance as evi-
denced by the lower performance of muscle strip 
preparations and the short lifetime of failing rats 
[ 24 ]. 

 Interestingly, it has been shown that introduc-
ing high-salt diet at 7 or 8 weeks of age can result 
in distinct HF phenotypes. Indeed, the 7-week 
starting rats showed a steeper elevation in blood 
pressure and progressive LV hypertrophy, falling 
into overt HFpEF at approximately 19 weeks. On 
the other hand, the 8-week starting rats showed a 
gradual rise in blood pressure and less progres-
sive LV hypertrophy, developing HFrEF at 
approximately 26 weeks. Therefore, these two 
different models of overt HF may be useful as 
models of isolated HFpEF and HFrEF based on 
the same hypertensive heart disease, which could 
be relevant to the pathophysiologic and molecu-
lar characterization of each HF subtype [ 25 ]. 
Another report found that the development of HF 
was dissociated from changes in passive diastolic 
and active systolic properties, suggesting that 
volume overload plays an important pathophysi-
ological role in development of congestion 
despite preserved overall ventricular pump func-
tion in this model of chronic hypertension [ 23 ]. 

 This model is suitable to study the transition 
from compensated HYR to failure. Moreover, it 
is often used to identify the role of several 
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 pathways and molecular mechanisms like oxida-
tive stress, extracellular matrix degradation, cal-
cium handling impairment, redox regulated 
transcription factors and apoptotic factors activa-
tion [ 15 ].  

   Deoxycorticosterone Acetate (DOCA) 
Hypertensive Rats 
 The deoxycorticosterone acetate (DOCA) salt-
induced model of hypertension is a typical 
representative of pharmacologically-induced 
hypertension. A very high subcutaneous dose of 
DOCA is required to induce hypertension in rats. 
Isotonic saline is the sole drinking fl uid, which 
hastens and aggravates the progression to hyper-
tension [ 26 ]. Despite being salt-dependent in its 
initiation, this model frequently needs surgical 
renal mass reduction or unilateral nephrectomy. 
DOCA-salt hypertension is a low renin and vol-
ume overload form of hypertension. The combi-
nation of DOCA-salt and unilateral nephrectomy 
results in hypertension, renal HYP, nephrosclero-
sis, cardiac hypertrophy and perivascular fi brosis 
within 4–5 weeks of chronic treatment [ 27 ]. 
Several studies report diastolic dysfunction in 
these rats [ 28 ]. 

 The pathophysiologic mechanisms underlying 
the development and maintenance of DOCA-salt 
hypertension include increased levels of argi-
nine, vasopressin [ 29 ], angiotensin II/aldosterone 
[ 30 ], endothelin [ 31 ] and oxidative stress [ 32 ], 
excessive activation of the sympathetic nervous 
system [ 33 ] and nitric oxide synthase (NOS) 
uncoupling due to oxidative depletion of its 
cofactor tetrahydrobiopterin (BH4) [ 28 ]. 
Nonetheless, the cardiac consequences are mini-
mal during the development of DOCA-salt 
hypertension-induced HYP [ 34 ]. This is in con-
trast with the decreased cardiac performance 
reported in other rat models of cardiac HYP and 
in the failing human heart. Therefore, hypertro-
phy in hearts of DOCA-salt hypertensive rats 
does not reproduce the changes observed in the 
failing human heart [ 34 ]. Besides this disadvan-
tage, other DOCA-salt model limitations are (1) 
the need to employ a large amount of drug, (2) 
the requirement for surgical reduction of renal 
mass and (3) the dependence on a strictly con-

trolled ingestion of a high NaCl dose. On the 
other hand, its advantage is the potential to inves-
tigate the role of sodium in the developmental 
stages of hypertension. In an attempt to over-
come some of these limitations, more recently, a 
group published a mouse model that combines 
transverse aortic constriction (TAC) with DOCA 
administration under a normal-salt diet. 
Compared with TAC mice, TAC plus DOCA 
mice had similarly normal LV systolic pressure 
and fractional shortening but more hypertrophy, 
fi brosis, oxidative stress and diastolic dysfunc-
tion with increased lung weights, consistent with 
HFpEF. Therefore, these authors suggest that 
pressure-overload HYP sensitizes the heart to 
mineralocorticoid excess, promoting the transi-
tion to HFpEF without activation of the classic 
mineralocorticoid receptor-dependent gene tran-
scription [ 35 ].  

   Two-Kidneys, One-Clip (2K1C) or 
One-Kidney, One-Clip (1K1C) Rats 
 Since 1934, when Goldblatt and his co-workers 
induced an elevation of blood pressure by partial 
constriction of the renal artery of the dog [ 36 ], 
many successful models of renal-induced experi-
mental hypertension have been developed in rats. 
In general, the procedure includes two-kidney 
Goldblatt hypertension (constriction of one renal 
artery while the contralateral kidney is left intact) 
and one-kidney Goldblatt hypertension (one 
renal artery is constricted and the contralateral 
kidney is removed) [ 26 ]. Clipping one renal 
artery, while leaving the contralateral kidney 
untouched, induces systemic hypertension and 
LV concentric remodeling within 8 weeks [ 37 ]. 
Histologic studies revealed extensive LV fi brosis 
while echocardiography and hemodynamic data 
consistently showed diastolic dysfunction [ 37 ]. 
Indeed, inhibition of matrix metalloproteinase 
activity in these hypertrophic hearts has been 
shown to provide benefi cial effects in terms of 
structure and function [ 38 ]. At cellular level, sev-
eral changes in the energy metabolism, actin-
myosin cross-bridge cycle and protein expression 
were identifi ed in renovascular hypertensive rats 
[ 37 ]. In addition, the central role of activation of 
the RAAS [ 39 ] and the sympathetic nervous 
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 system [ 40 ] has been thoroughly studied. In the 
one-kidney model, no compensatory increase in 
sodium and water excretion can occur, and hence, 
fl uid volume is retained, which means this model 
is thus a sodium-fl uid volume-dependent model. 
Therefore, it would be valuable for studying the 
role of volume expansion in the development of 
hypertension [ 41 ]. During the early developmen-
tal stage, if the clip is removed arterial blood 
pressure returns to normal in both models, sug-
gesting that renovascular hypertension is both 
reversible and reproducible [ 42 ].  

   ZSF1 Obese Rats 
 The obese ZSF1 is commonly used to study renal 
failure with additional disease complications. 
However, these rats also represent a robust ani-
mal model of metabolic syndrome since they 
comprise hypertension, obesity, type 2 DM, insu-
lin resistance, hyperinsulinemia, hypertriglyceri-
demia, hypercholesterolemia and even HF. 
Considering such features, this cardiometabolic 
risk animal model has recently been shown to 
develop diastolic dysfunction and HF, having 
therefore been considered a robust animal model 
of HFpEF by their 20th week of age. At this age 
no renal failure was yet observed in obese ZSF1 
despite the diastolic dysfunction as confi rmed by 
increased myocardial stiffness mostly due to 
myofi lamentary changes, since myocardial fi bro-

sis was absent. Lean ZSF1 also display hyperten-
sion but no diastolic dysfunction, obesity, DM 
nor the associated metabolic disturbances [ 43 ]. 
Other reports have suggested that obese ZSF1 
present decreased LV contractility indices by the 
45th week of age.    

19.2.2.3    Obesity 
 Obesity is associated with premature death by 
increasing the risk of many chronic diseases, 
including type 2 DM, CV disease and certain 
cancers. Thus, not surprisingly, many obesity 
animal models are also diabetic and held major 
CV abnormalities (Fig.  19.2 ). As previously 
mentioned, many available models of obesity 
derive from selective crossings between rats 
comprising one out of the two most signifi cant 
mutations in leptin receptor (i.e.  fa  and  cp ). Such 
is the case of Zucker fatty rats, the  fa  (fatty) gene 
“family”, whose obesity is not as marked as in 
SHROB or JCR:La-cp, the  cp  (corpulent) gene 
“family”. Figure  19.1  display several rat models 
of obesity derived from selective crossings 
among and between these two “families”. Many 
obese animal models, such as Zucker fatty rat, 
SHROB or even SHHF, are also models of hyper-
tension or MS and thus were mentioned in previ-
ous sections. Another example is the Otsuka 
Long-Evans Tokushima Fatty (OLETF) rat 
obtained by selecting spontaneously diabetic rats 

  Fig. 19.2    Overview of some 
of the most important animal 
models of cardiovascular or 
cardiovascular-related 
diseases and their features. 
 DM-1  type 1 diabetes 
mellitus,  DM-2  type 2 
diabetes mellitus       
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exhibiting polyuria, polydipsia and obesity from 
an out-bred colony of Long-Evans rats. These 
rats exhibit obesity, hyperglycemia (at the adult 
age, 18 weeks), hyperinsulinemia, chronic DM, 
which is fi rst non-insulin dependent but that over 
time progresses to insulin dependent. The control 
strain, LETO appears to share some of diabeto-
genic genes with OLETF rats [ 44 ].  

 In the human setting, the development of obe-
sity and metabolic syndrome is mostly linked 
with increased caloric intake and lack of physical 
activity, in addition to genetic predisposition. 
Thus it would be relevant to study the pathogen-
esis of CV disease resulting from abnormal food 
intake. Many models of obesity are induced by 
the consumption of modifi ed diets, such as high-
fat or high-carbohydrate diets, therefore repre-
senting potentially more relevant 
pathophysiological models of the human disease. 
Such is the case of C57BL/6 mouse fed with a 
high-fat diet described previously as an animal 
model or vascular dysfunction and atherosclero-
sis. Still regarding mice,  ob/ob  mice [ 45 ], with 
leptin defi ciency, and  db/db  mice [ 46 ], presenting 
a mutation in leptin receptor, constitute the most 
used models of obesity, which also display hyper-
glycemia and hyperlipidemia without hyperten-
sion and thus represent a good animal model of 
metabolic syndrome. 

 Apart from these models, other genetic modi-
fi cations gave rise to a whole range of transgenic 
including knockout and knockin mice, which are 
briefl y described throughout Table  19.1 , wherein 
the most usual DM animal models are also 
described.   

19.2.3    Cardiac Hypertrophy 

 Cardiac hypertrophy may subside as a response 
of the heart to hemodynamic overload, during 
which terminally differentiated cardiomyocytes 
increase in size without undergoing cell division. 
This subchapter will only describe animal mod-
els of LV hypertrophy, while the subchapter 
regarding “pulmonary hypertension, emphysema 
and right ventricular failure” will address animal 
models of right ventricular HYP. 

19.2.3.1    Pressure-Overload Induced 
Hypertrophy 

 Aortic constriction (banding) is a well-estab-
lished surgical technique to induce LV chronic 
pressure overload and hypertrophy. Initially, aor-
tic banding imposes almost no restriction to aor-
tic fl ow but as the animal grows, the severity of 
the constriction gradually increases, resulting in 
cardiac hypertrophy. Banding in several aortic 
segments (ascending (AAC), transverse (TAC) or 
supra/infra-renal abdominal aorta) has been used 
to mechanically reproduce the cardiac conse-
quences of aortic stenosis, coarctation of the 
aorta and systemic hypertension [ 47 ]. The time-
line of the disease progression depends on the 
selected specie, age, gender, anatomic locations 
or degree of the constriction (Fig.  19.3 ).  

 Changes in nitric oxide (NO) pathway are 
believed to play an important role in the pressure-
overloaded heart and pathological cardiac remod-
elling (REM). In fact, reports showed that the 
phosphodiesterase-5 inhibitor sildenafi l reduces 
LV HYP and dilatation in a mouse TAC model 
[ 48 ]. Additionally, the exogenous administration 
of the NOS cofactor BH4, has been shown to 
reduce LV HYP, fi brosis, and cardiac dysfunction 
in mice with pre-established pressure-overload 
hypertrophy. In this setting, BH4 re-coupled 
endothelial NOS, with subsequent reduction of 
NOS-dependent oxidative stress and reversal of 
maladaptive remodelling [ 49 ]. 

 Among the major advantages that these band-
ing models share compared to other hypertensive 
or HF models, is the ability to manipulate the 
degree of pressure overload by changing the 
constriction severity [ 50 ]. Concerning the tho-
racic aorta constrictions the main advantage is 
the similarities to human HF progression, espe-
cially to aortic stenosis patients. Accordingly, it 
is characterized by initial compensatory phase, 
with concentric LV hypertrophy followed by an 
enlargement of cardiac chambers associated 
with a further deterioration of LV function [ 51 ]. 
Another advantage is the extensive information 
regarding TAC model: it was fi rst described in 
1994 by Rockman [ 52 ] and it has been exten-
sively used since then, especially in mice either 
by traditional thoracotomy approach or by mini-
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mally invasive aortic banding through a small 
incision in the proximal sternum [ 15 ]. Finally, 
this method permits the quantifi cation of the 
pressure gradient across the aortic constriction 
and the stratifi cation of LV hypertrophy [ 13 ]. 
However, the TAC model has several drawbacks 
such as the prolonged duration of the protocols 
(Fig.  19.3 ), inter-individual variability in the 
response to pressure overload, high proportion 
of debanding due to internalization of the con-
striction knot [ 15 ]. These two last disadvantages 
require the use of large experimental groups and 
the use of accessory methods for visualization of 
the constriction integrity and progression of dis-
ease, such as echocardiography. Both AAC and 
TAC models have a common disadvantage resul-
tant from the complex surgical method and 
equipment necessary for open-chest microsur-
gery. The lack of such an extended learning 
curve is the major advantage of abdominal con-
striction model, alongside with the lower mortal-
ity rate associated with banding (10 %). 
Activation of RAAS might however limit the use 
of abdominal aorta constriction in some studies 
[ 53 ]. Moreover, decrease of LV relaxation rates 

makes such models valuable for the evaluation 
of diastolic dysfunction, which is an important 
factor in the progression of LV failure [ 54 ]. In 
addition, the stimulus for HF is gradual in onset 
as is the progression from compensated HYP to 
HF in humans, thus making it clinically more 
relevant.  

19.2.3.2    Volume-Overload Induced 
Hypertrophy 

 Arteriovenous shunts or fi stulas have been used 
to induce volume overload, HYP and later DCM 
and HF in rodents. Femoral artery to femoral vein 
or aorta to cava fi stulas lead to HF, but present a 
mortality rate above 25 % in all studies [ 55 ]. The 
more recent aortocaval shunt is a relatively sim-
pler and a faster alternative to induce HF with 
good survival rates and no need to perform thora-
cotomy [ 56 ]. Compared to the rat, reports on the 
cardiac consequences of arteriovenous shunts in 
mice are still scarce. The progression of myocar-
dial changes is represented in Fig.  19.3 . Notably 
confl icting observations have been reported prob-
ably due to differences in the techniques utilized 
to induce volume overload, duration and size of 

  Fig. 19.3    Timeline progression of three animal models of left ventricular hypertrophy in mice and rat: Transverse 
aortic constriction ( TAC ), Supra-renal aortic constriction ( SRAC ) and arteriovenous fi stula       
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the shunt or even the stage of cardiac hypertro-
phy. This procedure has the advantage of being 
fast and usually well tolerated, despite the limita-
tion of requiring a laparotomy. Nonetheless, 
shunt closure has been reported in 7 % of the 
cases, which means that it is necessary to confi rm 
the patency of the shunt at the end of 
investigation. 

 Another procedure used to induce volume 
overload in rats is aortic valve regurgitation, in 
which an aortic valve cusp is punctured [ 57 ].   

19.2.4    Dilated Cardiomyopathy 

 Engineered mice with mutations or lacking cer-
tain cytoskeleton genes are known to cause 
dilated cardiomyopathy (DCM). Such is the case 
of dystrophin and utrophin knockout mice that 
develop severe muscular dystrophies and cardio-
myopathy similar to humans. Also knockout 
mice for muscle LIM protein, melusin, tumor 
necrosis factor-α (TNF-α), protein kinase C-β2 
(PKC-β2) and calmodulin kinase II display phe-
notypic features of the human DCM (Table  19.2 ) 
[ 58 ]. Besides genetically modifi ed mice only a 
few animal models are able to satisfactorily 
mimic DCM, such as SHHF/Mcp- fa  cp  which, 
regardless of the gender or genotype, eventually 
develop spontaneous DCM accompanied by sub-
cutaneous edema, dyspnea, cyanosis, lethargy, 
enlarged hearts, thickened ventricles, dilated 
heart chamber, ascites, pulmonary edema and 
pleural effusion. Moreover, several animal mod-
els used for other CV diseases developed DCM, 
that is, myocarditis or myocardial ischemia. 
Apart from rodents, DCM can be induced by 
chronic rapid pacing at a frequency three- to 
fourfold higher than the spontaneous heart rate 
and is mostly applied to dogs, but also to pigs, 
sheep and monkeys [ 58 ]. 

19.2.4.1    Doxorubicin 
 Doxorubicin (DOX) is an anthracycline widely 
used in cytostatic treatments. One of the major 
long-term consequences of DOX therapy is the 
development of dose-dependent cardiomyopathy 
and ultimately congestive HF either in humans as 

in various animal species. Therefore, understand-
ing the pathogenesis of cardiotoxic cardiomyopa-
thy is essential to the development of new 
measures to prevent cardiotoxicity associated 
with antineoplastic therapies [ 15 ]. 

 DOX administration once a week for 6 weeks 
or on alternate days for 2 weeks has been shown 
to induce cardiomyopathy and HF in rodent, 
while in rabbits the fi rst abnormalities are 
observed after 3 months’ injections twice weekly. 
Interestingly, a single intravenous administration 
of DOX has been shown to induce signifi cant LV 
dysfunction in mice after 5 days, while its intra-
coronary injection allows a smaller dose of DOX 
to induce HF without systemic toxicity [ 15 ]. 

 DOX-induced cardiomyopathy is character-
ized by ventricular wall thinning and dilatation 
(reduced mass-to-volume ratio), and depressed 
systolic and diastolic function accompanied by 
fl uid retention and by neurohumoral activation. At 
the cardiac muscle level, DOX promotes intrinsic 
contractile dysfunction and reduced contractile 
reserve. Furthermore, DOX impairs vascular, as 
well as cardiac endothelial function and induces 
infl ammatory reactions in the heart, leading to 
thrombosis in the atria and myocarditis [ 15 ]. 

 Multiple pathways of antracycline-induced 
cardiac cellular injury have been proposed, such 
as the release of cardiotoxic substances which 
subsequently accumulate in cardiomyocytes, the 
generation of free radical, lipid peroxidation and 
suppression of DNA, RNA and protein synthesis. 
Other studies suggest that cardiotoxicity path-
ways include abnormalities in Ca 2+  handling; 
induction of mitochondrial DNA lesions; degra-
dation of myofi lamental and cytoskeletal proteins, 
including titin and dystrophin; interference with 
various pro-survival kinases [ 59 ] and changes in 
adrenergic and adenylate cyclase function. All 
these mechanisms may contribute to cardiac cell 
damage, ultimately leading to myocyte death, 
either by necrosis or by apoptosis [ 15 ]. 

 DOX model has a short time course of induc-
tion of HF and also the advantages of being tech-
nically simple, reproducible, non-invasive, and 
economical. Additionally, it can be used in sev-
eral animal species to promote either chronic or 
acute HF [ 60 ]. The main limitations of this model 
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are related to the variable degree of ventricular 
dysfunction and the high incidence of arrhyth-
mias that contributes to the high mortality rate. 
Importantly, it is known that doxorubicin cardio-
toxicity is dose-dependent and may appear either 
during and within 2–3 days of its administration 
or later within 30 days of administration of its 
last dose. In humans, it may occur even after 
6–10 years after its administration [ 61 ]. 
Anthracycline administration also has undesir-
able bone marrow, gastrointestinal and renal tox-
icity that can however be avoided by the 
intracoronary injection of the drug [ 60  ].  

19.2.4.2    Isoproterenol 
 Excessive doses of catecholamines, such as iso-
proterenol, produce diffuse myocardial destruc-
tion with cardiomyocyte necrosis and extensive 
fi brosis in both animals and humans [ 150 ]. The 
mechanism underlying myocardial damage is 
likely related to an imbalance between oxygen 
supply versus demand due to myocardial hyper-
activity [ 151 ]. In mice, infusion of isoproterenol 
for 7 days has been shown to induce cardiac dys-
function [ 152 ]. In rats, subcutaneous administra-
tion of isoproterenol for 3 days leads to a 
dose-dependent impairment of cardiac function 
and neurohumoral activation [ 153 ], with cardio-
myocyte necrosis and extensive LV hypertrophy 
and dilation and after 2 and 12 weeks, respec-
tively [ 154 ]. However, isoproterenol administra-
tion before ischemia exerts a cardioprotective 
effect in rats [ 154 ]. The advantages of this model 
are its technical simplicity and excellent repro-
ducibility in association with a satisfactory low 
mortality. Nonetheless, it seems not suitable for 
inducing an overt state of CHF because higher 
doses of catecholamines can increase the mortal-
ity rate up to 80 % [ 153 ].   

19.2.5    Myocardial Infarction-
Induced Heart Failure 

 Since ischemic heart disease is the most impor-
tant cause of human HF, coronary artery occlu-
sion is the most common method of inducing 
acute myocardial damage in animal models. 

LAD coronary Ligation artery or one of its 
branches remains the most preferred and accept-
able method of inducing regional injury and sub-
sequent HF in rodents as well as to gain further 
insight into pathophysiology of post-myocardial 
infarction (MI) cardiac remodelling (REM) [ 13 ]. 
The mechanisms responsible for cardiac REM 
are mostly related to changes in extracellular 
matrix and cardiomyocytes of the remaining 
overloaded myocardium and neurohumoral acti-
vation [ 155 ]. 

 Surviving mice gradually develop HF within 
the 4 weeks following the surgical procedure 
[ 156 ]. In rats, a signifi cant decrease up to 25 % in 
cardiac output is observed 8 weeks after LAD 
ligation [ 157 ]. The infarct size varies signifi -
cantly (between 10 and 45 %) and is directly 
related to the degree of LV function impairment 
[ 158 ], infl uencing the time course of CHF devel-
opment [ 155 ]. Generally, the infarct extension 
needs to affect at least 30 % of the LV mass in 
order to present the typical characteristics of 
CHF and to induce considerable increases in the 
molecular markers of hypertrophy [ 155 ]. Age 
also exerts a noteworthy effect on the time course 
of CHF development, with young animals toler-
ating well LAD ligation without CHF signs, in 
spite of the larger infarct size [ 159 ]. Some recent 
studies showed that female mice undergo less 
extensive ventricular REM, suggesting the infl u-
ence of sex hormones as a putative explanation 
for gender differences [ 160 ]. 

 In both mice and rats, mortality ranges 
between 35 and 50 % and occurs within the fi rst 
hour after MI due to ventricular fi brillation and 
severe acute HF. Furthermore, in rats, it seems to 
be strain dependent with Lewis inbred rats pro-
ducing a uniform infarct size and surviving more 
than Sprague-Dawley rats. Moreover, LAD 
occlusion performed in adult Sprague-Dawley 
rats as been described to induce cardiac cachexia 
[ 15 ]. 

 Contrary to the clinical situation, in which the 
patient has progressive non-occlusive coronary 
artery obstruction, MI in this model is due to the 
sudden occlusion of a normal coronary artery. 
Therefore, efforts have been made to create a 
model of chronic myocardial ischemia, more 
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similar to the clinical reality. To overcome this 
limitation, coronary microembolization using 
intracoronary infusion of microspheres have been 
attempted in larger animals [ 161 ]. 

 Protocols of temporary LAD occlusion have 
been developed to reproduce human ischemia-
reperfusion injury. This model has confi rmed the 
benefi ts of reperfusion since infarct size was 
found to be signifi cantly smaller than after per-
manent occlusion of the coronary artery. 
However, they also revealed the diversity of 
results as a consequence of the high variability of 
mouse left coronary anatomy [ 162 ]. The proce-
dure was further modifi ed to analyze ischemic 
preconditioning of the heart. In this method, 
LAD is repeatedly occluded to subject the heart 
to several rounds of brief ischemia and reperfu-
sion before permanent occlusion. Molecular 
analyses identifi ed various ischemia-induced 
genes that confer tolerance to subsequent more 
severe ischemic event [ 163 ]. 

 The cost and simplicity confer important 
advantages to LAD ligation. On the other hand, 
rats differ from humans in terms of electrophysi-
ology, coronary circulation, cardiac protein iso-
forms and time course of MI evolution. In fact, 
available data suggests a faster onset of healing 
and termination processes in rats [ 164 ], which 
mean results must be interpreted with caution. 
Even so, most therapeutic approaches to MI have 
emerged from this experimental model. 

 An alternative model of MI was cryoinfarc-
tion, which induces a series of cryo-injuries in 
the epicardium of mice and rats [ 165 ]. However, 
it has not caught the interest of the scientifi c com-
munity and thus it is no longer used. 

19.2.5.1    Myocarditis-Induced Hear 
Failure 

 Viral myocarditis may cause of DCM and HF. 
The Coxsackie-B3 virus (CB3) and the encepha-
lomyocarditis virus (EMCV) have been used to 
induce myocarditis in rodents [ 166 ]. EMCV 
infection can lead to myocyte necrosis and sig-
nifi cant biventricular dilation during the phase of 
viremia, while typical signs of CHF appear after 7 
to 14 days of virus inoculation [ 167 ]. This model 
is limited to Balb/c and DBA/2 mice because 

other mouse strains are resistant to virus infection 
[ 74 ]. Virus inoculation in genetic engineered 
mice has been shedding light on the molecules 
involved in the pathogenesis of viral myocarditis. 
Indeed, the administration of an exogenous anti-
TNF-α antibody reduced myocardial lesion and 
improved survival, mitigating the effect of the 
observed increase in TNF-α expression [ 168 ]. A 
retrovirus model of encephalitis and myocarditis 
in mice showed that nuclear factor-kB activation 
confers protection against viral-mediated apopto-
sis and its expression is preserved in the presence 
of interferon-B. The absence of any of these mol-
ecules in the myocardium leads to striking viral 
infection and cell death [ 15 ]. Transgenic knock-
out models of components of the immune system 
have provided interesting insights in the patho-
genesis of viral myocarditis [ 169 ]. 

 Another pathogenic agent capable of causing 
myocarditis and DCM is the protozoan parasite 
 Trypanosoma cruzi , which causes Chagas dis-
ease, a major form of HF in Latin America [ 170 ]. 
The infection causes generalized vascular infl am-
mation, which stimulates the production of endo-
thelin-1 and thromboxane-A2, further enhancing 
coronary vasospasm and myocardial ischemia 
[ 171 ]. 

 Autoimmune myocarditis has been induced 
by an immunization process with different 
intracellular antigens. In rats, hemodynamic 
deterioration and myocarditis have been 
reported after 3 weeks of immunization with 
cardiac α-myosin or α-myosin peptides [ 172 ]. 
This was associated with increased expression 
and activity of inducible nitric oxide synthase 
(iNOS) and an inhibitor of that enzyme effec-
tively attenuated the histopathological changes, 
thus pointing out to a relevant pathophysiologic 
role of NO [ 173 ]. In mice, immunization with a 
monoclonal anti-dog SERCA-2a antibody 
caused myocarditis [ 174 ]. 

 Immunization of mice with recombinant 
murine cardiac troponin I (mcTnI) resulted in 
myocardial deposition and elevated serum levels 
of anti-mcTnI autoantibodies, accompanied by 
myocardial infl ammation (both humoral and cel-
lular immune response), cardiac dilatation, con-
tractile failure and increased mortality rates [ 175 ].  
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19.2.5.2    Pulmonary Arterial 
Hypertension, Emphysema 
and Right Ventricular Failure 

   Monocrotaline-Induced Pulmonary 
Hypertension 
 Monocrotaline (MCT) is a plant toxin derived 
from  Crotalaria spectabilis  that can be adminis-
tered by intraperitoneal, subcutaneous, or intra-
venous injection to induce right ventricular 
dysfunction and HF within 4–6 weeks [ 176 ]. 
Current hypotheses of the pathogenesis of MCT-
induced pneumotoxicity suggest that MCT is 
transformed in a bioactive pyrrole metabolite in 
the liver and is then transported by red blood cells 
to the lung, where it initiates endothelial injury. 
The metabolite has a half-life of ~3 s in aqueous 
media and primarily affects the pulmonary vas-
cular bed as lungs are the fi rst major vascular bed 
after the liver [ 177 ]. Nonetheless, MCT can 
injury other structures such as liver [ 178 ] or kid-
ney [ 179 ]. In the pulmonary vasculature MCT 
induces perivascular infl ammation, platelet acti-
vation, and endothelial dysfunction, generally 
leading to increased pulmonary arterial pressure. 
These changes are accompanied by an increase in 
RV systolic and diastolic pressures, hypertrophy 
and ultimately HF [ 180 ]. Besides inducing HF, 
MCT is a simple model, which, at an earlier 
phase, presents relevant similarities with human 
pulmonary hypertension. Also, it is considered as 
an animal model of cachexia-secondary to HF.   

19.2.5.3    Heart Failure with Preserved 
Ejection Fraction 

 In spite of the rising prevalence of HFpEF, cur-
rently there exist no evidence-based treatment 
strategies capable of changing its natural history, 
refl ecting our poor understanding of this HF sub-
type [ 181 ]. Therefore, animal models of diastolic 
dysfunction and HFpEF care urgently headed for 
the development and preclinical evaluation of 
new effective therapies for this disease. However, 
animal models of HFpEF are rather scarce, thus 
leading to the utilization of diastolic dysfunction 
models, which are more widely published and 
very similar regarding the basic pathophysiologi-
cal mechanisms [ 182 ]. Furthermore, these mod-

els have been most commonly created in large 
animals, such as canine, sheep and swine. 
Nonetheless, there have been some successful 
rodent models that deserve to be highlighted in 
this chapter. 

 Thus, researchers have tried to reproduce the 
paramount factors typically documented to cause 
diastolic dysfunction and HFpEF, namely ageing, 
diabetes mellitus and hypertension [ 183 ]. In fact, 
the alterations in myocardial relaxation and stiff-
ness associated with chronic hypertension and 
diabetes have been already mentioned above in 
the appropriate models, namely Dahl-salt sensi-
tive rats, DOCA-salt rats, obese ZSF1 and dia-
betic cardiomyopathy. 

 Despite the great diffi culty in developing an 
animal model of age-induced HFpEF, a recent 
study has characterized a model demonstrating 
isolated diastolic dysfunction associated with 
accelerated aging [ 184 ]. This mouse model is a 
spontaneous senescence model that displays 
many common geriatric disorders in the human 
population and recapitulates diastolic dysfunc-
tion as it naturally occurs in the elderly. Diastolic 
dysfunction, accompanied by fi brosis and an 
increase in pro-fi brotic cytokines, develops 
between 3 and 6 months of age, which is an early 
time point in the life span of these animals. This 
suggests that the abnormality manifests over a 
relatively short period of time and, from an 
experimental standpoint, adds an advantage as it 
allows for a more rapid study of pathophysiologic 
mechanisms. The senescence-accelerated mouse 
model will probably turn to be a useful model for 
future studies of age-related diastolic dysfunc-
tion, since the better insight into its underlying 
mechanisms could pave the way for designing 
specifi c pharmacological strategies to prevent or 
treat this pathology [ 184 ]. 

 The association between aging and diastolic 
dysfunction had already been addressed in a pre-
vious study which compared adult (6-month-old) 
and old (24-month-old) Fischer 344/BNF1 rats 
after either 12 weeks of treadmill training or nor-
mal sedentary cage life [ 185 ]. Echocardiographic 
indices of LV relaxation were signifi cantly 
impaired in the old rats, but with training, they 
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returned back to the levels seen in the adults. LV 
stiffness measured in isolated perfused hearts, 
was not affected by age or training, but increased 
more rapidly during low-fl ow ischemia in the old 
hearts than in the younger adults. Again, training 
eliminated this age-associated difference in the 
response to ischemia, although it was not ascer-
tained if the improvement was due to reversal of 
ageing consequences or superimposition of some 
other effects. These fi ndings indicate that in rats 
some age-associated changes in diastolic func-
tion are reversible and thus may not be intrinsic 
to ageing but instead secondary to other pro-
cesses, such as deconditioning [ 185 ]. 

 With regard to diastolic dysfunction, it should 
be emphasized that rodent models generally 
progress to HFpEF within a variable amount of 
time, which means in those animals HFpEF is 
only a temporary step in the progression towards 
HFrEF. Therefore, small animal models could be 
misleading because they suggest that HFpEF 
invariably progress to HFrEF, which in fact sel-
dom happens in humans. Additionally, in 
humans, HFpEF is a condition typically associ-
ated with ageing and the diastolic dysfunction/
DHF animal models herein mentioned are rela-
tively young.    

19.3    Genetically Engineered 
Mouse Models 

 The development of molecular biology offers the 
opportunity to study the impact of overexpres-
sion or deletion of specifi c genes involved in the 
pathophisyology of congestive HF. Indeed, trans-
genic mice models will help understanding the 
molecular basis of congestive HF which might 
open the door for the development of novel 
molecular targets for its treatment. A wide num-
ber of genetic modifi cations have been success-
fully introduced in mice, both in terms of gain of 
function and loss of function. Besides the geneti-
cally engineered mouse models summarized in 
Table  19.2 , other selective inbreed and other 
genetic animal models were presented in previ-
ous sections whenever appropriate. 

 Transgenic mice could be useful to study the 
molecular basis of HF due to the availability of 
many genetically engineered strains made possi-
ble by their well characterized genome and the 
easy introduction and stable transmission of gene 
mutations. Moreover, since 99 % of the human 
genes have direct murine orthologs it is possible 
to generate transgenic mice models to mimic 
human disorders [ 186 ]. Care should be taken 
when dealing with genetically engineered mice. 
Besides taking into account strain and gender 
issues, high levels of overexpression must be 
carefully interpreted [ 15 ]. In fact, transgenic 
mice that express a biologically inert green fl uo-
rescent protein in a cardiomyocyte-specifi c fash-
ion develop LV hypertrophy, dilatation and 
systolic dysfunction in a manner directly related 
to the level of protein expression. Therefore, non-
specifi c effects on LV structure and function may 
result from vast overexpression of even biologi-
cally inactive proteins [ 187 ]. Furthermore, cer-
tain phenotypes depend on the expression level of 
the gene concerned, which means it is necessary 
to develop multiple transgenic lines to establish a 
gene-dosage effect. Development of compensa-
tory mechanisms could be triggered in response 
to gene overexpression or deletion at a very early 
stage after manipulation, masking the direct 
effects of the targeted gene. The use of inducible 
and conditional gene activation or deactivation 
could be a good way of overcoming this problem 
[ 74 ]. In conclusion, despite the inherent pitfalls in 
transgenesis, many of them can be circumvented 
by creating additional transgenic lines that can be 
used as controls to check dosage or epigenetic 
sequelae, as has been recently reviewed [ 188 ].  

19.4    Discussion and General 
Considerations 

 Not many diseases exhibit a line of causality in 
which a given antecedent elicits a particular dis-
order. Indeed, the pathophysiology of nearly all 
CVD is mostly represented by a web of causality 
in which a complex network of interactions and 
progressive disorders underlie the course of the 
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   Table 19.3    Advantages    and disadvantages of different species for animal experimentation in comparison with human 
CV changes   

 Specie  Advantages  Disadvantages 

 Primates  Phylogenetically close to humans  Long life-cycle (require long protocols for the 
establishment of the disease) 

 Similar omnivorous diet  Expensive to maintain 
 Have similar metabolism  Carry viral zoonoses 
 Develop metabolic syndrome and CV diseases with 
ageing 

 Signifi cant ethical issues 
 Expensive therapeutic protocols – large amounts 
of experimental agents are required 

 Swine  Susceptibility to atherosclerosis  Size and handling diffi culties of adults 
 Similar dietary preferences  Spontaneous development of metabolic syndrome 

and insulin resistance rarely occurs. Expensive 
therapeutic protocols – large amounts of 
experimental agents are required 

 Similar gastrointestinal system and metabolism  Coronary circulation similar to a young- human 
heart  Widely used as an animal model of dilated 

cardiomyopathy 
 Dog  Similar aging CV alterations  Signifi cant cultural and ethical issues 

 Good animal model for revascularization studies  Resistant to high-lipid diets ad atherosclerosis 
due to its carnivorous diets 

 Widely used as an animal model of dilated 
cardiomyopathy 

 Resistance to myocardial infarction due to 
extensive myocardial collateral circulatory 
system 

 Similar excitation-contraction coupling  Expensive therapeutic protocols – large amounts 
of experimental agents are required 
 Coronary circulation similar to an old-human 
heart 

 Rabbit  Small and relatively inexpensive  The common respiratory disease of rabbits 
“snuffl es” ( Pasteurella multocida ) has 
atherogenic consequences 

 Good animal model of atherosclerosis upon 
high-cholesterol diet 

 Less resistant to infections 

 Watanabe strain comprises a defective LDL receptor 
and develops extreme hypercholesterolemia and 
advanced atherosclerosis 
 Prevalence of β-MHC isoform 
 Similar excitation-contraction coupling 
 Similar hemodynamic behaviour 

disease progression. Most scientists though have 
uncritically adopted the “line-of-causality” 
approach to study a particular disease discarding 
the complex pathophysiology underlying it. In 
this regard, transgenic mice represent “danger-
ous” models to mimic human disease. 

 Besides ethical and philosophical questions, 
the use of animal models of CVD needs careful 
 consideration not only because the studied dis-
ease may be associated with discomfort and pain 
to the animal but also results from animal studies 

are not readily transferable to human patients. 
Apart from species differences as well as their 
advantages and disadvantages (Table  19.3  ), some 
general considerations should be taken into 
account when using animal models: (1) most ani-
mal models are developed to study chronic and 
LV failure, (2) experiments conducted in rodents 
have limited genetic/cultural variability, (3) sur-
gical interventions introduce variability, (4) sur-
gical aggression triggers changes in behaviour, 
physiology and neuroendocrine activation and 

(continued)
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(5) procedures among different operators should 
be standardized as much as possible. 

 Another drawback of rodent models of CVD 
is that many protocols produce a sudden onset of 
HF due to a surgical or drug intervention, whereas 
human HF generally develops over a period of 
several years. Most models also use young adult 
animals, while human patients are usually old. In 
addition, human HF is often associated with ath-
erosclerosis, hypertension, diabetes or obesity, 
but the development of atherosclerosis is rather 
rare in most rodent strains [ 154 ]. 

 Even though rodent models have been 
extremely useful in developing concepts con-
cerning the pathogenesis of HF, they have not 
predicted outcomes in phase III clinical trials. 
Although translation of fi ndings to clinical trials 
requires pre-clinical studies where the appropri-
ate animal model is used for either acute or 
chronic HF, therapeutic results obtained in small 
animal models are not necessarily predictive of 
outcomes in human patients but can provide a 
potential future approach in the human context. 
Finally, the majority of the numerous genetic 

 Specie  Advantages  Disadvantages 

 Rat  Small and low housing and maintenance costs 
(allowing increasing the number of animals included 
in a given study and improving its statistical power) 

 Resistance to atherosclerosis 

 Genome sequenced  Substantial differences in myocardial Ca 2+  
homeostasis and ATP usage 

 Very robust animal  Very short action potential without a plateau 
phase  Bigger amount of post-mortem myocardial tissue for 

several studies when compared to other rodents 
 Mouse  Small and low housing and maintenance costs  Resistant to CV disease 

 Easy to manipulate genetically – great number of 
transgenic mice models of CV disease 

 Small size is challenging for CV function 
assessment 

 Cheapest pharmacologic protocols – small amounts 
of experimental agents are required 

 Small amount of myocardial tissue available 

 Rapid gestation period (21 days), large litter size and 
a short life cycle allowing to follow the disease at an 
accelerated pace 

 Substantial differences in myocardial Ca 2+  
homeostasis and ATP usage 

 Faster metabolism and faster disease progression  Heart rate is fi ve times higher than that of 
humans with an inverse relationship between 
force and frequency 
 α-MHC predominates in the myocardium 

 Hamster  Small and low housing and maintenance costs  Animal models of CV disease require highly 
abnormal diets or cytotoxic chemical agents 

 Similar lipid metabolism  Substantial differences in myocardial Ca 2+  
homeostasis and ATP usage  Good animal model of mild atherosclerosis 

 Fed with a very-high (60 %) fructose diet become 
insulin-resistant 
 β-cells destruction with streptozotocin creates type 1 
DM with signifi cant atherosclerosis and glomerular 
sclerosis in cholesterol-fed animals that can evolve 
to aortic lesions 

 Sand Rat  Small and low housing and maintenance costs  Does not develop advance atherosclerotic lesions 
 Placed on an energy-rich diet (laboratory chow) 
becomes obese, insulin-resistant and exhibits VLDL 
hyperlipidemis and type 2 DM 

 Substantial differences in myocardial Ca 2+  
homeostasis and ATP usage 

 Good animal model of insulin-resistance metabolic 
disturbances 

   CV  cardiovascular,  DM  diabetes mellitus  

Table 19.3 (continued)
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studies performed in mice has not resulted in any 
clinically approved treatment in humans so far 
[ 188 ]. However, it is not uncommon for a drug to 
take over 20 years from inception to clinical 
application. Given that genetically  modifi ed 
mouse models have only recently become a 
mainstay approach, it may take many more years 
before approaches based on this technology are 
introduced into clinical practice. 

 In summary, animal studies are vital to the 
understanding of disease mechanisms and for 
testing safety and effi cacy interventions. 
Nevertheless, these studies are heterogeneous, 
and more so than a typical clinical trial. A suc-
cessfully translation of experimental fi ndings to 
humans diseases depends largely upon an under-
standing and awareness of these sources of het-
erogeneity and their impact on effect size. 
Meta-analysis is a useful tool for this purpose 
when the data are systematically identifi ed and 
surely will help to overcome some of the above-
mentioned limitations of animal studies. Thus 
performing meta-analysis and review of experi-
mental and preclinical data would defi nitely pro-
vide valuable information that could help to plan 
clinical trial design, or try to explain discrepan-
cies between preclinical and clinical trial results. 
Indeed, systematic reviews of data from preclini-
cal literature are important for a number of rea-
sons. First their purpose is to reduce bias by 
outlining transparent aims and methodology. 
This approach enables to identify all of the pub-
lished literature to answer a particular research 
question. In turn this may highlight gaps in 
knowledge which can be fulfi lled by further pre-
clinical experimentation, or it can help to avoid 
unnecessary replication which is unethical and 
of limited benefi t. Secondly, clinical trials of 
novel interventions should not proceed without a 
rigorous evaluation of the preclinical data and 
systematic reviews which deliver important 
information about the effi cacy of any given inter-
vention as well as its limitations. All of these 
should be taken into account in clinical trial 
design.  

   Conclusion 

 The use of animal models has proven to be an 
extremely valuable tool in understanding the 

pathophysiology of complex CVD mimicking 
congestive HF. The ideal animal model of car-
diovascular disease will mimic the human 
subject metabolically and pathophysiologi-
cally, will be large enough to permit physio-
logical and metabolic studies, and will develop 
end-stage disease comparable to those in 
humans. Given the complex multifactorial 
nature of CVD, no species or animal model 
will be similar to the human disease and thus 
the models should be chosen according to the 
study aim. However, due to the constant 
 development of invasive and noninvasive 
techniques to evaluate hemodynamics in 
human patients, animal models of HF are 
becoming less important to study hemody-
namics, neurohumoral activation and myocar-
dial function. Furthermore, with cardiac 
transplantation and left ventricular assist 
device placement, surgery, end-stage human 
myocardium became available for molecular 
and biochemical studies. Nevertheless, animal 
models remain critically important to study 
myocardial changes during compensated, ini-
tial stages of congestive HF, during transition 
from HYP to failure and during the process of 
REM, all of which are currently diffi cult or 
even impossible to follow serially in human 
patients. Animal models may also be relevant 
to study the effects of new pharmacological 
interventions on hemodynamics, neurohu-
moral activation and survival under preclini-
cal conditions. 

 At present, transgenic models of conges-
tive HF are essential for understanding the 
molecular alterations underlying the develop-
ment of the disease, as they allow the identifi -
cation of genes that are causative for HF and 
to characterize molecular mechanisms respon-
sible for the development and progression of 
the disease. 

 Finally, animal models which mimic dis-
tinct features of human HF will play an impor-
tant role in unravelling the consequences of 
gene transfer and molecular techniques to cor-
rect disturbed subcellular processes in the fail-
ing heart. These experiments are indispensable 
and these rodent models will continue to held 
an important role, not only in expanding our 
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knowledge about the mechanisms underlying 
HF, but also in developing novel therapeutic 
strategies for this syndrome.     
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  20      In vitro Experimental Assessment 
of Cardiac Function 
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    Abstract  

  The increasing number of animal models available has undoubtedly con-
tributed to the great advances in cardiovascular research. Not with stand-
ing the development of these valuable tools, it is important to properly 
assess myocardial function both in physiological and in pathological con-
ditions as well as in response to certain drugs. It is clear from recent litera-
ture that signifi cant technological progresses to evaluate cardiac function 
has been made over the last 10 years. This progress has substantially over-
come many of the diffi culties associated with cardiovascular function 
assessment in disease models. Moreover by means of a reductionist 
approach it has been possible to dissect the complexities of in vivo heart 
function using more detailed and sensitive in vitro techniques that are able 
to exclude confounding factors of the in vivo setting. Thus many new 
questions are constantly arising and additional experiments and method-
ologies urge.  

  Keywords  

  Cardiac function   •   Rodents   •   Single cardiomyocytes   •   Multicellular prepa-
rations   •   Langendorff/Working heart  
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20.1          Introduction 

 In the last 20 years alternative strategies have 
been developed to overcome interspecies differ-
ences as well as various issues related to animal 
experimentation, especially ethical concerns. 
These approaches include studying the changes 
at the cellular and tissue level in human biopsies 
(whenever possible) or in smaller animal samples 
to reduce, refi ne and replace animal experimenta-
tion. This approach has encouraged a progressive 
refi nement of methodologies to accurately assess 
cardiac function in vitro on a smaller level of 
complexity and to properly integrate and trans-
late the results to the whole body. 

 For researchers, especially those in the fi elds 
of physiology, pharmacology and toxicology, the 
choice of the correct in vitro technique/methodol-
ogy to experimentally evaluate cardiac function is 
crucial. With the rising fi eld of translational 
research, even primarily molecular biology labo-
ratories aim to correlate their molecular fi ndings 
with functional data. Thus a correct functional 
evaluation provides a valuable tool to evaluate the 
physiological and pathophysiological conse-
quences derived from molecular, cellular, and tis-
sue biology advances and for predicting the 
effectiveness and safety of new interventions in 
humans. This chapter aims to provide an over-
view of the most commonly used techniques to 
assess cardiac function in vitro in the context of 
cardiovascular disease and heart failure (HF). For 
each technique we will provide a brief descrip-
tion, its applications, advantages, disadvantages, 
derived parameters as well as some innovative 
studies. For the sake of simplicity, the detailed 
methodological protocols will be omitted, but the 
appropriate references will be suggested.  

20.2    In Vitro and Ex Vivo 
Assessment of Cardiac 
Function 

20.2.1    Single Cardiomyocytes 

 A great deal of effort has been spent in  developing 
methodologies to evaluate cardiac performance 

in intact isolated single cardiomyocytes as well 
as investigating the mechanical and contractile 
properties of these cells [ 1 ]. 

 Classically, passive and active properties of 
cardiac muscle have been measured mostly in 
multicellular preparations such as papillary mus-
cles and trabeculae. Intact, multicellular strips of 
cardiac muscle comprise a population of contrac-
tile cells having an unknown distribution of orien-
tation and force generation, intimately surrounded 
by a connective tissue matrix (see Sect.  20.2.2  in 
this Chapter). Moreover, because contractile func-
tion is strongly dependent on sarcomere length 
and cross-bridge cycling, the absence of direct 
visualization of the sarcomeres and the inhomo-
geneity present in multicellular preparations sub-
stantially limits the interpretations of sarcomere 
performance and cross-bridge function as well as 
its contractile properties. Thus, it would desirable 
to investigate muscle mechanics directly in single 
isolated cardiac cells. A preparation devoid of 
collagen and containing relatively few myofi brils 
in a single cohesive structure would allow almost 
direct access to the measurement of sarcomere 
length and cross- bridge contractile responses. 
Indeed the current ability to isolate cardiomyo-
cytes for mechanical studies simplifi ed this prob-
lem opening new avenues for in vitro assessment 
of cardiac function. The use of isolated cardio-
myocytes has a number of additional advantages 
such as the ability to select cells from different 
areas of the heart including the atria, left and right 
ventricles, the conductive system or a specifi c 
region of the infarcted heart. Also, while imaging 
techniques are often limited in multicellular prep-
arations, isolated cells are well-suited for experi-
ments aimed at visualizing cellular structure and 
the precise localization of intracellular molecules. 
Isolated cardiomyocytes are also routinely used 
for studies examining intracellular Ca 2+  homeo-
stasis, cellular mechanics, and protein biochemis-
try, can easily be infected or transfected for gene 
transfer studies. Nevertheless, the inherent chal-
lenges of isolating and/or attaching the cell non-
injuriously, recording force measurement at 
microgram levels, and obtaining appropriate opti-
cal sarcomere resolution are still a matter of con-
cern in some commercial systems currently 
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available [ 1 ]. These challenges have delayed the 
progression of isolated cardiac myocyte func-
tional research; however, alternative mechanical 
measurements, such as shortening of unattached 
cells, auxotonic responses of cells attached to 
relatively compliant force transducers, stiffness 
measurements (see Sects.  20.2.1.1  and  20.2.1.2 ), 
cardiomyocytes cell culture, and labelled anti-
body staining of cytoskeletal and intermediate 
fi laments, are leading to more detailed  knowl-
edge in myocardial contractile process [ 1 ]. 

 Despite these concerns, almost four decades 
ago some investigators, advanced the state of the 
art by introducing the single isolated cell prepara-
tion, which allowed measurements to be made on 
a fi ner scale [ 2 ,  3 ]. The isolated cardiac myocyte 
preparation enabled to unravel fundamental 
mechanisms of contraction and excitation- 
contraction coupling in a preparation that excludes 
the confounding effects of the extracellular matrix 
or the endocardial endothelium. It has also made 
it possible to carefully assess several cell-specifi c 
phenomena, such as cellular biochemical pro-
cesses, gap junction communication using neigh-
bor cells, gene and protein expression/function  
which may be diffi cult or even impossible to 
understand in multicellular systems [ 4 ]. Further 
refi nements include myocyte culture, the use of 
embryonic stem cell systems, the assessment of 
cell-cell interactions with endothelial or neuronal 
cells [ 4 ]. Nevertheless these methodologies are 
beyond the scope of this chapter. 

 The use of isolated cardiac myocytes holds 
several advantages over larger preparations due to 
uniformity in myofi bril alignment and stress- 
strain distribution. Moreover, because the myofi -
brils are approximately 1 μm and range from 20 to 
40 μm in diameter, diffusion coeffi cients allow a 
fast and nearly uniform ion distribution and even 
more in permeabilized cells; thus, activation 
should be essentially uniform [ 5 ]. Altogether, 
interpretation of data from single myofi bril exper-
iments appears to be particularly straight forward 
even considering the disadvantages of this tech-
nique. The fi rst is related to the fact that most 
preparations are devoid of signifi cant external 
mechanical load, thus load-dependent effects on 
contractile properties cannot be properly 

addressed [ 4 ]. To overcome this, a new technique 
was recently developed that uses intact cardio-
myocytes glued between a force transducer and a 
motor in combination with an optical sarcomere 
spacing detector to provide a precise regulation of 
the sarcomere length in loaded intact cardiomyo-
cytes [ 6 ]. This quite physiological system allows 
for assessment of tetanus, cardiac work loops, 
length dependent activation, force‐velocity rela-
tionship, afterload and constant load contraction 
studies combined with calcium imaging, sarco-
mere spacing or even NAD/NADH and FAD/
FADH studies. A second limitation concerns the 
fact that in some single skinned preparations or 
unloaded preparations, sarcomere length might 
not always be precisely controlled depending on 
how visible the sarcomeres are after the mechani-
cal cell isolation procedure. Thus, length- 
dependent effects on contractile function are 
sometimes not possible to address. Thirdly, in 
unloaded preparations, the contribution of passive 
tension (stiffness) and restoring forces to the 
shortening responses of myocytes requires careful 
attention. Since the externally unloaded myocyte 
will usually shorten below slack length, the con-
tribution of this passive tension may be most rel-
evant in terms of resistance to shortening and in 
generating restoring forces, whereas in isometric 
preparations (whether single or multi- cellular), 
resistance to stretch is of greater relevance [ 1 ,  6 ]. 
In any case the myofi brillar macromolecule titin 
plays a major role in the myocardium, acting as a 
bidirectional spring [ 7 ]. 

 It should be noted that, passive tension is rel-
evant in all intact myocardial preparations (single 
or multi-cellular), but the precise infl uence on 
systolic and diastolic function varies between 
these preparations. While this cellular compo-
nent of passive tension may not necessarily make 
a very large contribution to overall elasticity in 
most physiological circumstances, it becomes 
signifi cant in pathological conditions such as 
pressure-overload-induced hypertrophy and HF 
with preserved ejection fraction [ 8 – 10 ]. In multi-
cellular preparations, in addition to myofi laments 
passive stiffness, extracellular components play a 
role in myocardial stiffness, becoming particu-
larly important for higher sarcomere lengths [ 11 ]. 
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 In summary, contractile and mechanical non- 
uniformities of multicellular cardiac prepara-
tions anticipate the need to evaluate cardiac 
sarcomere performance directly in simpler car-
diac preparations. The single cardiac cell repre-
sents the simplest intact cardiac preparation and 
it can provide the opportunity for direct studies 
of cardiac sarcomere performance, since sarco-
mere length can easily be measured and the 
force for each sarcomere level is fairly well 
defi ned compared to the situation in more com-
plex preparations. Often the measurement of 
contractile function in isolated cardiomyocytes 
rely on the optical assessment of unloaded cells 
shortening or in procedures technically more 
demanding, such as the measurement of force 
production, external loading and control of sar-
comere length [ 5 ,  3 ,  12 ]. These procedures will 
be next described. 

20.2.1.1     Intact Cardiomyocytes 
 It has been previously demonstrated that isolated 
single cardiac myocytes retain the Ca 2+ -dependent 
systolic and diastolic properties of intact muscle 
regarding their resting membrane potential and 
excitability, spontaneous Ca 2+  release from the 
sarcoplasmic reticulum and the effects of changes 
in stimulation frequency or extracellular Ca 2+  
concentration [ 4 ]. It was also shown that mea-
surements of isolated single cell properties cor-
related properly with many properties of intact 
muscle, such as passive tension as well as maxi-
mum inotropy achieved with a variety of Ca 2+ -
elevating interventions [ 10 ,  13 ]. There is a large 
body of evidence showing that myocyte shorten-
ing responses to a wide variety of interventions 
parallel those observed in more complex prepara-
tion, such as the responses to α- and β-adrenergic 
stimulation, endothelin, Ca 2+  sensitisers and 
desensitisers, modulation of sarcoplasmic reticu-
lar function, acidosis, alkalosis, hypoxia- 
reoxygenation, electrical tetanisation and 
stimulation of the nitric oxide/cGMP pathway 
[ 4 ]. This similar pattern of response between 
myocytes and intact multicellular muscle is con-
sistent with the fi ndings that, over a wide range of 
cell and sarcomere lengths, changes in cell length 
are linearly related to changes in force [ 14 ]. 

 The utility of the single myocyte preparation 
has been enormously enhanced by advances that 
have enabled measurement with high spatial and 
temporal resolution of variables such as mem-
brane currents (with voltage clamp techniques) 
and intracellular ion (Ca 2+ , H + , Na + ) concentra-
tions, (with fl uorescence spectrometry, FRET, 
imaging and confocal microscopy [ 15 ,  16 ]. 
Indeed, much of the current understanding of the 
mechanisms of excitation-contraction coupling is 
based largely on studies in single cells. Likewise, 
major advances in understanding Ca 2+  transients 
and cellular mechanisms of arrhythmias derive 
from studies in single cells. Simultaneous mea-
surements of cytosolic Ca 2+  and cell shortening 
have also provided signifi cant information regard-
ing the inter-relationship between these variables, 
especially with respect to a variety of inotropic 
interventions [ 17 ]. These valuable methodologies 
enable measurement of the “steady-state” rela-
tionship between these variables during tetanisa-
tion of intact cells, as an approach to the 
assessment of myofi lament response to Ca 2+  in 
intact cells with intact signaling pathways [ 4 ]. 
This is in fact a major advantage of this technique, 
while detailed analyses of Ca 2+ -myofi lament 
interaction and crossbridge cycling are only pos-
sible in skinned tissue. However, the latter lacks 
membranes, membrane receptors or even sarco-
plasm and thus most signaling pathways cannot 
be studied (See Sect. 20.2.1.2   ). 

 Assessment of shortening in unattached cells 
as a measure of contractility has been the subject 
of a wide variety of successful studies, gathering 
relevant information on cardiac cellular physiol-
ogy. Nevertheless, these cells, largely devoid of 
collagen, are extremely sensitive to external 
mechanical stress, which make diffi cult its attach-
ment to any equipment [ 1 ]. Recently a biocom-
patible, cellular adhesive was developed to 
overcome this limitation providing a method for 
securely attaching single cardiomyocyte to any 
research tool without damaging the cell [ 6 ]. 

 Studying the mechanical properties of the iso-
lated cardiac myocyte is also a way to understand 
the kinetics of crossbridge cycling. However, this 
preparation only provides an indirect assessment 
of crossbridges properties [ 1 ]. For instance, to 
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measure myocyte force or stiffness it is necessary 
to attach the cardiomyocyte and this process is 
known to produce distorting strains or stresses 
that infl uence the contractile response [ 1 ]. Also, 
it is necessary to circumvent the small forces 
developed by the isolated myocyte with high-
sensitive systems. On the other hand, measuring 
shortening in unattached myocytes only provides 
the assessment of the maximum turnover rate of 
the crossbridges without sizing neither internal 
viscous loading and loading by longitudinal and 
radial elastic elements, nor external cell orienting 
or stabilizing forces against which the cycling 
cross bridges are working [ 1 ].  

20.2.1.2     Skinned Cardiomyocytes 
 An alternative approach to assess cardiac func-
tion is, as previously described, to measure force 
under isometric conditions by fi xing one end of 
the cell and attaching the other end to a sensing 
probe by using isolated skinned cardiomyocytes 
systems. This system consists of an electromag-
netic motor and a force transducer. The motor’s 
movement is used to adjust cardiomyocyte 
length, while the force transducer measures iso-
metric cardiomyocyte contraction. A single per-
meabilized (skinned) cardiomyocyte is mounted 
between these two elements and a specially 
developed optical system is used to determine 
cardiomyocyte sarcomere length and morphol-
ogy from both the horizontal and the vertical 
directions (Fig.  20.1a ).

   The experimental protocol usually consists of 
a series of force measurements upon Ca 2+  stimuli 
(using Ca 2+  buffer solutions with a pCa 
(− log[Ca 2+ ]) ranging from 9.0 to 4.5), the deter-
mination of actin-myosin crossbridge kinetics 
and the measurement of the passive tension of the 
mounted cardiomyocytes for certain sarcomere 
lengths. For example, isolated rat cardiac cells 
have a length of ∼70–170 μm and diameters 
between 20 and 40 μm, often with irregular cross 
sections (Fig.  20.1b ). They develop maximal iso-
metric forces of ∼12 μN. The rate constant of 
force redevelopment following rapid release- 
restretch maneuvers is ∼5 s −1  after a length 
change of 20 % of the total cell length in 2.5 ms 
(Fig.  20.1c ). Basic experiments, such as isomet-

ric force measurements, require a force sensor 
system that resolves forces below 0.1 μN, yet is 
suffi ciently stiff so isometric conditions are 
maintained and sarcomere length is changed by 
less than ∼0.1 %. Over time, several force trans-
ducers have been developed for mechanical mea-
surements on single cardiomyocytes such as 
capacitive force transducers, optical fi bers, suc-
tion pipettes, glass needles, and microfabricated 
polysilicon beams as cantilevers [ 1 ,  2 ,  18 ,  19 ]. 
Force can be estimated either with an open loop 
system using a relatively non-compliant probe 
whose displacement is a measure of force [ 1 ,  2 , 
 19 ] or a closed loop system in which a feedback 
control loop is used to stabilize the position of the 
probe, with the resulting control signal being a 
measure of force [ 12 ]. Cells are attached directly 
to the force transduces and the motor either by 
impalement, mechanical knots, wax or silicone 
glue, suction or polylysine [ 12 ]. 

 A good force transducer is designed to com-
prise the following features: (1) high sensitivity 
with suffi cient frequency response (resonant fre-
quency around 250 Hz), (2) freedom to select any 
3-D orientation of the transducer, (3) a simple 
and fast calibration procedure, (4) continuous 
analog signal, (5) little temperature drift and (6) 
good linearity and dynamic range [ 12 ]. Indeed, 
the transducer is the key element in the isolated 
skinned cardiomyocytes technique, enabling to 
measure several force and force related parame-
ters produced by cardiac myofi laments. This sys-
tem is well suited to evaluate contractility, 
stiffness and Ca 2+  sensitivity baseline or upon 
stimulation with drugs acting directly on myofi l-
aments. Many skinned cardiomyocytes apparatus 
allow attaching cells to a small amount of glue 
which is placed on the tip of micropipettes 
attached to a force transducer and to a length con-
troller (Fig.  20.1b ).

  Most isolated skinned cardiomyocytes sys-
tems control and measure force and length, 
maximal Ca 2+ -activated force (F active ), stiffness 
(F passive ), myofi laments Ca 2+  sensitivity of iso-
metric force (pCa 50 , using different Ca 2+  con-
taining solutions to construct pCa versus force 
curves, Fig.  20.1d ), actin-myosin turnover rate 
assessed by isometric tension redevelopment 
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  Fig. 20.1    Representation of several components of a 
single skinned cardiomyocyte setup ( a ) where a permea-
bilized (skinned) cardiomyocyte ( b ) is glued between a 
force transducer ( FT ) and a servomotor ( SM ) allowing 
assessment force and force-derived parameters under iso-
metric conditions. A typical contraction-relaxation 
sequence is shown in ( c ). After transferring the myocyte 
from relaxing to activating solution ( red line ), isometric 
force starts to develop. Once a steady-state force level has 
been reached, the cell is shortened within 1 ms to 80 % of 
its original length (slack test) to determine the baseline of 
the force transducer. The distance between the baseline 

and the steady force level is the total force 
(F total  = F active  + F passive ). After 20 ms, the cell is restretched 
and returns to the relaxing solution ( blue line ), in which a 
second slack test of 10-s duration is performed to deter-
mine resting or passive force (F passive ). Using several Ca 2+ -
containing solutions it is possible to extract and normalize 
the value of F active  to maximal F active  and construct a pCa 
versus force curve ( d ). From this graph is calculated the 
value of pCa50 (-log[Ca 2+ ] for half-maximum force) and 
this parameter represents an index of myofi laments Ca 2+  
sensitivity       
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rate (kTR), myofi laments cooperativity (nHill) 
and sarcomere length dependence of F active , 
F passive , pCa 50 , nHill, kTR. 

 The advantages of this system include the pos-
sibility to: (1) use diminute amounts of frozen tis-
sue (transported and stored at ≤−80 ºC) as a 
source of cardiomyocytes; (2) test a wide range 
of species, including mice, rats, rabbits, guineas 
pigs, pigs and humans; (3) reproduce physiologi-
cal (e.g. stretch) and pathophysiological (e.g. 
oxidative stress) conditions in vitro; (4) conduct 
inexpensive experiments as pharmacological 
studies use very small amount of drugs or 
enzymes and (5) assume and rely on an uniform 
alignment of the myofi brils. 

 Other similar setups were developed prior to 
this one. Le Guennec et al. [ 20 ] presented a tech-
nique that allowed controlling preload of a car-
diomyocyte fi xed to carbon fi bers. Thus it was 
possible to increase the length of the sarcomere 
homogeneously and calculate the passive and 
active forces by optically monitoring changes of 
the carbon fi bers curvature under an auxotonic 
contraction. More recently, Nishimura et al. [ 21 ] 
modifi ed Le Guennec technique presenting a sys-
tem that controlled force and length. This method 
can be used in isolated cardiomyocytes during 
isometric, isotonic and auxotonic contractions. 
Two carbon fi bers anchor the cell – one fi ber is 
stiff, serving as a mechanical anchor, whereas the 
bending motion of the compliant fi ber is moni-
tored for force length measurement. Furthermore, 
by controlling the position of the compliant fi ber 
using a piezoelectric translator, it is possible to 
change load dynamically during contractions. 
This apparatus allowed performing for the fi rst 
time physiological force-length loops in isolated 
myocytes. A disadvantage of this technique is the 
absence of control of the position of cardiomyo-
cytes thus biasing sarcomere length accurate 
assessment. 

 Basic physiology of cardiac muscle can also 
be studied at the level of the sarcomere. Cardiac 
myofi lament activity, the ultimate determinant of 
cellular dynamics and force, is a central player in 
the integration and regulation of pathways crucial 
to cardiac function and can be assessed by atomic 
force microscopy. Most atomic force microscopy 

sensors utilize small silicon cantilever beams 
with dimensions in the range of several microm-
eters. They have high resonance frequencies 
(often >10 kHz) and high stiffness (∼10–
1,000 N/m). With the appropriate detection sys-
tem (i.e., laser beam defl ection, tunneling current, 
interferometer), these sensors can reach the 
required nN resolution necessary for experiments 
on cardiac myocytes [ 18 ]. Despite these excellent 
properties, atomic force microscopy sensors are 
not well suited for measurements on cardiac 
myocytes. First, the diameters of single cardiac 
cells approach the dimensions of the cantilever of 
typical atomic force microscopy sensors [ 18 ]. It 
is therefore diffi cult to attach single myocytes 
exactly to the end of the beam and to accurately 
defi ne the loading and the effective length of the 
cantilever. Second, the glue necessary to attach 
the cell must be distributed over a relatively large 
area of the beam such that its mechanical proper-
ties are changed. Third, atomic force microscopy 
sensors are fragile. Removal of glue residue and 
cell debris from the beam is not possible, and a 
new sensor is required for each cell [ 18 ].   

20.2.2     Multicellular Preparations 

 In vitro studies have traditionally used multicel-
lular preparations, such as papillary muscle or tra-
beculae, for the evaluation of cardiac mechanical 
properties including inotropic, lusitropic as well 
as basic electrophysiological and pharmacologi-
cal properties. Actually, these preparations repre-
sent one of the oldest techniques used for the 
assessment of myocardial contractility and many 
fundamental concepts of muscle mechanics have 
been based on studies in this preparation, dating 
back more than 60 years [ 4 ]. Multicellular prepa-
ration data closely correlate with qualitatively 
results obtained from intact ventricle studies and 
thus become an invaluable tool to assess myocar-
dial performance in conditions such as cardiomy-
opathy or heart failure. In these circumstances, 
parameters such as pressure and volume, which 
apply to the whole heart, are replaced by force or 
tension and length. By defi nition, force means the 
absolute amount of contractile strength, measured 
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in newtons (N), whereas tension is force related to 
cross sectional area, measured in newtons per 
squared millimetre (N/mm 2 ). 

 Protocols aimed to assess cardiac function in 
multicellular preparations typically involve mus-
cle twitches (contraction–relaxation sequences) 
of either isotonic or afterloaded isometric con-
tractions, but the frequency of contraction is very 
low compared to the physiological frequencies 
[ 22 ]. An isolated papillary muscle preparation 
responds to an electrical stimulus of suprathresh-
old intensity with an isotonic, an isometric or an 
auxotonic contraction (Fig.  20.2 ).

   During contraction of a muscle in an isotonic 
setup, the muscle is fi xed to the base, while the 
other end is attached to a loose transducer. Thus, 
when the muscle is electrically stimulated to con-

tract under isotonic conditions there will be a dis-
placement of the transducer and this movement is 
registered [ 23 ] (Fig.  20.2a ). 

 During an isometric force measurement, force 
develops while shortening is prevented because 
the muscle is attached to two fi xed ends one of 
which is a transducer. Upon electrical stimula-
tion, the developed force is recorded under iso-
metric conditions by the transducer. An important 
parameter to assess in such in vitro preparations 
is the L max  – the length for which the muscle 
develops maximal force (Fig.  20.2b ). 

 In these multicellular setups mechanical load, 
such as preload and afterload are controlled and 
infl uence the pattern of contraction of the mus-
cles. Also quick changes in load and length have 
been used to give information about cardiac mus-
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  Fig. 20.2    Isotonic ( a ) and isometric ( b ) contraction in 
multicellular preparations.  Left : different setups to assess 
mechanical properties of papillary muscles using isotonic 
or isometric contraction. In the isotonic contraction the 
preloaded muscle lifts the load/weight by shortening the 
contractile element without distension of the elastic com-
ponent. In the isometric contraction the muscle develops 
tension by shortening the contractile element and thereby 
stretching the elastic component, with the overall length 
of the muscle remaining constant.  Middle : the upper panel 
represents length of the muscle twitch over time while the 
lower panel represents tension of the muscle twitch over 
time. During an isotonic contraction ( blue lines ) the ten-
sion remains constant ( blue dotted line  in the  lower panel ) 
but the muscle length changes ( blue full line  in the  upper 

panel ). During an isometric contraction ( orange lines ) the 
length remains constant ( orange dotted line  in the  upper 
panel ) but the muscle tension changes ( orange full line  in 
the  lower panel ). Some parameters represented in these 
panels are:  AT  active tension,  dL/dt   max   maximal velocity of 
shortening,  dL/dt   min   maximal velocity of lengthening,  dT/
dt   max   maximal velocity of tension rise,  dT/dt   min   maximal 
velocity of tension decline,  PS  peak shortening,  tAT  time 
to active tension,  tHR  time to half relaxation,  tPS  time to 
peak shortening. All velocity parameters are obtained by 
the fi rst derivative of tension or length over time.  Right : 
Isotonic and isometric contractions derived parameters 
and the respective units. All parameters are normalized to 
muscle cross sectional area       
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cle mechanics. The preload is responsible for the 
initial muscle stretch and thus its length. After 
stimulation, the contractile elements of the mus-
cle begin to shorten, but the length does not 
change: the muscle fi bers shorten at the expense 
of the interaction of the myofi laments. The 
stretching of the elastic members results in a pro-
gressive increase of the force developed, but no 
muscle shortening. When the contractile force 
equals the load (afterload), the muscle shortens 
without increasing the developed force. The 
speed and force of contraction are dependent on 
the concentration of intracellular free Ca 2+ . 
Muscle force and speed are inversely related, so 
without load the speed is maximal but the force is 
residual. In contrast, in isometric contractions 
muscle does not shorten, its velocity of shorten-
ing is zero but develops maximal force [ 24 ]. 

 These experiments are usually performed in 
organ bath heated to physiological temperatures 
containing oxygenated carbonate buffers (see 
Sect.  20.2.3.1 ). At the bottom of the bath there is 
a small device to oxygenate the solution or instead 
oxygen can be dissolved in the carbonate buffer 
that is perfusing the tissue. The pH of this solution 
should be strictly monitored and kept between 
7.37 and 7.42 by altering the 95 % O 2 /5 % CO 2  
bubbling intensity. The base of the papillary mus-
cle/trabeculae is fi xed by a clamp, while the oppo-
site end is attached to a transducer. In the organ 
bath there is a sensor that, together with a heater, 
controls the bath temperature [ 25 ]. The papillary 
muscles need to be stimulated electrically. Since 
the solution contains salts, it is possible that elec-
trolytic processes occurring at the electrodes 
could lead to polarization and release of metals 
from the electrodes. This is usually prevented by 
using non polarizable electrodes such as platinum 
[ 25 ]. The buffer solution(s) chosen for the dissec-
tion and maintenance of the tissue is important as 
it will affect the viability of the preparation and 
hence the experimental protocol. 

 The basic procedure to obtain a stable prepa-
ration before starting any protocol typically 
includes the intravenous administration of anes-
thesia and heparin to the animal, to avoid the 
deposition of blood clots that potentially damage 
the endocardial endothelium. A thoracotomy is 

performed followed by the excision and fast 
immersion of the heart in the carbonate buffer. 
The heart is allowed to contract for a few beats to 
eject all the blood kept inside the ventricles coro-
nary circulation and then is transferred to a simi-
lar solution but containing a cardioplegic agent to 
arrest the heart. Cardioplegia allows a safe dis-
section of the trabeculae or papillary muscles, 
which are subsequently transferred to the heated 
organ bath. The electric stimulation is turned on 
and the cardioplegic solution is replaced by nor-
mal carbonate buffer. During all this procedure 
the temperature should be kept as close as possi-
ble to the physiologic temperature of the animal. 

 Usually the derived parameters include active 
tension, maximum velocity of tension rise (dT/
dt max ), maximum velocity of tension decline (dT/
dt min ), peak shortening, time to peak shortening, 
maximum velocity of shortening (dL/dt max ), 
maximum velocity of lengthening (dL/dt min ) and 
time to half relaxation (Fig.  20.2 ). However 
other parameters can be derived from these, such 
as coeffi cients R1 and R2. Because changes in 
the contraction phase induce coordinated 
changes in the relaxation phase, variations in 
contraction and relaxation must be considered 
simultaneously to quantify drug induced changes 
in lusitropy [ 26 ]. Coeffi cient R1 = dL/dt max /dL/
dt min  evaluates the lusitropy under isotonic con-
ditions where the amplitude of sarcomere short-
ening is greater than that observed under 
isometric conditions [ 27 ]. Because of the lower 
sensitivity of myofi lament for calcium when car-
diac muscle is markedly shortened under low 
load, relaxation proceeds more rapidly than con-
traction, apparently due to the rapid uptake of 
calcium by the sarcoplasmatic reticulum. Thus, 
R1 tests sarcoplasmic reticulum uptake function 
[ 28 ]. Coeffi cient R2 = dT/dt max /dT/dt min  evaluates 
the lusitropy under a high load. When the muscle 
contracts isometrically, the sarcomeres shorten 
very little [ 27 ]. Because of the higher sensitivity 
of myofi lament for calcium [ 29 ], the time course 
of relaxation is determined by calcium release 
from troponin C rather than by calcium seques-
tration by the sarcoplasmatic reticulum. Thus, 
R2 indirectly refl ects myofi lament calcium sen-
sitivity [ 28 ]. 
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    Some of the advantages of the multicellular 
preparations include their great usefulness in elu-
cidating the myocardial effects and mechanisms 
of action of certain drugs and neurohumoral 
agents while excluding the infl uence of systemic 
and other neurohumoral processes that occur in 
intact animals. Thus, they represent a classical 
pharmacological tool to assess dose response 
relationships in contractile tissue which is widely 
used in preclinical safety studies. Secondly, these 
preparations allow to measure and control force 
and length in preparations with relatively uni-
form fi ber orientation, more than in the whole 
heart but less than in single cardiomyocytes, and 
to measure isotonic or isometric muscle perfor-
mance independently of geometric constraints 
and interaction with blood fl ow and vascular 
tone. The results obtained from these organ bath 
systems are generally more consistent, reproduc-
ible and useful for measurement of concentration 
response curves. Finally, papillary muscles or 
trabeculae can be excised with minimal mechani-
cal injury and remain stable for hours. 

 Some limitations of this preparation include 
the fact that: (1) the papillary muscle preparation 
has a higher elasticity than the one assumed due 
to end compliance, related to injured muscle 
extremities and the compliance of attached 
recording devices. This often results in signifi -
cant mid-segmental shortening (up to 12 % L max ) 
during supposedly isometric contractions [ 4 ]; (2) 
the resultant spatial inhomogeneity of sarcomere 
length and intracellular Ca 2+  may invalidate many 
of the assumptions required for cardiac function 
assessment; (3) there is no simple relationship 
between active and passive elements in this prep-
aration; (4) it is not possible to undertake voltage 
clamp studies, thus greatly diminishing its use-
fulness in studying excitation-contraction cou-
pling processes [ 4 ]; (5) there is a potential 
inadequacy of oxygenation and substrate supply 
by the carbonate buffer to the inner parts of the 
muscles (hypoxic core) and (6) the accumulation 
of metabolites, such as inorganic phosphate, and 
concentration gradients in the organ bath [ 4 ]. In 
this regard, an appropriate selection of muscles 
with relatively low cross-sectional areas 
(<0.5 mm thick) is critical and may surpass these 
limitations. 

 Regarding the infl uence of endothelial cells on 
myocardial function, it is important to account 
for the important functional differences between 
endocardial and coronary vascular endothelial 
cells [ 30 ]. Moreover, the coronary vascular endo-
thelial cells, unless perfused, are probably non- 
functional in this preparation [ 31 ] in contrast to 
the endocardial endothelial cells whose interac-
tion with the myocardium has been quite well 
studied in the papillary muscle [ 30 ]. In addition, 
important and relevant aspects of endothelial 
function, such as cyclical mechanotransduction 
mediated by shear stress are largely inoperative. 

 Despite these limitations, a number of recent 
technical breakthroughs provide the potential to 
overcome some of these problems. Among the 
most important of these is the ability to accu-
rately assess sarcomere length, as well as, to 
obtain true isosarcometric contractions using 
laser diffraction to monitor sarcomere length and 
adaptive control systems to regulate it [ 32 ]. 
Interestingly, this approach demonstrated that 
many “isometric” conditions assumed in previ-
ous studies may not be totally reliable. Laser dif-
fraction analysis coupled with force 
measurements provides important information 
about muscle contractile properties. Moreover, 
the incorporation of objective measurement of 
variables such as intracellular Ca 2+  transients, 
ATPase activity, heat production and O 2  con-
sumption [ 32 ,  33 ] are a major advance over 
much less precise and speculative interpretative 
assessments based solely on mechanical corre-
lates. Other progresses include the use of skinned 
fi bres with careful, uniform control of Ca 2+  lev-
els for studying Ca 2+ -myofi lament interaction, 
and the use of caged compounds [ 34 ]. In addi-
tion, information about the availability of stored 
calcium to activate muscle contraction is studied 
using rapid cooling contracture techniques. 
Rapid cooling contractures are also useful for 
assessing sarcoplasmic reticulum Ca 2+ , espe-
cially in multicellular preparations where slow 
caffeine diffusion to all the cells limits the utility 
of the caffeine approach. Cooling to 0 °C inhib-
its Ca 2+  pumping and also causes rapid sarco-
plasmic reticulum Ca 2+  release (presumably due 
to very long ryanodine receptor openings). Then, 
one can measure either Δ[Ca 2+ ]i or contractile 
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force (which develops slowly at 0 °C). This tech-
nique is less quantitative concerning absolute 
amounts of Ca 2+  but is useful for measuring 
changes in sarcoplasmatic reticulum Ca 2+  con-
tent under different conditions.  

20.2.3    The Isolated Perfused Heart 

 The ex vivo isolated perfused heart includes two 
different preparations: the Langendorff prepara-
tion, fi rst described by Oskar Langendorff in 1895 
[ 35 ] who demonstrated that the heart receives its 
nutrients and oxygen from blood via the coronary 
arteries and that cardiac mechanical function is 
refl ected by changes in the coronary circulation 
and the ejecting heart or “working heart” system 
developed by Howard Morgan and James Neeley 
in 1967 to investigate the  metabolism of the heart 
and coronary regulation [ 36 ]. 

20.2.3.1     Langendorff Preparation 
 In the Langendorff preparation, blood or more 
commonly crystalloid perfusates (nutrient solu-
tion), are delivered into the heart through a can-
nula inserted in the ascending aorta, either at 
constant pressure or constant fl ow. Retrograde 
(reverse) fl ow in the aorta closes the aortic valve 
and, as a result, the entire perfusate enters the 
coronary arteries via the ostia, located just out-
side the valve at the aortic root, thus maintaining 
the viability of the heart muscle. After passing 
through the coronary circulation the perfusate 
drains into the right atrium via the coronary sinus 
and tends to drip from the apex of the heart mak-
ing it easily available for collection (Fig.  20.3a ). 
This preparation is useful for cardiomyocyte iso-
lation as well as for physiological monitoring of 
cardiac function using a system where stable 
preparations perfusion of several hours is usual.

   All media has to be oxygenated and if a sys-
tem other than whole blood is used, the media 
must be buffered, either with the traditional car-
bonate buffers such as Krebs-Henseleit, Locke’s 
or Tyrode’s or with variations of these formulas 
using HEPES or MES buffers. A substrate such 
as glucose is necessary and, depending on experi-
mental design, other energy substrates can be uti-
lized, such as pyruvate, lactate, fatty acids, and 

amino acids. The ionic components of the media 
will vary with the species; potassium and calcium 
are the most variable and critical of the ions. 
Dextran, polyvinyl pyrrolidone or albumin may 
be added to the perfusate to maintain oncotic 
pressure (8–25 mmHg). Temperature is also an 
important factor, can be manipulated depending 
on the experimental model being used: e.g., 
4.5 °C for cryogenic studies; 37.5 °C for physio-
logical studies and >37.5 °C for heat shock 
studies. 

 In the Langendorff system, because the car-
diovascular system is no longer a closed loop, the 
ventricles do not fi ll with the perfusate and there-
fore do not perform pressure-volume work. Left 
ventricular pressure can however still be mea-
sured inside the balloon with the use of a catheter 
connected to a pressure transducer. Once inserted, 
the ventricle can contract isovolumetrically 
against the balloon, which can be made easily 
using items such as ultrathin food wrap that is the 
most recommended material. The balloon is 
placed into the left ventricle (LV) and infl ated 
until a resting pressure of 3–10 mmHg is achieved 
(Fig.  20.3a ) and should have the following char-
acteristics: ( 1 ) appropriate size of the rodent 
heart, the balloon should be infl ated to greater 
than the size of the stretched mouse/rat ventricu-
lar lumen to guarantee that the balloon itself is 
not contributing to the LV pressure; ( 2 ) highly 
fl exible to follow the contours of the ventricular 
lumen; ( 3 ) highly compliant and thin to effi -
ciently and accurately transmit LV pressures to 
the fl uid in the balloon; and ( 4 ) highly linear fre-
quency response of the pressure measurement 
system (balloon and transducer including tubing 
and attachments) to ensure faithful recording of 
LV pressures. Commercial latex balloons or the 
use of condom tips should be avoided as they do 
not meet all these criteria [ 37 ]. 

 Once the heart is cannulated and successfully 
beating, there are several physiological, morpho-
logical, biochemical and pharmacological param-
eters that can be measured and recorded from the 
Langendorff preparation including: (1) mechani-
cal parameters (LV pressure and volume and 
derived indices); (2) coronary vascular function; 
(3) cardiac metabolism; (4) bioelectrical param-
eters (ECG, monophasic injury potentials) and 
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  Fig. 20.3    The isolated perfused heart includes two dif-
ferent preparations: the Langendorff ( a ) working at con-
stant perfusion pressure or constant fl ow and the ejecting 
heart or “working heart” preparation ( b ). In the 
 Langendorff apparatus : ( 1 ) 95 % O 2 –5 % CO 2  tank, ( 2 ) 
gas dispersion tube, ( 3 ) carbonate buffer reservoir, ( 4 ) per-
fusate line, ( 5 ) pressure line, ( 6 ) fi lter disc, ( 7 ) compliance 
chamber, ( 8 ) balloon. The carbonate buffer reservoir is 
warmed to 37 °C, and the compliance chamber and heart 
chamber are maintained at 37 °C by circulating warm 
water through the water-jacketed chambers. The heart is 
electrically paced via platinum electrodes placed on the 
epicardial surface of the right ventricle. Coronary fl ow is 
measured by placing an in-line fl ow probe in the aortic 
perfusion line. Coronary perfusion pressure is measured 
via a sidearm connected to a pressure transducer. Left 
ventricular (LV) pressure is measured via a balloon 
inserted in the LV chamber and connected via polyethyl-
ene tubing to a pressure transducer. An additional sidearm 
can be added to the aortic perfusion line for infusion of 

pharmacological drugs. In the  working heart apparatus : 
( 1 ) 95 % O 2 –5 % CO 2  tank, ( 2 ) gas dispersion tube, ( 3 ) 
Carbonate buffer reservoir, ( 4 ) recirculation line, ( 5 ) per-
fusate line, ( 6 ) fi lter disc, ( 7 ) windkessel, ( 8 ) atrial reser-
voir, ( 9 ) preload line, ( 10 ) afterload line, and ( 11 ) overfl ow 
reservoir. The atrial reservoir, Windkessel, and heart 
chamber are maintained at 37 °C by circulating warm 
water through the water-jacketed chambers. The heart is 
electrically paced via platinum electrodes placed on the 
epicardial surface of the right ventricle. Cardiac output is 
measured by placing an in-line fl ow probe in the afterload 
line. Aortic pressure is measured via a sidearm connected 
to a pressure transducer. An additional in-line fl ow probe 
and pressure transducer sidearm can be placed in the pre-
load line to measure atrial fl ow rate and atrial pressure. LV 
pressures and volumes can be simultaneously measured 
via a 1.4-Fr high-fi delity transducer inserted into the apex 
of the LV and sutured. Cardiac preload and afterload can 
be adjusted by varying the heights of the atrial reservoir 
and overfl ow reservoir       
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(5) cardiac cycle rhythm. Langendorff system 
applications include studies on global or regional 
ischemia, stunning, preconditioning, arrhythmias 
and proarrhythmic potential of drugs as well as 
studies on ischemia-reperfusion and storage con-
ditions for preparing hearts for transplantation 
[ 38 ]. Indeed, the isolated perfused heart model 
represents an invaluable tool to test new interven-
tions leading to improved heart preservation and 
to attenuation of ischemia-reperfusion injuries. 
However, the model is also widely used for 

physiologic, pathophysiologic and pharmaco-
logic studies requiring assessment of cardiac 
function and/or coronary circulation (Table  20.1 ).

   With constant perfusion pressure (Fig.  20.3a ) 
the heart maintains the ability to autoregulate cor-
onary vascular tone, which is important during 
ischemia-reperfusion injury experiments when 
perfusion to part of the vascular bed is restricted 
(or eliminated in the case of permanent coronary 
ligation). In this scenario, constant fl ow during 
reperfusion maintained at the same rate before 

   Table 20.1    Isolated perfused heart breakthroughs   

 Signifi cant studies 

    The mechanisms underlying the involvement of reactive oxygen and nitrogen species in ischemia–reperfusion injury 
have been studied in the isolated rat hearts showing that oxidative stress via formation of peroxynitrite is a critical 
determinant to the early injury of the heart during reperfusion following ischemia [ 44 ]. 
 Several interesting investigations in the fi eld of cell-based therapy have been made within the last few years with the use 
of the isolated perfused heart as a tool to evaluate its impact on cardiac mechanical function. The underlying principle of 
the method is based on delivering cells, which have a potential to proliferate and differentiate into cardiomyocytes in the 
injured heart. Suzuki et al. developed a method for cell transplantation through the coronary artery instead of their direct 
intramuscular injection. In their experimental model, hearts were isolated from the donor animal, perfused with cells, 
and then transplanted into recipient animals. This method was further elaborated and improved to in vivo intracoronary 
infusion of cells, making the method more applicable from the clinical point of view [ 45 ]. Ohno et al. investigated the 
transplantation of skeletal myoblasts and vascular smooth muscle into the hearts of cardiomyopathic hamsters. On the 
basis of this experiment, Ohno et al. also elaborated a method of cell cryostorage [ 46 ]. 
 Langendorff-mode isolated heart perfusion, in conjunction with  31 P NMR spectroscopy, combines the fi elds of 
biochemistry and physiology into one experiment. The protocol allows for the dynamic measurement of high-energy 
phosphate content and turnover in the heart while concurrently monitoring physiologic function. When performed 
correctly, this is a valuable technique in the assessment of cardiac energetics [ 47 ].   http://www.jove.com/video/2069/
assessment-cardiac-function-energetics-isolated-mouse-hearts-using     
 Recently, two optical mapping systems, the panoramic imaging system, and the dual (voltage and calcium) imaging 
modality were described in Langendorff-perfused rabbit heart. The panoramic mapping system is used to map the entire 
epicardium of the rabbit heart, providing a global view of the evolution of reentrant circuits during arrhythmogenesis and 
defi brillation, and has been used to study the mechanisms of arrhythmias and antiarrhythmia therapy. The dual mapping 
system is used to map the action potential and calcium transient simultaneously from the same fi eld of view. This 
approach fosters the understanding of the role of calcium in the electrical alternans and the induction of arrhythmia [ 48 ]. 
  http://www.jove.com/video/3160/multiparametric-optical-mapping-langendorff-perfused-rabbit     
 When studying the metabolic effects of myocardial injury, such as ischemia, it is often necessary to identify the 
location of the affected tissue. This can be done by imaging the fl uorescence of NADH (the reduced form of 
nicotinamide adenine dinucleotide), a coenzyme found in large quantities in the mitochondria. NADH fl uorescence 
(fNADH) displays a near linearly inverse relationship with local oxygen concentration and provides a measure of 
mitochondrial redox state. fNADH imaging during hypoxic and ischemic conditions has been used as a dye-free 
method to identify hypoxic regions and to monitor the progression of hypoxic conditions over time. 
 The objective of the method is to monitor the mitochondrial redox state of biventricular working hearts during 
protocols that alter the rate of myocyte metabolism or induce hypoxia or create a combination of the two. The 
combination of the heart model and fNADH imaging provides a new and valuable experimental tool for studying 
acute cardiac pathologies within the context of realistic physiological conditions [ 49 ].   http://www.jove.com/
video/4115/nadh-fl uorescence-imaging-isolated-biventricular-working-rabbit     
 A biventricular working heart system allows for ex vivo studies of diseases characterized by pulmonary vascular 
dysfunction and right heart pathophysiology. In addition to the ejecting left heart, which is now supplying perfusate 
to the coronaries and thus maintaining heart muscle viability, the right heart is also performing the low pressure 
ejection, whereby the perfusate enters the right atrium, fl ows into the right ventricle and exits through the pulmonary 
artery. Additional measurements of right ventricular pressure or right ventricular pressure-volume can now be taken 
independently or simultaneously with LVP/LV-PV [ 50 ]. 
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ischemia would force a greater volume of perfus-
ate through the compromised vascular bed, thus 
shearing and potentially damaging the coronary 
arteries. Conversely, autoregulatory mechanisms 
that attempt to increase coronary fl ow under 
increased workload conditions are overcome by 
constant fl ow, which carries a risk of developing 
low-grade ischemia. The advantage of constant 
fl ow perfusion using a high-fi delity peristaltic 
pump is that precise and reproducible degrees of 
low fl ow can be induced to study the effect of low-
fl ow ischemia in the heart [ 39 ]. Constant fl ow is 
also particularly well suited for studying the effect 
of vasoactive substances on coronary vasomotor 
tone; coronary pressure is a sensitive parameter 
that is easily monitored, and the coronary vascular 
resistance is derived from this measurement using 
Ohm’s law [ 39 ,  40 ] (Fig.  20.3a ). Switching 
between constant fl ow and constant pressure 
modes of perfusion is not straightforward and, 
with simple apparatus, may not be feasible within 
a single experimental protocol. 

 One may choose to have a non-recirculating 
(single pass) system or a recirculating system. A 
single pass system is useful when an experi-
menter wishes to apply several agents in sequence 
and then allow their effects to dissipate as the 
agent is washed out of the heart. This approach is 
also useful when measuring the uptake or release 
of various drugs, neurotransmitters or metabo-
lites. A recirculating system is useful when it is 
necessary to reduce the total volume of perfusate 
when utilizing expensive drugs or substrates. 

 Moreover, one must decide on whether the 
heart will be paced or allowed to beat spontane-
ously. Pacing is used to maintain a standard con-
tractile response and metabolic demand, while 
spontaneous beating may permit the experi-
menter to measure changes in heart rate and 
rhythm that will occur with various drugs or 
manipulations. To pace a heart, the stimulus rate 
must exceed the natural cardiac pacemaker rate. 
Often the sinoatrial node is crushed or the right 
atrium excised to eliminate the contribution of 
the primary intrinsic pacemaker. Pacing voltage 
is determined as a set percentage (normally 110–
150 %) above the voltage required to capture 
(pace) the heart and should not have to exceed 
3–5 V, with duration of 0.1–1 ms. 

 The advantages of this methodology include 
its high reproducibility, the fact that the prepara-
tions are neither time-consuming nor technically 
demanding and the costs of experiments are rela-
tively low. Despite the fact that hearts are isolated 
from the body, the method remains reasonably 
physiological and the heart spontaneously beats 
based on the myogenic nature of impulse initia-
tion [ 41 ]. Another feature that can be considered 
an advantage is the fact that the preparation is 
free of the infl uence of other organs, the systemic 
circulation and signals from both circulating neu-
rohormones and the central and the autonomic 
nervous systems, revealing potential direct 
actions of the drugs of interest on various cardiac 
parameters [ 41 ]. As drugs concentration can be 
precisely controlled, this method allows for very 
accurate determination of concentration-response 
relationships. It is also valuable for assessing the 
cardiotoxicity of test drugs and it is especially 
useful in distinguishing direct versus indirect car-
diac injury [ 42 ]. Additionally, the preparation 
readily allows for the induction of ischemia, 
anoxia and hypoxia at various degrees and 
arrhythmia, making it a very important tool in 
studies of pathological conditions, which would 
normally pose a threat to the survival of the ani-
mal in an in vivo experiment [ 43 ]. 

 The limitations of the method include the 
absence of normal humoral infl uences and neuro-
nal regulation, as well as high coronary fl ow and 
edema when using cell free perfusate. The dramat-
ically different rheology of crystalloid buffer and 
the higher fl ow rates alter sheer stress along the 
endothelium of coronary arteries. Some have mod-
ifi ed the method by supplementing the Krebs–
Henseleit buffer with red blood cells, resulting in 
the normalization of coronary fl ow rates. Lack of 
colloidal osmotic pressure of such perfusates may 
lead to tissue edema of the heart [ 41 ]. The lack of 
several blood derived antioxidants and glucocorti-
costeroids causes the preparation to be vulnerable 
to ambient immune stimuli, in particular bacterial 
endotoxin which is diffi cult to eliminate and will 
result in the stimulation of inducible nitric oxide 
synthase as well as endogenous peroxynitrite gen-
eration, resulting in the accelerated deteriora-
tion of heart function [ 43 ]. Additionally, the 
preparation requires a certain degree of skill and 
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gentleness as the heart is highly vulnerable to inju-
ries. There is a  signifi cant possibility of inadver-
tently preconditioning the heart during its isolation 
and instrumentation. The retrograde fl ow of per-
fusate in the aorta may lead to incompetence of the 
aortic valve (at very high perfusion pressures) and 
thus the entire perfusate may not pass through the 
coronary circulation [ 41 ]. A detailed description 
of the technique is provided in Bell et al. and 
Skrzypiec-Spring et al. [ 38 ,  41 ].  

20.2.3.2    Ejecting Heart or Working 
Heart Preparation 

 Even though the Langendorff-perfused isolated 
heart is beating, the LV chamber is contracting 
isovolumetrically and the preparation is consid-
ered nonworking since no work is performed, as 
no perfusate is ejected from the heart (there is 
force generation, but no shortening). Neely and 
Morgan made a major modifi cation in the isolated 
heart model and described an isolated rat heart 
preparation that performed physiologically rele-
vant mechanical work. In this model, the aorta of 
a rat heart is attached via a cannula to an aortic 
outfl ow line and initially perfused in the 
Langendorff mode via a sidearm to the aortic line. 
A second cannula is inserted into the left atrium, 
and heart work is initiated by clamping the retro-
grade perfusion line while simultaneously 
unclamping the atrial infl ow and aortic outfl ow 
lines. The atrial infl ow line delivers perfusate at a 
constant preload hydrostatic pressure via the left 
atrium to the LV, and as the LV fi lls and contracts, 
perfusate is ejected out the aortic outfl ow line 
against a constant afterload hydrostatic pressure 
(Fig.  20.3b ). Myocardial perfusion is achieved in 
a more physiological manner; during the course 
of ventricular relaxation, the aortic hydrostatic 
pressure leads to orthograde perfusion of the cor-
onary vasculature of the heart. This method pres-
ents the advantage to provide accurate control of 
ventricular preload and afterload [ 36 ]. In the 
working heart model, contractile function can be 
assessed by the initial ejection pressure at the 
aorta and the concomitant ability to pump against 
an afterload as adjusted via the compliance cham-
ber and/or reach a set ejection pressure with a pre-
load set by adjusting the height of the atrial 
reservoir. This way a more physiological assay of 

ventricular contractility is possible as the left ven-
tricle is now fully-ejecting and performing pres-
sure-volume and acceleration work. Multiple 
parameters can be obtained from the working 
heart system including aortic pressure and fl ow, 
cardiac output, LV pressure, dP/dt max  and dP/dt min , 
LV end-diastolic and end- systolic pressures and 
end-diastolic pressure- volume derived parame-
ters, ECG, heart rate, amongst others. In order to 
fully exploit this advantage, recent equipment 
include a specialized pathway, which easily 
allows introduction of a pressure (LVP) or pres-
sure-volume (LV-PV) catheter directly into the 
left ventricle via the aorta or via an apical punc-
ture. Pressure-volume work is determined by the 
product of developed pressure with the total vol-
ume of fl uid ejected by the ventricle in a cardiac 
cycle. In any of these cases, the experimenter 
should determine the appropriate amount of rest-
ing force or pressure required to maintain the 
heart on the ascending limb of the Starling curve 
and avoid overstretching the heart muscle. 

 Some important parameters for the correct 
assembling of isolated perfused heart system in 
rats are depicted in Table  20.2 .

20.3         Discussion and General 
Considerations 

 Adequate evaluation and understanding of cardiac 
performance is not limited simply to studying 
cardiac muscle, or contractile function, or even 
just the mechanical properties of myocardial tissue. 

   Table 20.2    Useful parameters for isolated perfused 
heart in rat   

 Perfusion pressure  (60, 70) mmHg 
 Flow rate  (7–9) ml/min 
 Balloon diameter  3–4 mm 
 Pressure inside the balloon 
(diastolic pressure) 

 (5, 10) mmHg 

 Oxygen tension  (550, 600) mmHg 
 Initial preload  Height of 10 cmH 2 O 

(6.5 mmHg) 
 Afterload height  60–80 mmHg 
 Coronary fl ow  8–12 ml/min/g wet 

weight of tissue 
 Spontaneous heart rate  250–300 bpm 

20 In vitro Experimental Assessment of Cardiac Function
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Frequently, researchers become acquainted with 
a methodology establish in their own laboratory 
and consequently succumb to the temptation of 
searching for questions that might be addressed 
using their favorite preparation. This is certainly 
not the best option for scientifi c advance; instead 
real progress in research is achieved by fi rst 
defi ning the question/hypothesis and then identi-
fying the most appropriate experimental prepara-
tion to answer that question. 

 Moreover, no single experimental approach is 
exclusively suited to the physiologic, pharmaco-
logical or pathophysiological evaluation of myo-
cardial performance. Indeed, each experimental 
approach present advantages and disadvantages 
and thus, appropriate integration of data derived 
from multiple complementary methodologies is 
the best approach.  

   Conclusion 

 Given the complexity of cardiac physiology 
and pathophysiology, it is unlikely that any 
single methodology could provide enough 
information to complete a study. Thus, appro-
priate integration of data, acquired using mul-
tiple complementary approaches and 
techniques, will certainly help to clarify the 
complexity of the cardiovascular system. Each 
successive reduction in the methodology scale 
inevitably results in the loss of some variables 
that normally infl uence function in the intact 
organ, while allowing a more refi ne assess-
ment of the remaining variables. Knowledge 
integration demands considering the advan-
tages and drawbacks of individual methodolo-
gies, the limits of extrapolation to other model 
systems as well as the necessity to confi rm 
and validate data or hypotheses in other sys-
tems and ultimately in humans.     
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Abstract

The increasing number of cardiovascular disease animal models has 

enabled great advances in heart failure and cardiovascular research. This 

was possible due to a parallel development of highly sophisticated meth-

odologies for functional assessment and phenotyping of these same ani-

mal models. Since almost all research is currently carried out in rodents 

who have very high heart rates and small size, extremely precise and 

sophisticated equipment along with developed technical skills are needed 

for an accurate assessment of cardiac function. Main techniques described 

are telemetry, echocardiography, and hemodynamic evaluation, including 

pressure-volume curves.
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Abbreviations F Frequency

IVCT Isovolumetric contraction time

L Length

LV Left ventricular

Pmax Maximum pressure

21.1  Introduction

Cardiovascular research has since its origin 

strongly relied on animal models of disease. 

These have evolved from the early large  animal 
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models to the recent rodent models and also 

from surgically produced or pathogen-related 

models to genetically modified models. The 

methods for functional assessment in vivo have 

evolved as well. Three of the main, most wide-

spread and well-established advances in func-

tional  assessment in cardiovascular research 

have been the application of telemetric technol-

ogy, modern echocardiographic techniques and 

of conductance- based pressure-volume hemo-

dynamic evaluation assessment in rats and 

mice. In this chapter our goal is to summarize 

key concepts, possibilities, potential biases, 

“tricks” and new developments in rodent telem-

etry, echocardiography and hemodynamic 

assessment for cardiovascular research.

21.2  Experimental In Vivo 
Assessment of Cardiac 
Function

21.2.1  Telemetry

recent improvements in implantable device manu-

facturing as a result of technology progress 

(Table 21.1). It represents the state of the art for 

monitoring physiological functions in conscious and 

freely moving laboratory animals while minimizing 

stress artefacts, such as restraining, anaesthesia or 

animals proximity to the investigator. Moreover, this 

technology has been sufficiently validated as a use-

ful tool for an accurate and reliable measurement of 

Table 21.1 Telemetry breakthroughs

Significant studies

Combination of cardiovascular telemetry data collection with calorimetry studies allowed to determine metabolic 

rates in rodents [46]

and tether connections [47]

Miniaturization of transmitters capable of being use in cases in which space in the abdominal cavity is particularly 

limited such as during pregnancy and small mice [48]

Studies that involve collecting respiratory data have generally required restraining the animals and placing a 

pneumotach on their face to collect respiratory data. This method can be stressful for the animal and thus limits data 

collection to short periods of time. Alternatively, with external telemetry and respiratory inductive plethysmography 

continuously [49]

A new transmitter enables simultaneous collection up to four parameters, such as body temperature, activity, blood 

identification, and calibration information. This contrasts with previous transmitters that could measure either blood 

measurements and allows for a more complete cardiovascular assessment [ , ]. http://www.jove.com/video/3260/

implantation-radiotelemetry-transmitters-yielding-data-on-ecg-heart

Simultaneously measurement of pulmonary and systemic blood pressure and the electrocardiogram in rats using 

dual blood-pressure telemetry transmitter. The transmitter was implanted in normotensive and monocrotaline- 

induced pulmonary hypertensive Wistar rats, with sensing catheters placed in the pulmonary artery and descending 

aorta. Biopotential electrodes were positioned to record an apex-based lead II electrocardiogram [ ]

2 2 

consumption combined with telemetry-derived parameters

Implantable blood pressure telemetry combined with cutting-edge echocardiography to combine arterial pressure 

measurements with cardiac output, assessing pressure-diameter curves, amongst other parameters

Synchronizing data collected from a respiratory chamber and an implantable telemetry (intra-pleural pressure 

telemetry signal) obtaining more complex respiratory data

A.P. Lourenço et al.
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a growing number of physiological parameters such 

respiratory inductive plethysmography, temperature 

(core body, brain, tail, brown fat, etc.) and pressure 

by using a sensor tipped catheter to assess left ven-

tricular pressure, systolic arterial pressure, central 

venous pressure, pulmonary artery pressure, pleural 

pressure, intra-ocular pressure, bladder pressure, 

pulse wave velocity, etc.

-

ability and the number of animals per protocol as 

the same animal can be its own internal control 

and several tests can be repeated in the same ani-

mals. Thus this technology represents the most 

humane method of assessing physiological param-

eters in laboratory animals, contributing to animal 

welfare (reduction and refinement alternatives) 

and reducing overall animal research costs [1].

Telemetry transmitters are surgically implanted 

or externally mounted devices that sense, process 

and transmit physiological information via electro-

freely moving animal to a located receiver. 

3, are biocompatible, 

typically have permanently affixed leads, and can 

3; the larger size accom-

modates a bigger battery and the electronics 

required to transmit many signals from a single ani-

mal in a room that may contain up to 36 animals. 

Transmitters for blood pressure measurements uti-

placement, containing a biocompatible gel that 

-

ferred to a data acquisition computer for process-

ing. Data collection is initiated by touching the 

animal with a magnet, switching on the transmitter. 

The acquisition program collects data signals sent 

to the computer from the converters and receivers. 

This program can either collect data for a specific 

period of time at regular intervals or sample con-

tinuously and save the data on the computer's hard 

drive. As the range and the quality of the emitted 

signal depends strongly on the material composi-

tion of the cage and surrounding equipment, it is 

suggested that the receiver plate is placed as close 

to the animal as possible. After the data have been 

gathered and stored, they can be plotted, listed and 

analysed for a variety of different parameters using 

the analysis program (Fig. 21.1).

The animal surgical protocol for a blood pres-

sure transmitter implantation in the abdominal 

aorta includes fasting the animal 12 h before sur-

gery and preparing it for aseptic surgery using 

Trans

Trans

Receiver

Receiver

Data exchange matrix

(signal converter)

Computer (acquisition

and analysis software)

Fig. 21.1 Diagram of a radiotelemetry system. A rat 

implanted with a transmitter on its abdominal cavity, 

capable of monitoring blood pressure via the abdominal 

aorta. The transmitter emits a radio signal that is detected 

by a receiver beneath the cage. This signal is sent to a data 

exchange matrix (signal converter) and afterwards to the 

computer where the acquisition and analysis software dis-

plays the results (These images were created using Servier 

Medical Art and licensed under a Creative Commons 

Attribution 3.0 Unported License)
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sterile instruments. The surgery itself comprises 

an aseptic laparotomy to expose and dissect the 

left renal artery and vein, followed by a temporar-

ily aortic occlusion for less than 1 min using a 

ligature above and other bellow the dissected 

aorta. Next, a small puncture is performed using a 

vein and the catheter tip inserted through the 

puncture into the aorta. After hemostatic closure 

of the aortic puncture with medical glue, the 

occluding ligatures are released. Finally, the tele-

metric transmitter is placed within the abdominal 

-

surements the positive and negative electrodes are 

placed subcutaneously. For blood pressure mea-

placed into the appropriate blood vessel (usually 

the carotid artery, thoracic aorta, femoral artery, 

pulmonary artery, or abdominal aorta). For mea-

surements of respiratory pressure changes, a 

for proper function, all incisions are closed and 

from surgery with appropriate analgesics before 

studies are conducted. Potential adverse effects 

resulting from this procedure may include anaes-

thetic related respiratory distress, infection of the 

subcutaneous pocket, abdominal cavity or cathe-

ter insertion site, dehiscence of the surgical site, 

seroma formation around the transmitter, hind 

limb paresis or paralysis related to ischemia or 

nerve damage and hemorrhage due to leaking of 

the vessel around the catheter insertion site.

term recordings; (2) Monitoring conscious rats in 

induced stress artefacts; (4) Allowing to use ani-

mals sequentially as their own controls or in 

animal maintenance costs; (6) Allowing to under-

stand the complex physiological interactions 

between cardiovascular, respiratory and central 

nervous system; (7) Providing objective biological 

data on animal wellbeing to help implement 

methodology presents some  disadvantages such as: 

(1) Using external or abdominal devices and 

mountings, which can cause discomfort and dis-

undergo surgery with anaesthesia to implant the 

transmitters; (3) Acquisition of expensive equip-

ment and costly charging of batteries that is usually 

completely recovered through animal use reduc-

tion; (4) Continuous sampling generates large 

amounts of data, which can lead to analysis prob-

-

Measures that can be taken to refine surgical 

implantation procedures include ensuring that the 

animals have adequate recovery time, using appro-

priate anaesthetics (inhalatory anaesthetics such as 

telemetry procedures), using appropriate analgesia, 

and proper aseptic technique [2].

enable valuable physiological information to be 

collected from animals for a variety of different 

research needs. Combining telemetry with other 

methodologies has boosted and significantly 

improved in vivo assessment of cardiovascular 

function, providing important tools to maximise 

the information gained and thus understand the 

pathophysiology of cardiac disease in animal 

models.

21.2.2  Echocardiography

for non-invasive evaluation of both cardiovascu-

lar structure and function. It is a relatively quick 

and versatile method that allows serial assess-

ment. Considerable developments in technology 

and equipment in the last decade have made pos-

sible a thorough evaluation of cardiac structure 

and function even in mice. New transducer with 

small footprints, capable of both high frame-rates 

and improved near-field imaging are now avail-

able which enable fabulous views with outstand-

ing temporal resolution even in small rodents [3]. 

This equipment however is extremely expensive 

and many cardiovascular function parameters can 

still be evaluated with more affordable echocar-

diography machines. Moreover, we must point 
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is highly operator dependent and relies on the 

proper acquisition and interpretation of results by 

an examiner who is familiar with the principles, 

capabilities, and limitations of ultrasound imag-

ing rather than on the equipment itself [4]. 

Because of the important operator dependency in 

experimental settings whenever possible the 

examiner should be blinded.

21.2.2.1  Principles 
of Echocardiography

It is beyond the scope of this chapter to exhaus-

tively revise the principles of ultrasound imag-

of sound waves above the range of human 

hearing generated by piezoelectric crystals. 

-

convert electrical energy in ultrasound upon 

emission and reception. The piezoelectric crys-

tals deform when exposed to a strong electri-

cal field and emit ultrasound. Then again they 

also deform mechanically when they receive 

the echoes of emitted ultrasound and generate a 

voltage. The oscillation upon electrical stimula-

tion has a specific frequency that varies inversely 

with crystal thickness. Crystals in transducers 

are covered by damping materials and acoustic 

lenses. The ultrasound waves are sent out in a 

cylindrical pattern up to a certain distance, the 

near-field, and then diverge conically in the far-

field. The lateral edges of the ultrasound beam 

are not abrupt. Beam width defines lateral space 

resolution which is the minimum distance at 

such by generating separate echoes. Beam width 

decreases with increasing frequencies. The more 

-

monic imaging to further reduce beam width and 

artefactual images from multiple reverberations 

-

tors such as metal are usually perceived further 

to the edge of the beam and thus appear larger, an 

artefact called blooming. Despite all adjustments 

diffraction phenomenon still generate oblique 

weaker secondary beams known as side lobes 

that are responsible for side-lobe artefacts. To 

increase the width and tissue depth of the image 

crystals are usually grouped and closely spaced 

in the probe. Additionally, they can be rotated 

in a fan-like fashion by mechanical sector scan-

ners. Moreover pulses of ultrasound waves can 

lag between each of the crystals (phased array) so 

that during sector scanning the wave fronts from 

the crystals form an arc which constitutes a slice 

or wedge of the scanned object. Phased arrays 

increase the ability to scan wide fields of tissue in 

deeper planes. If the crystals emit simultaneously 

a (linear phase) beam is formed perpendicular 

to the probe and a rectangular tissue section is 

imaged. Linear arrays are informative on a wide 

region of tissue close to the transducer and are 

usually used for superficial imaging.

Ultrasound waves change pressure within the 

medium which they traverse periodically over 

time and space with both a set frequency which is 

the reciprocal of their period, or time between 

successive pressure peaks and a set wavelength 

which is the distance between pressure peaks of 

an ultrasound wave. The wavelength (λ) relates to 

the frequency (f) depending on the speed of prop-

agation within the medium (c):

 c = ( )f l  

The speed of propagation varies proportionally to 

materials or tissues stiffness and therefore it is 

higher in solids and lower in gases. Wavelength is 

-

quencies therefore provide better resolution. 

Additionally waves also have an amplitude that 

relates both to the changes in pressure within the 

tissue they traverse and to the power and voltage 

of emission and reading, respectively, in the 

pulses interspersed by long periods of silence for 

returning echo analysis. Therefore ultrasound 

waves also have pulse duration, pulse repetition 

frequency and a duty cycle or the percentage of 

time that the pulse of ultrasound is on. Duty cycle 

and wave amplitude are the determinants of 

power output.

The image is formed upon reception of the 

echoes. In 2D or brightness mode (B-mode) 

echocardiography a selected group of crystals 

emit ultrasound as defined by the sector scan, 
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with a certain pulse repetition frequency. When 

waves are emitted they perform a round-trip 

travel from probe to tissue and back. For an accu-

rate analysis there must only be one pulse of 

ultrasound in the tissue in every period of analy-

sis. This means that higher pulse repetition fre-

quencies do not allow time for tissue penetration. 

To increase temporal resolution (frame rate) in 

order to assess fast-moving objects, both sector 

scan and sector depth should be reduced to enable 

high pulse repetition frequencies. The highest 

frame rate is achieved by reducing sector scan to 

a single line as in motion-mode (M-mode). In 

this case visual representation is a plotting of 

brightness along that line as a function of time. 

This view allows the best temporal resolution 

when measuring distances between rapidly mov-

ing objects. Nonetheless, storage in video format 

has a lower rate; for higher rate storage digital 

converted digitally to pixels in a grey scale. The 

dynamic range is the ratio between the strongest 

and weakest echo signals that can be distin-

guished in this scale. The higher resolution com-

axial resolution along the beam, which depends 

mostly on frequency. For better range or axial 

resolution the surfaces of interest should be as 

perpendicular as possible to the beam. When 

measuring the axial distances between objects in 

M-mode or 2D-echocardiography the aspect of 

resolution should also be taken in account, con-

trasting interfaces between surfaces will appear 

as a trail with a leading and a trailing edge, mea-

surements should be made between the leading 

edges to minimize errors in estimation and by 

convention (leading edge-to-leading-edge) [ ].

Ultrasound images are formed mostly by wave 

anatomic features, and by tissue scattering which 

mainly due to sudden differences in acoustic 

impedance which is mainly dependent on density. 

When these differences are too pronounced they 

prevent imaging in deeper planes, this is the case 

of the tissue-air and tissue-bone interfaces in the 

the interface is perpendicular to the  direction of 

ultrasound and is almost absent when it is paral-

lel. This is why endocardial and epicardial bor-

ders and poorly viewed in the 3 and 9 o’clock 

positions in a cross-sectional short-axis left ven-

tricular view. Scattering is more important in non-

homogeneous tissues such as the myocardium and 

less in blood, which appears echo- lucent. During 

deeper tissue penetration ultrasound waves suffer 

attenuation this is to say they progressively lose 

amplitude (power) because the ultrasound energy 

is converted in heat within tissues and part of it 

manual time-gain compensation that increases 

the intensity of images in deeper tissues.

Besides blooming and side-lobe artefacts, 

comet tail appearances which result from unusu-

are the mirror image which is typical of ves-

sel structures and consists of a duplication of a 

but further away from the probe and the near- 

are near the probe. Another common artefact is 

-

ture which is due to reduction in ultrasound 

energy.

Although we previously stated scattering was 

less important in blood it is the weak backscatter-

ing from blood cells that is used to perform 

Doppler

than the wavelengths of the ultrasound waves and 

weak scattering signals. The Doppler effect first 

described for light by Christian Doppler, is the 

wave frequency change that takes place when the 

each other. In a simplistic view, frequency 

increases when they approach because wave 

fronts are squeezed foreshortening the wave-

length and increasing the frequency. When the 

emitted signal is combined with the received sig-

shift, is computed. According to the original 

Doppler equation the frequency of emission (f0) 

is changed to a Doppler frequency (fD) as a 
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 function of the velocity of motion between the 

emitter and the receptor (v), which must be 

accounted for twice, and the speed of propaga-

tion in the medium (c):

 f f v c vD = ( )0 2* * / −  

As an approximation since v is of a very lower 

magnitude compared to c, the equation is usually 

simplified to:

 
f f v c v c f fD D= =0 02 2* * / / * /and therefore

 

Doppler’s equation however only applies to 

objects that move in a straight line towards each 

other. For oblique movements only the vector 

component of velocity that falls in the line 

directly connecting the objects should be taken in 

account and the angle of movement must be cor-

rected for (θ):

 v c f fD= ( )/ *cos * /2 0q  

Corrections to θ <20° are usually minimal other-

wise the software of the machine usually allows 

manual insertion of an angle for correction. 

-

sional the researcher should try to get several 

readings and stick with the highest value. For 

lower frequency and higher amplitude to increase 

the strength of the scattered signal and the main 

output is to ascertain velocity from the frequency 

change or shift. The Doppler shift is in the human 

hearing range and can be converted to sound. 

Alternatively using a Fourier transformation the 

echocardiography machine analyses the full 

spectrum of returned frequencies (or velocities) 

and their corresponding strengths and plots them 

as a function of time. Spectral analysis is required 

because scattering occurs in a pool of sampled 

blood and tissue and therefore frequencies/veloc-

ities vary. In every vertical line all velocities are 

represented and their strength is reported by a 

-

tions from tissue a low-velocity wall-filter is usu-

ally applied. Spectral analysis and display can be 

done either with continuous-wave or  pulsed- wave 

Doppler. In continuous-wave Doppler some crys-

tals continuously emit ultrasound whereas others 

receive them. The spectrum received results from 

superimposition of all the echoes returning from 

all depths along the ultrasonic beam continuously 

and therefore higher-speed signals can be 

recorded unambiguously but not their precise 

location. In contrast to continuous- wave Doppler 

pulsed wave Doppler uses the same crystals as 

emitters and receivers in a pulse and repetition 

image at a low rate. The researcher can select the 

targeted sample blood volume area along the 

Doppler line and then toggle to spectral Doppler 

view with higher temporal resolution. The spec-

tral reading is usually more linear because veloci-

ties are more homogeneous unless an area of 

in contrast to continuous- wave Doppler, how-

ever, does not measure maximum velocities as 

accurately and if these are fast such as those 

across a stenotic or banded vessel or across the 

tricuspid valve in regurgitation it is unable to 

measure them at all. When the Doppler shift 

exceeds half the pulse repetition frequency, the 

velocity of objects falls outside the limits of dis-

play and gives rise to a false record usually indi-

called aliasing and the limit of velocity for its 

occurrence is the Nyquist limit. The Nyquist 

limit can be increased to avoid aliasing by lower-

ing frequency and diminishing depth. In the 

device the scale and baseline should also be 

adjusted. In rodents, some speeds can only be 

recorder with continuous-wave Doppler, for 

instance when a banding is applied to high pres-

sure vessels such as the aorta or pulmonary artery 

or when assessing tricuspid regurgitation veloc-

ity. This poses a problem to the application to 

rodents of high-frequency linear probes com-

monly used for superficial structure and soft-part 

imaging in the clinics, because these do not have 

the possibility for continuous-wave Doppler. To 

with colour superimposed on the 2D-image, with 

a lower temporal resolution. The scale goes from 

red to blue signalling velocity of approximation 

or departure from the probe, respectively. As for 

aliasing the same principles of pulsed-wave 

Doppler apply to colour-Doppler. Since the fre-

quencies applied with Doppler are lower and the 
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signal is weak it is exquisitely sensitive to electri-

cal interference.

The same Doppler principle can be applied to 

tissue motion but in this case the velocities are 

quite lower and the signal is stronger. By adjust-

ing scales and filters tissue Doppler images can 

be viewed either spectrally in pulsed-wave or in 

colour-mode. The velocity scale must be reduced 
−1, wall-filters should 

be removed and gain minimized. Tissue motion 

analysis by Doppler has many limitations; the 

structures in the heart are constantly moving, the 

myocardium contracts both longitudinally and 

circumferentially, and passive movements are not 

separable from active motion. Usually analysis is 

performed at the myocardium near the mitral or 

tricuspid annuli to assess the areas with greater 

excursion with pulsed-wave Doppler that is able 

to record maximum velocities with a better tem-

poral resolution.

Analysis of myocardial deformation or strain 

arose with tissue Doppler by comparing veloci-

ties at two distinct myocardial regions. The main 

advantages are the ability to better distinguish 

active contraction from passive motion and seg-

mental analysis. With new software develop-

ments these can also be computed from 

2D-echocardiography by tracking of speckles in 

the image. These are naturally occurring acoustic 

marks due to particular patterns of ultrasound 

scattering in the myocardium [6].

21.2.2.2  Tips for a Good 
Echocardiography Exam

Attention to details can have an important role in 

image optimization. Ultrasound route to the tar-

get tissue should be as clear as possible. The fur 

must be completely shaved and if possible a 

depilatory cream should be applied to minimize 

artefacts. The animal should be positioned in 

order to approximate the heart from the chest 

wall and increase the area not covered by the 

lungs which usually requires left lateral decubi-

gel layer or even a gel containing rubber covering 

the tip of the probe can minimize signal loss, 

increase the contact surface area between animal 

and probe, and serve as acoustic standoffs that 

gain millimetres in depth for proper tissue focus. 

Settings should be adjusted to obtain the optimal 

image or velocity recording following the previ-

ously outlined principles. Artefacts are very com-

mon in small animals several strategies can 

repositioning the probe usually reduces artefac-

tual images. When doubts arise several planes 

and depth settings should be analysed to ascer-

image is usually improved simply by reducing 

-

assessing timing of phenomena along the cardiac 

-

sue motion. When analysing 2D-images with low 

resolution moving the stored cine images back 

and forth usually helps defining the endocardial 

and epicardial contours. When acquiring func-

tional parameters changes with breathing should 

be taken in account in the selection for analysis.

21.2.2.3  Anaesthesia
-

ological as possible. It is crucial to maintain ani-

mal temperature to preserve heart rate and 

cardiovascular function. With anaesthesia, shav-

should be heated as well as local environment. In 

an attempt to reach readings closest to physiol-

restrained unanaesthetised animals usually after 

previous animal training sessions. The main 

drawbacks are animal stress, variations in stress 

response between groups, and poor technical 

-

ers minimally sedate animals and perform the 

exam under spontaneous ventilation. In these 

conditions care must be taken to avoid compress-

ing the thorax because the animal’s respiration is 

already depressed, and the irregular breathing 

patterns make image acquisition difficult. 

Another alternative is to perform assisted 

 breathing in order to prevent hypoxia or hypoven-

tilation in a lightly anaesthetised animal without 

remarkably disturbing cardiovascular  physiology. 
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Again the probe should be applied gently to the 

chest to avoid animal reactions and to minimize 

-

pression such as bradycardia and hypotension. 

Deep anaesthesia and controlled ventilation are 

not advisable. As for the anaesthetic to choose, 

most researchers now prefer halogenated gases 

due to their easy titration, rapid reversibility and 

minimal cardiovascular depression.

21.2.2.4  Echocardiographic Views 
in Rodents

-

describe the most standard views. A para-

sternal long-axis view can easily be obtained 

(Fig. 21.2A1). In this view it is possible to mea-

sure aortic root dimensions and left ventricular 

(LV) long axis, from the mitral annulus to LV 

endocardial surface at the apex (Fig. 21.2A1a). 

Care must be taken not to foreshorten the dis-

tance to the apex by ensuring that the longer 

axis is visualized (Fig. 21.2B1b). The left atrium 

and mitral valve function can also be gauged in 

this view and closer to the probe and adjacent 

is also visualized. Slightly tilting the probe can 

reveal the right heart and the pulmonary artery. 

While both ascending aortic banding and pul-

monary artery banding can be easily visualized 

in this view the alignment for Doppler mea-

surements is only adequate for the pulmonary 

artery (Fig. 21.2A1b). By rotating the probe 

90° a  parasternal short axis view is obtained 

(Fig. 21.2A2), the probe can then be moved 

gently either cephalad to view first the left and 

21.2A2b), 

the origin of the great vessels and the aor-

tic and pulmonary valves, then the main pul-

monary artery branching (Fig. 21.2A2a) and 

finally the aortic arch or caudally to view the 

papillary muscles (Fig. 21.2A2d) and myocar-

dial apex. Fractional shortening, ejection frac-

tion and wall-thickness estimation are usually 

performed by most researchers with M-mode 

(Fig. 21.2B2b) with the cursor placed at the 

longest LV crossing near the tip of the papil-

lary muscles (Fig. 21.2A2c). Slightly tilting the 

probe usually allows the identification of the 

roundest LV contour but minimal deviations can 

result in errors of estimation (Fig. 21.2B1a). 

Fractional area change can also be computed 

from 2D-echocardiography at this view with 

a lower temporal-resolution (Fig. 21.2A2c). 

Left ventricular mass can be estimated from 

M-mode tracings or 2D-echocardiography 

tracings based on distinct geometric assump-

tions such as the cubed method, the area-length 

method or the truncated ellipsoid, for a review 

see Collins et al. [7]. The four chamber view can 

be obtained by placing the probe where the apex 

is expected to be and directing the ultrasound 

beam medially, cephalad and posteriorly to tra-

verse both the LV and right ventricular walls, 

both atria, and the interatrial and interventricu-

lar septa (Fig. 21.23a). This view enables rea-

sonably good orientation of a Doppler mitral 

-

tion of tissue Doppler signals near the mitral 

and tricuspid valve annuli. Is also permits good 

alignment of the mitral and tricuspid annuli to 

assess their motion in M-mode (Fig. 21.2B2a). 

With training the researcher will also realize 

that a slight deviation or tilting of the probe 

tract and aorta (Fig. 21.2A3b) in an angle that 

is convenient for Doppler assessment of veloc-

21.2B3b). When two orthogo-

nal long-axis views or even combined short and 

long axis views of the LV are available mea-

surement of areas in systole and diastole allows 

determination of ejection fraction by a method 

similar to the biplane, stacked discs or modified 

Simpson method [8]. Another view that is use-

ful for assessing a successful transverse aortic 

constriction is the suprasternal view of the aor-

tic arch and its main branches (Fig. 21.2A4a).

21.2.2.5 Functional Indexes
It is beyond the scope of this chapter to describe 

all research work on functional evaluation by 

most commonly employed functional indices. 

Fractional shortening, fractional area shortening 

and ejection fraction have already been men-

tioned. These are highly load dependent indexes 
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and prone to errors in estimation due to their 

inability to fully scope segmental changes and 

their reliance on geometrical assumptions of 

 ventricular volumes. Cardiac output can be 

assessed by multiplying heart rate by stroke vol-

ume. Stroke volume can be measured by integrat-

(Fig. 21.2

Doppler acquisition and multiplying it by the 

cross-sectional area of the aorta (Fig. 21.2B3a) or 

7]. 

When there are large differences in animal weight 

cardiac output should be normalized for body 

surface area, which is then named cardiac index 

[9]. The myocardial performance index origi-

nally described by Tei et al. evaluates overall LV 

or right ventricular myocardial function simply 

based on Doppler-derived intervals without any 

assumption of volume. It can be calculated from 

21.2Ca) or tissue 

Doppler derived readings (Fig. 21.2

it is derived by dividing the difference of the time 

duration of ejection by the duration of ejection, 

or alternatively by dividing the sum of the 

 isovolumetric contraction and relaxation periods 

10]:

 

Myocardial performance Tei index

IVCT IVRT ET
( )

= +( ) /
 

The underlying rationale is that both isovolumet-

ric periods are energy dependent but do not pro-

duce work. Myocardial dysfunction usually 

prolongs the isovolumetric periods yielding 

higher values for this index compared to the 

healthy heart. Another approach that does not 

rely on volume estimation is the measurement of 

mitral or tricuspid annuli plane systolic excur-

sion [11]. Nevertheless, annular excursion only 

assesses longitudinal motion at the base of the 

ventricles. Although it can also be evaluated in 

because of the better temporal resolution 

(Fig. 21.2B2a). A better assessment of systolic 

function relies on assessing tissue-Doppler 

motion in the myocardium near the annuli of 

atrioventricular valves, peak systolic motion (S′) 

Fig. 21.2 Experimental echocardiography in rodents. 
Standard echocardiographic views (A): (1) parasternal 

long- axis (LAX), (2) parasternal short-axis (SAX), (3) 

4-chamber view, and (4) suprasternal view Variations in 

standard views are signalled by a, b, c, and d, see text for 

details. Typical locations for banding visualization are 

signalled with a knot; left ventricular long axis dimension 

measurement is marker in panel 1a; M-mode readings of 

dimensions or annuli displacement are marked with 

dashed lines; usual sites for Doppler recordings are indi-

cated by the cursor (+): black, dark grey, and light grey 
cursors
tissue-Doppler Doppler, and continuous-wave Doppler, 

respectively, dark grey cursor. Ao aorta, AV aortic valve, 

IA innominate artery, LA left atrium, LCA left common 

carotid artery, LV left ventricle, LVOT
LSA left subclavian artery, MV mitral valve, PA pulmo-

nary artery, pm papillary muscle, PV pulmonary valve, RA 

right atrium, RV right ventricle, RVOT
TV tricuspid valve. Particular 2D, M-mode and pulsed-

wave Doppler recordings (B): (1) illustration on the 

importance of not foreshortening left ventricular dimen-

sions in short-axis (a) or long-axis (b), (2) M-mode image 

of atrioventricular valve annulus excursion (dist = x)  

(a) and left ventricular short axis for fractional-shortening 

measurement (b), (3) M-mode measurement of aortic 

dimensions (a
(b). Stroke volume (SV) can be retrieved from the aortic 

Ao VTI) and aortic diame-

ter (Ao diam). AWd and AWs, anterior wall dimension at 

end-diastole and end-systole, respectively; LVd and LVs, 

left ventricular cavity dimensions in end-diastole and end-

systole, respectively; PWd and PWs, posterior wall 

dimensions at end-diastole and end-systole, respectively. 

Atrioventricular (AV) valve flow Doppler (a) and corre-
sponding tissue-Doppler (b) at the myocardium adjoining 
the annulus (C): ventricular (V -

nates the recording enabling the determination of ejection 

time (ET
acceleration (IVA) is estimated as the slope of velocity rise 

in myocardial motion during isovolumetric contraction. A 

A′ late veloc-

ity of diastolic myocardial motion, E early velocity of 

E′ early velocity of diastolic myocardial 

motion, IVCT isovolumetric contraction time, IVRT iso-

volumetric relaxation time, IVV maximum isovolumetric 

velocity, S′ maximum velocity of myocardial motion 

 during ejection
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during ejection can be used as an index of con-

tractility, but isovolumetric acceleration is a 

more load-independent index since it is recorded 

during the isovolumetric contraction period [12] 

(Fig. 21.2Cb). Diastolic function has tradition-

and the isovolumetric relaxation period duration 

(Fig. 21.2Ca). With the ready availability of tis-

sue Doppler imaging the paradigm has shifted 

towards a more straightforward approach. 

Myocardial motion in early diastole as assessed 

′ is a good measure of diastolic function 

(Fig. 21.2Cb). It depends mostly on left ventric-

ular relaxation kinetics whereas the early wave 

relaxation but also on the driving force, the pres-

sure gradient between left atrium and left ven-

′ ratio is therefore a good estimator 

of left ventricular filling pressures that has been 

adopted as one of the criteria for clinical diagno-

sis of heart failure with preserved ejection frac-

tion [13] and applied successfully to small 

animal studies [9]. Better estimates of function 

both systolic and diastolic may be derived from 

strain analysis but there is still a long way to go 

to make this approach more easily available, 

straightforward and less laborious to researchers 

and physicians [6].

-

lenging due to the right ventricle’s complex 

geometry and its retrosternal location but new 

methods of high-resolution echocardiography 

have made it possible to substitute for invasive 

hemodynamic recordings in many scenarios [14]. 

from the velocity of tricuspid regurgitation based 

on Bernoulli’s equation that is customary in the 

clinics is rarely feasible in rodent models because 

measurable regurgitation appears late in the 

course of disease and because high-frequency 

probes do not allow for continuous-wave Doppler 

which would be mandatory to record such high 

velocities (Fig. 21.2A3a). Although it requires 

good time resolution, balanced gain-scale set-

tings, and correction for cycle or ejection length 

pulmonary artery acceleration time is a reliable 

alternative for mean pulmonary artery pressure 

estimation in animal models [14]. An estimation 

of right ventricular hypertrophy and ejection 

fraction can usually be obtained at the right ven-

21.2A2b).

Myocardial Volumes and Structure

estimation of myocardial volume and structure 

measurements. Additionally, echo-contrast and 

3D-reconstruction after automated steering and 

acquisition of electrocardiography-gated serial 

2D-slices without altering transducer position in 

several beats can define volumes with higher 

accuracy without the need for geometrical 

assumptions even in mice [ ].

21.2.3  Hemodynamics

-

vascular function assessment by means of pres-

heart rate and small dimension of rodents man-

dates solid state or catheter-tip transducers, which 

offer superior frequency response and more pre-

catheter transducers. These catheters are however 

fragile, expensive, temperature- sensitive, and 

require calibration against an external standard. 

Load independent assessment of cardiac function, 

work and ventriculo-vascular coupling requires 

simultaneous and complex recording of pressure 

and volume during load manipulation that is also 

farther complex in rodents.

If an accurate comparison between experi-

mental groups and minimal interference with 

biological function is envisaged a painstaking 

experimental preparation with conservation of 

normovolemia, normothermia, normoventilation, 

and anaesthesia tailored to achieve both mini-

mum cardiovascular depression and animal com-

fort is required. This, of course, is only possible 

in a laboratory equipped with modern equipment 

suitable for rodents: (1) a ventilator, (2) inhaled 

anaesthetic vaporizers, (3) temperature monitor-

syringe-pumps, (6) respiratory monitoring such 

as oximetry and capnography or blood gas exam, 
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to preserve animal temperature. Fluid therapy 

should aim at optimal cardiac output and take in 

account maintenance requirements due to fasting 

and insensitive water losses, additional deficits 

whenever bodily cavities and organ surfaces are 

exposed, and replacement of estimated blood 

losses. For such small animals with high surface 

can be as high as 8 mL Kg−1 h−1 -

ment for thoracotomy can surmount to 
−1 h−1. Blood should be replaced in 

solutions are favoured and prevent acidosis. 

Since skin incision and tissue dissection are nec-

essary, a surgical anaesthesia plane should be 

ensured. As minimum requirements rodents 

should be non-reactive to toe pinch. Deepness of 

anaesthesia can be higher during surgical aggres-

sion and then down-titrated until a stable prepara-

tion with minimum cardiovascular depression is 

attained.

If recovery is expected additional care should 

be taken to ensure regaining of normoventilation, 

balanced nutritional status, proper organ func-

tion, and alleviation of pain. This usually requires 

orotracheal intubation as an alternative to trache-

ostomy, maintenance of positive-end expiratory 

pressure to prevent post-operative atelectasis, 

draining all the air from the chest-cavity, early 

refeeding or administration of glucose and 

moistening or eyelid closure to prevent corneal 

injury, minimally invasive interventions that 

reduce tissue injury and blood loss, and timely 

administration of analgesics. Strong opioid class 

analgesics are needed for thoracotomy or lapa-

rotomy approaches.

According to the researchers’ needs, hemody-

namic recordings can be done through a central 

vessel, with a closed-chest cavity, or under direct 

vision through the apex, with an open-chest 

approach. Major advantages and disadvantages 

of these approaches are summarized in Table 21.2.

The right carotid artery approach to access the 

LV is relatively straightforward and compatible 

the right jugular vein is technically more 

 challenging with straight rigid catheters but can 

introducer sheath, and careful animal position-

ing. A closed-chest preparation can also be 

achieved through the tendinous part of the dia-

phragm. If acute load manipulations are needed, 

the  closed- chest preparation still requires surgi-

cal access to the inferior vena cava. The carotid 

approach precludes isovolumetric afterload 

manipulations because the catheter passes 

through the aorta. The open-chest approach is 

preferable when access to both ventricles, exten-

sive load manipulations, and minimum ventricu-

lar interaction are needed. It is customary to 

advance or withdraw the catheter in order to get a 

systemic arterial pressure tracing, in open and 

closed-chest preparations, respectively, but the 

most informative preparation would be to insert a 

second pressure catheter through another artery 

and to advance it into the aorta in order to get 

continuous and simultaneous recording of sys-

temic arterial pressure. As a useful rule of thumb, 

end-systolic pressure is highly correlated with 

mean arterial systemic pressure and can be used 

as its surrogate in pressure-volume recordings.

Baseline recordings should be done once 

the preparation is stable and all acquisitions 

Table 21.2 Comparison of the closed and open-chest 

approaches to haemodynamic assessment

Closed-chest

Minimizes Preserves

 Ventricular interaction  Ventricular interaction

 Ventilation interference  Ventilation interference

Better access to Worse access to

Demands controlled 

ventilation

Can be done under 

spontaneous or assisted 

ventilation

Less physiological More physiological

 Deeper anaesthesia   Lighter anaesthesia or 

no anaesthesia at all

reduced

  Preserves venous return/

recovery and redo 

assessment

Compatible with recovery 

and redo assessment

RV right ventricle, CO cardiac output
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should be done with ventilation suspended at 

 -end- expiration to minimize ventilation interfer-

-

tory movements can be problematic, particularly 

in mice. These can be dealt with by hyperventila-

tion, increasing anaesthetic doses, or mechanical 

attempts to minimize diaphragmatic movements. 

The use of muscle blockers is not advised unless 

strictly necessary, and all care must be taken to 

ensure an adequate deepness of anaesthesia.

21.2.3.1  Hemodynamic Parameters 
Derived from Pressure 
Recordings

Several functional indices can be derived from 

simple analysis of pressure recordings. The max-

imum rates of pressure rise and fall, dP/dtmax and 

dP/dtmin, respectively, can be used as rough indi-

extreme cases of severe ventricular dysfunction 

or marked vasodilation dP/dtmax happens during 

isovolumetric contraction and is therefore after-

ratio of dP/dtmax to maximum pressure (Pmax) can 

be used. DP/dtmax is highly sensitive to changes in 

inotropic state but also to preload thus it is more 

useful for serial evaluation of ventricular contrac-

tility when preload changes are excluded. As for 

dP/dtmin, it is both preload and afterload depen-

dent and frequently falls out of the isovolumetric 

relaxation period thus its value is very limited. 

Another index can be derived from isovolumetric 

ventricular pressure fall tracings, the time con-

stant τ of isovolumetric relaxation. Although it is 

not load independent as initially held it is still the 

gold standard measure of LV relaxation. Weiss 

first derived it by fitting pressure fall beyond dP/

dtmin to a monoexponential function of time with 

two parameters and a null asymptote. The con-

stant was calculated by logarithmic transforma-

tion or by deriving the negative reciprocal of the 

slope of a semilogarithmic plot of pressure fall 

non-zero asymptote or an addictive baseline shift 

to account for external pericardial and pleural 

pressure and intrinsic LV pressure after complete 

relaxation. Time constant was also derived in a 

geometrically more convenient way by plotting 

pressure phase plane plots (derivative of pressure 

as a function of pressure) and deriving a linear fit 

to the isovolumetric relaxation phase, whose neg-

ative slope reciprocal represents τ. Since in many 

circumstances this fit was not ideal Matsubara 

et al. [16] later proposed an empirical logistic fit. 

In this case calculation of τ is mathematically 

cumbersome and only feasible with software 

applications. Changes of pressure tracing with 

load manipulations, particularly single-beat 

afterload elevations, can be more informative on 

intrinsic myocardial performance [17]. The 

healthy heart responds to suddenly increased 

afterload with faster relaxation over a wide pres-

sure range, whereas the diseased heart with sys-

tolic dysfunction has a limited ability to generate 

high systolic pressures, and responds to afterload 

elevations with impaired relaxation and elevated 

end-diastolic pressures (afterload-induced dia-

stolic dysfunction) [18].

21.2.3.2  Joint Measurements 
of Pressure and Volume

Volume can be assessed in various ways. In 

rodents, imaging methods can be used, but not in 

real-time or simultaneously with pressure record-

ings in order to allow a direct acquisition of 

 load- independent indexes by load-manipulation. 

Sonomicrometry is an invasive alternative that is 

unable to account for complex geometry and 

changes in wall thickness. The most straightfor-

ward approach for simultaneous pressure and 

volume measurement in rodents relies on the 

conductance methodology for volume determina-

tion and pressure-volume catheters [19]. 

Although changes in impedance with each heart-

beat had been reported since the beginning of the 

twentieth century, the conductance methodology 

is grounded on the pioneering works of Baan 

et al. [20] who measured pressure-volume rela-

tionships in situ in dogs and humans replicating 

previous works of Suga and Sagawa [21] in the 

excised dog LV. It was hard to obtain a ventricu-

logram simultaneously with ventricular pressure, 

and the conversion from the angiography to time- 

varying ventricular volume was complex, time 

consuming and not suitable for continuous pump 

function monitoring during interventions thus 
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Baan et al. developed a catheter with several 

 electrodes spaced along the left ventricular long 

axis and successfully applied it to dogs and 

patients. The two outermost electrodes emitted 

current thus creating an electrical field that was 

sensed by pairs of inner electrodes as voltage.

All materials (or tissues) have an intrinsic 

resistivity to electrical current (ρ), a quantifiable 

property (Ω.m) that opposes electrical current 

-

cific conductance (σ) whose units are S.m.

 
σ = 1/ r

 

Cylindrical electrical conductors, such as electri-

cal cables, resist electric conductance not only 

depending on the material itself but also on their 

length (L) and cross-sectional area (A), this prop-

 
R L A= r * /

 

whose units are S, is:

 G A L or G A L= ( ) =/ * * /r σ  

If the ventricular chamber is viewed as an electric 

conductor, and the emitting electrodes are 

assumed to be end-plates, the voltage sensed 

between each inner electrode pair relates to tissue 

conductivity, to the cross sectional area of sur-

rounding conductive tissue (A), and to the inter-

electrode distance (L). With a subtle mathematical 

transformation, which consists of multiplying 

both numerator and denominator by L, we then 

derive the volume (V) of the cylinder contained 

between each electrode pair:

 

G A L V L V G L V
G L

= = ⇔ =
=
σ σ σ

ρ
* / * / * /

* *

2 2

2

or

 

The summation of the conductances from stacked 

i) is proportional to the whole cham-

ber volume (Vt) if the outermost electrodes span 

the range from apex to base:

 
V G Lt

i
i= ( )⎡⎣ ⎤⎦∑ * /2 σ

 

Pressure-volume catheter systems have been 

miniaturized for application in rodents but such 

small animals do not require several pairs of 

sensing electrodes (segments) [22 -

eters have only two pairs of electrodes, an outer 

emitting pair and an inner sensing pair.

The change in sensed voltage during each 

heartbeat is caused by changes in conductance 

between electrodes as a result of the variation of 

cross-sectional area of conducting tissue. Voltage 

increases during diastole because there is more 

blood in the cavity and blood conducts electrical 

current approximately three times faster than the 

myocardium.

Nonetheless, part of the electrical conduc-

tance is due to the myocardium or far-field, so- 

called parallel conductance. Baan et al. directly 

recorded this conductance by suctioning canine 

left ventricles to zero volume and later estimated 

it by injecting small volumes of hypotonic glu-

cose solutions or hypertonic salt solutions to 

transiently and progressively reduce or increase 

blood conductivity during a few heartbeats, 

respectively. Such small volumes could not 

change loading conditions or ejection fraction 

but definitely altered conductance by changing 

blood conductivity. Moreover, the change was 

more pronounced in end-diastolic conductance 

because in diastole there is more blood in the 

heart. By plotting a regression between end- 

diastolic and end-systolic conductances during 

these transient changes and intercepting it with 

the identity line (end-systolic and end-diastolic 

conductances are equal), they mathematically 

derived conductance at zero ventricular volume 

(Fig. 21.3A1).

To quantify actual ventricular cavity volume 

p) must be subtracted 

t).

 V G G L= −( )t p * /2 σ  

Many studies have shown that parallel conduc-

tance remains reasonably constant throughout 

any experimental determination since it only 

depends on myocardial wall thickness and also 

that injection of hypertonic solution can be done 

not only from the pulmonary artery but also from 

any central or peripheral vein as long as there is 

no change to hemodynamic performance. Parallel 

conductance is increasingly more relevant in 

21 In Vivo Experimental Assessment of Cardiac Function



404

a

b

c

1,600

1,200

800

V
o
lu

m
e
 (

μL
)

L
V

  
p

re
s
s
u

re
 (

m
m

h
g

)

P
re

s
s
u

re
P

re
s
s
u

re

P
re

s
s
u
re

P
re

s
s
u
re

P
re

s
s
u
re

P
re

s
s
u
re

P
re

s
s
u
re

P
re

s
s
u
re

E
la

s
ta

n
c
e

L
V

  
p

re
s
s
u

re
 (

m
m

h
g

)

400

0

0 1 2

G (mS)

Time

60 mmHg

ECG

GG G

Time

Time

End–diastole

End–systole (Emax)

Volume

D
iastoleS

ysto
le

E
S

P
V

R

ESPVR

Volume

Volume

Linear fitting
Quadratic fitting

PES = a* (VES – VO)
2
 + E08 * (VES –VO)

PES = E08 * (VES –VO)

G (mS)

G
ED

 (mS)

G

G

Time (s)

No filter in conductance

Low–pass 50 Hz filter

G
E

s
 (

m
S

)

G
 (

m
S

)

G
ES

 = G
ED

G
ES

 = slope* G
ED 

+ intercept

G
p
 = intercept/ (1 - slope)

3 4

Mice and small ra
t 

Volume range

1

1

1

2

2

3 4

2

 contralateral ventricle and surrounding structures 

(far field); in large animals and man it can 

 surmount to almost 70 % of total conductance 

mice [23]. Parallel conductance estimation in 

mice demands fast but careful injection of very 

small volumes (<20 μL) of hypertonic saline 

lead to volume loading, depress myocardial 

 function and alter blood resistivity. More recently 

alternative methods to estimate parallel 

 conductance have used dual frequency catheter 

excitation. Blood has a constant conductivity 
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whereas muscle is more conductive at frequen-

lower  frequencies, so dissipation of current 

and Kass [23 -

tion  frequency in mice, the conductance signal 

p without any bias. This 

method allows repeated estimations during any 

procedure or even continuous real-time acquisi-

tion without the need for hypertonic saline injec-

tion. It also clearly demonstrated slight variations 

in parallel conductance throughout the cardiac 

the dual-frequency excitation methodology in 

large animals showing that parallel conductance 

measured at lower frequencies is not negligible 

[24]. Another alternative is the admittance tech-

nique. Admittance like conductance is also a 

measure of how easily a circuit or device will 

dynamic effects, or reactance, whereas conduc-

tance applies to steady current. Since the myocar-

dium is closer to the electrodes at end-systole it 

receives more current than in end-diastole. Also, 

the percentage of blood in the myocardium dur-

ing systole is lower than in diastole. Moreover, 

admittance takes into account the dynamic effects 

of the material's susceptance to polarization, 

which is of course higher in the myocardium 

which as intrinsic capacitance when exposed to 

electrical current. The underlying assumption 

behind this technology is that the myocardium 

has capacitive properties while the blood does 

not. Therefore there exists a phase angle in the 

current to voltage ratio that is only due to 

the  myocardium. The phase angle or delay in the 

admittance signal is caused by the capacitive 

property of the myocardium. With constant cur-

magnitude and phase of instantaneous input 

 current to output voltage ratio it is possible to 

estimate actual myocardial conductance and par-

allel conductance continuously and in real-time 

[ ]. Although this method may be more compli-

ant with catheter misalignment and more sensi-

tive, it is still not thoroughly validated in most 

rodent models of cardiovascular disease [26].

To compute actual volumes from conductance 

readings according to Baan’s equation, it is still 

necessary to determine blood resistivity. This can 

be done easily in large animals and humans since 

large blood volumes are available for direct 

determination. Care must be taken to maintain 

blood temperature constant because lower tem-

peratures slightly increase blood resistivity. Also, 

Fig. 21.3 Hemodynamic evaluation in rodents. 
Fundamental aspects of calibration (A): (1) parallel 

 conductance (Gp) or non-cavity conductance can be 

extrapolated by regressing end-diastolic (GED) and 

 end-systolic (GES) conductances to the identity line after 

injecting a small volume of hypertonic saline which does 

not alter haemodynamic conditions or left ventricular 

(LV) pressure readings but artificially increases conduc-

tance (G), (2) in small rodents it is unfeasible to collect 

large blood samples therefore a final standard well cali-

bration can substitute for blood resistivity measurement, 

nonetheless, the standard curve usually behaves non-lin-

early in the high volume range. Practical tips during 
hemodynamic assessment (B): (1) the weak conductance 

signal is prone to electrical interference which can be 

removed with a low-pass filter, (2) an end-systolic pres-

sure peak can sometimes appear in the tracing particu-

larly at low volumes and demands catheter repositioning, 

(3) recordings with arrhythmia should not be analysed 

altogether, excluding ectopic beats does not eliminate 

changes in contractility in the following beats, (4) avoid 

long inferior vena cava occlusions that jeopardize coro-

nary perfusion and thus myocardial performance. Aspects 
of pressure-volume loops analysis (C): (1) the myocar-

dium oscillates like a spring between maximal elastance 

(Emax) at end-systole, defining an end-systolic pressure- 

end-diastole, defining an end-diastolic pressure-volume 

-

tion of Suga & Sagawa, (2
be analysed by linear fitting when the quadratic correc-

-

sic properties of the myocardium should always be 

analysed by exponential fitting to avoid gross mistakes as 

the one illustrated, please note that the tracings in grey 

would have a steeper slope in a linear analysis while there 

analysis when compared with the tracing in black because 

the acquisitions were not performed at the same volume 

range
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hematocrit, resistivity must be measured at vary-

ing hematocrit levels because these have an 

Ω
27]. 

By approximating two additional electrode pairs 

to 0.2 mm of each other the catheter can measure 

resistivity continuously and in real time. Applying 

both dual-frequency excitation to evaluate paral-

lel conductance and catheter measured resistivity 

it is even possible to perform telemetric monitor-

ing of pressure-volume loops [28].

Nevertheless, other confounders contribute to 

underestimation of actual blood volume: the 

endocardial border is not smooth, trabeculae and 

papillary muscles contribute to field inhomoge-

neity, the placement of the catheter is frequently 

not central, and the electrodes cannot span all the 

long-axis range of the ventricle. After measuring 

blood resistivity and parallel conduction Baan 

et al. [20]. proposed another calibration factor, 

slope factor α, to account for these limitations.

 
V G G L= ( ) −( )1 2/ * * /α σt p  

The term slope originates from the way it was 

originally derived as the slope of the linear 

regression between stroke volume as assessed by 

conductance and stroke volume assessed by 

-

ing caval occlusion in a dog or in a set of human 

patients. Since conductance usually underesti-

mated volume the slope (α) was lower than 1.

As for rodents, large volumes of blood (over 

major hemodynamic consequences. To circum-

vent this problem standardized wells of known 

dimensions can be used for catheter calibration 

with the animal’s blood post mortem in order to 

These standard curves usually have a linear fit-

ting over the small volume range and are enough 

for accurate volume determination in mice. For 

progressively higher volumes the fitting becomes 

exponential (Fig. 21.3A2). Non-linear fitting can 

be explained because the emitting electrodes are 

not plate electrodes but rather point electrodes 

and the electrical field is inhomogeneous. To 

solve this issue Wei et al. [29]. proposed  

an  alternative to Baan’s equation including an 

empirically determined non-linear calibration 

coefficient instead of slope factor α. Simpler 

approaches can be attained by selecting calibra-

tion values that precisely span the range of con-

ductances recorded during the actual experiment. 

These are usually close to linear even in rats. 

Another possibility is just to correct the stroke 

volume assessed by conductance as the range 

from maximum to minimum (after excluding 

parallel conductance) by another method. Several 

methods can be used to measure cardiac output 

cannot be performed continuously, is observer- 

dependent and usually overestimates cardiac out-

put. Another important point is that stroke volume 

assessed by echocardiography before hemody-

namic evaluation in a minimally sedated animal 

is of course much higher than stroke volume 

measured under anaesthesia and possibly even 

with open-chest. If the latter are corrected for the 

former a large overestimation of ventricular vol-

currently the most viable option is transient time 

time and observer-independent assessment of 

cardiac output and stroke volume without the 

need for estimating vessel cross-sectional area, 

which is prone to error in such small animals. 

Nonetheless it is not feasible in closed-chest 

preparations. For complete cardiac output mea-

surement it should be placed in the ascending 

aorta, but some researchers prefer the descending 

aorta and then correct the signal for the propor-

tion of non-measured cardiac output.

As grasped by the complexity and controversy 

surrounding volume analysis this technique should 

not be viewed as a straightforward and easily 

implementable technique. It is time- consuming 

and demands considerable know-how.

21.2.3.3  Practical Tips for a Good 
Acquisition and Analysis

Detailed experimental troubleshooting can be 

found elsewhere [19, 26]. We will go over some 

key points. Due to electrical interference 
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 conductance signal may show irregularities, 

particularly conspicuous during isovolumetric 

contraction and relaxation when pressure is 

rapidly changing and volume is constant, 

 filtering with a low pass filter is usually enough 

to optimize signal without altering analysis 

(Fig. 21.3B1). Filtering with frequencies lower 

should be avoided.

The researcher will usually be able to obtain 

various conductance signals with a good morphol-

ogy of the loops depending on the positioning of 

the catheter in the same preparation. As a general 

rule the best selection is the loop with the widest 

range. With experience the researcher will be 

familiarized with the expected conductance values 

for each animal species and model, and catheter 

making this choice easier. If the software used 

enables simultaneous acquisition and analysis, 

once hypertonic saline solution has been injected 

for calibration to parallel conduction an immediate 

p values, 

these should never be negative or higher than total 

conductance. As stated for conductance with expe-

rience the researcher will be familiarized with 

expected values for each animal model.

Particularly for lower ventricular volumes, as 

during inferior vena cava occlusions an end- 

systolic peak may appear in the tracing 

(Fig. 21.3B2). This is usually due to direct con-

tact of the pressure membrane with the myocar-

dium and can only be solved by repositioning the 

catheter.

Inferior vena cava occlusions should be as 

-

recordings with arrhythmia should be excluded 

(Fig. 21.3B3) as well as those with significant 

variation of heart rate because frequency- 

dependent changes in myocardial performance 

last for many heartbeats. Also, a resting period 

between acquisitions should be safeguarded to 

avoid changes in performance due to previous 

load manipulations.

The drop in systolic pressure should not com-

promise myocardial perfusion. For lower pres-

sures a notorious decrease in performance is clear 

(Fig. 21.3B4).

21.2.3.4  Hemodynamic Parameters 
Derived from Pressure- 
Volume Loops

Detailed reviews of derived parameters can be 

found in recent reviews [26, 30]. Volume analysis 

permits assessing preload by end-diastolic vol-

ume and ejection fraction. The pressure-volume 

loop analysis concept was originally laid out by 

Suga and Sagawa [21] who explored time 

varying- elastance (or pressure-volume ratio) as a 

means to measure pump function, by considering 

the ventricle a spring whose elastance increases 

during systole and decreases during diastole 

(Fig. 21.3C1) [21] according to the function:

 E t P V t V t V( ) = ( ) ( ) −⎡⎣ ⎤⎦, / 0  

When both elastance and time are normalized 

this relationship is highly stable regardless of 

loading conditions or animal species [22] but it 

can be changed by drugs such as myosin activa-

tors that enhance effective myosin cross-bridge 

formation and duration and therefore lengthen 

systolic ejection time.

In ex situ perfused dog hearts Suga and Sagawa 

demonstrated the relative load- independence of 

max) [31] that was thereaf-

ter taken as gold standard for myocardial contrac-

tility. In vivo with pressure-volume loops and 

acute preload reductions by vena cava occlusion a 

similar index can be derived, end- systolic elas-

es). It can be derived from linear regres-

sion of end-systolic points This index is also 

on cross-bridge cycles and calcium sensitivity but 

since load conditions do not change markedly 

during experiments this is generally ignored. In a 

es
−1 is the 

slope of this regression and is proportional to inot-

ropism. Nevertheless linear regression is charac-

terized by both slope and intercept and as elegantly 

illustrated by Burkhoff [30] several combinations 

of slope and intercept variation can indeed indi-

cate increased contractility. Accurate compari-

sons of inotropic state between experimental 

groups therefore require joint analysis of both 

parameters by either analysis of covariance or 

multiple regression with dummy variables [32]. 

Another aspect that complicates analysis is that 
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the best fitting for end-systolic pressure-volume 

relationship is actually non-linear, particularly in 

rodents. A quadratic correction was proposed by 

Kass et al. [33] (Fig. 21.3C2a).

Non-linearity raises concerns when compari-

sons between groups of animals with distinct 

working pressure ranges are analysed as occurs in 

models of heart failure or arterial hypertension. In 

these cases preload reductions with caval occlu-

sion may generate end-systolic pressure- volume 

relationships at distinct working ranges. If a linear 

analysis is performed differences in slope may 

simply be due to non-linearity. As a practical rule, 

when the quadratic correction is negligible over a 

wide range of pressure-volume variation encom-

passing a common working pressure, linear fitting 

can be used for comparisons between groups. 

This index is particularly well tailored to perform 

comparisons in the acute setting when there is no 

change in muscle mass or geometry, but in chronic 

disease changes in ventricular mass and geometry 

are important confounding factors. Values nor-

malized for myocardial mass can be used but do 

not account for relative wall-thickness; therefore 

the most correct approach relies on estimation of 

stress- strain relationships by complementary 

34]. 

Another approach that yields a less load-depen-

dent index and accounts for slight cycle length 

changes between beats is time normalization of 

pressure- volume loops to obtain isophasical elas-

es [ -

tively load- independent indices of contractility 

have been proposed, such as the dP/dtmax to end-

diastolic volume relationship, which is more sen-

sitive to acute inotropic changes [36], or the 

preload recruitable stroke work, which is not 

dependent on chamber size or geometry and has 

37]. This particular feature of 

preload recruitable stroke work makes it particu-

volume or geometry and can be applied reproduc-

ibly across animal species. Also as a rule of thumb 

be expected, while lower values suggest a poor 

experimental preparation.

Analysis of pressure-volume loops enables a 

more refined assessment of afterload. Sunagawa 

et al. [38] first coined the concept of effective 

a) in isolated heart prepara-

tions [38], which was later documented in vivo 

[39 a is a measurement of vascular load, can 

be derived from pressure-volume loops as the 

P  to stroke volume ratio and is customarily 

represented by a line that unites the end-systolic 

point and end-diastolic volume. Its fundamental 

determinants are heart rate and peripheral vascu-

a 

es derived from pressure-volume loops 

ventricular- arterial coupling can be assessed. Its 

and deviations towards higher values have 

important pathophysiological consequences in 

the progression of heart failure [40].

Stroke work can easily be defined by the area 

encompassed by the pressure-volume loop and is 

the efficient or external mechanical output of the 

heart, but the total area circumscribed by time- 

varying elastance is higher, including a left side 

component of internal work [41]. Suga et al. 

explored, validated and recently reviewed this 

concept to the study of myocardial bioenergetics 

in isolated hearts with simultaneous measure-

ment of oxygen consumption, but application to 

the in vivo and in situ heart is also possible [42].

As for diastolic function, myocardial stiffness 

can be assessed by the end-diastolic pressure- 

volume relationship obtained during inferior 

vena cava occlusions. Several fitting models have 

been used, but in contrast to the end-systolic 

pressure-volume relationship linear approaches 

are never accurate (Fig. 21.3C2b). In the lower 

pressure and volume range titin and intrinsic 

myofilament properties are more important, 

while collagen and extracelullar matrix compo-

nents dominate in the higher pressure and volume 

range. Most researchers use an exponential model 

with a pressure offset (P0) to account for non-zero 

pressures at zero volume (pericardial restraint, 

interventricular interaction, and intrathoracic 

pressure) and two constants, where β is chamber 

stiffness constant with units of volume−1:

 P eED
VED= ( ) +−α β* * 1 0P  

Several issues are important. Firstly the timing of 

end-diastole itself can be assessed either visually 
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change in pressure can also be used to establish 

beginning of contraction. Secondly chamber size 

is important, particularly when dealing with 

experimental groups that have remarkably differ-

ent weights. In this case, previous indexation of 

volumes to weight or body surface area may be 

useful [9] or, alternatively, indexes may be cor-

rected to account for ventricular size and wall 

thickness or, ideally, using strain measures all of 

which require imaging methods [30]. Thirdly, if 

all fitting constants vary (α, β and P0) group com-

parisons will require either analysis of covariance 

or multiple regression with dummy variables as 

previously mentioned for the end-systolic 

pressure- volume relationships.

Considerations on Right Ventricular 
Analysis
Although the right ventricle is a chamber with 

complex geometry, coarse trabeculations, some-

what triangular shaped loops which make end- 

systole determination more difficult, and with a 

potential for higher current loss to surrounding 

structures which makes precise determination of 

parallel conductance of paramount importance, 

the conductance methodology has been applied 

successfully to various animal species and dis-

ease models and load independent indexes 

derived from pressure-volume relationships orig-

inally validated for the LV have been extensively 

validated for right ventricular analysis as well 

[43]. In rodents simultaneous evaluation of both 

left ventricular and right ventricular volumes is 

currently unfeasible unless the conductance sig-

nal is alternately read from each ventricle due to 

the unresolved issue of interference in close elec-

trical fields [44] but in larger animals and with 

multiple electrode catheters simultaneous record-

ings are possible [ ].

21.3  Discussion and General 
Considerations

Beyond the evaluation of cardiac structure, 

 telemetry, echocardiography and now also 

 magnetic resonance imaging are increasingly 

 substituting for more invasive approaches to 

 cardiovascular function assessment such as 

hemodynamic evaluation. They have the advan-

tage of enabling serial assessment with minimal 

sedation/anaesthesia. Precise evaluation of load- 

independent indices of contractility and relaxation 

however will mostly likely continue to depending 

on invasive hemodynamic function evaluation by 

pressure-volume loop analysis.

 Conclusion

Assessing cardiac structure and function in 

rodent disease models is the cornerstone to 

basic and translational cardiovascular research. 

Throughout the chapter the grounding con-

cepts of telemetry, echocardiography and 

hemodynamic evaluation in rodents were sum-

marized. These are the essential tools for 

in vivo assessment of cardiovascular function 

that are closest to intact physiology but as 

emphasised are also time consuming and labo-

rious techniques prone to many caveats and 

systemic biases. We have tried to review them 

and to share our hands-on experience with the 

reader. We hope it may have been useful for 

both newcomers to the cardiovascular research 

field and to the more experienced researcher.
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    Abstract  

  Non-invasive imaging (PET, SPECT, MRI, CT, US, optical imaging and 
hybrid modalities) has contributed signifi cantly to Cardiovascular 
Translational Research since it allows data to be obtained in the context of 
the whole living organism, often in a format suitable for quantifi cation and 
performance of longitudinal studies both in animals and humans. During the 
last decade important developments have been achieved in the use of sophis-
ticated imaging probes targeting key molecules and cells, thus creating a 
new multidisciplinary fi eld, termed “molecular imaging.” Amongst the vari-
ous modalities, Single Photon Emission Computed Tomography (SPECT) 
and Positron Emission Tomography (PET) offer the greatest translational 
potential, because of the wide availability of existing clinical scanners, high 
imaging sensitivity, versatile radiochemistry options and the ongoing devel-
opment of new imaging agents. Advances in nanoparticle probe develop-
ment have made Magnetic Resonance Imaging (MRI) an emerging, 
radiation-free alternative technique, pending more demonstrations of clini-
cal performance and safety for both gadolinium-based and iron oxide–based 
compounds. Optical imaging and molecular ultrasound (US) will probably 
require longer time for clinical translation, while computed tomography 
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  Abbreviations 

   ACE    Angiotensin converting enzyme   
  AT 1 R    Angiotensin II type 1 receptor   
  BLI    Bioluminescence imaging   
  BMIPP    b-methyliodophenylpentadecanoic acid   
  BOLD    Blood oxygen level-dependent   
  CAD    Coronary artery disease   
  CCD    Charged coupled device   
  CEU    Contrast enhanced ultrasound   
  CT    Computed tomography   
  CTP    Computed tomography perfusion   
  CVD    Cardiovascular diseases   
  EBCT    Electron beam computed tomography   
  ECHO    Echocardiography   
  EPI    Epinephrine   
  FA    Fatty acids   
  FDA    Food and Drug Administration   
  FDG    Fluoro-deoxyglucose   
  FI    Fluorescence imaging   
  Gd    Gadolinium   
  HED    Hydroxyephedrine   
  LGE    Late gadolinium enhancement   
  LV    Left ventricle   
  MBF    Myocardial blood fl ow   
  MCP    Monocyte chemotactic protein   
  MDCT    Multidetector computed tomography   
  MI    Myocardial infarction   
  MIBG    Metaiodobenzylguanidine   
  MMP    Matrix metalloproteinase   
  MPI    Myocardial perfusion imaging   
  MPO    Myeloperoxidase   
  MRA    Magnetic resonance angiography   
  MRI    Magnetic resonance imaging   
  MRS    Magnetic resonance spectroscopy   
  NaF    Sodium fl uoride   

  PET    Positron Emission Tomography   
  SPECT    Single Photon Emission Computed 

Tomography   
  US    Ultrasound   

22.1          Introduction 

 Real world implementation of discoveries from 
“bench to bedside”—that has been termed “trans-
lational research”—has contributed signifi cantly 
to prevention, diagnosis and therapy of cardiovas-
cular diseases (CVD). Non- invasive imaging has 
played a pivotal role in this effort, because it allows 
data to be obtained in the context of the whole liv-
ing organism, often in a format suitable for quanti-
fi cation, and performance of longitudinal studies 
both in animals and humans. During the last 
decade important developments have been made 
in the use of sophisticated imaging probes target-
ing key molecules and cells, thus creating, a new 
multidisciplinary fi eld termed “molecular imag-
ing”. This has paved the way for new research 
opportunities well beyond the area of cardiovascu-
lar medicine and it is likely that in the near future, 
several molecular agents will be entering the clini-
cal phase of development. Such probes need to 
have favourable pharmacokinetics and biodistribu-
tion, high binding effi cacy and specifi city com-
bined with lack of toxicity and feasibility of 
synthesis and distribution, all of which require 
intense testing of numerous candidate agents and 
potentially high development costs. Performance 
of molecular imaging studies is based on identifi -
cation of a target (intracellular or extracellular) 
and use of a pertinent probe along with an imaging 

(CT) has low sensitivity to molecular targets and is currently the less 
explored modality. Combining different techniques in one system may com-
pensate for some of the limitations that exist in all stand-alone imaging 
modalities while permitting sequential or even simultaneous recording of 
anatomy, function and molecular events for animals and humans.  

  Keywords  

  PET   •   SPECT   •   MRI   •   CT   •   US   •   Optical imaging   •   Hybrid modalities   • 
  Cardiovascular Translational Research  
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system. Proteins are of most practical interest as a 
target, because of their abundance within a cell 
(0.01–1 million molecules compared with 1–2 
DNA and 10–1,000 RNA), which contributes to 
the imaging sensitivity [ 1 ]. 

 Amongst the various modalities, nuclear 
imaging in the form of Single Photon Emission 
Computed Tomography (SPECT) or Positron 
Emission Tomography (PET) has played a piv-
otal role due to the high detection sensitivity, but 
advances in nanoparticle probe development 
have made Magnetic Resonance Imaging (MRI) 
and ultrasound (US) emerging, radiation-free 
alternatives. The current trend in imaging tech-
nology is the development of hybrid multimodal-
ity scanners (PET/CT, SPECT/CT, PET/MRI) 
with improved characteristics by means of sensi-
tivity and spatial resolution that permit sequential 
or even simultaneous recording of anatomy, 
function and molecular events for animals and 
humans. The intention of this chapter is not to 
provide a detailed description of non-invasive 
techniques but focus on a brief overview of the 
characteristics and performance of different non- 
invasive imaging modalities with an emphasis on 
 molecular probes  and aspects of imaging relevant 
to the pathological entities discussed in the next 
chapter. It will discuss in more detail techniques 
which have already entered into the clinical arena 
and the ones who are robust enough to undergo 
testing in the clinical setting, but only briefl y 
those which are mostly confi ned to the experi-
mental setting.

22.2       Non-invasive Imaging 
Techniques 

22.2.1    Nuclear Imaging 

 Nuclear imaging is based on the injection of 
radionuclides in their native form or as a part of a 
chemical molecule following the tracer principle, 
which basically means that very minute amounts 
of active substances are used without disturbing 
vital biological processes. Thus, the body is 
imaged “from the inside out” using special 
devices which record the distribution of radioac-

tivity from the intravenously administered radio-
nuclides. Currently, PET and SPECT are the most 
translatable noninvasive molecular imaging plat-
forms. The strengths of nuclear imaging are its 
high sensitivity, the continuously increasing num-
ber of clinical scanners installed and availability 
of a wide variety of targeted, radioactively labeled 
tracers in experimental and clinical applications. 

22.2.1.1    PET/MicroPET Imaging 
 PET uses short-lived positron emitters such as 
oxygen-15 ( 15 O, T 1/2  = 2.1 min), nitrogen-13 ( 13 N, 
T 1/2  = 10 min), rubidium-82 ( 82 Rb, T 1/2  = 78 s), 
carbon-11 ( 11 C, T 1/2  = 20 min), gallium-68 ( 68 Ga, 
T 1/2  = 68 min) and fl uorine-18 ( 18 F, T 1/2  = 110 min), 
for labelling of biomolecules in order to charac-
terize in-vivo physiologic and biochemical pro-
cesses.  15 O,  13 N,  11 C and  18 F are cyclotron 
produced while  82 Rb is produced from a stron-
tium- 82 ( 82 Sr) generator system and  68 Ga is pro-
duced from a Germanium-68 ( 68 Ge) generator 
system. The emitted positron travels a short dis-
tance in the order of millimeters (determined by 
its initial kinetic energy), before it meets an elec-
tron and undergoes the annihilation reaction. 
Upon annihilation, the mass of positron and elec-
tron is converted into two 511 keV photons that 
travel in approximately opposite directions. 
Coincidence detection of these annihilation pho-
tons followed by mathematical reconstruction of 
the images form the basis of PET imaging. 

 The advantages of PET imaging include high 
sensitivity and temporal resolution enabling 
dynamic imaging, use of radiolabeled probes 
with natural radioisotopes such as  11 C, that do not 
alter chemical behavior and absolute quantifi ca-
tion of biological processes. List mode data 
acquisition provides an opportunity to correct for 
motion during cardiac and respiratory cycles [ 2 ]. 
The inherent resolution of PET system is techni-
cally limited by the size of the detection crystals 
and fundamentally limited by physical behavior 
of positron decay, associated with the signifi cant 
movement of positron before annihilation, and 
deviation from exact 180° angular separation [ 3 ]. 
Current state-of-the-art clinical PET scanners 
have a spatial resolution of 3–5 mm. A major 
limitation for the widespread use of PET remains 
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the high cost, refl ecting the sophisticated imag-
ing technology and the need of a cyclotron on- 
site, or in close proximity of production sites for 
short-lived tracers and availability of expensive 
generators. The development of fl uorinated ( 18 F) 
tracers, which have a relatively long half-life, 
allows imaging to be performed even without 
access to an on-site-cyclotron. 

  For pre-clinical PET imaging , dedicated sys-
tems with small crystals and bore diameters 
between 10 and 20 cm are required to reach a 
reasonable spatial resolution. The fi rst  microPET  
scanner was developed at UCLA in 1996 and 
currently more than 80 preclinical PET systems 
are installed worldwide. Most animal PET and 
PET/CT scanners have a spatial resolution of 
1–2 mm [ 1 ,  4 ]. 

 Radiopharmaceuticals which have been 
applied for PET cardiac imaging in the clinical 
and preclinical setting are described below. In 
general,  18 F-labeled tracers are more likely to 
achieve broader clinical application from a logis-
tical standpoint, while the clinical use of  11 C,  13 N, 
 15 O labeled tracers has been limited by the need 
of an on-site cyclotron. 

   Myocardial Perfusion Agents 
 A number of positron emitting radiopharmaceuti-
cals can be used as tracers of myocardial perfusion. 
The most common are Nitrogen-13 ammonia 
( 13 N-ammonia), Rubidium-82 ( 82 Rb), and 
Oxygen-15 labeled water ( 15 O-water).  13 N-ammonia 
enters the myocardial cells in proportion to blood 
fl ow by diffusion across the  sarcolemma, followed 
by metabolic conversion to  13 N-glutamine by glu-
tamine synthetase, becoming trapped within the 
cell.  82 Rb is potassium analog, actively taken up by 
myocytes in proportion to blood fl ow via the Na + /
K + -ATPase.  15 O-water is a freely diffusible tracer 
and has been primarily utilized for absolute fl ow 
quantifi cation research, but myocardial images are 
only obtained after application of kinetic model-
ling techniques (Table  22.1 ). At present, 
 13 N-ammonia and  82 Rb are the only Food and Drug 
Administration (FDA) approved PET tracers for 
the evaluation of individuals with suspected or 
known coronary artery disease (CAD). Myocardial 
perfusion PET imaging is accomplished using 

fl ow tracers  13 N-ammonia and  82 Rb at rest and dur-
ing pharmacologic stress. For assessment of myo-
cardial perfusion, PET is an excellent technique 
with sensitivity and specifi city of about 90 % 
[ 5 ]. 18 F-fl urpiridaz is a newly developed PET myo-
cardial perfusion agent targeted to Mitochondrial 
Complex –I (MC-I) in the heart [ 6 ]. It has improved 
biological and imaging characteristics compared 
with currently available perfusion imaging agents, 
including rapid uptake in the myocardium, pro-
longed retention, and superior extraction versus 
fl ow profi les. A fi rst in man study has established 
the safety and dosimetry of  18 F-fl urpiridaz and 
confi rmed high sustained cardiac uptake 
(Fig.  22.1 ). Subsequent studies performed in CAD 
patients established the dose and timing needed to 
detect perfusion defi cits when the agent is admin-
istered under resting and stress conditions [ 7 ].

       Myocardial Metabolism Agents 
 The primary tracer to image glucose metabolism is 
fl uoro-deoxyglucose (FDG) labelled with fl uorine-
 18 ( 18 F-FDG) (Table  22.1 ). 18 F-FDG is a glucose 
analog taken up by myocardial cells via two carri-
ers, the glucose transporters 1 and 4 (GLUT1 and 

      Table 22.1    PET Radiopharmaceuticals for clinical car-
diac imaging   

 Tracer  Biologic target 

  Blood fl ow  
  13 N-ammonia  Perfusion 
  82 Rb  Perfusion 
  15 O-water  Perfusion 
  Metabolism  
  18 F-FDG  Glucose transport, glucose 

metabolism 
  11 C-palmitate  Fatty acid metabolism 
  11 C-acetate  Oxidative metabolism 

(TCA cycle turnover) 
  Innervation  
  11 C-hydroxyephedrine  Presynaptic catecholamine 

uptake 
  11 C-epinephrine  Presynaptic catecholamine 

uptake and storage 
  Receptors  
  11 C-CGP12177  Beta-adrenergic receptor 

(nonselective) 
  11 C-MQNB  Muscarinic receptor 
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GLUT 4). Similar to glucose, FDG is then phos-
phorylated by hexokinase to  18 F-FDG-6- phosphate 
but unlike glucose-6-phosphate, subsequent metab-
olism of  18 F-FDG-6-phosphate is minimal so that 
 18 F-FDG becomes essentially trapped in the myo-
cardium.  18 F-FDG PET has been extensively used 
to assess myocardial viability and is still consid-
ered by some investigators as the gold standard for 
this assessment [ 8 ]. FDG is not a specifi c tracer, as 
it is also taken by activated macrophages and can 
be used to image infl ammation. 

 Two tracers, palmitic acid and acetate have 
been labeled with  11 C.  11 C-palmitic acid can assess 
uptake and metabolism of long-chain fatty acids 
(FA). Their oxidation represents the major source 
of cardiac energy but complex kinetics and back-
diffusion of the unmetabolized tracer by the myo-
cytes allows only semi-quantitative measurements. 
 11 C-acetate, is a two-carbon-chain free FA which 
is extracted proportionally to myocardial blood 
fl ow, then rapidly enters the tricarboxylic acid 
cycle and is metabolized to carbon dioxide. It is 
considered a marker of overall oxidative metabo-
lism without the complexity of substrate interac-
tion between glucose and FA [ 9 ] (Table  22.1 ).  

   Myocardial Innervation Agents 
 The main tracers to image myocardial innerva-
tion are hydroxyephedrine (HED) and epineph-
rine (EPI) labeled with  11 C. HED is a false 

transmitter analog of norepinephrine and highly 
resistant to intraneuronal metabolic degradation. 
HED is considered a marker of uptake-1 mecha-
nism, which is the reuptake for storage or cata-
bolic disposal of norepinephrine into the 
presynaptic terminal by an energy dependent 
transporter. EPI is a true catecholamine that, in 
contrast to HED, is sensitive to metabolic degra-
dation under normal conditions and has also 
gained interest as a potential neuronal imaging 
tracer (Fig.  22.2 ).  11 C-EPI labeled compounds are 
not FDA approved, and it is unlikely that they 
will not receive a broader clinical application due 
to their short half-life and need for an on-site 
cyclotron. New innervation tracers, such as 
LMI1195, a benzylguanidine derivative similar 
to metaiodobenzylguanidine (MIBG), but labeled 
with  18 F, are under investigation with the poten-
tial for a more widespread use from a logistical 
standpoint [ 10 ]. Post-synaptic receptor density 
can be assessed with a radiolabeled b-receptor 
antagonist CGP12177 and MQNB, a muscarinic 
receptor agonist, both labeled with  11 C 
(Table  22.1 ).

      Further Molecular Probes 
 Beyond the tracers described above, a number of 
other agents have been tested mainly at a preclini-
cal level and demonstrate potential for clinical 
translation.  18 F-galacto–arginine-glycine- aspartate 
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  Fig. 22.1    Cardiac PET imaging of myocardial perfusion 
using F-18 labeled Flurpiridaz in rat, pig and man. The 
series of short axis images from apex to base were 

acquired in a dedicated animal PET/CT (rat) and a clinical 
PET/CT tomograph respectively.  Ant  anterior segment, 
 Lat  lateral segment,  Inf  inferior segment,  Sept  septum       
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(RGD) binds to α v β 3 integrin receptors that are 
expressed on the endothelial surface during angio-
genesis. Another option for angiogenesis imaging 
is to use the recently developed  68 Ga labelled RGD 
agent ( 68 Ga-NOTA-RGD) [ 11 ].  68 Ga labeled trac-
ers are highly appealing for imaging particularly 
for centers with no direct access to cyclotron, 
because  68 Ga is produced from a commercially 
available  68 Ge generator system. Annexin-V, a 
molecule which specifi cally binds to phosphati-
dylserine that is expressed on the surface of cells 
entering the apoptotic cascade, has been exten-
sively tested in preclinical studies to image apop-
tosis. Radiolabeling of annexin-V for PET imaging 

has also been performed. Because annexin-V har-
bors numerous functional groups requiring protec-
tion and deprotection steps, its direct radiolabeling 
with  18 F is impractical. Recently, a set of novel 
small- molecule probes known as the Aposense 
compounds (a patented platform technology; 
Aposense Ltd.) has been designed to detect apop-
totic membrane imprint [ 12 ]. Within this family, 
the PET tracer  18 F-ML-10 shows selective uptake 
by apoptotic cells, in correlation with the apoptotic 
hallmarks of breakdown of mitochondrial mem-
brane potential, caspase activation, or apoptotic 
DNA fragmentation. Signal is lost on membrane 
rupture, and thus  18 F-ML-10 is capable of distin-
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  Fig. 22.2    Example of innervation imaging (performed 
with  11 C-HED) with demonstration of its relation to perfu-
sion in a patient imaged after revascularization post 
MI. There is reduced  11 C-HED uptake in the anteroapical 
region as well as in the septum and most of the inferior 

wall indicating denervation in these areas. Perfusion as 
depicted by NH 3  uptake is normal in those areas and the 
rest of the LV myocardium.  SA  short axis,  VLA  vertical 
long axis,  HLA  horizontal axis,  Ant   anterior segment,  Lat  
lateral segment,  Inf  inferior segment,  Sept  septum       
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guishing between apoptotic and necrotic cells 
[ 12 ].  18 F-ML-10 is the fi rst PET tracer for apopto-
sis that has been advanced into clinical trials, with 
promising results to date in  biodistribution and 
dosimetry profi les. For imaging necrosis, the 
tracer hypericin labeled with Iodine-124 ( 124 I), has 
shown a specifi c and high affi nity, although the 
exact mechanism of action is still unknown [ 13 ]. 
The  11 C-labelled PET tracer PK11195, is a selec-
tive ligand of the translocator protein, known as 
peripheral benzodiazepine receptor (PBR) that is 
expressed in high density in circulating human 
phagocyte populations, particularly in monocytes 
and neutrophils [ 14 ]. Matrix metalloproteinase 
(MMP) imaging is also feasible through a newly 
developed MMP inhibitor labeled with  18 F [ 15 ]. 
Other probes targeting adhesion molecules (such 
as VCAM-1) labeled with  18 F are under investiga-
tion in experimental models. Recently,  18 F-sodium 
fl uoride ( 18 F-NaF), a radiopharmaceutical used for 
skeletal imaging, was tested in patients with coro-
nary atherosclerosis and symptomatic carotid dis-
ease and proved to provide relevant information 
regarding active micro-deposition of calcium in 
atherosclerotic plaques, a process that is associ-
ated with plaque instability [ 16 ]. 

 Several angiotensin converting enzyme (ACE) 
inhibitors and angiotensin receptor 1 (AT 1 R) 
antagonists have been radiolabeled for molecular 
imaging techniques. Initial attempts for develop-
ing specifi c ACE binding radiotracers were made 
by use of fl uorine-18 labeled captopril ( 18 F–CAP), 
the fi rst clinically available ACE inhibitor.  18 F–
CAP, however, had a number of shortcomings that 
reduced its potential as a suitable tracer for exam-
ining ACE distribution. A new radiotracer, 
N-succinimidyl-4-[F-18]-fl uorobenzoyllisinopril 
( 18 F–FBL), was synthetized to bind more specifi -
cally to ACE. Multiple PET radiotracers for AT 1 R 
have been developed labeled with  11 C, but major 
limitations in pharmakokinetics and biodistribu-
tion, rendered these tracers unsuitable for clinical 
use. Another probe labeled with  11 C ( 11 C-
KR31173) was found to bind selectively to AT 1 R 
in various tissues including the heart and fi rst 
experimental studies in animals and fi rst-in-man 
application (in four healthy volunteers) proved the 
feasibility and safety of imaging cardiac AT 1 R 

expression [ 17 ]. These results provide a rationale 
for broader clinical testing of AT 1 R -targeted 
molecular imaging.   

22.2.1.2    SPECT/MicroSPECT Imaging 
 The detection system in conventional nuclear 
medicine is called Anger or γ-camera and typi-
cally has a sodium iodide (NaI) crystal. This 
camera permits planar and tomographic cardiac 
imaging (SPECT), if projections from different 
angles around the body are acquired. A new gen-
eration of cameras was recently introduced and 
uses cadmium zinc telluride (CZT) crystals. 
These systems show improved sensitivity and 
spatial resolution which allows for shorter acqui-
sition times or reduction of injected tracer [ 18 ]. 
SPECT imaging probes are labeled with 
γ-emitting radionuclides, such as technetium-
 99 m ( 99m Tc, T 1/2  = 6 h), thallium-201 ( 201 Tl, 
T 1/2  = 73 h), indium-111 ( 111 In, T 1/2  = 67 h), 
iodine-123 ( 123 I, T 1/2  = 13.2 h), and iodine-131 
( 131 I, T 1/2  = 8 days). Among these,  99m Tc labeled 
tracers are the most readily available in everyday 
clinical practice from a commercially available 
molybdenum generator system, while the rest, 
are cyclotron produced.  99m Tc has favorable phys-
ical and dosimetric features (it decays by iso-
meric transition and emits gamma rays at an 
energy level of 140 keV) and is the preferred iso-
tope for SPECT imaging. The spatial resolution 
of clinical SPECT systems is 7–15 mm [ 1 ]. 

  For pre-clinical research , a number of  micro-
SPECT  systems are available commercially. 
MicroSPECT imaging offers several advantages 
in small animal models of CVD, such as the 
greater availability of radiotracers with a longer 
half-life compared to PET and the ability to 
image multiple tracers labeled with different iso-
topes simultaneously. The spatial resolution of 
microSPECT systems is 0.5–2 mm [ 1 ]. 

 Currently available SPECT tracers used for 
myocardial perfusion imaging (MPI) are divided 
into two groups:  201 Tl and  99m Tc labeled agents 
(Table  22.2 ).  201 Tl, an analog of potassium, is 
extracted actively by cell membrane Na + /K +  
pumps on the fi rst pass through the coronary vas-
culature and its uptake is proportional to regional 
perfusion over a wide range of fl ow rates. It has 
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the highest myocardial extraction (85 % at the 
fi rst passage of tracer from the myocytes) of the 
three available γ-emitting myocardial perfusion 
radiopharmaceuticals, with a peak myocardial 
concentration at 10 min after injection.  201 Tl is 
not sequestered permanently in the myocardial 
tissue, and it is continuously exchanged between 
the extracellular and intracellular spaces.  201 Tl 
decays by electron capture to mercury-201, and 
emits lower energy x-rays (75–80 keV) [ 19 ]. In 
contrast to  201 Tl,  99m Tc must be bound to another 
compound so that can become suitable for assess-
ing myocardial perfusion.  99m Tc-sestamibi 
(methoxyisobutylisonitrile) and  99m Tc tetrofos-
min (1,2-bis[bis(2-ethoxyethyl)phosphino] eth-
ane) are the two commercially available tracers. 
Both agents are lipophilic cations that passively 
diffuse into cardiomyocytes along an electropo-
tential gradient and are actively trapped in mito-
chondria or in cytoplasma. The extraction of 
sestamibi and tetrofosmin by the myocytes is 
considerably lower than that of  201 Tl (65 and 
54 % respectively). The intracellular passage of 
sestamibi and tetrofosmin is permanent, and 
redistribution is negligible, particularly with the 
tetrofosmin [ 19 ]. Myocardial uptake is 
 proportional to myocardial blood fl ow in a spe-
cifi c range of fl ow rates, but lower than that of 
 201 Tl. The relationship between myocardial blood 
fl ow (MBF) and net myocardial uptake of various 
perfusion tracers ( 15 O-water,  13 N-ammonia,  82 Rb, 
 201 Tl,  99m Tc-sestamibi and  99m Tc tetrofosmin) is 
presented in Fig.  22.3 .

    SPECT MPI has a history of over 20 years in 
clinical practice. Such studies can be performed 

at rest or after physical exercise or pharmacologi-
cal stress, with vasodilators (dipyridamole, ade-
nosine, or regadenoson) or with the β-agonist 
dobutamine (Fig.  22.4 ). Perfusion studies can be 
coupled with electrocardiogram (ECG) gating 
(gated SPECT) allowing also assessment of ven-
tricular function.

   Beyond perfusion, other parameters can also 
be assessed such as FA metabolism and innerva-
tion by molecules labelled with  123 I (Table  22.2 ). 
 123 I emits predominantly γ photons with energies 
of 159 keV. 123-iodinated modifi ed FA such as 
b-methyliodophenylpentadecanoic acid 
(BMIPP), have provided a sensitive SPECT 
marker of altered FA transport into the myocyte 
[ 20 ]. In contrast to straight long-chain FA that 
enter the mitochondria and are metabolized by 
b-oxidation immediately, BMIPP is not metabo-
lized via b-oxidation because the methyl substi-
tution precludes the formation of the ketoacyl 
coenzyme A intermediate. The prolonged reten-
tion of BMIPP in the cardiomyocyte is suitable 
for a longer acquisition time which is necessary 
for SPECT. Cardiac autonomic innervation imag-
ing is also feasible by the use of a radiolabeled 
norepinephrine analog  123 I-MIBG.  123 I-MIBG, 
although similar to norepinephrine in terms of its 
storage, release, and reuptake in the presynaptic 
nerve terminal, it neither binds to the postsynap-
tic receptors nor undergoes presynaptic or post-
synaptic metabolism.  123 I-MIBG undergoes avid 
uptake and storage in the cardiac nerve terminals 
through norepinephrine transporter-1. Myocardial 
retention of  123 I-MIBG depends mainly on the 
integrity of the presynaptic nerve terminal [ 21 ]. 
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  Fig. 22.3    Relation between net myocardial uptake of 
various perfusion tracers and MBF. With the exception of 
 15 O-water which exhibits a linear uptake-fl ow relation, 
the net uptake for all radiotracers increases non-linearly 
with higher fl ow rates. Please note that despite this 
limitation,  13 NH3 and  82 Rb demonstrate higher myocar-
dial net uptake rates compared to SPECT perfusion 
tracers at higher fl ows (Reprinted   , with permission from 
Bravo et al.  J Cardiovasc Transl Res . 2011)       
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Imaging with  123 I-MIBG is in clinical use for 
many years. Semiquantitative measurement of 
 123 I-MIBG uptake is performed with early (10–
20 min) or late (3–4 h) heart-to-mediastinum 
ratio (H/M) or washout rate of this tracer [ 22 ]. 

   Further Molecular Probes 
 Beyond the aforementioned tracers which have 
been used in humans, there are additional agents 
that have been used mainly in experimental 

studies.  99m Tc-labelled annexin-V has been used 
to image apoptosis as it shows selective, 
 high- affi nity binding to phosphatidyloserin on 
the surface of apoptotic cells. Since binding of 
annexin to phosphatidyloserin involves all four 
binding domains, there have been attempts to 
optimize target uptake and biodistribution char-
acteristics in order to improve imaging of apop-
tosis. A new tracer  99m Tc-HIS-AnxA5 has been 
developed for improved imaging of apoptosis 
[ 23 ]. For angiogenesis with SPECT imaging, 
radiolabeled RGD derivatives have been devel-
oped using radioisotopes such as  99m Tc and  111 In. 
Other molecular probes under investigation 
include monocyte chemotactic protein (MCP) 
or macrophage’s receptor LOX-1, labelled with 
 99m Tc. Broad- spectrum inhibitors of active MMP 
have also been labeled with  99m Tc ( 99m Tc-RP805) 
and specifi cally bind to lesions that demonstrate 
signifi cant MMP activity [ 24 ]. Recently, a 
 99m Tc–labeled AT 1 R ligand peptide ( 99m Tc-
labeled losartan) was developed and studied in a 

    Table 22.2    SPECT radiopharmaceuticals for clinical 
cardiac imaging   

 Tracer  Biologic target 

  Blood fl ow  
  201 Tl  Perfusion, viability 
  99m Tc-sestamibi  Perfusion, viability 
  99m Tc-tetrofosmin  Perfusion, viability 
  Metabolism  
  123 I- BMIPP  Fatty acid metabolism 
  Innervation  
  123 I-MIBG  Presynaptic catecholamine uptake 
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  Fig. 22.4    SPECT myocardial perfusion imaging (MPI). 
 Top row  (stress study): there is reduced uptake of 
Thallium-201 in the lateral wall (HLA and SA views) fol-
lowing pharmacological stress with adenosine (140 μg/
kg/min administered over a period of 6 min) but normal 
uptake elsewhere.  Bottom row  (resting study): the resting 

study is normal. Taken together, the stress and rest imag-
ing data demonstrate an inducible perfusion abnormality 
in the lateral wall compatible with disease of the left cir-
cumfl ex artery.  SA  short axis,  VLA  vertical long axis,  HLA  
horizontal long axis,  Ant  anterior segment,  Lat  lateral seg-
ment,  Inf  inferior segment,  Sept  septum       
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murine model of acute myocardial infarction 
(MI) [ 25 ]. 

 From the above data it becomes evident that 
radioisotope studies can evaluate myocardial per-
fusion, metabolism, innervation and function, 
and have the potential to provide signifi cant 
information on molecular parameters such as 
infl ammation, angiogenesis, cell death (apoptosis 
or necrosis) and extracellular matrix alterations 
of the vessel wall or the myocardium.    

22.2.2    Magnetic Resonance 
Imaging (MRI)  

 MRI is based on the principle that nuclei consist-
ing of an odd number of protons and or neutrons 
have a magnetic moment or spin. Hydrogen-1 
( 1 H) is the most commonly studied nucleus and 
the most abundant in the body. When placed 
inside a strong magnetic fi eld, the nuclei acquire a 
frequency directly proportional to the strength of 
the main magnetic fi eld. Recovery of magnetiza-
tion in the longitudinal and transverse directions 
is determined by the relaxation times T1 and T2 
respectively, which is the basis of soft tissue con-
trast [ 26 ]. MRI pulse sequences that emphasize 
differences in T1 and T2 are commonly referred 
to as T1 and T2 weighted sequences. MRI is a 
cross-sectional technique but with the specifi c 
advantage of free selection of slice orientation 
and good three-dimensional capabilities which is 
very important for cardiac imaging. It has become 
the gold standard for assessing in detail cardiac 
structures and the derived functional parameters 
(volume curves, ejection fraction, wall thickness 
and thickening). All these functional parameters 
can also be acquired during pharmacologic (ade-
nosine or dipiridamole) stress. Real-time cardiac 
MRI imaging with ECG gating is also feasible. 
Furthermore, MRI can provide precise informa-
tion on tissue characterization by obtaining 
insights into the biological characteristics of the 
tissue of interest, such as scar delineation [late 
gadolinium enhancement (LGE) imaging] 
(Fig.  22.5 ), oedema and infl ammation 
(T2-weighted sequences), identifi cation of fat 
(T1-weighted black blood with fat suppression), 

water, and fi brous content. First-pass MRI perfu-
sion imaging is another option and is clinically 
accurate under rest and pharmacologic stress [ 27 ]. 
In contrast to nuclear techniques, cardiac MRI 
with gadolinium (Gd) chelates does not image 
perfusion per se, but rather their  distribution into 
the interstitial space. Constant improvements in 
MRI technology such as blood oxygen level-
dependent (BOLD) or whole-heart coverage with 
dynamic 3D-cardiac imaging, allow performance 
of perfusion quantifi cation [ 28 ], but this technique 
still needs to prove its diagnostic accuracy. MRI 
coronary angiography is feasible but there are still 
technical limitations that hamper the technique’s 
routine clinical use. In contrast, magnetic reso-
nance angiography (MRA) of larger vessels (e.g. 
carotids or aorta) is a well established technique 
with broad clinical use. Another interesting capa-
bility of MRI currently under investigation is 
magnetic resonance spectroscopy (MRS). MRS 
of the heart is a powerful research tool able to 
measure energy metabolism, intermediary metab-
olism, drug metabolism and ion homeostasis 
through analysis of nuclei, such as hydrogen ( 1 H), 
carbon ( 13 C), fl uorine ( 19 F), sodium ( 23 Na), and 
phosphorus ( 31 P) [ 29 ]. However, the role of this 
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  Fig. 22.5    Short axis view of a LGE MRI image from a 
patient with a previous myocardial infarction; there is 
LGE at the apical area of the inferior wall ( arrow ) and the 
adjacent part of the lateral wall ( arrow ), appearances com-
patible with a small transmural myocardial infarct.  LGE  
late gadolinium enhancement,  Ant  anterior segment,  Lat  
lateral segment,  Inf  inferior segment,  Sept  septum       
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approach in the clinical setting is yet to be deter-
mined considering the long acquisition times and 
low spatial resolution.

   MRI has the advantages of providing very 
high temporal and spatial resolution (1.5–3 T, 
0.5–1.5 mm), along with excellent soft tissue 
contrast [ 1 ]. micro-MRI scanners have a spatial 
resolution of 0.01–0.1 mm (>4.7 T) [ 1 ]. The 
major limitation of MRI in molecular imaging is 
its relatively lower sensitivity compared with 
nuclear imaging. While MRI does not involve 
ionizing radiation, the Gd contrast used is not 
without risk, and this is greater in patients with 
signifi cantly impaired renal function. Although 
new and safe devices for MRI use have been 
engineered, at present MRI cannot be carried out 
in most patients with implanted pacemakers and 
implantable cardioverter-defi brillators. 

 For performance of molecular imaging, there 
is a need for the addition of contrast agents mod-
ulating the chemical environment inside an 
organism. There are two major classes of imag-
ing agents based on gadolinium and iron. 
Gd-chelates are water soluble contrast agents that 
readily diffuse in all tissues, including the myo-
cardial interstitium but do not enter intact cells. 
Gd-chelates conjugated to antibodies, peptides, 
or peptidomimetics, shorten the T1 relaxation 
time and thus lead to a contrast on T1 weighted 
images. Presently under investigation are macro-
phage, clot and apoptosis imaging probes. 
Macrophage imaging can be performed with 
Gd-containing immunomicelles [ 30 ] or lipid- 
based nanoparticles [ 31 ] that link to a 
macrophage- specifi c antibody. Also a Gd-based 
probe of myeloperoxidase (MPO) activity, an 
enzyme secreted by neutrophils and macrophages 
is under investigation. The probe becomes 
polymerized in the presence of MPO resulting in 
increased relaxivity, protein binding, and slow 
wash-out, all contributing to signal enhancement 
in areas of high MPO activity [ 32 ]. EP-2104R is 
a novel Gd-based fi brin-binding peptide that 
allows selective visualization of acute coronary, 
cardiac, and pulmonary thrombi [ 33 ]. Annexin- 
labelled magnetofl uorescent nanoparticle 
(AnxCLIO-cy5.5) and a novel gadolinium che-
late (Gd-DTPA-NBD), have also been developed 

for high-resolution MRI to image cardiomyocyte 
apoptosis and necrosis respectively [ 34 ]. 

 Iron oxide based contrast agents lead to a signal 
reduction on T2 weighted images. Coated iron 
oxide particles [SPIO; 60–150 nm, including the 
ultrasmall (USPIO; 10–40 nm) and micron- sized 
(MPIO; 0.9–8 mm) versions] are engulfed by acti-
vated macrophages and, to a limited degree, by 
endothelial or smooth muscle cells within the 
infl amed plaques [ 35 ]. Oxide particles have already 
undergone extensive clinical evaluation that has not 
revealed safety problems. The major challenge fac-
ing USPIO imaging concerns the routine use of 
gradient recalled echo pulse sequences, which can 
lead to signal loss in areas of USPIO uptake. Newer 
MRI techniques that allow detection of USPIO as a 
positive contrast signal are under development and 
should help improve the diagnostic accuracy of the 
USPIO- enhanced MRI technique [ 36 ]. There have 
also been developed iron oxide nanoparticles to tar-
get specifi c molecular targets such as VCAM-1 
targeted USPIO derivative (R832) and USPIO-R826 
for apoptosis targeting [ 37 ]. Another novel 
approach uses perfl uorocarbon nanoparticles 
 carrying fl uorine ( 19 F) that can be specifi cally 
detected by  19 F MRI [ 38 ]. This method detects sig-
nal that is distinct from any background signal and 
therefore quantifi able. 

 From the data already mentioned, it can be appre-
ciated that MRI can assess the morphology, func-
tion, perfusion, viability and fi brosis of the cardiac 
tissue and also has the potential to provide signifi -
cant information regarding infl ammation, cell death 
(apoptosis or necrosis) and thrombus imaging.  

22.2.3    Computed Tomography (CT)/
Micro-CT 

 CT imaging is based on the principle of attenu-
ation of X-rays by tissues. The fi rst electron 
beam CT (EBCT) system to scan the beating 
heart was introduced in 1979 and in 1989 the 
fi rst use of an EBCT scanner in detection of 
coronary artery calcifi cation was described. 
Nowadays multi- detector CT (MDCT) is widely 
used and technical improvements—including 
faster gantry rotation, increased number of 
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detectors (64, 128, 256 and 320), decreased 
slice thickness, and use of dual x-ray sources—
have considerably increased the temporal and 
the spatial resolution of MDCT. Current clinical 
CT scanners have a spatial resolution of 
0.5–2 mm [ 1 ]. In patients investigated for CAD, 
MDCT coronary angiography has a high accu-
racy and, in particular, a very high negative pre-
dictive value (>98 %) [ 39 ]. Stress dynamic CT 
perfusion (CTP) imaging is a newly introduced 
non-invasive technique, and there are several 
approaches under investigation in experimental 
setting in pigs [ 40 ,  41 ] and in humans [ 42 ] to 
quantify myocardial perfusion, thereby provid-
ing information as to whether or not a coronary 
stenosis is fl ow limiting. Coronary calcium 
assessment can also be performed using 
MDCT. The main advantage of CT is rapid, 
non- invasive, cross sectional imaging of vessels 
to diagnose vascular occlusions and atheroscle-
rotic calcifi ed lesions. In addition, fast MDCT 
produces 3-dimensional volume data and allows 
acquisition of important information on pulmo-
nary and cardiac arterial and venous systems 
prior to electrophysiology procedures, as well 
as evaluation of patients undergoing percutane-
ous procedures, such as transcatheter aortic 
valve replacement, resynchronization pacing 
and left atrial appendage closure. Unfortunately, 
CT has relatively low imaging sensitivity com-
pared with nuclear imaging and exposes the 
patient to radiation and iodonized contrast 
agents which are often used during the proce-
dure.  Small animal imaging  can be accom-
plished  by micro-CT scanners  which were 
developed in the early 1980s. Micro-CT as a 
standalone device or as a complement of micro-
SPECT and PET provides high spatial resolu-
tion (0.02–0.3 mm) and micro- anatomic 
information [ 1 ]. Research efforts are evolving 
with CT molecular imaging using either iodin-
ated [ 43 ] or gold nanoparticles [ 44 ].  

22.2.4    Ultrasound Imaging 

 Echocardiography (ECHO) has seen a rapid evo-
lution from single-crystal M mode to two- 

dimensional (2D) and three-dimensional (3D) 
ECHO. The recent introduction of real-time 3D 
echocardiographic imaging techniques permits 
images to be obtained in one beat with improved 
resolution and higher accuracy in quantifi cation 
of left ventricle (LV) volumes. The addition of 
the fourth dimension (time) (4D), has become 
possible by recent advances in computer process-
ing speed and memory, along with miniaturiza-
tion of beam-formation hardware. Most 
contemporary clinical models provide a spatial 
resolution of 0.15–1 mm [ 1 ]. ECHO can assess 
the whole of the myocardium, valves and valve 
motion, chamber size, wall motion, and thickness 
from several projections so that one segment can 
be visualized from more than one view. A volu-
metric analysis can be performed manually or 
semi automatically using segmentation tech-
niques. Doppler ECHO is another possibility that 
allows measurement of the differences between 
transmitted and returned wave produced when it 
hits moving blood cells (Fig.  22.6 ). It is used for 
determination of the direction and velocity of a 
moving blood volume as well as estimation of 
valvular gradients, and intracardiac pressures. 
Stress ECHO with the use of exercise or dobuta-
mine can assess myocardial ischemia resulting 
from a coronary stenosis in the form of ischemia- 
induced regional wall motion abnormality. The 
combination of intravenous contrast injection 
(microbubbles) to assess perfusion during dobu-
tamine stress ECHO, can increase the sensitivity 
without loss of specifi city [ 45 ]. There are, how-
ever, some limitations yet to overcome when 
using this approach. The procedure remains 
highly operator dependent and there is a consid-
erable learning curve both for image acquisition 
and interpretation. As for conventional 
 transthoracic ECHO, the diagnostic yield 
depends greatly on image quality. What makes 
ECHO unique over other imaging modalities is 
the fact that it is a radiation free procedure and 
has the ability to provide signifi cant myocardial 
anatomic and functional information at bedside.

    High-frequency micro-US  has been specifi -
cally developed for small animal research with 
frequencies ranging from 15 to 80 MHz compared 
with clinical US systems which range from 3 to 
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15 MHz. Current micro-US systems resolution is 
0.04–0.1 mm [ 1 ]. Typically, micro-US can image 
tissue of around 3 cm below the skin, and this is 
more than suffi cient for small animals such as 
mice. Recent advances have allowed imaging of 
molecular and cellular alterations of disease with 
targeted contrast enhanced ultrasound (CEU). 
Molecular US is performed with gas- containing 
microbubbles (2–5 μm in diameter) with nonlin-
ear acoustic characteristics that have shells com-
posed of protein, lipids, or biocompatible 
polymers. The basis for signal generation from 
these agents is thought to be largely from their dif-
ferent acoustic characteristics or the disruption 
with release of free highly echogenic gas of these 
particles [ 46 ]. Microbubbles are pure intravascu-
lar tracers that behave similarly to red cells in the 
microcirculation thereby limiting the selection of 
molecular targets to the endothelium. For the pur-
poses of targeting, microbubbles can be retained 
in diseased tissue by virtue of ligands that are con-
jugated to the microbubble shell surface or, in a 

more simple fashion, by changing certain key 
chemical properties of the microbubble shell. 
Currently, molecular imaging with US has 
remained in the domain of preclinical research but 
there are efforts under way to develop agents for 
human use. This step will involve development of 
surface conjugation methods with a proven safety 
profi le in humans and the intention to provide 
information that is useful and incremental in value 
to established diagnostic methods.  

22.2.5    Optical Imaging 

 Optical imaging is divided into  fl uorescence  and 
 bioluminescence  imaging. Fluorescence imaging 
(FI) works on the basis of fl uorochromes inside 
the subject that are excited by an external light 
source, and which emit light of a different wave-
length in response. Bioluminescence imaging 
(BLI), on the other hand, is based on light gener-
ated by chemiluminescent enzymatic reactions. 

  Fig. 22.6     First panel : two-dimensional (2D) echocardio-
graphic images and 2D targeted M-mode recordings from 
the parasternal long axis view of a normal heart and a 
patient with dilated cardiomyopathy.  Second panel : two-
dimensional targeted M-mode recordings of the left ven-
tricle ( LV ) at the level of the papillary muscles taken from 

a 6 months old wild type mouse and a mouse with dilated 
cardiomyopathy. The  yellow arrows  show left ventricular 
end diastolic ( LVEDD ) and end systolic dimension 
( LVESD ), the intraventicular septum ( IVS ) and the left 
ventricular posterior wall in diastole       
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In both fl uorescence and bioluminescence imag-
ing, the light signals are captured by charged 
coupled device (CCD) cameras which are 
extremely light-sensitive and yield planar and 
tomographic images. 

 FI is typically performed by exogenous deliv-
ery of a fl uorescent probe that interacts with the 
target or by direct imaging of an endogenously 
expressed fl uorescent protein. A number of fl uo-

rescent imaging agents have been developed and 
are being scaled up for clinical testing [ 47 ]. 
Optical fl uorescence imaging allows high-speed 
and high-sensitivity detection of multiple fl uores-
cent tracers, complementing well other imaging 
modalities. Yet, the major limitation of tissue and 
organ-level optical imaging is its restricted depth 
of penetration, due to light absorption and scatter-
ing. Because light attenuation by tissue is wave-

a b

c d

  Fig. 22.7    An 80 year old man with exertion chest pain. 
Stress myocardial perfusion-CTA hybrid images corrobo-
rated with invasive angiography. ( a ) MPS-CTA hybrid 
image showing heavily calcifi ed LAD and RCA. There is 
normal perfusion ( orange colouration ) to the LAD terri-
tory despite signifi cant calcifi c coronary disease. There is 
a signifi cant lesion in the mid/distal RCA ( white arrow ). 
( b ) Angiography of the LAD shows no obstruction but the 
extensive calcifi cation seen on CTA is not appreciated. 
There is a collateral vessel seen from the LCx to the RCA 
territory. ( c ) MPS-CTA hybrid image showing the inferior 

wall of the left ventricle and the extensively diseased RCA 
with obstructive lesion ( white arrow ). There is a moderate 
to severe reduction in perfusion of the inferior wall (pur-
ple and blue colouration). ( d ) Angiography of the RCA 
shows the obstructive lesion ( white arrow ) but the other 
extensive calcifi cation is not fully appreciated.  CTA  com-
puted tomography angiography,  MPS  myocardial perfu-
sion scintigraphy,  LAD  left anterior descending,  RCA  
right coronary artery,  LCx  left circumfl ex (Adapted and 
reproduced from Anagnostopoulos et al. [ 53 ]; Lang et al. 
[ 50 ] by permission)       
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length dependent, fl uorescent probes or proteins 
with more red-shifted emission (near- infrared 
probes) have been developed to maximize imag-
ing sensitivity and specifi city. Optical imaging 
has inferior spatial resolution compared to other 
modalities, only reaching up to 1–10 mm. To 
overcome the problem of limited depth penetra-
tion of light in tissue, mostly catheter- based opti-
cal approaches have been used.   

22.3    Hybrid and Multi-modality 
Imaging 

 Hybrid imaging modalities, introduced a decade 
ago, when the fi rst PET/CT system was launched, 
are now indispensable, as they offer a combina-
tion of functional and anatomic information and 

correction of emission data, resulting in superior 
image quality required for quantifi cation. The 
latest generation of both PET and SPECT clini-
cal and pre-clinical scanners is equipped with 
ultrafast MDCT (PET/CT, microPET/CT, 
SPECT/CT, microSPECT/CT) making possible 
the evaluation of coronary calcifi cation and cor-
onary anatomy and atheromatous plaque mor-
phology in the same setting with myocardial 
perfusion, viability, molecular targets and ven-
tricular function [ 48 ] (Figs.  22.7  and  22.8 ). 
Some technical challenges do exist for quantita-
tive cardiac PET/CT. Because CT is acquired 
during breathhold, misalignment with PET data, 
which refl ect an average over the breathing 
cycle, can occur [ 2 ]. Studies addressing this 
issue, e.g. by respiratory gating, are currently 
underway and may provide the methodological 

a b c

c d e

  Fig. 22.8     A  case study from a patient two weeks after MI 
and PCI who underwent MRI (LGE),  13 N ammonia PET/
CT and  18 F-Galacto-RGD PET/CT.  Panel A and D;  
Cardiac Magnetic Resonance with delayed enhancement 
( arrows ) extending from the anterior wall to the apical 
region in the four- ( A ) and two-chamber ( D ) view.  Panel B 
and E;  Identically reproduced location and geometry with 

severely reduced myocardial blood fl ow using 
 13 N-ammonia, corresponding to the regions of delayed 
enhancement by Cardiac Magnetic Resonance ( arrows ). 
 Panel C and F;  Focal  18 F-RGD signal co-localized to the 
infarcted area. This signal may refl ect angiogenesis within 
the healing area ( arrows ) (Adapted and reproduced from 
Makowski et al. [ 54 ]; Mulder et al. [ 51 ] by permission)       
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background for future trials evaluating the clini-
cal benefi t of PET/CT imaging in patients with 
cardiac disease.

    Hybrid PET/MRI scanners for small animals 
and humans have been recently introduced and 
have created high expectations, notably because 
of the potential for superior tissue contrast, inher-
ent in the MRI modality, as well as the potential 
for multiparametric functional imaging in con-
junction with PET. Access to co-registered, 
almost simultaneous anatomic, physiologic and 
molecular measurements have already made 
PET/MRI the most sophisticated quantitative 
imaging modality in cardiology. However, these 
combined approaches are in their infancy and 
their additive value has yet to be documented 
[ 49 ]. The potential benefi ts of hybrid PET/MRI 
in cardiac imaging are displayed in Table  22.3 . 
Development of SPECT/MRI systems for small 
animals is also an active research area. Except 
from PET/CT, SPECT/CT and PET/MRI, the 
greater system fl exibility provided by small ani-

mal imaging has resulted in the development of 
bimodal systems such as PET/optical and also of 
trimodal systems such as PET/SPECT/CT. In 
addition, attempts have been made to even co- 
register US images with other imaging  modalities 
such as PET [ 50 ]. Accordingly, there is increas-
ing interest in the development of nanoparticles 
suitable for more than one detection system in 
order to combine advantages of the different 
imaging modalities [ 51 ,  52 ].  

   Conclusions 

 The translatability of novel molecular imaging 
techniques depends on a combination of fac-
tors such as technological development, fi tting 
animal disease models and probe develop-
ment. Radionuclide techniques are the most 
translatable amongst the various non-invasive 
approaches because of the wide availability of 
existing scanners, high imaging sensitivity, 
versatile radiochemistry options and the ongo-
ing development of new imaging agents. They 

   Table 22.3    Potential benefi ts of hybrid PET/MRI in cardiac imaging   

 Application  PET  MRI  PET/MRI 

 Myocardial perfusion 
imaging 

 Allows quantifi cation of 
myocardial blood fl ow; 
accurate method to detect 
functionally signifi cant 
coronary lesions. 

 A potential alternative for 
diagnosis of CAD and 
assessment of atheromatous 
plaques’ morphology (in 
experienced centres) 

 MRI-based correction for 
attenuation, motion, and 
partial volume correction for 
improved quantifi cation of 
myocardial blood fl ow? 

 Non-invasive coronary 
angiography 

 –  Presently inferior 
performance, but no 
radiation or contrast agents 
as in coronary CT 
angiography 

 Possibility to combine 
anatomy (plaque burden, 
luminal obstruction) with 
haemodynamic 
consequences (ischaemia) of 
CAD 

 Assessment of left 
ventricle function 

 Limited by low spatial 
resolution 

 Most accurate technique to 
determine left ventricle 
function and structure 

 Combination of left ventricle 
function with perfusion, 
metabolic or molecular 
imaging for improved 
stratifi cation of heart failure 

 Assessment of infarction 
and viability 

  18 F-FDG uptake is a gold 
standard of viability. 

 High-resolution delineation 
of infarction by MRI 
LGE. Potential of magnetic 
resonance spectroscopy? 

 More detailed risk 
assessment by combining 
glucose uptake and LGE 

 Molecular imaging  Excellent sensitivity; tracers 
for many targets 
(infl ammation, angiogenesis, 
sympathetic nervous 
function, therapeutic genes 
or cells etc.) 

 Lower sensitivity than PET; 
evolving tracers and 
imaging techniques for 
molecular targets 

 Exact anatomical 
localization and volume 
correction by MRI for 
detection and quantifi cation 
of molecular targets by PET 
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provide superior sensitivity in the evaluation 
of different cardiovascular targets and path-
ways at cellular and subcellular level but they 
suffer from low spatial resolution, exposure to 
ionizing radiation, lack of anatomic informa-
tion and there is a need for a generator/cyclo-
tron for radionuclide production. Combining 
modalities (PET/CT, PET/MR, SPECT/CT 
and SPECT/MR) can compensate for some of 
the limitations that may exist in stand- alone 
imaging modalities while building on their 
respective strengths. In terms of the utilization 
of molecular imaging probes in the clinical 
arena, radionuclide techniques are the most 
capable for clinical use in the short-term. In 
the medium term, MRI molecular imaging 
techniques are  certainly promising, pending 
more demonstrations of clinical performance 
and safety for both gd- based and iron oxide–
based compounds [ 1 ]. Molecular US and opti-
cal imaging will probably take longer for 
clinical translation, while CT has low sensitiv-
ity to molecular targets and is currently the 
less explored modality.     
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    Abstract  

  Advances in basic cardiovascular sciences have enhanced our understanding 
of disease pathogenesis at the genomic, transcriptional and proteomic level. 
Translation of basic research into clinical practice has played a major role in 
prevention, diagnosis and therapy of cardiovascular diseases (CVD), and in 
this context, the contribution of non invasive imaging (PET, SPECT, MRI, CT, 
US, optical imaging and hybrid modalities) has been instrumental. In the years 
to come, evaluation of myocardial perfusion and ventricular function by non 
invasive techniques will remain important for diagnosis and management of 
patients investigated for CVD, but such information will be augmented by an 
understanding of the contribution of other parameters such as myocardial 
metabolism, innervation, infl ammation, angiogenesis, apoptosis, thrombosis 
and extracellular matrix alterations of the vessel wall or the myocardium. 
Suitable imaging probes for those targets may provide tools for early identifi -
cation of individuals who are at risk of cardiovascular events, refi ning predic-
tion based on current risk scoring models and existing non invasive tools.  
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   Abbreviations 

  ACS    Acute coronary syndromes   
  APO    Apoptosis   
  ATH    Atherosclerosis   
  AT 1 R    Angiotensin II type 1 receptor   
  AVS    Aortic valve stenosis   
  bFGF    Basic fi broblast growth factor   
  BMCs    Bone marrow–derived stem cells   
  BMIPP    b-Methyliodophenylpentadecanoic 

acid   
  BNP    Blood natriuretic peptide   
  CAD    Coronary artery disease   
  CEUS    Contrast-enhanced ultrasonography   
  CRT    Cardiac resynchronisation therapy   
  CT    Computed tomography   
  CVD    Cardiovascular diseases   
  DSE    Dobutamine stress ECHO   
  EC    Endothelial cells   
  ECHO    Echocardiography   
  EPI    Epinephrine   
  FA    Fatty acids   
  FDG    Fluoro-deoxyglucose   
  FRS    Framingham risk score   
  Gd    Gadolinium   
  HED    Hydroxyephedrine   
  HF    Heart failure   
  HiB    Hibernation   
  HIPs    High-intensity plaques   
  ICAM-1    Intercellular adhesion molecule-1   
  IHD    Ischemic heart disease   
  INFL    Infl ammation   
  LDL    Low density lipoprotein   
  LGE    Late gadolinium enhancement   
  LV    Left ventricle   
  MBF    Myocardial blood fl ow   
  MCP-1    Monocyte chemotactic protein-1   
  MDCT    Multidetector computed tomography   
  MI    Myocardial infarction   
  MIBG    Metaiodobenzylguanidine   
  MMPs    Matrix-metalloproteinases   

  MPI    Myocardial perfusion imaging   
  MPO    Myeloperoxidase   
  MPR    Myocardial perfusion reserve   
  MRA    Magnetic resonance angiography   
  MRI    Magnetic resonance imaging   
  MVO    Microvascular obstruction   
  N    Necrosis   
  NaF    Sodium fl uoride   
  PBR    Peripheral benzodiazepine receptor   
  PCI    Percutaneous coronary intervention   
  PET    Positron Emission Tomography   
  RAAS    Renin Angiotensin-Aldosterone System   
  REM    Remodeling   
  SCA    Sudden cardiac arrest   
  SMCs    Smooth muscle cells   
  SPECT    Single Photon Emission Computed 

Tomography   
  SPIOs    Small iron-oxide nanoparticles   
  TCFA    Thin-cap fi broatheroma   
  TIA    Transient ischemic attack   
  US    Ultrasound   
  VCAM-1    Vascular cell adhesion molecule-1   
  VEGF    Vascular endothelial growth factor   

23.1          Introduction 

 Cardiovascular research has enhanced our under-
standing of disease pathogenesis at the genomic, 
transcriptional and proteomic level. Translation of 
basic research into clinical practice has played a 
major role in prevention, diagnosis and therapy of 
cardiovascular diseases (CVD), and in this context, 
the contribution of non-invasive imaging has been 
instrumental. In this chapter we discuss the main 
directions of non invasive imaging in cardiovascu-
lar translational research. Novel molecular imaging 
approaches will be described in the context of 
investigation of different pathological entities with 
an emphasis on atherosclerosis (ATH) and its con-
sequences to the vessel wall and the myocardium.  

  Keywords  

  Cardiovascular Translational Research   •   Multimodality imaging   • 
  Atherosclerosis   •   Vulnerable plaque   •   Ischemic heart disease   •   LV remod-
eling   •   Heart failure  
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23.2    Pathological Entities 

23.2.1    Atherosclerosis 
and the Vulnerable Plaque 

 ATH a leading cause of mortality in the developed 
world, is a chronic, progressive infl ammatory and 
lipid deposition process in the arterial wall, with a 
long asymptomatic phase. The process starts at sites 
of endothelial injury resulting from a variety of fac-
tors, including hypertension, dyslipidemia and nox-
ious substances in cigarette smoke among others. 
These factors downregulate endothelial cells (EC) 
production of nitric oxide, thereby impairing vaso-
dilatory capacity and protective functions. As a 
result, low density lipoprotein (LDL) infi ltrates the 
subendothelial space. Dysfunctional EC express a 
number of adhesion molecules (vascular cell adhe-
sion molecule- 1 ‘’VCAM-1”, intercellular adhe-
sion molecule- 1, ‘’ICAM-1”) and selectins 
(E-selectin and P-selectin) that promote the binding 
of circulating T-lymphocytes and monocytes to vas-
cular EC. Chemokines such as monocyte chemo-
tactic protein-1 (MCP-1) are also implicated in the 
recruitment process of leucocytes, predominantly 
monocytes to the vessel wall. In the vessel wall 
monocytes differentiate into macrophages that 
internalize oxidised LDL and evolve into foam 
cells. Over time, EC, macrophages, and smooth 
muscle cells (SMCs) die from apoptosis (APO) or 
necrosis (N), promoting the formation of a necrotic 
core and plaque expansion. Macrophages and 
T-lymphocytes via secreting proteolytic enzymes, 
such as matrix metalloproteinases (MMPs) and 
cathepsins, cytokines, growth factors and pro-
infl ammatory mediators create an infl ammatory 
micro-environment. In this environment, SMCs 
travel from the media layer into the plaque, trans-
form into fi broblasts and build a fi brotic tissue 
replacing the endothelium on top, forming the 
fi brous cap [ 1 ]. 

 The predominant form of vulnerable plaque, 
termed thin-cap fi broatheroma (TCFA), has been 
shown by ex vivo histology of human cadavers to 
have a thin fi brous cap (<65 μm), a large necrotic 
lipid core (>10 % plaque area), a paucity of 
SMCs, and heavy infi ltration of the fi brous cap 
by infl ammatory cells (i.e., macrophages). The 

initiation of plaque rupture has been linked to 
macrophages that contribute to the digestion of 
the fi brous cap by upregulating MMPs. Also, 
high rate of macrophage and SMCs APO as well 
as intraplaque angiogenesis by proliferation of 
medial vasa vasorum and intraplaque haemor-
rhage have been implicated in plaque rupture [ 2 ]. 

 At fi rst, the vessel wall expands outwards rather 
than inwards, i.e. the whole cross sectional area of 
the vessel increases whilst the lumen does not 
change signifi cantly (vascular remodeling). Due to 
outward remodeling (REM) of the atherosclerotic 
vessel wall which compensates the narrowing of 
the vessel lumen by the plaque, there is no signifi -
cant luminal obstruction and patients remain 
asymptomatic. Therefore such plaques can be 
undetectable with the current morphological tech-
niques (X-ray or CT angiography) and plaque rup-
ture is unpredictable. However, as the plaque 
continues to enlarge, the lumen begins to be com-
promised and the changes which occur can be 
assessed by non invasive imaging. Conventional 
multidetector computed tomography (MDCT) and 
magnetic resonance angiography (MRA) are capa-
ble of non-invasively detecting plaques on the 
basis of their morphology or tissue composition 
but cannot distinguish the molecular signatures of 
rupture-prone (vulnerable) plaques from those of 
stable plaques. Molecular imaging can visualize 
the critical biological aspects that are otherwise 
undetected by conventional imaging methods. The 
major goal of imaging in this setting is to detect 
high-risk plaques, refi ne risk stratifi cation and 
answer questions that guide treatment decisions, 
e.g. which lesion should be treated by mechanical 
intervention and which should be left alone. 

 In this section we describe the  non invasive 
imaging techniques  that have been tested in this 
fi eld with emphasis in those which have evolved 
from the preclinical setting to the fi rst in man 
application and then to clinical practice. They 
comprise a range of molecular imaging approaches 
based on the multifaceted pathophysiology of 
ATH progression, targeting EC activation, infl am-
mation (INFL), APO, matrix REM, angiogenesis, 
lipid core and fi brous cup formation and thrombo-
sis (Fig.  23.1 , Table  23.1A ). Invasive techniques 
such as intra-vascular ultrasound (IVUS and 
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 virtual histology IVUS) and intracoronary optical 
coherence tomography (OCT) which offer unique 
capabilities of superior resolution (100 μm for 
IVUS and 10–20 μm for OCT) for the detection of 
TCFA and for intravascular characterization of 
plaque architecture are by defi nition, outside the 
scope of this chapter.

23.2.1.1       Preclinical Molecular Imaging 
of Atherosclerosis 
and the Vulnerable Plaque 

  Endothelial dysfunction  is one of the fi rst changes 
occurring in patients with ATH. Imaging of EC 

activation has been accomplished targeting 
VCAM-1 in mice models with ATH, using 
microPET/CT imaging with the  18 F -VCAM–1 
ligand or with small iron-oxide nanoparticles 
(SPIOs) [VCAM-1 targeted USPIO derivative 
(R832)] for microMRI imaging, offering also the 
possibility to add fl uorescent dyes for optical 
verifi cation in vivo [ 3 ]. Microbubbles that target 
VCAM-1, and P-selectin for molecular ultra-
sound (US) imaging have also been developed 
[ 4 ]. In addition, studies in rabbits have confi rmed 
monocyte traffi cking in atheroma using the 
monocyte chemotactic protein-1 (MCP-1) 

Adhesion
molecule

Mφ

Fibrous
cap

Foam
cell

Neovessels

Fibrin
clot

Circulating
Ly-6Chi monocyte

Ly-6Clo

Lipids

  Fig. 23.1    Selected molecular imaging targets in athero-
sclerosis. ( a ) PET-CT imaging of adhesion molecule expres-
sion in apoE/mice with the  18 F -VCAM–1 ligand. ( b ) 
Gd-loaded microvesicles targeted to oxLDL macrophage 
receptor, result in increased T1 MRI contrast. ( c ) 
Macrophage quantitation in atherosclerotic plaque using 
iron oxide nanoparticles that increase T2* contrast on MRI. 
( d ) FDG/PET-CT imaging of metabolic activity in a patient 

with coronary heart disease using the glucose analog  18 F-
FDG. ( e ) Fluorescence Tomography-CT imaging of cathep-
sin protease activity in the root of apoE/mice. ( f ) MRI of 
myeloperoxidase activity in a rabbit model of atherosclero-
sis. ( g ) PET-CT imaging of integrins using  18 F-Galacto-
RGD in LDLr/mice. ( h ) MRI of fi brin within coronary 
artery clots in a swine model (Adapted and reproduced from 
Leuschner and Nahrendorf [ 113 ], [ 3 ] by permission)       
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labeled with  99m Tc (microSPECT) [ 5 ]. All of 
these agents remain still in the preclinical level 
and further studies will be required to test their 
effectiveness towards clinical applications. 

  INFL  is a key feature of plaque destabilization 
and therefore an attractive imaging target. A 
number of techniques and agents have been 
developed. Herein we describe these which have 
already been introduced in the clinical setting 
and those which have shown promising results at 
a preclinical level: Activated macrophages have 
been targeted with radionuclide methods based 
either on their increased glycolytic activity (by 
FDG PET) or by targeting specifi c receptors. The 
feasibility of plaque INFL imaging with  18 F- 
Fluoro-deoxyglucose (FDG) was established in 
animal (small and large) models of aortic ATH, 
with results showing a three- to fi vefold greater 
 18 F-FDG uptake in atherosclerotic aortas than in 
normal aortas [ 6 ]. Several receptors upregulated 
in activated macrophages have been exploited in 
pre-clinical imaging of ATH, such as LOX-1 with 
the use of  99m Tc anti-LOX-1 antibody for SPECT 
imaging [ 7 ] or peripheral benzodiazepine recep-
tor (PBR) with the use of  11 C-PK11195 for PET 
imaging in mice and rabbits [ 8 ]. An MRI based 
approach has also been tested in animal models 
(rabbits) for imaging of vessel wall INFL using 
SPIOs [ 9 ] or alternatively with the Gd-containing 
immunomicelles [ 10 ] or lipid-based nanoparti-
cles [ 11 ]. In addition, MDCT has been employed 
in imaging of INFL with the use of iodinated [ 12 ] 
or gold [ 13 ] nanoparticles that selectively accu-
mulate into macrophages. Although promising, 
these results remain yet to be confi rmed in clini-
cal studies. 

  Arterial calcifi cation  is part of the develop-
ment of ATH and is related to cardiovascular risk. 
 Active calcifi cation  progressively increases given 
that the infl ammatory cascade contributes to cal-
cium deposition. Although large calcifi cations 
inside the plaque have been linked by some to 
plaque stability,  spotty calcifi cations , especially 
inside the fi brous cap, are suggested to cause 
plaque rupture and thrombotic events, as it is 
assumed to be a product of osteogenic action by 
osteocytic- and chondrocytic-like cells inside the 
plaque [ 14 ]. In a mouse model of ATH, Aikawa 

et al. [ 15 ] were able to detect INFL and microcal-
cifi cations in early atherosclerotic plaques using 
a nanoparticle-based contrast agent to visualize 
macrophages and a bisphosphonate-derivatized 
near-infrared fl uorescent imaging agent to detect 
calcifi cations. They showed that macrophage 
infi ltration in early atherosclerotic plaques pre-
cedes calcifi cation. 

 Another feature of plaque instability is the 
high rate of  macrophage APO . It is a typical fea-
ture of fi brous caps of vulnerable and ruptured 
atherosclerotic plaques and it has also been an 
imaging target by a variety of non invasive tech-
niques. In a pioneering study of molecular imag-
ing of APO with  99m Tc-labeled annexin-V 
( 99m Tc-anxA5) SPECT, Kolodgie et al. [ 16 ] dem-
onstrated the feasibility to target APO in rabbit 
models of ATH. Further experimental studies in 
rabbits have demonstrated that novel therapies 
with caspase inhibitors suppress atherosclerotic 
plaque APO in vivo using  99m Tc-anxA5 micro-
SPECT/CT [ 17 ]. Moreover, in a recent study in 
mice models using novel radiotracers to image 
APO ( 99m Tc-HIS-AnxA5) and N ( 124 I hypericin) 
with SPECT/CT and PET/CT respectively, De 
Saint-Hubert et al. [ 18 ] showed that APO and N 
imaging is feasible in principle, but there are still 
hurdles to overcome including further optimiza-
tion in biodistribution probes characteristics that 
is essential before such fi ndings are translated to 
humans. APO -targeted ultra small super para-
magnetic iron oxide derivatives (USPIO-R826) 
have also been tested with MRI in mice models 
and seem to be highly promising tools for ATH 
imaging contributing to the detection of vulnera-
ble plaques [ 3 ]. 

 With vessel REM that occurs in ATH, there is 
activation of several proteases (e.g., MMPs or 
cathepsin G) that also have signifi cant detrimen-
tal effects on cap thickness and therefore plaque 
stability. The advantage of imaging MMPs is the 
assessment of the activity of macrophages rather 
than their density in vulnerable plaques. Up to 
date, 23 MMPs have been identifi ed. A large 
variety of synthetic MMPs ligands with high 
affi nity has been developed in the past. These 
small molecules act as MMP inhibitors and were 
fi rst tested as anticancer drugs. Different MMPs 
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imaging approaches for SPECT, MRI and optical 
imaging have been successfully tested in various 
animal models of ATH. Recently the fi rst GMP- 
conform MMP inhibitor labeled with  18 F suitable 
for PET imaging was described [ 19 ], paving the 
way for the fi rst studies in humans in the near 
future. 

 An additional imaging target is  intraplaque 
angiogenesis  that is manifested by proliferation 
of medial vasa vasorum and has been implicated 
in rapid plaque growth, intraplaque haemorrhage, 
and plaque rupture. Integrin αvβ3 is a potential 
imaging target for plaque and vasa vasorum neo-
vascularization. Winter et al. [ 20 ] showed in rab-
bits that in vivo imaging of neovascularization of 
atherosclerotic plaques using MRI targeting αvβ3 
paramagnetic nanoparticles is feasible and might 
provide a method for defi ning the burden and 
evolution of ATH. More recently, cyclic peptides 
that contain the Arg-Gly-Asp (RGD) attachment 
site labeled for optical imaging or PET have 
demonstrated focally increased uptake in 
advanced, macrophage-rich atherosclerotic 
lesions of hypercholesterolaemic mice [ 21 ]. 

 Thrombus formation may also be a useful tar-
get for identifi cation of complicated atheroscle-
rotic lesions as well as sources of 
thrombo-embolism. Infl amed endothelium and 
cells participating in the development of the 
necrotic core show high levels of fi brin and 
thrombin expression. Molecular MRI with the 
fi brin-targeted contrast-agent EP-2104R has been 
demonstrated in animal models allowing selec-
tive visualization of acute coronary, brachioce-
phalic artery, cardiac, and pulmonary thrombi 
[ 22 ]. MRI of thrombus has been otherwise 
achieved at high fi elds (9.4 T) in mouse models 
of carotid thrombosis by use of single-chain 
antibody- conjugated SPIOs targeted to the glyco-
protein IIb/IIIa of activated platelets [ 23 ]. This 
approach represents a novel noninvasive tech-
nique allowing the detection and quantifi cation 
of platelet-containing thrombi and could be fur-
ther tested in humans. Whether it can also be 
applicable to assessing thrombosis in human 
coronary vessels where plaque assessment is 
challenging due to the small vessel size remains 
unknown at present. US microbubble targeting of 

the thrombus has also been investigated using an 
approach based on the surface conjugation of 
ligands that recognize the platelet glycoprotein 
IIb/IIIa, fi brin, and tissue factor. In terms of 
radionuclide imaging, a recently described tracer 
( 99m Tc-fucoidan) has demonstrated its use to 
image P-selectin overexpression in arterial 
thrombosis and EC activation in animal models 
[ 24 ]. Three new fi brin-targeted PET probes 
(FBP1, FBP2, FBP3) have been tested with 
micro-PET/MRI in rat models of carotid artery 
thrombosis with promising results, as identifi ca-
tion of thrombi was confi rmed in those experi-
mental studies ex vivo by autoradiography [ 25 ].  

23.2.1.2    Clinical Molecular Imaging 
of Atherosclerosis 
and the Vulnerable Plaque 

 A decade ago FDG uptake was for the fi rst time 
described as an incidental fi nding in the vascular 
wall of large arteries in oncological patients. Yun 
et al. [ 26 ] reported that along all vascular beds 
(aorta, iliac, and femoral arteries), age and hyper-
cholesterolemia were correlated with the degree 
of FDG uptake. The clinical feasibility of 
 18 F-FDG plaque imaging has been demonstrated 
in patients with carotid, aortic, femoral, and iliac 
ATH [ 27 – 29 ] with proven high reproducibility 
[ 27 ] (Fig.  23.2 ). Positive correlation has been 
observed between  18 F-FDG PET activity and 
CD68- immunostaining for macrophages in end-
arterectomy samples from carotid plaques [ 29 ], 
as well as between FDG and increased biomark-
ers of angiogenesis [vascular endothelial growth 
factor (VEGF)] [ 30 ]. Although quantifi cation of 
FDG uptake is a highly reproducible measure, it 
does vary over time suggesting that INFL may be 
a transient feature of ATH which waxes and 
wanes as disease progresses [ 30 ].

   Clinical FDG PET/CT studies have shown that 
vascular calcifi cation (as assessed by CT) and 
vascular metabolic activity (assessed by PET) 
rarely overlap, whereas plaque calcifi cation was 
inversely related to PET and histologic biomark-
ers of INFL, suggesting that these fi ndings repre-
sent different stages in the evolution of atheroma 
[ 31 ]. INFL burden assessed by PET corresponds 
to high risk morphology plaques (positive REM 
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and low attenuation), as assessed by CT [ 32 ]. The 
time interval between symptoms [transient isch-
aemic attack (TIA)/stroke] and a signifi cantly 
positive ipsilateral FDG PET result in the culprit 
lesion was also investigated and found to be about 
38 days [ 33 ]. The observation that PET imaging 
in close proximity to the time of the event (TIA or 
stroke) reveals higher lesional-to contralesional 
max SUV ratios in the culprit vessels compared to 
those with chronic stenosis was also confi rmed 
more recently by a different research group [ 34 ]. 

Whether FDG PET could improve the clinical 
management of patients with carotid stenosis 
remains to be proven, but at the moment, FDG-
PET can only complement conventional anatomic 
imaging (US, CT and MRA) towards risk assess-
ment for future stroke [ 34 ]. The interrelationship 
of atherosclerotic disease across arterial beds has 
also been evaluated using FDG imaging. Rudd 
et al. [ 31 ] have demonstrated a positive relation-
ship between uptake in adjacent territories and 
along paired left and right arterial beds. 

a

b

  Fig. 23.2    Example of qualitative assessment of FDG 
uptake in right-side carotid artery plaque from a patient 
with high plaque uptake. ( a ) Transverse and ( b ) sagittal 

slice of same patient. Both CT ( left ), FDG-PET ( right ) 
and fused image ( middle ) are shown (Adapted and repro-
duced from Graebe et al. [ 114 ], [ 29 ] by permission)       
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 Multi-vascular evaluation of disease has been pro-
posed, given that high FDG uptake across major 
vascular beds including the aorta, iliac, and 
carotid arteries is a predictor of future cardiovas-
cular events [ 35 ] (Fig.  23.3 ).

   Carotid FDG-PET/CT imaging has been 
employed for the fi rst time in a phase 2b, double- 
blind, multicentre study (dal-PLAQUE), as a co- 
primary endpoint together with MRI-assessed 
indices to study the drug dalcetrapib that modu-
lates cholesteryl ester transfer protein (CETP) 
activity to raise high-density lipoprotein (HDL) 
cholesterol. Total vessel area that was used to 
assess ATH burden by MRI was reduced in 
patients given dalcetrapib. However, PET/CT 
showed no evidence of change of vascular INFL 
assessed by FDG [ 36 ]. In a recent study, statin 
therapy (atorvastatin) produced signifi cant rapid 
dose-dependent (10 versus 80 mg) reductions in 
FDG uptake within the artery wall, that may rep-
resent changes in atherosclerotic plaque INFL 
indicating a possible role of FDG PET in 

 detecting early treatment effects in patients at 
risk or with established ATH [ 37 ]. 

 Despite favorable results from a number of 
clinical studies, it should be noted that FDG sig-
nal is not only determined by infl ammatory 
 macrophages but other parameters; for instance, 
thrombus activity or SMCs function, which can 
also affect tracer uptake. More specifi c targets 
have also been tested clinically by Gaemperli 
et al. [ 38 ] demonstrating non-invasive detection 
and quantifi cation of intraplaque INFL with 
peripheral benzodiazepine receptor PBR PET/
CT imaging ( 11 C-PK11195). Other surrogate 
markers of atheroma INFL have also been used in 
humans including  68 Ga-DOTATATE and 
 11 C-choline.  68 Ga-DOTATATE binds to soma-
tostatin receptors subtype 2 that are expressed by 
macrophages [ 39 ].  11 C-choline differs in that it is 
taken up by infl ammatory cells—primarily mac-
rophages, following which it undergoes phos-
phorylation and is metabolized into forming 
phosphatidylcholine that is eventually incorpo-
rated into the cellular membrane [ 40 ]. 

 Beyond imaging of larger arterial beds, which 
has experienced rapid clinical translation, molec-
ular imaging of coronary arterial plaques has also 
made progress recently (Fig.  23.4 ). 18 F-FDG has 
been tested in this setting by various groups but 
with limited success, since physiological myo-
cardial uptake of this tracer posses diffi culties in 
identifying local INFL in coronary lesions in 
addition to those related to motion artifact, and 
partial volume effect. Employing a high-fat, low- 
carbohydrate diet before FDG-PET imaging to 
lower the physiological glucose uptake in the 
myocardium, studies have demonstrated the fea-
sibility of FDG uptake in coronary plaques. 
Rogers et al. [ 41 ] studied FDG uptake in the left 
main coronary artery, as this is larger, more 
remote from myocardium, and less mobile. They 
found greater FDG uptake in left main artery in 
patients with acute coronary syndromes (ACS) 
compared to those with stable angina [ 41 ]. 
Dweck et al. [ 42 ] have employed PET/CT imag-
ing with  18 F-sodium fl uoride ( 18 F-NaF), a radio-
pharmaceutical used for skeletal imaging which 
provides relevant information regarding active 
micro-deposition of calcium in atherosclerotic 

  Fig. 23.3    Coronal  18 F PET/CT image of a patient depict-
ing high uptake of tracer in the lower part of the abdomi-
nal aorta and the left common iliac artery suggestive of 
atherosclerosis       
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plaques, a process that is associated with plaque 
instability. They found that  18 F-NaF uptake was 
higher in patients with coronary ATH versus con-
trol subjects and correlated with the calcium 
score, although 40 % of those with scores >1,000 
displayed normal uptake [ 42 ]. Patients with 
increased coronary  18 F-NaF activity had higher 
rates of prior cardiovascular events and angina 

and higher Framingham risk scores [ 42 ] 
(Fig.  23.5 ). More recently, the same group have 
reported that  18 F-NaF localizes more avidly in 
plaques of patients with symptomatic carotid dis-
ease and in ruptured plaques of patients with 
acute MI compared to patients with stable coro-
nary artery disease (CAD) [ 43 ]. This technique 
holds great promise for identifying high-risk and 
ruptured plaque however, further studies are 
needed to establish whether it can improve man-
agement of patients with CAD.

    Early studies involving symptomatic patients 
undergoing carotid endarterectomy found that up 
to a 24 % change in MRI signal could be observed 
for plaques 24 h after SPIOs delivery with histo-
logical proof of macrophage uptake [ 44 ]. The 
fast iron turnover renders repetitive imaging with 
this technique feasible and potentially useful to 
monitor treatment effi cacy. Indeed, a recent pro-
spective human study, ATHEROMA (Atorvastatin 
Therapy: Effects on Reduction of Macrophage 
Activity), showed the feasibility of using SPIOs 
with MRI to monitor serially the effect of atorv-
astatin on plaque INFL at 6-week intervals [ 45 ]. 
Reduction of SPIOs uptake was detected as early 
as 6 weeks after high-dose (80 mg) atorvastatin 
therapy, months to years earlier than changes in 
plaque morphology. These fi ndings reaffi rmed 
the advantage of molecular imaging over 

ACS: LM activity

  Fig. 23.4    Coregistered FDG PET/CT images showing 
FDG uptake at the trifurcation of the LM in a subject pre-
senting with ACS.  ACS  acute coronary syndrome,  CT  
computed tomography,  FDG  fl uorodeoxyglucose,  LM  left 
main coronary artery,  PET  positron emission tomography 
(Adapted and reproduced from Rogers et al. [ 41 ], by 
permission)       

a b c

  Fig. 23.5    Focal  18 F-NaF and  18 F-FDG uptake in patients 
with myocardial infarction and stable angina. Patient with 
acute ST-segment elevation myocardial infarction with ( a ) 
proximal occlusion ( red arrow ) of the left anterior 
descending artery on invasive coronary angiography and 
( b ) intense focal  18 F-NaF uptake ( yellow - red ) at the site of 
the culprit plaque ( red arrow ) on the combined positron 

emission and computed tomogram (PET-CT). 
Corresponding  18F - FDG  PET-CT image ( c ) showing no 
uptake at the site of the culprit plaque. Note the signifi cant 
myocardial uptake overlapping with the coronary artery 
( yellow arrow ) and uptake within the oesophagus ( blue 
arrow ) (Adapted and reproduced from Joshi et al. [ 43 ], by 
permission)       
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 morphometric imaging for assessment of the 
effectiveness of plaque-altering therapy. 

  Neovascularization  in carotid plaques has been 
assessed semi-quantitatively by contrast- enhanced 
ultrasonography (CEUS) and it was shown that 
signifi cant acoustic plaque enhancement is corre-
lated both with histopathology and clinical presen-
tation. This approach takes advantage of the fact 
that US contrast agents are pure intravascular trac-
ers and hence, CEUS allows for the assessment of 
the amount of blood contained in the microvascu-
lature within the region of interest. US molecular 
imaging, with specifi c ligands, such as for instance 
monoclonal antibodies, targeting integrins such as 
α v β 3,  remain for the time being in the domain of 
preclinical research. Angiogenesis imaging with 
 18 F-Galacto-RGD PET/CT could be another 
option, with recent data from 10 patients with 
high-grade carotid artery stenosis scheduled for 
carotid endarterectomy, demonstrating specifi c 
tracer accumulation in atherosclerotic carotid 
plaques, which correlates with immunohistochem-
istry of avb3 expression [ 46 ]. 

 Regarding APO imaging,  99m Tc-anxA5 has 
been tested with SPECT in a small pilot study of 
four patients for its ability to detect cellular APO 
associated with unstable human carotid plaques 
[ 47 ]. Signifi cant  99m Tc-anxA5 uptake was found 
in the culprit lesions of patients with a recent his-
tory of transient ischemic attack, concordant to 
ex vivo histological confi rmation after endarter-
ectomy. Future prospective outcome studies in a 
larger group of patients will help determine its 
true discriminatory potential. 

 For  thrombus imaging  fi brin-targeted contrast 
agent EP-2104R has been used in a phase II clini-
cal trial that included 11 patients with recent 
thrombosis (intracardiac, thoracic aorta, carotid 
artery) indicating that the agent provides strong 
enough signals for visualization of intracardiac, 
extracardiac arterial, and venous thrombi [ 48 ]. 
Black-blood MRI was performed 3.5 h after 
agent injection showing very good thrombus-to- 
adjacent soft tissue contrast and a sensitivity of 
84 % for detection of known thrombi in the 
 aforementioned vascular territories with this 
agent [ 48 ]. Ongoing efforts aim at increasing fur-
ther its imaging sensitivity by optimizing the 

contrast dose and imaging parameters. Although 
the relatively long administration-to-imaging 
time possibly precludes widespread application 
of EP-2104R for acute arterial thrombosis syn-
dromes, fi brin MRI may, at least conceptually, 
offer an alternative option to transesophageal 
echocardiography (ECHO) for left atrial thrombi. 
In addition, detection of subclinical thrombi on 
carotid atheroma could identify high risk patients. 

  In summary , signifi cant progress has been 
made recently in the clinical setting towards iden-
tifi cation of plaques which are prone to rupture. 
These fi rst steps are important for the clinical com-
munity, as identifi cation and appropriate treatment 
of these high-risk plaques can result in their stabi-
lization and potentially reduce the incidence of 
stroke, acute MI and sudden cardiac death. It 
should be emphasized that we still need data on 
the natural history of these plaques, and at present, 
we lack outcome data (in terms of soft and hard 
cardiovascular events) from well designed pro-
spective randomized trials upon which to develop 
treatment criteria for these plaques.  

23.2.1.3    Imaging of Morphological 
Plaque Changes: Lipid Core 
and Fibrous Cup Formation 

 MDCT allows imaging of the vessel wall, poten-
tially providing insights into the characteristics 
and extent of intramural ATH. Three parameters 
have been shown to be related to cardiovascular 
events: (1) CT density (<30 HU is an indicator of 
vulnerability); (2) lumen irregularities and (3) 
positive REM index. More recently, such param-
eters have been tested in a study aiming to assess 
their value for predicting ACS. Semiautomatic 
plaque quantifi cation was employed (reporting 
plaque volume, burden area, noncalcifi ed percent-
age, attenuation and positive REM). In this study, 
1,650 patients were included and ROC analysis 
was performed comparing a model incorporating 
Framingham risk score (FRS) and conventional 
cardiac computed tomography angiography read-
ing (consisting of calcium score, luminal stenosis, 
extent of CAD, and morphology assessment) with 
a model that also included semiautomated plaque 
quantifi cation. The areas under the curve were 
0.64 and 0.79 respectively, ( p  < 0.05), indicating 
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an enhanced ability of CT to detect potentially 
vulnerable plaque by providing additional infor-
mation beyond that obtained from conventional 
reading [ 49 ]. 

 MRI has also been tested for assessing athero-
matous plaque morphology particularly of large or 
“static” arteries, such as the carotid arteries. Lipid 
and fi brotic plaque components have been accu-
rately quantifi ed on T2-weighted images, in both 
animals and humans. T2-weighted images have 
also been used to measure the fi brous cap thickness 
and to identify fi brous cap rupture and intraplaque 
hemorrhage, features that are commonly found in 
symptomatic carotid ATH [ 50 ]. The main limita-
tion of MRI in identifying vulnerable plaques is its 
relatively poor reproducibility. To overcome this 
limitation newer techniques have been developed 
and applied in patients. These include diffusion 
weighted, gado- fl uorine enhanced and time of 
fl ight imaging which have the potential to identify 
lipid-rich necrotic core and fi brous cap as well as 
intra- plaque hemorrhage, an indicator of plaque 
rupture. Attempts have also been made for plaque 
assessment in coronary arteries. In a recent pro-
spective study by Noguchi et al. [ 51 ], 568 patients 
with suspected or known CAD underwent non- 
contrast T1-weighted imaging to determine 
whether coronary high-intensity plaques (HIPs), 
which are associated with characteristics of vulner-
ability can predict future coronary events. The 
results showed that HIPs are signifi cantly associ-
ated with coronary events, and may thus represent 
a novel predictive factor.   

23.2.2    Ischemic Heart Disease 

 The most frequent cause of myocardial ischemia 
in man is coronary ATH. This can lead to chronic 
ischemic syndromes or to acute episodes of plaque 
instability that can be manifested as acute myocar-
dial infarction (MI) or sudden death. In the clinical 
setting, non-invasive assessment of ischemic heart 
disease (IHD) focuses on functional and metabolic 
effects of coronary fl ow limitation related to ste-
notic plaques. The heart is metabolically a very 
active organ and requires a high level of oxygen 
delivery. Furthermore oxygen  extraction from 

delivered blood is high even at rest. Any increase in 
oxygen demand therefore must be met by increas-
ing coronary and microcirculatory blood fl ow, as 
there is little scope to increase oxygen extraction. 
The balance between myocardial oxygen require-
ments and oxygen delivery is central to under-
standing the mechanisms by which ischemia can 
occur. On a metabolic level, the myocardium uses 
a variety of substrates, but under physiological 
conditions in the fasting state most of the energy 
required comes from the oxidation of fatty acids 
(FA) and to a lesser degree from glucose. When 
glucose or insulin levels are high, such as after a 
meal, glucose oxidation increases and fatty acid 
use is suppressed. Myocardial ischemia results in a 
metabolic shift from FA to glucose, which results 
in 11 % more ATP produced per molecule of oxy-
gen [ 52 ]. 

 As myocardial oxygen demand increases or 
coronary blood fl ow falls, autoregulatory and meta-
bolic regulatory mechanisms are activated towards 
maintaining myocardial perfusion at a normal 
level. When these compensatory changes (includ-
ing autoregulation and metabolic regulation) 
become exhausted, ischemia fi nally results as myo-
cardial blood fl ow falls. In patients with atheroscle-
rotic heart disease, compensatory mechanisms to 
maintain myocardial perfusion in the face of sig-
nifi cant epicardial stenoses are already active. 
Vasodilatation of the distal vascular bed occurs and 
pressure gradient across the stenosis increases. 
This exhaustion of compensatory mechanisms in 
patients with CAD is also compounded by abnor-
mal endothelial function and impaired endothe-
lium-derived vasodilator mechanisms. The fi rst 
abnormality to become apparent during ischemia is 
therefore reduced perfusion to the affected terri-
tory. It is not until a diameter stenosis of around 
80 % that resting perfusion is critically reduced, 
and as a rule of thumb, any stenosis less than 40 % 
diameter is unlikely to have any haemodynamic 
consequences even during maximum coronary dil-
atation. The pathophysiology of myocardial isch-
emia involves a series of progressive changes that 
have been described in terms of a ‘cascade’ from 
the cellular level through perfusion abnormalities, 
contractile dysfunction, electrocardiographic 
abnormalities and fi nally symptoms [ 53 ]. 
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23.2.2.1    Functional and Metabolic 
Imaging in Ischemic Heart 
Disease 

 In patients with stenotic plaques but no reduc-
tion in fl ow at rest due to compensatory mecha-
nisms, perfusion abnormalities can be induced 
by stressing the perfusion system (Table  23.1B ). 
Rest and stress radionuclide myocardial perfu-
sion imaging (MPI) is a well established tech-
nique for diagnosis and risk stratifi cation. 
Comparison of tracer distribution at rest and 
exercise or pharmacological stress can describe 
the presence, severity, and extent of myocardial 
ischemia caused by fl ow-limiting coronary ste-
noses. There are alternative well validated tech-
niques for non-invasive assessment of myocardial 
perfusion and these include ECHO and MRI, for 
an in depth review of the subject and compari-
sons of diagnostic accuracy that is beyond the 
scope of this chapter, the reader is referred to 
selected references [ 54 ,  55 ]. 

 A different approach is to image the metabolic 
and molecular sequels of myocardial ischemia. 
This is termed “ischemic memory” and may 
reveal the ischemic origin of recent chest pain 
and defi ne the extent of myocardium compro-
mised by ischemia (Table  23.1B ). There are 

experimental and clinical data demonstrating the 
feasibility and signifi cance of metabolic radionu-
clide imaging in patients with stable disease but 
also in those with suspected ACS mostly using 
radiolabeled FA such as  123 I-BMIPP SPECT [ 56 , 
 57 ]. However, despite encouraging results, a 
number of issues remain unsettled, including 
optimal imaging protocols, widespread tracer 
availability, utility of metabolic imaging in dia-
betic patients, incremental value for diagnosis 
and prognosis over and above that obtained by 
perfusion data and impact of radionuclide 
 metabolic imaging on clinical management. 
Ischemic memory imaging with ECHO has also 
been achieved in mice models using microbub-
bles targeted to the EC adhesion molecule 
P-selectin, which is expressed in response to only 
a mild ischemic stimulus. P-selectin–targeted 
imaging has been shown to detect brief myocar-
dial ischemic injury even after the ischemic insult 
has resolved and in the absence of MI [ 58 ] 
(Fig.  23.6 ). No clinical studies using this tech-
nique have been performed so far. For the initia-
tion of clinical trials, several developments need 
to take place both for the contrast agents that are 
being used and the imaging technology for tracer 
detection.

  Fig. 23.6    Contrast echocardiographic imaging of recent 
myocardial ischemia with P-selectin–targeted microbub-
bles. Short-axis contrast echocardiographic images from a 
mouse illustrating hypoperfusion ( arrows ) of the anterior 
wall on perfusion imaging during brief occlusion of the 

left anterior descending ( left ) and enhancement within the 
previously ischemic anterior territory with P-selectin–tar-
geted microbubbles injected intravenously 45 min after 
refl ow. Color scale at  bottom  (Adapted and reproduced 
from Inaba and Lindner [ 115 ], [ 58 ] by permission)       
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23.2.2.2       Specifi c Issues Related 
to Ischemia-Reperfusion 
Injury and Post-infarction 
Remodeling 

 Acute MI is a common cause of REM of the left 
ventricle (LV). It is estimated that despite pri-
mary percutaneous coronary intervention (PCI) 
and standard current therapy, around 30 % of 
anterior MI will develop REM. The latter is a 
complex process by which mechanical, neuro-
hormonal and genetic factors alter ventricular 
structure and function leading to reduced 
mechanical performance, electrical instability 
and sudden death. It is an important aspect of 
heart failure (HF) progression, characterized by 
dilation and change of the shape of the left LV 
and evolving alterations in the ventricular wall 
which include hypertrophy, loss of myocytes and 
increased interstitial fi brosis [ 59 ]. The three 
major biomechanical mechanisms contributing to 
the increase of LV volumes over time after MI 
are: (a) expansion of the infarct in the sub-acute 
phase, (b) subsequent non-ischemic infarct exten-
sion into the adjacent noninfarcted region, and 
(c) hypertrophy and dilation of non-infarcted 
myocardium in the chronic phase [ 59 ]. The main 
factors associated with REM are size of infarc-
tion, residual viability within the infarct territory, 
anterior location and late or unsuccessful (or 
absence of) reperfusion therapy both at the epi-
cardial vessel level and at the microvasculature 
level (no refl ow) [ 59 ]. 

 Imaging techniques have been employed for 
prediction of LV REM. Non-invasive techniques 
in the form of ECHO, MRI, CT and radionuclide 
imaging have been utilized in this setting, as they 
are well suited for assessing parameters which 
either constitute phenotypic expressions of REM 
(e.g. alterations of heart size, shape and mass, 
end diastolic and end-systolic volumes and 
regional contractility) or are by themselves deter-
minants of the REM process (e.g. myocardial 
perfusion, fi brosis and viability). ECHO which is 
widely available, is the most commonly used 
technique for prediction of LV REM, but MRI 
because of its high accuracy and reproducibility 
of measurements is currently the gold standard to 
assess the aforementioned parameters as well as 

microvascular obstruction, tissue oedema and 
infarct size at the early stage post-acute MI [ 60 ]. 
The later is a key determinant of long-term LV 
REM, however, microvascular obstruction, 
indexed by intramyocardial haemorrhage on 
T2-weighed images has also been found to be a 
powerful predictor of changes in global function 
and LV end-systolic volume [ 61 ]. Tomographic 
radionuclide imaging with  99m Tc-labelled tracers 
(Sestamibi and Tetrofosmin) and ECG gating 
synchronisation (ECG-gated SPECT) is another 
option for predicting LV REM in the post pri-
mary PCI setting, as it offers the benefi t of assess-
ing both perfusion and function in the same 
myocardial segments as well as salvaged myo-
cardium and fi nal scar size, but it also allows 
accurate and highly reproducible measurements 
of global LV function and volumes [ 62 ]. 

 However, there still exists a need for upstream 
imaging biomarkers that will allow timely and 
targeted intervention before disease has pro-
gressed beyond the point of no return. A key ele-
ment to this, is knowledge of changes occurring 
at cellular or extracellular level that has been 
acquired over the last few years. It is now recog-
nized that LV REM is characterized by a regres-
sion to the fetal pattern, i.e. increase of β-MHC, 
α-actin, ANP overexpression, sarcoendoplasmic 
reticulum Ca 2+ -ATPase activity decrease, and a 
shift of myocardial metabolism towards glucose 
utilization [ 59 ]. In the following paragraphs, we 
discuss selected novel imaging strategies which 
could complement the more conventional tech-
niques described above and may provide new 
possibilities for the management of post MI 
patients (Table  23.1C ).  

23.2.2.3    Molecular Imaging Targets 
in Ischemic Injury and Post- 
infarction Remodeling 

 APO is different from  N , as it is a reversible pro-
cess, and hence a therapeutic target, whereas N is 
not. The dual-contrast imaging technique for 
high-resolution MRI with both annexin-V labelled 
nanoparticle (AnxCLIO-cy5.5) to image APO 
and delayed-enhancement imaging with a novel 
gadolinium chelate (Gd-DTPA-NBD), to image 
N, has great potential for clinical  translation as 
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demonstrated recently in a transgenic mouse 
model of myocardial ischaemia [ 63 ]. This method 
allowed the apoptotic cells to be differentiated 
from necrotic cells, which further helped to iden-
tify a group of apoptotic yet viable cells in the 
myocardium (4–6 h after ischemia reperfusion) 
that could benefi t from antiapoptotic therapy. 
MRI agents that bind to exposed DNA are also 
under investigation in animal models [ 64 ]. 

 Post-infarction INFL with FDG PET imaging 
has been assessed in mice models and in selected 
human case studies shortly after myocardial 
infarction and reperfusion in combination with 
LGE MRI [ 65 ,  66 ]. FDG uptake on PET, corre-
sponding to matching LGE on MRI, shortly after 
myocardial infarction and reperfusion, indicates 
INFL and/or a change in myocardial metabolism 
(Fig.  23.7 ). Post-infarction INFL has also been 
attempted to be assessed more specifi cally in 
mice models with MRI and contrast microbubble 
ECHO to image monocytes/macrophages or 
myeloperoxidase (MPO) activity [ 67 – 70 ] 

 providing considerable information regarding the 
progression of wound healing and scar formation 
in the LV after MI. In particular, in the recent 
study by Lee et al. [ 66 ], Gd-DTPA–enhanced 
infarcts showed high FDG uptake on day 5 after 
MI in a mouse model. Surprisingly, there was 
also considerable monocyte recruitment in the 
remote myocardium in parallel with a robust 
increase of recruiting adhesion molecules and 
chemokines, although levels were always lower 
compared to the infarct zone. In a very recent 
study by Ye et al. [ 71 ] spatiotemporal recruitment 
of monocytes was imaged with combined ( 19 )F/
( 1 )H magnetic resonance, in vivo in a rat model of 
reperfused MI. Blood monocytes were labeled by 
intravenous injection of  19 F-perfl uorocarbon 
emulsion 1 day after MI. The distribution pat-
terns of monocyte infi ltration were correlated 
with the presence of microvascular obstruction 
(MVO) and intramyocardial hemorrhage assessed 
by MRI. Specifi cally, monocyte recruitment was 
highly reduced in MVO areas and that could be a 

PET
(18FDG)

Rat

Man

MRI
(LGE)

  Fig. 23.7    FDG PET 
imaging in rat and man 
shortly after myocardial 
infarction and reperfusion 
corresponding to infl amma-
tion and/or a change in 
myocardial metabolism in 
the anterolateral region. The 
LGE MR images in the same 
area show a different volume 
of distribution for LGE 
pointing to local edema. For 
the rodent images, a 
preclinical PET and a clinical 
MRI was used. The human 
data were created on a fully 
integrated PET/MRI system. 
 LGE  late gadolinium 
enhancement,  SA  short axis, 
 Ant  anterior segment,  Lat  
lateral segment,  Inf  inferior 
segment,  Sept  septum       
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plausible mechanism for delayed healing and 
worse functional outcomes. Therefore, monocyte 
recruitment in MI with MVO could be a potential 
diagnostic and therapeutic target that could be 
monitored noninvasively and longitudinally by 
 19 F/ 1 H MRI in vivo [ 71 ].

   At a  preclinical  level, quantitative radionu-
clide imaging of MMPs activity that is correlated 
with extracellular matrix degradation is now fea-
sible using radiolabeled molecules targeting 
MMPs. This can be performed at different time 
points in combination with radionuclide (ECG- 
gated MPI SPECT) or non-radionuclide based 
techniques (MRI) for monitoring both scar size 
and LV volumes changes over time thus introduc-
ing a molecular/mechanical imaging approach 
that could help to assess in a longitudinal fashion 
the relationship between enhanced MMPs activa-
tion after MI and altered regional myocardial 
deformation. In the aforementioned study of Lee 
et al. [ 66 ] in mice, which employed  18 F-FDG 
PET-MRI imaging for assessment of INFL, 
assessment of the activity of MMP-2 and MMP-9 
was also performed using an activatable fl uores-
cence reporter. It was found that MMP activity 
was signifi cantly increased in non infarcted myo-
cardium, suggesting that monocyte recruitment 
to the remote zone may contribute to post-MI 
dilation, although the precise cellular contribu-
tion of MMPs activity is unclear at this point. 

  Renin Angiotensin - Aldosterone System  
(RAAS) is another attractive imaging target due 
to its key role in various cardiac pathologies, 
including post-infarct LV REM. In a murine 
model of MI, investigators have used both a fl uo-
rescent angiotensin peptide analog and  99m Tc- labeled  
losartan, an  angiotensin II type 1 receptor  (AT 1 R) 
blocker. Uptake of the angiotensin-targeted fl uo-
rescent compound was seen in the infarct area at 
1–12 weeks after MI using an open chest imaging 
preparation, with maximum uptake within the 
heart seen at approximately 3 weeks after infarc-
tion. Subsequent histopathologic analyses sug-
gested specifi city for myofi broblasts within the 
infarct region in the weeks after the infarction. 
The investigators also performed in vivo micro- 
SPECT/CT with  99m Tc-labeled losartan, demon-
strating the feasibility for in vivo imaging of 

AT 1 R in the heart [ 72 ]. The potential of PET for 
AT 1 R imaging has also been investigated. The 
novel ligand  11 C-KR31173 has been tested in a 
rat model of ischemia and reperfusion, where 
regional AT 1 R upregulation was detected in the 
infarct area. Subsequent testing of the same PET 
tracer ( 11 C-KR31173) was performed in pigs 3–4 
weeks after experimental MI [ 73 ] (Fig.  23.8 ). Ex 
vivo validation was carried out by immunohisto-
chemistry and polymerase chain reaction. After 
MI,  11 C-KR31173 retention corrected for regional 
perfusion, revealed AT 1 R up-regulation in the 
infarct area relative to remote myocardium, 
whereas retention was elevated in both regions 
when compared with myocardium of healthy 
controls. Postmortem analysis confi rmed AT 1 R 
up-regulation in remote and infarct tissue. These 
early studies suggest that accurate quantifi cation 
of AT 1 R overexpression by novel imaging tech-
niques as mentioned above, if feasible, may 
become a helpful tool not only for identifying 
patients at risk for developing LV REM and HF 
after MI, but potentially for optimizing anti-RAS 
therapy.

   SPECT imaging with the  99m Tc-RGD peptide 
to target α v β 3  integrin, which is overexpressed on 
myofi broblasts has been used in mouse models 
with myocardial infarcts. Maximal tracer uptake 
was observed in the infarct area at 2 weeks, fol-
lowed by 4 and 12 weeks compared with that in 
unmanipulated mice [ 74 ]. In another study mea-
suring the effi cacy of pharmacologic intervention 
in myocardial REM,  99m Tc-RGD peptide was 
signifi cantly reduced in mice treated with com-
bination therapy (captopril, losartan and spirono-
lactone) and correlated with echocardiographic 
parameters [ 75 ]. If proven clinically feasible, 
such a strategy could be useful for monitor-
ing myocardial healing process and identifying 
post-MI patients likely to develop LV REM and 
HF. Angiogenesis probes in the form of radiola-
belled or MRI nanoparticles and US microbubbles 
targeting up-regulation of vascular endothelial 
growth factor (VEGF) receptors [ 76 ] or α v β 3  
integrin [ 77 ,  78 ] during neovessel formation in 
myocardial infract have also been tested in small 
animals. Experimental studies in rats subjected to 
transient left coronary artery  occlusion followed 
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by reperfusion showed an up-regulation of α v β 3  
integrin expression (detected by  18 F-Galacto-
RGD uptake), which peaks between 1 and 3 
weeks post MI and remains detectable until 6 
months after reperfusion  suggesting a delayed 

but prolonged tissue response to a transient epi-
sode of coronary occlusion and reperfusion [ 78 ]. 
These are interesting observations, which, if clin-
ically validated, may offer the means for monitor-
ing therapeutic interventions in this setting. For 
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  Fig. 23.8     11 C-KR31137 and  13 N-ammonia PET studies 
in a rat (a) and in a pig (b) after myocardial infarction. ( a ) 
Short-axis ( SA ) view and horizontal-long-axis ( HLA ) 
views showing focal increased  11 C-KR31173 uptake in 
area of reduced myocardial perfusion by  13 N-ammonia. 
( b ) CT delayed enhancement images, are shown, where 
the infarct region is visualized by a thin wall and mostly 
transmural contrast enhancement. Myocardial perfusion 
images using [ 13 N]-NH 3  show a defect that matches the 

area of delayed CT contrast enhancement. Images of 
AT1R, using [ 11 C]-KR31173 show a less pronounced 
reduction in the infarct region when compared with perfu-
sion, and elevated binding in the right ventricular wall 
( yellow arrows ).  CT  computed tomography,  HL  horizon-
tal long axis,  LV  left ventricular,  SA  short axis,  VL  vertical 
long axis (Adapted and reproduced from Fukushima et al. 
[ 73 ] by permission)       
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instance, a treatment strategy targeting angiogen-
esis could be optimised with the help of imaging, 
as such approach may interfere with the healing 
process after MI. Basic fi broblast growth factor 
(bFGF) is one of the agents used in angiogenesis 
induction therapy (induces the expression of α v β 3  
integrin in EC), which may reduce infract size, 
improve systolic function and increase collateral 
circulation. Another PET tracer has been tested 
recently:  68 Ga-NOTA-RGD was used to inves-
tigate imaging characteristics in a rat MI model 
and to monitor the effi cacy of bFGF therapy, 
with promising results for assessment of patho-
physiology or monitoring of therapeutic effi cacy 
[ 79 ]. Feasibility of imaging VEGFRs with PET 
in the myocardium was also demonstrated in a 
rat model of MI. VEGFRs increased signifi cantly 
after MI and remained elevated for 2 weeks, after 
which time it returned to baseline levels [ 76 ]. 

  In the clinical setting  although late gadolin-
ium enhancement (LGE) MRI yields an excellent 
high-resolution image of myocyte loss and infarct 
size, it cannot differentiate between N and 
APO. SPECT with  99m Tc-labeled annexin-V, 
although a promising technique to image APO in 
patients with acute coronary symptoms, was 
found to be limited by the high background sig-
nal within 12 h of probe administration, which 
made early detection of APO after ischemia dif-
fi cult. Furthermore, this probe does not effec-
tively differentiate APO from N, both of which 
expose the imaging target (phosphatidylserine) to 
annexin. Regarding novel radiopharmaceuticals 
such as radiolabelled RGD peptides there are 
only limited clinical data. Makowski et al. [ 77 ], 
studied a patient two weeks after MI and PCI 
who underwent MRI (LGE),  13 N ammonia PET/
CT and  18 F-Galacto-RGD PET/CT. There was 
α v β 3  expression corresponding to the infarct area 
as defi ned by the extent of LGE MRI and severely 
reduced myocardial blood fl ow (perfusion defect 
with  13 N ammonia). This study demonstrated the 
feasibility of α v β 3  expression imaging in humans 
as an indicator of myocardial healing taking 
place within the infarcted area. Verjans et al. [ 80 ] 
used a  99m Tc-labeled RGD imaging peptide to tar-
get integrins associated with collagen-producing 
myofi broblasts and neoangiogenesis in 10 

patients with MI in conjunction with early 
SPECT MPI and LGE MRI. In this study, integ-
rin SPECT signal at 3 and 8 weeks usually 
extended beyond the perfusion defects on SPECT 
MPI and colocalized with the infarct scar on fol-
low- up MRI 1 year after the ischemic event. 
Further experimental and clinical research is 
underway focusing on the specifi city of the new 
imaging probes for angiogenesis and their rela-
tionship to REM after MI. Regarding RAAS 
imaging, although the novel ligand  11 C-KR31173 
has been tested in four healthy volunteers and 
was proved to be feasible and safe using clinical 
PET/CT technology (Fig.  23.9 ), it has not yet 
entered clinical trials to predict the risk for ven-
tricular REM and to monitor the effi cacy of anti- 
RAS drug therapy [ 73 ].

   In concluding, there has been a remarkable 
progress in molecular imaging of infarct healing 
and remodelling in animals in the past decade, 
with the development of probes which target 
APO, N, INFL, angiogenesis, RAAS and MMPs. 
Translating this work to the bedside in a cost- 
effective and clinically benefi cial manner remains 
a signifi cant challenge [ 81 ].   

23.2.3    Heart Failure 

 In HF several neurohormonal, immunological 
and biochemical mechanisms are common 
regardless of the underlying etiology and 
include (a) activation of molecular mechanisms, 
(b) structural changes in the heart and other 
organs such as the kidneys and lungs, and (c) 
systemic disturbances such as chronic INFL. In 
this multifaceted process, INFL, oxidative 
stress, extracellular matrix REM, neurohor-
monal activation (mainly involvement of the 
RAAS, and disturbance of the homeostasis of 
the sympathetic nervous system with overstimu-
lation of the beta-adrenergic receptors) and 
myocyte injury/stress are the main contributors. 
Serum-based biomarkers associated with these 
processes are currently being investigated for 
their ability to stratify disease severity, predict 
mortality, guide therapy, and assess treatment 
effi cacy, however, these are often non specifi c 
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and hence there is a need for developing 
 molecular imaging approaches to assess those 
targets. Amongst the different causes of HF, 
IHD is the underlying etiology in around two 
thirds of cases. In those patients, distinction 
between reversible and irreversible causes of LV 
dysfunction leading to HF is important, as treat-
ment strategies may be adapted accordingly. 
Reversible causes of LV dysfunction are two 
ischemic entities, which if treated, can lead to 
recovery of LV function and improvement of 
symptoms and prognosis. These are both forms 
of  viable  dysfunctional myocardium and termed 
“ stunning ” and “ hibernation ” (HiB). Non inva-
sive imaging has been used extensively in this 
setting; the different techniques and derived sig-
nals of viability and HiB are discussed briefl y 
below (Table  23.1D ). 

23.2.3.1    Specifi c Issues on Heart 
Failure of Ischemic Etiology: 
Imaging Myocardial Viability 
and Hibernation 

 Although the exact underlying phenomena in HiB 
remain to a signifi cant degree unclear, alteration 
of structural proteins and metabolism, disorgan-
isation of the cytoskeleton, loss of myofi laments, 
glycogen vacuoles and sarcomeric instability may 
all result from impairment of regional perfusion 
and lead to myocardial dysfunction. APO, patchy 

fi brosis, INFL, and depressed β-adrenergic con-
trol (for the latter see next section on innervation 
imaging) are present, underpinning the similarity 
of features of chronic myocardial HiB with those 
of HF regardless of its etiology (ischemic or non-
ischemic). Non invasive imaging has contributed 
signifi cantly to this area by increasing our under-
standing of the underlying concepts, and among 
the techniques, PET has played a pivotal role. The 
use of the latter is related to its ability to assess 
accurately myocardial perfusion at rest and stress 
and alterations of myocardial metabolism that 
occur following myocardial ischemia. Other non 
invasive imaging modalities (SPECT, ECHO and 
MRI) have also played an important role by tar-
geting key pathophysiological parameters such as 
fi brosis and/or cellular viability, microcirculation 
and contractile reserve. The latter has been most 
frequently been evaluated by ECHO (or by MRI) 
using dobutamine stress. LGE MRI and ECHO 
can directly assess the presence of tissue fi brosis, 
or the consequences of fi brosis such as wall thick-
ness/chamber size which are important determi-
nants of the recovery of contractile function. 
Perfusion can be evaluated by PET or SPECT 
tracers, cell membrane integrity can be evaluated 
by  201 TL, intact mitochondria can be probed by 
 99m Tc labeled tracers, glucose and free fatty acid 
metabolism can be assessed by FDG and 
 radio-labeled fatty acids.  

Baseline
Blocking

(Olmesartan 40 mg p.o.)

100 %

0

  Fig. 23.9    PET/CT of myocardial AT1R in a healthy 
human subject. Transaxial fusion images are shown 
through the mid-cardiac region. Baseline images show 
regionally homogeneous uptake of the angiotensin II type 
1 receptor (AT1R) ligand [ 11 C]-KR31173 in left ventricu-
lar myocardium ( left ). Repeat imaging 3 h after an oral 

(p.o.) dose of 40 mg olmesartan for specifi c blocking of 
AT1R shows complete absence of myocardial [ 11 C]-
KR31173 uptake, confi rming tracer specifi city for the 
receptor ( right ). Tracer is only present in the blood pool of 
atria and ventricles (Adapted and reproduced from 
Fukushima K et al. [ 73 ] by permission)       
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23.2.3.2    Preclinical Imaging in Heart 
Failure 

 A number of experimental studies focus on the 
quantitative relation of fl ow and function using 
models of acute (minutes), subacute (hours) and 
chronic (weeks) models of myocardial isch-
aemia. Pertinent to the setting of chronic LV dys-
function are the results of studies by Heusch et al. 
employing models of chronic stenosis which sug-
gest that HiB probably represents a spectrum of 
changes, with  chronic repetitive stunning  show-
ing normal or near normal resting perfusion and 
impaired myocardial perfusion reserve at one end 
(this condition has also been termed  “functional 
HiB”) and reduced resting perfusion at the other 
(“structural HiB”). At this advanced stage, there 
is also reduced myocardial oxygen consumption 
and lack of lactate extraction, even during inotro-
pic stimulation with dobutamine [ 82 ]. Increased 
glucose utilization as assessed by PET with FDG 
is a consistent fi nding in animals with chronic 
stenosis (metabolic shift) and perfusion- 
contraction matching, but it has also been 
observed in chronic stunning characterized by 
perfusion-contraction mismatch [ 83 ]. In addi-
tion, it has been shown that clearance rates of 
 11 C-palmitate are reduced compared to control 
segments and that metabolic recovery after tran-
sient ischemia is slow and paralleled by the slow 
recovery of myocardial function [ 56 ]. Oxidative 
metabolism using  11 C-acetate, which refl ects 
overall oxidative metabolism or myocardial oxy-
gen consumption has also been assessed in exper-
imental models of repetitive stunning [ 84 ]. It has 
been demonstrated that there is a prolonged yet 
reversible reduction in systolic function associ-
ated with a signifi cant down-regulation of both 
glucose and oxidative metabolism (assessed by 
FDG and  11 C-acetate respectively) despite resto-
ration of normal myocardial blood fl ow. Other 
experimental studies employing ECHO have 
shown that the hypoperfused viable myocardium 
retains its responsiveness to inotropic challenge 
with dobutamine. At higher doses, the inotropic 
response to dobutamine is blunted and thus over-
all, there is a biphasic response, with increased 
wall thickening at lower doses and contractile 
dysfunction at higher doses that is associated 

with increased net lactate production [ 85 ]. Tissue 
viability assessment is also feasible in a direct 
approach employing LGE MRI. A number of 
experimental studies have demonstrated that the 
technique can distinguish between myocardial 
scar, peri-infarction zone of edema, and normal 
myocardium [ 86 ,  87 ].  

23.2.3.3    Clinical Imaging in Heart 
Failure-Hibernation 

 Numerous studies in patients with chronic LV 
dysfunction have focused on the relationship 
between regional perfusion and function. Taken 
together, the results of these studies are in agree-
ment with those obtained from the experimental 
setting and demonstrate that in most cases, there 
is impairment of myocardial perfusion reserve 
(MPR), with the reduction of resting perfusion 
seen only in the most advanced cases of HiB 
( perfusion - contraction matching ). The introduc-
tion of MRI for assessment of myocardial perfu-
sion has been instrumental in depicting reduction 
of perfusion at the sub-endocardium in patients 
with hibernating myocardium that is also in 
agreement with preclinical studies. This has been 
eloquently demonstrated by Selvanayagam et al. 
[ 88 ] who have shown that perfusion is reduced at 
rest when compared to areas without signifi cant 
coronary stenosis. Moreover, in the same patients, 
both subendocardial perfusion and LV function 
are normalized or improved, following revascu-
larization. The relation between perfusion and 
metabolism has also been extensively investi-
gated and is in agreement with studies from the 
preclinical setting. Higher FDG signal compared 
to perfusion (obtained by qualitative or quantita-
tive analysis) in segments with reduced function 
is consistently predictive of functional recovery 
following reperfusion, thus determining progno-
sis [ 85 ] (Fig.  23.10 ). Other studies in patients 
with LV dysfunction using PET and  11 C-acetate 
have demonstrated that the rate constant of ace-
tate clearance in areas with chronic HiB was 
reduced, largely in relation to the reduced myo-
cardial perfusion [ 89 ].

   As alluded above, although baseline contrac-
tile function is depressed, the viable hypoper-
fused myocardium retains its responsiveness to 
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an inotropic challenge but this depends upon the 
severity of MPR reduction. This is because the 
latter has a direct impact on the ability of viable 
myocardium to improve its contraction upon ino-
tropic stimulation, as this requires augmentation 
of myocardial perfusion. As in preclinical stud-
ies, a biphasic pattern to dobutamine stimulation 
has also been observed in humans. The presence 
of a biphasic pattern is important to rule out other 
causes of regional dysfunction such as subendo-
cardial scar or remodelled myocardium, as both 
of these conditions are characterized by pre-
served contractile reserve both at low and high 
levels of inotropic stimulation. There is a discrep-

ancy between radionuclide techniques and those 
based on contractile reserve in about 20–25 % 
segments that are characterized as viable by the 
former but they do not improve functionally 
 during stimulation with dobutamine. These seg-
ments usually have mild reduction of resting per-
fusion, avid uptake of FDG or SPECT tracers and 
almost completely exhausted MPR that prevents 
the segments from increasing their oxygen con-
sumption upon inotropic stimulation and hence 
from increasing their contractile function. 
Apart from the exhaustion of MPR, other factors, 
such as the presence and severity of 
cardiomyocytic alterations or down-regulation of 

  Fig. 23.10    Resting  13 N-ammonia and  18 F-FDG tomo-
graphic images and polar maps of a 68-year-old male with 
known CAD, previous myocardial infarctions, impaired 
LV function and multiple previous PCIs. He underwent a 
PET study for assessment of myocardial viability. 
Combined assessment of the resting 13N-ammonia and 
the  18 F-FDG images shows a large mismatch between per-
fusion and metabolism (19 % of the total myocardial 
mass) in the anterolateral region compatible with hiber-
nating myocardium. There is an area with minor match 

inferolaterally (indicative of very limited myocardial 
damage involving only 3.1 % of the total myocardial 
mass) but otherwise well preserved perfusion and viabil-
ity in the LV myocardium.   18   F-FDG  
 18 F-Fluorodeoxyglucose,  CAD  coronary artery disease, 
 LV  left ventricle,  PCI  percutaneous coronary intervention, 
 PET  positron emission tomography,  RV  right ventricle, 
 RA  right atrium,  LA  left atrium (Adapted and reproduced 
from Anagnostopoulos et al. [ 91 ], [ 90 ] by permission)       

 

23 Cardiovascular Applications of Non-invasive Imaging in Cardiovascular Diseases: From Bench to Bedside



454

beta- adrenoreceptors, may also contribute to the 
lack of contractile reserve in apparently viable 
segments [ 85 ]. 

 The accuracy of non invasive imaging tests for 
predicting improvement in regional or global 
function post revascularization has been tested in 
numerous studies. These studies consistently 
show that radionuclide techniques are the most 
sensitive for prediction of functional recovery, 
whereas techniques challenging contractile 
reserve such as MRI and dobutamine stress 
ECHO (DSE) are more specifi c [ 90 ]. MRI stud-
ies with LGE also demonstrate high sensitivity 
but low specifi city, although the latter can be 
improved when combined with assessment of 
contractile reserve with dobutamine. The rela-
tively low specifi city of the radionuclide tech-
niques however, is not a disadvantage because 
other factors, such as the improvement of symp-
toms and prognosis after revascularization are 
more important than the exact prediction of 
improvement of regional wall systolic function. 
Reperfusion of the hibernating myocardium sta-
bilizes myocardial blood fl ow conditions by 
eliminating repetitive episodes of ischemia and 
protects the myocardium from REM, APO and 
cell death even when it does not lead to an 
improvement of LV function. 

 The role of non invasive imaging in the man-
agement of patients with LV dysfunction of isch-
emic etiology has been challenged recently by the 
results of the Surgical Treatment for Ischemic HF 
(STICH) trial [ 91 ]. According to this, the pres-
ence of viable myocardium was associated with 
an increased probability of survival but viability 
assessment failed to identify patients with a sur-
vival benefi t from surgical revascularization as 
compared with medical therapy alone. This dif-
fers from the results from previous (mostly retro-
spective studies) and those from a post hoc 
analysis of the multi-centre randomized con-
trolled trial “PET and Recovery Following 
Revascularization” (PARR-2) trial, which provide 
a reasonably good evidence for the impact of non 
invasive imaging on the identifi cation of high-risk 
patients who may benefi t from revascularization 
[ 92 ,  93 ]. Nevertheless, further randomized trials 
incorporating viability/HiB imaging as part of the 

work up for management of ischaemic HF are still 
required to assess the value of imaging in this set-
ting. The Alternative Imaging Modalities in 
Ischemic HF (AIMI-IMAGE HF) Project is one 
such trial that is currently underway and is 
expected to address the issue around the role of 
cardiac imaging in management decisions and to 
ascertain which methods are most suitable for 
which types of patients, for instance patients with 
severely dilated hearts and LVEF <25 %. 

 Viability imaging is also helpful for assessing 
response to  cardiac resynchronisation therapy  
(CRT). It is well documented that approximately 
30 % of patients judged suitable for CRT will not 
respond. Viability assessment may help in identi-
fying non-responders or assist in improving 
implantation to improve the likelihood of response. 
Extent of viability appears to be directly linked to 
improved CRT response as well as the presence of 
myocardial viability at the LV lead site, no matter 
whether measured by, SPECT, PET, ECHO or 
MRI [ 94 ]. Imaging studies are now focusing on 
the integration of dyssynchrony data with venous 
anatomy and myocardial scar in order to improve 
outcomes. A small study using MRI to guide the 
position of the LV lead to the latest activated LV 
segment, relative to the venous anatomy and away 
from areas of scar resulted in a 92 % response rate 
from 20 patients (reduction in LV end-systolic vol-
ume by >15 % on echo) [ 95 ]. Larger studies are 
underway in order to confi rm the validity of multi-
modality imaging for assessing response to  car-
diac resynchronisation therapy  (CRT).  

23.2.3.4    Myocardial Innervation 
Imaging in Heart Failure 

 Human sympathetic neurons appear to be more 
susceptible than myocytes to ischemic injury. In 
ischemic HF, there is an activation of the sympa-
thetic nervous system, in which an increased nor-
epinephrine release from the cardiac sympathetic 
postganglionic nerve terminals causes desensiti-
zation of the postsynaptic b-adrenergic receptors, 
which leads to worsening of the LV systolic func-
tion. A decreased effi ciency of norepinephrine 
reuptake through the presynaptic norepinephrine 
transporter-1 (uptake-1 mechanism) further con-
tributes to norepinephrine spillover into the 
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bloodstream in HF patients. The clinical signifi -
cance of such neuropathic derangement is evi-
denced by the known benefi t of β-blockade for 
reducing mortality. Noninvasive investigation of 
the myocardial adrenergic transmission in HF 
patients holds a great promise to predict their risk 
of lethal ventricular arrhythmia. 

   Preclinical Imaging 
 In pig hearts, hibernating myocardium was 
induced by chronic occlusion of the left anterior 
descending artery (LAD) in a study by Luisi et al. 
[ 96 ]. Physiologic studies (resting fl ow measure-
ments) and  11 C-HED PET were performed 1–5 
months later. After 3 months, anterior hypokine-
sis developed with reductions in resting fl ow and 
a critical reduction in subendocardial fl ow 
reserve. Extensive defects in hydroxyephedrine 
(HED) uptake were found for hibernating myo-
cardium, with regional retention approximately 
50 % lower than that in normally perfused remote 
myocardium. Relative HED uptake (left anterior 
descending coronary artery/remote) was lower in 
chronically instrumented animals than in control 
animals and animals studied 1 month after instru-
mentation. The regional reduction in sympathetic 
nerve function was persistent and unaltered for at 
least 2 months after the development of hibernat-
ing myocardium. The study showed that hiber-
nating myocardium is associated with persistent 
reductions in regional uptake of norepinephrine 
by sympathetic nerves [ 96 ]. In another study by 
Sasano et al. [ 97 ] in pigs after an experimental 
myocardial infarct (in the mid LAD), PET of tis-
sue perfusion, catecholamine uptake and storage 
was performed with  13 N-ammonia and  11 C-EPI 
respectively, 4–12 weeks later. MRI and invasive 
electrophysiology (electroanatomic mapping, 
basket catheter, ventricular tachycardia inducibil-
ity) were performed within 1 week of PET. The 
study showed that myocardial neuronal injury 
exceeded the perfusion defect size (perfusion/
innervation mismatch) and these areas may be a 
substrate for post-infarct arrhythmias [ 97 ].  

   Clinical Imaging 
 In the ADMIRE-HF (AdreView Myocardial 
Imaging for Risk Evaluation in HF) study, a total 

of 961 subjects with New York Heart Association 
(NYHA) functional class II/III HF and left ven-
tricular ejection fraction (LVEF) ≤35 % were 
included. Clinical assessment, as well as 
 123 I-MIBG and MPI was performed and blood 
natriuretic peptide (BNP) measurements were 
obtained in these patients who were then fol-
lowed up for up to 2 years [ 98 ]. The ADMIRE-HF 
study demonstrated the capacity of quantitation 
of sympathetic innervation of the myocardium, 
measured by the late heart/mediastinum ratio 
(H/M) on  123 I-MIBG scintigraphy, for predicting 
prognosis for signifi cant cardiac events in sub-
jects with HF and signifi cant left ventricular dys-
function. This is the population to which 
guidelines for use of implanted devices for man-
agement of HF and arrhythmic event risk usually 
apply. The ADMIRE-HF showed a highly sig-
nifi cant relationship between time to HF-related 
events and the H/M quantifi cation, which was 
independent of other commonly measured 
parameters such as LVEF and BNP, as well as 
demographic parameters such as age and renal 
function in a HF population on guidelines-based 
contemporary therapy. The study also showed a 
clear association between severity of myocardial 
sympathetic neuronal dysfunction and risk for 
subsequent cardiac death [ 98 ]. In the Prediction 
of ARrhythmic Events with Positron Emission 
Tomography (PAREPET) study, a total of 204 
patients were followed up for 4.1 years using  11 C- 

HED , perfusion ( 13 N-ammonia) and viability 
(FDG) imaging. The primary end-points of the 
study were sudden cardiac arrest (SCA) defi ned 
as arrhythmic death or ICD discharge for ven-
tricular fi brillation or ventricular tachycardia 
>240 bpm [ 99 ]. The study showed that in isch-
emic cardiomyopathy, the volume of myocar-
dium with reduced  11 C-HED accumulation and 
the area of ammonia/ 11 C HED mismatch were 
independently predictive of sudden cardiac death 
whilst LVEF and infarct volume were not [ 99 ]. 
These are important observations; however their 
implications are at present relevant only to cen-
tres in close proximity to a cyclotron.  18 F-labeled 
norepinephrine analogs, which have a longer 
half-life are currently under investigation. If the 
fi ndings of the PAREPET study are confi rmed by 
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such tracers, they could facilitate broader appli-
cation and provide an improved approach for the 
identifi cation of patients most likely to benefi t 
from an ICD.     

23.3    Imaging in Other 
Cardiovascular Pathological 
Entities 

23.3.1    Aortic Aneurysms 

 The evaluation of high risk features in the arterial 
wall of aneurysms, beyond simply measuring 
their size with U/S, CT and MRI, might predict 
those that are prone to rupture. Molecular imag-
ing approaches are similar to those described in 
the ATH section (imaging of INFL, 
 neovascularization, MMPs and cathepsins) [ 100 ]. 

23.3.1.1    Preclinical Imaging 
 In mice models, macrophage markers and MMPs 
tracers, were found to accumulate in progressing 
aneurysms [ 101 ]. Optical imaging of vascular 
endothelial growth factor (VEGF) expression as 
a function of aneurysm progression in a murine 
aneurysm model was also investigated [ 102 ].  

23.3.1.2    Clinical Imaging 
 The clinical value of FDG PET seems to be 
unclear particularly in asymptomatic patients 
with abdominal aortic aneurysms whose diame-
ter is close to surgical indication because of the 
marked decrease in SMCs density. Recently 
Courtois et al. [ 103 ] studied patients (mostly 
asymptomatic) with abdominal aortic aneurysms 
using FDG PET and biopsy samples that were 
analyzed by immunohistochemistry, quantitative 
real-time polymerase chain reaction, and zymog-
raphy. They showed that positive  18 F-FDG uptake 
in the aneurysmal wall is associated with an 
active infl ammatory process characterized by a 
dense infi ltrate of proliferating leukocytes in the 
adventitia and an increased circulating C-reactive 
protein. Moreover, a loss of SMCs in the media 
and alterations of the expression of genes 
involved in the REM of adventitia and collagen 
degradation potentially participate in the 

 weakening of the aneurysmal wall preceding 
 rupture. Aortic wall INFL using SPIOs (MRI) 
has been proven feasible in patients. The use of 
quantitative T2 and T2* pulse sequences, also 
provides a quantitative method for assessing 
SPIOs uptake by the aortic wall [ 104 ].   

23.3.2    Valvular Diseases 

 Aortic stenosis and mitral regurgitation are the 
two most common valvular heart diseases. 
Current imaging methods (Doppler ECHO, 
MDCT and MRI) which measure hemodynamic 
parameters, decreased leafl et mobility, calcifi ca-
tion, and reduced valve area, only identify the 
disease at a relatively late stage. Detection of ear-
lier molecular and functional abnormalities in 
aortic valves in vivo may predict the future risk of 
subclinical valvular lesions and identify targets 
for effective therapeutic strategies to prevent aor-
tic valve stenosis. Certain aspects in the patho-
physiology of degenerative aortic stenosis are 
similar to that of coronary ATH; adhesion mole-
cules, macrophages/INFL, MMPs/cysteine pro-
teases and calcifi c deposits. 

23.3.2.1    Preclinical Imaging 
 In a study by Hamilton et al. [ 105 ], a cholesterol- 
fed rabbit model was used to test the effi cacy of 
identifying macrophage infi ltration in early stage 
of aortic valve stenosis (AVS) using SPIOs with 
MRI. Although SPIOs labeling of macrophage 
infi ltration in AVS has the potential to detect the 
disease process early, the results were hampered 
by iron deposition within myofi broblasts from 
control and cholesterol-fed valves posing the 
need for a macrophage-specifi c iron compound 
rather than passive targeting. Advances in 
3-dimensional micro–CT imaging, may prove to 
be useful for understanding the spatial distribu-
tion of calcium deposition during progression of 
calcifi c AVS.  

23.3.2.2    Clinical Imaging 
 Recent studies in patients with aortic valve dis-
ease reported that PET/CT is a novel, feasible, 
and repeatable approach to detect and quantify 
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valvular INFL (FDG uptake) and osteoblastic 
activity (NaF), which are two key mechanisms 
underlying the development and progression of 
calcifi c aortic valve disease. In two recent studies 
by Dweck et al. [ 106 ,  107 ]  18 F-NaF and  18 F-FDG 
activity was increased in patients with both aortic 
sclerosis and stenosis, displaying a progressive 
rise in uptake with increasing disease severity. 
However, calcifi cation rather than INFL appears 
to be the predominant process affecting the valve, 
particularly in the latter stages of the disease, in 
which a more marked progression in  18 F-NaF 
activity was observed that was disproportionate 
to  18 F-FDG. Enhanced uptake of FDG in the 
region of the valve documented by PET/CT 
might also help to confi rm the presence of endo-
carditis and prompt the initiation of therapy. 
Obviously, more research is necessary to further 
refi ne and validate clinical application of PET in 
valvular heart diseases. 

 Rapid development of transcatheter valve 
therapies has led to an increase in the use of mul-
timodality imaging for assessment of parameters 
such as myocardial strain and fi brosis by ECHO 
and/or MRI to evaluate the impact of valve dys-
function on the myocardium and to improve 
planning and guiding of surgical/transcatheter 
valve procedures (with multimodality/3D/fusion 
imaging). Such imaging approaches have gener-
ated a growing interest for their implementation 
in this setting however, further prospective stud-
ies are needed to demonstrate their precise impact 
on clinical outcomes.    

23.4    The Role of Non-invasive 
Imaging in Assessment 
of Novel Therapies 

 Cell therapy has been extensively studied as a 
potential treatment option for patients with 
impaired cardiac function due to cell death. 
Despite encouraging fi ndings from early animal 
and initial small-scale human studies, a recent 
meta-analysis has shown only marginal benefi ts, 
mainly with the use of bone marrow–derived 
stem cells (BMCs) [ 108 ]. Monitoring of cell sur-
vival and differentiation has the potential to 

unravel the reasons for these non-favorable 
results. For this to happen, cell labeling is essen-
tial and it is performed by use of two general 
approaches, namely, direct cell labeling and 
reporter gene imaging. The former approach is 
accomplished by incubating cells with contrast 
agents that either bind to the cell surface or are 
imported into the cells via diffusion, endocytosis 
or active transport [e.g.,  111 In-labelled oxine and 
 99m Tc-exametazime (HMPAO) for SPECT imag-
ing,  18 F-FDG for PET imaging or SPIOs for visu-
alization by MRI] [ 109 ]. Reporter gene imaging 
by means of optical imaging is successful in 
small animal research, whereas scintigraphic 
techniques are more applicable to large animals 
and patients. Most studies label an enzyme or 
transporter (herpes simplex virus type I thymi-
dine kinase) or the human iodide/symporter. The 
main advantage of the reporter gene approach is 
that the imaging signal becomes specifi c to only 
viable implanted cells capable of mediating 
reporter protein–probe interaction and becomes 
refl ective of cell number if the reporter gene is 
integrated into the genome and replicates with 
cell division (Fig.  23.11 ). In contrast, with direct 
cell labeling, the contrast agent is diluted over 
time with cell division and may be engulfed by 
other cell types (eg, macrophages) on cell death, 
which leads to the signal either not being refl ec-
tive of cell number or not being specifi c to the 
implanted cells [ 110 ].

   Radionuclide direct cell labeling, although it 
does not permit to monitor cell viability beyond 
4–5 days because of the half lives of the common 
isotopes used, it can be quickly translated into the 
clinical setting because similar cell-labeling/
imaging techniques have been used clinically for 
years to monitor the traffi cking of other cell pop-
ulations (e.g.,  111 In-oxine–labeled leukocytes for 
imaging infection) and their high imaging sensi-
tivity allows the tracking of low numbers of cells. 
This is the main reason why only the radionuclide- 
based imaging techniques (PET, SPECT) with 
direct cell labeling have been used in human 
studies. Reporter gene imaging with PET has 
allowed longitudinal PET imaging of stem cells 
for at least 10 days in porcine animal models and 
greater than 2 weeks in murine models [ 111 ]. In 
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a recent study by Higuchi et al. [ 112 ], combined 
reporter gene PET and SPIOs MRI were utilized 
for monitoring survival and localization of trans-
planted cells in the rat heart. Although iron label-
ing rapidly loses specifi city for cell viability 
because of phagocytosis of iron particles released 

from dead cells, reporter gene expression pro-
vided specifi c information on the number of sur-
viving cells (Fig.  23.11 ). This multimodality 
approach allowed complementary analysis of cell 
localization and viability, together with morpho-
logic information about the heart. The application 

  Fig. 23.11    Imaging of graft endothelial progenitor cells 
( EPCs ) by multimodal reporter gene imaging in the rat 
heart. The  top panel  shows PET/CT 1 day after grafting 
the cells showing a clear signal from the viable cells. The 
 lower panel  depicts serial PET and MRI imaging reveal-
ing that the cells are dysfunctional at later time points and 

the persistent MR T2* signal only picks up the iron signal 
from the phagocytized cells (Modifi ed with permission 
from Higuchi T, et al. Combined reporter gene PET and 
iron oxide MRI for monitoring survival and localization 
of transplanted cells in the rat heart. Higuchi TJ et al. 
[ 112 ] by permission)       

 

C.D. Anagnostopoulos et al.



459

of these approaches to clinical research however, 
will require further documentation of suitability 
and safety to pass regulatory hurdles.  

   Conclusions 

 Beyond the areas of myocardial perfusion, 
ventricular function and tissue viability where 
imaging techniques have been available for 
many years, signifi cant developments have 
been made recently in imaging fundamental 
processes such as angiogenesis, APO, MMPs 
expression etc., which are also of great inter-
est to other disciplines beyond cardiovascular 
medicine; oncology is one such example. It is 
anticipated that in the near future, some of the 
molecular agents currently under investigation 
will enter the clinical phase of development 
and together with information from multiple 
other sources; e.g. genomic and proteomic 
technologies, can contribute to a patient–indi-
vidualized risk assessment and treatment. For 
this to happen and overcome the challenges of 
the high costs which are involved, broad col-
laboration not only among different centers 
but between academia and industry is an 
essential component to success.     
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Abstract

Ultrasound molecular imaging uses microbubbles conjugated with targeting 

ligands. When administered intravenously these ‘targeting bubbles’ attach to 

areas expressing the molecule of interest for ultrasound detection. The migra-

tion of this technology to human application has been limited by uncertain-

ties regarding its safety and efficacy, including: (i) the lack of targeting 

bubbles that do not contain immunogenic (strept)avidin for ligand conjuga-

tion; (ii) the traditional use of high power ultrasound causing ‘instanta-

neous’ bubble destruction, raising concerns about biosafety and rendering it 

not a real- time imaging technique (limiting bedside interpretation); (iii) the 

absence of robust molecular quantification methods, diminishing its potential 

diagnostic power. Progress has been made in all three areas recently. An 

example is molecular imaging of E-selectin expression for detecting endo-

thelial activation or inflammation in the heart. Inflammation underlies impor-

tant cardiovascular diseases, such as coronary atheromatous heart disease, 

myocarditis and heart transplant rejection. Endothelial activation occurs early 

in inflammation and E-selectin is classically expressed only on activated 

endothelial cells. E-selectin targeting bubbles, based on maleimide- thiol con-

jugation chemistry, were successfully engineered. They allowed high reso-

lution real- time and quantitative ultrasound molecular imaging of the heart 

in mice. Future directions in the field includes establishing 3-D ultrasound 

molecular imaging, and therapies using targeting bubbles as vehicles for 
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 targeted delivery of therapeutic agents such as drugs or genetic materials. All 

these help gather the financial and research momentum required to establish 

the technology in humans.

Keywords
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Abbreviations

KO Knock-out

LV Left ventricle, left ventricular

mAb Monoclonal antibody

MCU Microbubble contrast enhanced 

ultrasound/ultrasonography

MI Mechanical index

PEG Polyethylene glycol

RES Reticuloendothelial system

TIC Time signal intensity curve

WT Wild-type

24.1 Introduction

Inflammation underlies important cardiovascular 

diseases such as coronary heart disease, 

 myocarditis and heart transplant rejection. 

Endothelial activation is an early inflammatory 

event, characterised by up-regulated expression 

of endothelial adhesion molecules, including 

E-selectin, P-selectin, ICAM-1 and VCAM-1. 

adhesion molecule(s) potentially allows the 

detection and characterisation of inflammation 

for early  diagnosis, monitoring of response to 

treatment and possibly prediction of prognosis in 

these patients.

Echocardiography or ultrasonography is  

a common imaging modality that is non-invasive 

and relatively inexpensive compared to other 

imaging modalities such as nuclear imaging, 

computed tomography (CT), positron emission 

tomography (PET) and magnetic resonance 

imaging (MRI). Importantly, it does not involve 

ionising radiation, can be performed quickly, and 

has high temporal and spatial resolutions. 

Uniquely, it can be performed by the bedside,  

a clear advantage in severely ill or unstable patients. 

Ultrasound molecular imaging is therefore a poten-

tially elegant and powerful diagnostic tool.

The strategy for ultrasound molecular imag-

ing involves the use of targeting microbubbles 

as ultrasound contrast enhancement agents. 

Phospholipid-based targeting bubbles are gas 

encapsulated within a phospholipid shell contain-

ing targeting ligands (e.g. antibodies or peptides) 

on the shell’s outer surface. They average ≈1 to 

5 μm in diameter with similar rheology to that 

of the red blood cells. In an acoustic field, the 

bubbles may undergo non- linear oscillation gen-

erating strong back scattered signals. Following 

their intravenous (iv) administration, they cir-

culate and accumulate in tissues by attaching to 

the molecules of interest for subsequent ultra-

sound detection – localising and defining the 

spatial extent and intensity of the targeted mol-

ecule expression. Such imaging technique is here 

termed ‘targeted microbubble contrast enhanced 

ultrasonography’ (targeted MCU). It has been 

described for ultrasound molecular imaging of 

various pathophysiological processes, including 

inflammation, angiogenesis and thrombosis in 

animal models of human  diseases [1].

Limiting factors for the clinical translation of 

ultrasound molecular imaging include: (a) the 

traditional use of biotin-(strept)avidin conjuga-

tion chemistry for attaching targeting ligands to 

the bubble-shell surface, which made the target-

ing bubbles immunogenic and should best be 

avoided in humans (streptavidin or avidin is a 

bacterium Streptomyces avidinii protein or egg 

white protein, respectively); (b) the historical use 
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of high ultrasound power bubble destructive 

imaging technique, which raised safety concerns 

regarding the bioeffects of the high power bubble 

destruction; it also made acquisition of complete 

cardiac cycles and bedside interpretations diffi-

cult (ie, it was not a real-time imaging method 

and extensive off-line image subtraction analysis 

was required to isolate the retained bubble sig-

nals from that of the circulating bubbles, in order 

to visualise the targeted molecules); and (c) the 

technique’s ability to quantitatively measure the 

level of molecular expression has not been estab-

lished. Favourable demonstrations of the tech-

nique’s safety, effectiveness and breadth of 

potential clinical applications would help gather 

the financial and research momentum required to 

establish it for human applications.

24.1.1  Inflammation and Endothelial 
Adhesion Molecules

Inflammation is a common pathogenic pathway 

in major human diseases. These include cardio-

vascular diseases such as atherosclerosis involv-

ing the coronary arteries (and its sequelae of acute 

coronary syndrome or ischaemia- reperfusion 

injury), the aorta, carotid and renal arteries; myo-

carditis; congestive heart failure or dilated car-

diomyopathy; and heart transplant rejection. Non 

cardiovascular diseases include connective tissue 

diseases (such as rheumatoid arthritis), vasculitis, 

glomerulonephritis, inflammatory bowel disease, 

inflammatory skin conditions, acute lung injury 

and organ transplant rejection [2–10].

Endothelial activation occurs early in inflam-

mation, one characteristic being the up-regulated 

expression of endothelial adhesion molecules, 

such as E-selectin, P-selectin, ICAM-1 and 

VCAM-1 (Table 24.1). The endothelial adhesion 

molecules are involved in recruiting circulating 

leukocytes to the sites of inflammation, through 

the leukocyte adhesion cascade [7]. They also 

participate in immunological processes [17], as 

well as angiogenesis e.g., in tumour formation 

and ischaemia-led vasculogenesis. The leukocyte 

adhesion cascade consists of a sequence of 

events. First, leukocytes roll along the vessel wall 

through low-affinity adhesive interactions with 

E-selectin and P-selectin. This results in activa-

tion and firm adhesion of the leukocytes to the 

endothelium through ICAM-1 and VCAM-1. 

Adherent leukocytes then transmigrate through 

the vascular wall into tissues, mediated by 

chemo-attractants.

Stimuli for the up-regulated expression of 

endothelial adhesion molecules include tumour 

necrosis factor, interleukin-1β, γ-interferon, sub-

stance P and bacterial endotoxin lipopolysaccha-

ride [18]. Maximal endothelial adhesion molecule 

expression is generally noted between 3 and 6 h 

following exposure to the stimulus [7].

Transcription factors such as NF-κB and AP-1 

have been shown to regulate the expression of 

endothelial adhesion molecules. NF-κB also 

leads to further production of inflammatory 

mediators, such as tumour necrosis factor, by the 

recruited leukocytes. Thus a vicious cycle occurs 

at the site of inflammation with inflammatory 

mediator induced endothelial adhesion molecule 

expression, leading to leukocyte recruitment, 

leading to further production of inflammatory 

mediators from the recruited leukocytes, leading 

to further endothelial adhesion molecule expres-

sion and leukocyte recruitment [7, 19].

There are species [20] and tissue [16] differ-

ences in endothelial adhesion molecule expres-

sion. More recently, genetic polymorphisms 

of endothelial adhesion molecules have been 

associated with their altered expressions in 

inflammatory conditions, such as atherosclero-

sis, rheumatoid arthritis, other connective tissues 

diseases, vasculitis and diabetes mellitus [20].

The up-regulated expression of endothelial 

adhesion molecules may be used as molecular 

markers of endothelial activation or inflamma-

tory activity in a number of important cardiovas-

cular and non-cardiovascular diseases [1, 31–33]. 

Furthermore, imaging of a series of endothelial 

adhesion molecules may be relevant because the 

expression profile (combination and level) of 

individual adhesion molecules may differ in dif-

ferent types and/or stages of diseases e.g., acute 

vs chronic vs resolving inflammation. For exam-

ple, there is evidence that E- and P-selectin are 

involved in the selective recruitment of T-helper 
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1 cells [22, 23]. In myocarditis, T-helper 1-domi-

nated responses are associated with the induction 

of myocarditis, whilst T-helper 2-dominated 

responses are associated with enhanced recovery 

[21]. Thus it may be possible to determine the 

status of myocarditis without tissue biopsy, by 

non-invasively imaging the endothelial adhesion 

molecule expression profile using quantitative 

ultrasound molecular imaging.

24.1.1.1 E-Selectin
Classically, E-selectin is expressed only on 

 activated endothelial cells in the post-capillary 

venules. Its basal expression in resting endothelial 

cells, where present, is very low or undetectable. 

However, detectable low levels of constitutive 

E-selectin expression has been reported in some 

vascular beds of certain animals in the absence of 

overt inflammation [15, 16]. In addition to the 

post-capillary venules (the classical site of 

E-selectin expression), E-selectin expression has 

also been found in inflamed myocardial microvas-

culature [24], renal glomeruli [10] and the aorta 

[25, 26], in mouse models of Coxsackievirus B3 

myocarditis [24], glomerulonephritis [10], and 

atherosclerosis [25], respectively.

E-selectin interacts with N- and O-glycans 

that contain the sialyl Lewis x tetrasaccharide or 

its isomers, such as the glycoprotein L-selectin 

(in man, not mice), E-selectin ligand-1 (ESL-1) 

and P-selectin glycoprotein ligand-1 (PSGL-1). 

These E-selectin ligands are present on neutro-

phils, monocytes, lymphocytes, myeloid cells, 

dendritic cells, and eosinophils [15].

E-selectin on the endothelial cell surface may 

be cleaved, releasing soluble E-selectin that lacks 

the intact cytoplasmic domain. The normal blood 

level of soluble E-selectin has been reported to be 

in the range of 0.1–3 ng/ml [12]. Cell-surface 

E-selectin may also be internalised into the endo-

thelial cell by endocytosis [27].

E-selectin has been detected in human tissues 

of cardiac transplant rejection [28], myocarditis 

[29], dilated cardiomyopathy [29], coronary 

atheromatous heart disease [30], rheumatoid 

arthritis [31], inflammatory bowel disease [8], 

chronic inflammatory disease of the skin [9], 

cytomegalovirus infection [11] and sepsis [12].

E-selectin’s mono cell type expression and 

specificity for endothelial activation/inflammation 

made it an attractive prototype molecule for deve-

lopmental work in quantitative real-time ultra-

sound molecular imaging Yeh et al. 2008 [1, 34].

24.1.2  Microbubbles as Ultrasound 
Contrast Enhancement Agents

24.1.2.1  Ultrasound Imaging 
for Microbubble Detection

Microbubbles are strong scatterers of ultrasound, 

readily detectable at typical clinical ultrasound 

frequencies of 2–13 MHz, despite being 

<6–10 um in diameter which is significantly 

smaller than the resolution of ultrasound. The 

echogenicity of the bubbles is dependent on the 

bubble size (size distribution), compressibility 

of the bubbles or gas, shell thickness/elasticity/ 

viscosity, bubble scattering: attenuation ratio, 

insonating ultrasound frequency and power.

Microbubbles are compressible and may 

undergo non-linear radial oscillation in an acous-

tic field generating strong backscattered signals 

that can be differentiated from tissue signals 

using special non-linear ultrasound imaging 

modes (e.g., pulse inversion, Contrast Pulse 

Sequencing, Power Modulation).

In the acoustic field, microbubbles have differ-

ent responses depending on the insonating acous-

tic power (peak negative pressure or mechanical 

index (MI)). At very low acoustic powers (e.g., 

<0.1 MPa or MI <0.1), bubbles oscillate linearly 

(contraction and expansion are similar in ampli-

tude). At low-moderate powers (e.g., 0.1–1 MPa 

or MI 0.1–1), bubble expansion is larger than con-

traction (non-linear oscillation), and produces sig-

nals whose frequencies are  multiples (harmonics) 

of the incident ultrasound wave. At high powers 

(e.g., >1 MPa or MI >1), the bubbles are destroyed 

rapidly, producing a brief non-linear response and 

harmonic signal of high amplitudes.

Non-linear imaging methods allow sensitive 

and specific detection of bubbles by evaluating 

the frequency components due to nonlinear 

response of the bubbles and suppressing those 
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due to linear response of the tissues. Methods 

include high or low acoustic power (MI) settings 

(see below). High acoustic power settings are 

usually >1 MPa (MI >1), while the low power 

settings are usually 0.1–0.25 MPa (MI 0.1–0.25). 

The MI used for contrast ultrasound studies in 

clinical practice ranges 0.05–1.9.

The high acoustic power imaging modes (0.8–

2.5 MPa or MI >0.8) are based on harmonic 

B-mode, harmonic Doppler or Power Doppler 

techniques. They cause rapid bubble destruction, 

associated with a brief emission of intense non- 

linear bubble signals, giving high bubble sensi-

tivity. These bubble destructive imaging modes 

exhibit a higher signal-to-noise ratio, better 

bubble- to-tissue contrast and lesser nonlinear 

signal propagation in tissues compared with fun-

damental B-mode or Doppler imaging. However 

only intermittent single-frame contrast ultra-

sound images can be acquired, due to the rapid 

bubble destruction. This precludes continuous 

real-time imaging/assessment.

The low acoustic power imaging modes (0.05–

0.5 MPa or MI 0.05–0.5) are based on pulse 

inversion (harmonic or Doppler), multi- pulse or 

coded excitation techniques. They cause minimal 

bubble destruction, allowing continuous real-time 

imaging. However, the lower acoustic power used 

has higher attenuation and lower bubble backscat-

ter signal intensity, which reduces bubble detec-

tion sensitivity compared with the high acoustic 

power techniques. In harmonic mode, the attenu-

ation is higher for returning harmonics than for 

the incident pulse. This effect cannot be compen-

sated for by a higher amplitude of the incident 

pulse because it would give rise to: (a) nonlinear 

signal propagation in tissues, reducing signal-to-

noise ratio and bubble-to- tissue contrast; (b) 

increased bubble destruction. Newer imaging 

modes based on multi-pulse sequence or coded 

excitation have increased signal- to-noise ratio 

and bubble-to-tissue contrast, allowing highly 

sensitive and specific bubble imaging at low 

acoustic powers. E.g., Contrast Pulse Sequencing 

[74] and Power Modulation imaging [75].

In practice, the relationship between the back-

scatter signal intensity and bubble concentration is 

exponential, with an approximately linear- range at 

low bubble concentrations [1, 76, 77]. At higher 

bubble concentrations, the increase in signal inten-

sity plateaus; and at even higher concentrations, 

the signal intensity decreases because of: (a) sig-

nal saturation due to the limited dynamic range of 

the ultrasound system; and (b) signal attenuation 

due to multiple scattering effect [78], absorption, 

other ultrasound energy dissipating mechanisms 

such as viscous loss and thermal damping [79].

24.1.2.2  Microbubble Stability
Bubbles decay by dissolution (gas deflation), 

resulting in a decrease in size and number, and 

contrast ultrasound signal intensity. Factors influ-

encing the stability of bubbles include the bubble 

size, characteristics of the bubble gas (low solu-

bility, high molecular weight, low Ostwald coef-

ficient, high saturated vapour pressure or low 

lipophilicity gives more stable bubbles), diffusiv-

ity of the gas across the shell, the shell  thickness, 

surface tension, and solubility (bubbles with 

water soluble galactose shell last for shorter peri-

ods than those with relatively insoluble  albumin- 

or phospholipid-shell), shell stability against 

mechanical perturbation, and the presence/

absence of mechanical perturbation such as 

 ultrasound insonation, shear force and systemic 

pressures in vivo [1, 36–39].

24.1.2.3  Biodistribution 
and Elimination 
of Microbubbles In Vivo

Microbubbles are considered as flow tracers 

which remain within the intravascular space and 

have rheology similar to that of the red blood 

cells [35]. The lungs and reticuloendothelial 

 system (RES) are their major routes of elimina-

tion. They differ from iodinated or other contrast 

agents commonly used in scintigraphy, CT, MRI 

or PET imaging, which diffuse into the intersti-

tium or cells, with often the kidneys as one of the 

major routes of elimination.

Following iv administration, the bubbles first 

reach the right heart, then the pulmonary circula-

tion in the lungs, then return to the left heart and 

onwards to the systemic circulation. They con-

tinuously decay (decreasing in size and number) 

in the blood stream by gaseous deflation, the rate 

of which is influenced by the surrounding milieu 

for gaseous diffusion, such as the diffusion gradi-

ent and changes in the ambient pressure (such as 

in the ventricle, lungs or acoustic field) [36–39]. 
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Iv administered bubbles undergo first-pass elimi-

nation in the lungs by size filtration, whereby 

those larger than the capillaries (e.g., >6–10 μm 

diameter) are mechanically trapped in the pulmo-

nary microcirculation. The gas is exhaled out of 

the lungs unmetabolised. There is no significant 

sequestration of the bubbles in the lungs [40], pre-

sumably because the large trapped bubbles deflate 

rapidly. This first pass lung extraction has been 

shown to occur within 20–60 s [41, 42] in man 

following iv injection, and may decrease the total 

bubble gas volume by 30–50 %, depending on the 

size distribution of the bubbles administered. The 

bubbles are continuously removed from the circu-

lation by RES uptake – primarily in the liver and 

spleen –  involving phagocytosis by Kupffer cells 

or splenic macrophages,  respectively [40, 43–48]. 

This is similar to other macromolecular contrast 

agents such as liposomes [49], supramagnetic 

iron oxide particles [50] and quantum dots [51]. 

The bubble shells are metabolised through path-

ways dictated by its component composition. 

Bubble elimination approximated to first-order 

kinetics (reviewed in Yeh et al. 2010 [1]).

In the pig, a significant proportion of micro-

bubbles are removed by the pulmonary intravas-

cular macrophages lining the lung capillaries [46, 

52]. Pulmonary intravascular macrophages are 

only found in certain species such as cats and 

some mammals of the order Artiodactyla, which 

includes pigs, sheep, goats, and cattle. They are 

absent or negligible in rodents, rabbits, chickens, 

monkeys or man [53, 54]. The uptake of bubbles 

by the pulmonary macrophages causes powerful 

pulmonary vasoconstriction – apparently medi-

ated by thromboxane [55]. An important impli-

cation of this is that experiments using  certain 

animals (e.g., pigs) would require pre-treatment 

with steroids or non steroidal anti-inflammatory 

drugs, in order to prevent adverse effects from pul-

monary vasoconstriction induced by the bubbles. 

The experiments would need to be designed such 

that the critical region of the hypothesis being 

tested will not be affected by these variables.

The biodistribution or elimination of targeting 

microbubbles are seldom described, however 

they are expected to be similar to that of the non- 

targeting bubbles, with the exception that target-

ing bubbles accumulate additionally at site(s) of 

their targeted molecule expression [44, 45]. 

Unlike circulating bubbles, retained bubbles at 

target sites are eliminated primarily by passive 

and/or ultrasound mediated gaseous deflation 

[39]; RES-uptake or rapid gaseous deflation in 

the lungs do not occur unless the bubbles targeted 

molecules expressed in the RES or lungs, respec-

tively. Retained bubbles in non-RES tissues may 

be phagocytosed and degraded by leukocytes 

[56], but this is not universal [1] and likely depen-

dent on the bubble property (e.g., chemical com-

position, physico-chemical and biological 

properties), the biology of the targeted molecule, 

the targeted cell, tissue or disease process. The 

elimination of targeting bubbles approximates to 

first-order kinetics [1]. The half- life of retained 

bubbles is longer the greater its initial (maxi-

mum) concentration [1]. This may be due to a 

bubble-to-bubble protection phenomenon recently  

described in vitro [57] and in vivo [1]–as the 

 distance between adjacent bubbles shortens at 

higher concentrations, there is: (i) increased 

acoustical interactions between adjacent bubbles 

causing mechanical responses such that the net 

diffusion of gas out of the bubble population is 

reduced; and/or (ii) reduced concentration gradi-

ent for gas diffusion out of the bubbles, due to 

increased gas saturation in the micro- environment 

surrounding them. Such phenomenon highlights 

an important pitfall of conventional acoustic 

quantification methods (see Sect. 24.2.1).

24.1.2.4  Composition and Preparation 
of Microbubbles

The chemical composition and processing con-

dition of the microbubbles influence their physi-

cal chemistry and mechanical properties, thus 

 affecting their stability, yield, charge, size distri-

bution, acoustic response, degree of non-specific 

adherence/retention in tissues, elimination and 

toxicity in vivo. Some of these variables are inter-

related [1, 58–63].

Non-targeting and targeting microbubbles, 

 produced by the pharmaceutical industry and oth-

ers, which demonstrated ultrasound  imaging in 
vivo are shown in Table 24.2. Detailed informa-

tion on the composition and processing conditions 

required for making them is generally lacking in 

the public domain. For phospholipid-based micro-

bubbles, the phospholipids can be dispersed along 

with surfactant polyethylene  glycol (PEG)  stearate 

24 Molecular Imaging of Inflammation Using Echocardiography. Advances with the Use of Microbubbles



472

Ta
b

le
 2

4
.2

 
E

x
am

p
le

s 
o
f 

m
ic

ro
b
u
b
b
le

s 
u
se

d
 i

n
 h

u
m

an
s 

(a
lb

u
m

in
-,

 p
h
o
sp

h
o
li

p
id

- 
o
r 

o
th

er
-s

h
el

le
d
 b

u
b
b
le

s)

M
ic

ro
b
u
b
b
le

C
o
m

p
o
si

ti
o
n

G
as

N
et

 

ch
ar

g
e/

ze
ta

 

p
o
te

n
ti

al

M
ea

n
 s

iz
e 

o
r 

cu
m

u
la

ti
v
e 

si
ze

 

d
is

tr
ib

u
ti

o
n
 

(μ
m

)

C
o
n
c 

(x
1
0

9
/

m
l)

A
p
p
li

ca
ti

o
n

C
li

n
ic

al
 t

ri
al

 

st
at

u
s

A
p
p
ro

v
al

 s
ta

tu
s

D
ev

el
o
p
er

B
Y

9
6
3

P
h
o
sp

h
o
li

p
id

 s
h
el

l:
 

co
n
ta

in
s 

D
S

P
G

A
ir

L
V

O
 

D
o
p
p
le

r 
(c

er
eb

ra
l,

 

ce
n
tr

al
 a

n
d
 p

er
ip

h
er

al
 

v
es

se
ls

)

P
h
as

e 
II

I 

(E
u
ro

p
e)

B
y
k
 G

u
ld

en

P
h
as

e 
II

I

D
efi

n
it

y
 

(P
er

fl
u
tr

en
, 

A
er

o
so

m
es

, 

M
R

X
 1

1
5
, 

D
M

P
 1

1
5
)

P
h
o
sp

h
o
li

p
id

 s
h
el

l 

(8
 n

m
 t

h
ic

k
):

 D
P

P
A

: 

D
P

P
C

: 

M
P

E
G

5
0
0
0
D

P
P

E
  

in
 1

0
:8

2
:8

 m
o
la

r 

ra
ti

o

C
3
F

8
N

eg
1
.1

–
3
.3

9
8
 %

 <
1
0
 μ

m

1
–
1
.5

L
V

O
F

D
A

-fi
le

d
 (

U
S

A
 

an
d
 E

u
ro

p
e)

, 

P
h
as

e 
II

I 
(J

ap
an

)

L
ic

en
se

d
B

ri
st

o
l-

M
y
er

s 
S

q
u
ib

b
 

(I
m

aR
x
 

P
h
ar

m
ac

eu
ti

ca
ls

?)

M
P

P
h
as

e 
II

/I
II

H
ep

at
ic

 a
n
d
 r

en
al

 

m
as

se
s

F
D

A
-fi

le
d
 (

U
S

A
 

an
d
 E

u
ro

p
e)

, 

P
h
as

e 
II

I 
(l

iv
er

, 

Ja
p
an

)

B
re

as
t 

m
as

se
s

P
h
as

e 
II

Im
ag

en
t 

(I
m

av
is

t,
 

A
F

O
-1

5
0
)

P
h
o
sp

h
o
li

p
id

 s
h
el

l:
 

co
n
ta

in
s 

D
M

P
C

C
6
F

1
4

N
eu

t
5

0
.5

L
V

O
F

D
A

-fi
le

d
 (

U
S

A
)

L
ic

en
se

d
A

ll
ia

n
ce

 

P
h
ar

m
ac

eu
ti

ca
l 

C
o
rp

o
ra

ti
o
n
 +

 S
ch

er
in

g
 

A
G

9
9
.8

 %
 <

1
0
 μ

m
M

P
P

h
as

e 
II

 

co
m

p
le

te
d

S
tr

es
s 

ec
h
o
 

(p
h
ar

m
ac

o
lo

g
ic

al
 

st
re

ss
)

P
h
as

e 
II

L
es

io
n
s 

an
d
 b

lo
o
d
 

fl
o
w

 a
b
n
o
rm

al
it

ie
s

P
h
as

e 
II

P
ro

st
at

e 
an

d
 b

re
as

t
P

h
as

e 
II

S
o
n
az

o
id

 

(N
C

1
0
0
1
0
0
)

P
h
o
sp

h
o
li

p
id

 s
h
el

l
C

4
F

1
0

N
eg

3
1

L
V

O
F

D
A

- s
u
b
m

it
te

d
 

(U
S

A
)

N
o
t 

ap
p
ro

v
ed

N
y
co

m
ed

 I
m

ag
in

g

M
P

P
h
as

e 
II

V
is

u
al

is
at

io
n
 o

f 
li

v
er

 

le
si

o
n
s

P
h
as

e 
II

 

co
m

p
le

te
d

S
o
n
o
V

u
e 

(B
R

1
)

P
h
o
sp

h
o
li

p
id

 s
h
el

l:
 

co
n
ta

in
s 

D
S

P
C

, 

D
P

P
G

, 
p
al

m
it

ic
 

ac
id

, 
P

E
G

4
0
0
0

S
F

6
N

eg
2
.5

>
9
0
 %

 <
8
 μ

m

0
.1

–
0
.5

L
V

O
F

D
A

-fi
le

d
 (

U
S

A
 

an
d
 E

u
ro

p
e)

L
ic

en
se

d
B

ra
cc

o
 D

ia
g
n
o
st

ic
s

M
ac

ro
v
as

cu
la

tu
re

F
D

A
-fi

le
d
 (

U
S

A
 

an
d
 E

u
ro

p
e)

L
ic

en
se

d

M
P

P
h
as

e 
II

J.S.M. Yeh and P. Nihoyannopoulos



473

B
R

5
5
 

(V
E

G
F

R
2
 

ta
rg

et
in

g
 

b
u
b
b
le

)

P
h
o
sp

h
o
li

p
id

 s
h
el

l:
 

co
n
ta

in
s 

D
S

P
E

- 

P
E

G
(2

0
0
0
),

 

D
S

P
E

-P
E

G
(2

0
0
0
)-

p
ep

ti
d
e

C
4
F

1
0
 +

 N
2

1
.5

 ±
 0

.1
(S

D
),

 

ra
n
g
e 

1
–
3
 μ

m

2
P

ro
st

at
e 

ca
n
ce

r 

im
ag

in
g

P
h
as

e 
0
 (

re
su

lt
s 

aw
ai

te
d
)

B
ra

cc
o
 D

ia
g
n
o
st

ic
s

E
ch

o
v
is

t 
(S

H
 

U
4
5
4
)

G
al

ac
to

se
-b

as
ed

 

sh
el

l

A
ir

9
9
 %

 <
 1

2
 μ

m
, 

9
5
 %

 <
 8

 μ
m

L
ic

en
se

d
S

ch
er

in
g
 A

G

L
ev

o
v
is

t 

(S
H

U
 5

0
8
A

)

G
al

ac
to

se
-b

as
ed

 

sh
el

l:
 9

9
.9

 %
 

g
al

ac
to

se
, 
0
.1

 %
 

p
al

m
it

ic
 a

ci
d

A
ir

N
eg

9
5
 %

 <
 1

0
 μ

m
L

V
O

M
ar

k
et

ed
 i

n
 

E
u
ro

p
e,

 e
tc

.

L
ic

en
se

d
 (

E
U

, 

Ja
p
an

, 
C

an
ad

a)

S
ch

er
in

g
 A

G

D
o
p
p
le

r 
an

d
 C

F
I;

 

v
as

cu
la

r

P
h
as

e 
II

I 

co
m

p
le

te
d
 i

n
 

U
S

A
 a

n
d
 J

ap
an

A
lb

u
n
ex

 

(A
B

X
)

A
lb

u
m

in
 s

h
el

l 

(1
5
 n

m
 t

h
ic

k
):

A
ir

−
3
 m

V
4
 ±

 2
 (

S
D

)
0
.5

–
0
.8

W
it

h
d
ra

w
n

M
al

li
n
ck

ro
d
t

5
 %

 h
u
m

an
 s

er
u
m

 

al
b
u
m

in

O
p
ti

so
n
 

(F
S

0
6
9
)

A
lb

u
m

in
 s

h
el

l:

al
b
u
m

in
 

N
-a

ce
ty

lt
ry

p
to

p
h
an

, 

ca
p
ry

li
c 

ac
id

C
3
F

8
S

li
g
h
t 

n
eg

2
–
4
.5

0
.5

–
0
.8

L
V

O
M

ar
k
et

ed
 i

n
 

U
S

A
 a

n
d
 E

u
ro

p
e

W
it

h
d
ra

w
n

M
o
le

cu
la

r 
B

io
sy

st
em

s

9
3
 %

 <
1
0
 μ

m
M

P
P

h
as

e 
II

/I
II

S
tr

es
s 

ec
h
o

P
h
as

e 
II

L
iv

er
 i

m
ag

in
g

P
h
as

e 
II

/I
II

T
C

D
 a

n
d
 k

id
n
ey

A
lb

u
m

in
:

A
ir

3
.2

1
.5

M
P

P
h
as

e 
II

 

(s
u
sp

en
d
ed

)

N
o
t 

ap
p
ro

v
ed

/

w
it

h
d
ra

w
n

A
n
d
ar

is
 L

td

H
u
m

an
 s

er
u
m

 

al
b
u

m
in

 

(r
ec

o
m

b
in

an
t)

C
ar

d
io

sp
h
er

e 

(P
B

 1
2
7
)

B
il

ay
er

 p
o
ly

la
ct

id
e/

al
b
u

m
in

 s
h
el

l

N
2

S
li

g
h
t 

n
eg

M
P

P
h
as

e 
II

I 

co
m

p
le

te
d

P
O

IN
T

 B
io

m
ed

ic
al

S
o
n
o
v
is

t 

(S
o
n
av

is
t,

 

S
H

U
 5

6
3
A

)

P
o
ly

cy
an

o
ac

ry
la

te
 

sh
el

l

A
ir

L
iv

er
, 
k
id

n
ey

, 
M

P
P

h
as

e 
II

S
ch

er
in

g
 A

G

A
cu

sp
h
er

e 

(I
m

ag
if

y,
 A

I 

7
0
0
)

P
o
ly

(l
ac

ti
c-

co
-

g
ly

co
li

c 
ac

id
) 

b
as

ed
 

sh
el

l

C
4
F

1
0

N
eg

M
P

P
h
as

e 
II

I
A

cu
sp

h
er

e 
In

c (c
o
n
ti

n
u
ed

)

24 Molecular Imaging of Inflammation Using Echocardiography. Advances with the Use of Microbubbles



474

Ta
b

le
 2

4
.2

 
(c

o
n
ti

n
u
ed

)

E
ch

o
G

en
a  

C
h
ar

g
ed

 s
u
rf

ac
ta

n
t 

(l
iq

u
id

 d
ro

p
le

t 

w
it

h
o
u
t 

sh
el

l)
:

D
D

F
P

N
eg

3
–
1
0

3
–
5

L
V

O
A

p
p
ro

v
ed

 f
o
r 

m
ar

k
et

in
g
 i

n
 

E
u
ro

p
e

W
it

h
d
ra

w
n

S
o
n
u
s 

P
h
ar

m
ac

eu
ti

ca
ls

2
 %

 D
D

F
P

 e
m

u
ls

io
n
 

co
n
ta

in
in

g
 s

u
rf

ac
ta

n
t 

(P
E

G
 T

el
o
m

er
 

B
) 
+

 s
u
cr

o
se

M
P

P
h
as

e 
II

S
tr

es
s 

ec
h
o
 (

ex
er

ci
se

 

an
d
 p

h
ar

m
ac

o
lo

g
ic

al
 

st
re

ss
)

P
h
as

e 
II

I 

co
m

p
le

te
d

C
h
es

t 
p
ai

n
 i

n
 E

R
P

h
as

e 
II

3
D

 e
ch

o
ca

rd
io

g
ra

p
h
y

P
h
as

e 
II

I 

co
m

p
le

te
d

P
ro

st
at

e

A
d
ap

te
d
 a

n
d
 m

o
d
ifi

ed
 f

ro
m

 Y
eh

 e
t 

al
. 
[1

]

(t
h
e 

o
n
ly

 t
ar

g
et

in
g
 m

ic
ro

b
u
b
b
le

 t
es

te
d
 i

n
 h

u
m

an
s,

 P
h
as

e 
0
)

A
b
b
re

v
ia

ti
o
n
s:

 C
F

I 
co

lo
u
r 

fl
o
w

 i
m

ag
in

g
, 
C

on
c 

co
n
ce

n
tr

at
io

n
, 
D

D
F

P
 d

o
d
ec

afl
u
o
ro

p
en

ta
n
e,

 D
P

PA
 d

ip
al

m
it

o
y
lp

h
o
sp

h
at

id
ic

 a
ci

d
, 
D

P
P

C
 d

ip
al

m
it

o
y
lp

h
o
sp

h
at

id
y
lc

h
o
li

n
e,

 D
P

P
E

 

d
ip

al
m

it
o
y
lp

h
o
sp

h
at

id
al

et
h
an

o
la

m
in

e,
 D

P
P

E
-M

P
E

G
50

00
 N

-(
m

et
h
o
x
y
p
o
ly

et
h
y
le

n
e 

g
ly

co
l 

5
0
0
0
 c

ar
b
am

o
y
l)

-D
P

P
E

, 
D

P
P

G
 d

ip
al

m
it

o
y
lp

h
o
sp

h
at

id
y
lg

ly
ce

ro
l,

 D
SP

C
 d

is
te

ar
o
-

y
lp

h
o
sp

h
at

id
y
lc

h
o
li

n
e,

 D
SP

G
-N

a 
3
-s

n
-p

h
o
sp

h
at

id
y
l-

1
-D

L
-g

ly
ce

ro
-d

is
te

ar
y
l 

so
d
iu

m
 d

er
iv

at
iv

e 
o
f 

p
h
o
sp

h
o
li

p
id

 i
so

la
te

d
 f

ro
m

 s
o
y
b
ea

n
s,

 L
V

O
 l

ef
t 

v
en

tr
ic

u
la

r 
o
p
ac

ifi
ca

ti
o
n
, 

al
so

 

k
n
o
w

n
 a

s 
en

d
o
ca

rd
ia

l 
b
o
rd

er
 d

el
in

ea
ti

o
n
 (

E
B

D
))

, 
M

P
 m

y
o
ca

rd
ia

l 
p
er

fu
si

o
n
, 

P
E

G
40

00
 m

ac
ro

g
o
l 

4
0
0
0
, 
T

C
D

 t
ra

n
sc

ra
n
ia

l 
D

o
p
p
le

r
a E

ch
o
g
en

 i
s 

a 
li

q
u
id

-i
n
-l

iq
u
id

 fl
u
o
ro

ca
rb

o
n
 e

m
u
ls

io
n
 c

o
n
ta

in
in

g
 s

u
rf

ac
ta

n
t 

(P
E

G
 T

el
o
m

er
 B

),
 w

h
er

e 
D

D
F

P
 m

ic
ro

d
ro

p
le

ts
 p

h
as

e 
sh

if
t 

to
 b

u
b
b
le

s 
af

te
r 

p
h
y
si

ca
l 

ac
ti

v
at

io
n
 in

 v
iv

o 
(h

y
p
o
b
ar

ic
 a

ct
iv

at
io

n
 b

y
 b

o
d
y
 t

em
p
er

at
u
re

, 
N

B
. 
b
o
il

in
g
 p

o
in

t =
 2

9
.3

 °
C

) 
[7

3
]

M
ic

ro
b
u
b
b
le

C
o
m

p
o
si

ti
o
n

G
as

N
et

 

ch
ar

g
e/

ze
ta

 

p
o
te

n
ti

al

M
ea

n
 s

iz
e 

o
r 

cu
m

u
la

ti
v
e 

si
ze

 

d
is

tr
ib

u
ti

o
n
 

(μ
m

)

C
o
n
c 

(1
0

9
/

m
l)

A
p
p
li

ca
ti

o
n

C
li

n
ic

al
 t

ri
al

 

st
at

u
s

A
p
p
ro

v
al

 s
ta

tu
s

D
ev

el
o
p
er

J.S.M. Yeh and P. Nihoyannopoulos



475

in an organic solvent. The solvent is evaporated 

and replaced with an aqueous buffer. Bubbles are 

then formed using shear mixing approaches [58], 

where the mixture is sonicated or agitated vigor-

ously in the presence of the filling-gas. For mak-

ing targeting bubbles, targeting ligands can be 

conjugated to bubbles after the bubble formation 

(Fig. 24.1); or they can be conjugated to one of the 

shell  components (e.g., a phospholipid species) 

prior to bubble formation [60].

Conjugation chemistries used in making 

 targeting bubbles include non-covalent biotin-

(strept)avidin and covalent maleimide-thiol [1, 

64], pyridyldithio-thiol [102], carbodiimide [65], 

benzotriazole-amine [66], succinate-amine [103] 

or  amine- succinimidyl [67] conjugations. To 

date, the biotin-(strept)avidin conjugation chem-

istry is the most commonly used, it being simple, 

robust, efficient, and forms very strong stable 

bonds. Although attractive for early develop-

mental work, it is not suitable for human use 

because streptavidin or avidin is a bacterium 

Streptomyces avidinii protein or egg white pro-

tein, respectively, both known to produce 

unwanted immunogenic side effects [68]. An 

alternative maleimide-thiol conjugation chem-

istry has the advantage of low potential immuno-

genicity. Conjugate products containing 

maleimide have been tested in humans without 

significant immunogenic or toxic side- effects 

attributable to maleimide per se [69, 70]. This 

includes the maleimide-PEG-hemoglobin conju-

gate, Hemospan®, which has completed Phase III 

clinical trial [70]. The thioether bond formation 

Native MB

Targeting

MB

Targeting ligand

Biotin-streptavidin conjugation

Maleimide-thiol conjugation

Key

Phospholipid

Polyethylene glycol

Biotin

Streptavidin

mAb

F(ab')2 of mAb

Maleimide

S

N
O

O

N
O

O

NEM

S

S
S

S
S

SS
S

S

s s

s s
s s

ss

Fig. 24.1 Strategy for converting native (non-targeting) 

microbubbles to targeting microbubbles for ultrasound 

molecular imaging. Native bubbles containing biotin or 

maleimide on its shell surface are conjugated with target-

ing ligands (e.g., mAb or its F(ab′)2 fragment). Top: tradi-

tional biotin-streptavidin conjugation where biotinylated 

mAb is linked to bubbles containing biotin on its  surface, 

via streptavidin. Bottom: maleimide-thiol conjugation 

where reduced F(ab′)2 containing thiol (thiol produced 

from the reduction of interchain disulfide bond) is linked 

to bubbles containing maleimide on its surface. 

Abbreviations: mAb monoclonal antibody, NEM 

N-ethylmaleimide

24 Molecular Imaging of Inflammation Using Echocardiography. Advances with the Use of Microbubbles



476

between the maleimide on the  bubble-shell and 

thiol on the targeting-ligand is strong and rapid at 

near  neutral pH (bond strength in the order of 

nano newtons; second-order rate constant 0.8–

1.2 × 104 M−1 s−1) [71]. The near neutral pH is 

advantageous in avoiding negative impact on the 

ligands and bubbles during the conjugation reac-

tion, and in preventing dissociation of the ligands 

from the bubble-shell in vivo. In 2008, Yeh et al. 
reported E-selectin  targeting bubbles, based on 

maleimide- thiol conjugation chemistry, that 

were effective for ultrasound molecular imaging 

in vivo (Figs. 24.2 and 24.3). These bubbles were 

stable, echogenic, specific to the targeted mole-

cule and effective for real-time and quantitative 

ultrasound molecular imaging in vivo. 

a
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Fig. 24.2 Ultrasound molecular imaging of E-selectin 

expression in the mouse heart. Sequential Images (a, b). 

E-selectin targeting microbubbles were administered as 

a rapid iv bolus via the tail vein at 10s (0:10) to anaes-

thetised WT (a) and E-selectin KO (b) mice, both pre-

treated with lipopolysaccharide to induce systemic 

inflammation involving the heart. Shown are sequential 

14 MHz low MI Contrast Pulse Sequencing (a bubble-

specific imaging mode) images of the heart in end-diastole, 

in parasternal short axis view of the LV. Bubble signal 

intensities are shown in a heated object scale (orange 
colour), tissue signals are not displayed. Results: Signals 

in the LV cavity and myocardium peaked within a few 

heart beats (<1 s). Signal attenuation in the LV cavity 

and myocardium decreased with time (e.g., frame 0:30 

vs 6:20) as bubble concentrations decreased. Signal in 

the LV cavity (representing the concentration of free 

flowing bubbles in the blood pool) decreased more rap-

idly in the WT than the E-selectin KO mouse. Signal in 

the myocardium persisted after clearance of bubbles 

from the blood pool in the WT but not the KO mouse, 

indicating retention of the E-selectin targeting bubbles 

by E-selectin expressed in the WT myocardium. Time 

intensity curves of the LV cavity and myocardium in the 

WT (c) and E-selectin KO (d) mice. Plotted are the 

background subtracted mean acoustic units (AU) ± SD 

for the LV cavity (region of interest (ROI) C) and myo-

cardium (ROI M). Suggested bolus (B), distribution (D) 

and elimination phases (E) of the bubbles are shown. A 

second lower peak signal intensity ≈ 40–50s post bubble 

administration could be observed in most animals 

(arrow, inset) as ultrasound signal attenuation reduced 

with decreased bubble concentration in the  distribution 

phase
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 Non-specific retention in non-RES tissues and 

adverse effects were minimal following iv 

administration [1, 34, 64]. Elsewhere, an amine-

succinimidyl conjugation chemistry has been 

used in BR55 (a VEGFR2 targeting microbub-

ble) [67], the only targeting bubble tested in 

humans so far – the results of its Phase 0 clinical 

trial are still awaited [72].

The number of  targeting ligands per bubble 

ranged 0.3–80 × 104 (0.6–300 × 103 ligands/μm2), 

most in the order of 1–10 × 104/bubble (1–10 x 

103 ligands/μm2) Table 24.3.

Before administration of E-selectin targeting bubbles

WT

E-selectin
KO 

i ii

iii iv

Upper abdomen Lower abdomen

Post clearance of bubbles from the blood pool

(≈30 min post bubble administration)

WT

E-selectin

KO 

v vi

vii viii

L K S

Upper abdomen Lower abdomen

Fig. 24.3 Ultrasound molecular imaging of E-selectin 

expression in the mouse kidneys. WT and E-selectin KO 

mice were both pre-treated with lipopolysaccharide to 

induce systemic inflammation involving the kidneys. 

Baseline transverse images of the abdomen were obtained 

by scanning in a cranial-caudal direction, before iv bolus 

administration of E-selectin targeting microbubbles (i–iv). 

Imaging of the abdomen was resumed at ~30min post bub-

ble administration (v–viii). Shown are 14 MHz low MI 

Contrast Pulse Sequence images of the upper abdomen 

encompassing the liver (i, iii, v, vii) and lower abdomen 

encompassing the kidneys (K) and spleen (S) (ii, iv, vi, 

viii). Bubble signal intensities are displayed in a heated 

object scale (orange colour) superimposed with tissue sig-

nals in grey scale. Results: The elimination of the 

 circulating bubbles by RES-uptake could be inferred from 

the persistence of bubble signals in the liver and spleen, in 

both the WT and E-selectin KO mice, following the clear-

ance of circulating bubbles from the blood pool. Specific 

targeting of the bubbles to E-selectin in the kidneys was 

observed in the WT, shown as the persistence of bubble 

signals in the kidneys after clearance of the circulating 

bubbles from the blood pool, which occurred in the WT but 

not E-selectin KO mice. The targeted bubble signal for 

E-selectin was located predominantly in the renal cortex, as 

expected (E-selectin was expressed predominantly on the 

endothelial cells of the renal glomeruli, which are 

 concentrated in the renal cortex)
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Table 24.3 Phospholipid-shelled targeting microbubbles tested for ultrasound molecular imaging in vivo

Origin 

(bubble ID, 

where 

available)

Conjugation 

chemistry Bubble shell composition Bubble gas

Targeting 

ligand

Targeting 

ligand density 

on bubble 

(conjugation 
reaction ratio)

Bubble  

diameter  

(μm)

UVA Biotin- 

streptavidin

DSPC (83 mol %)

PEG40-stearate 

(16 mol %)

DSPE-PEG2000- biotin 

(1 mol %)

±DiI, DiO or rhodamine 

DHPE (small unspecified 

amount)

C4F10 mAb

Peptide

Protein

2–165 k/μm2

60–300 k/

bubble

Mean:  

1.9–3.4

Range:  

94–97 %  

are <5

J.S.M. Yeh and P. Nihoyannopoulos
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(continued)

Targeted molecules Disease model

Tissues 

imaged

Host & bubble 

dose (number of 

bubbles) Applicationa References

α5-integrins

αv-integrins

β1-and β3-integrins

CX3CR-1

H-2Kk (mouse 

MHC class I H-2Kk 

protein) on 

transfected 

bone-marrow 

derived endothelial 

progenitor cell

ICAM-1

VCAM-1

MAdCAM-1

P-selectin

Platelet 

glycoprotein-1bα
Selectins (not 

discriminating 

amongst E-, P-, and 

L-selectin)

vWF (A1-domain)

Angiogenesis 

(chronic ischemia, 

stem cell therapy, 

tumor)

Coronary 

thrombosis & 

angioplasty

Inflammation 

(atherosclerosis, 

cardiac transplant 

rejection, Crohn’s 

disease (small 

bowel), ischemia- 

reperfusion injury)

Aorta

Bowel

Heart

Kidney

Skeletal 

muscle

Tumor 

(implanted in 

brain or 

flanks)

Matrigel plug 

(implanted in 

abdomen)

Mouse: 1–10 × 106

Rat: 2.5–100 × 106

Dog: 108

RT Lindner JR et al., 

Circulation 2001;104:2107

Ellegala DB et al., 

Circulation 2003;108:336

Leong-Poi H et al., 

Circulation 2003;107:455; 

Circulation 2005;111:3248

Weller GE et al., 

Circulation 2003;108:218; 

Cancer Res 2005;65:533

Sakuma T et al., 

Cardiovasc Res 

2005;66:552

Bachmann C et al., 

Gastroenterology 

2006;130:8

Villanueva FS et al., 

Circulation 2007;115:345

Kaufmann BA et al., 

Circulation 2007;116:276; 

Eur Heart J 2007;28:2011; 

J Am Soc Echocardiogr 

2010;23:79; Arterioscler 
Thromb Vasc Biol 
2010;30:54

Behm CZ et al., 

Circulation 2008;117:2902

Kuliszewski MA et al., 

Cardiovasc Res 

2009;83:653

McCarty OJ et al., JACC 
Cardiovasc Imaging 

2010;3:947

Carr CL et al., Arterioscler 
Thromb Vasc Biol 
2011;31:2526

Davidson BP et al., J Am 
Coll Cardiol 2012;60:1690

Khanicheh E et al., 

Arterioscler Thromb Vasc 
Biol 2013;33:2187

Liu Y et al., Circ 
Cardiovasc Imaging 

2013;6:74

Ryu JC et al., Circulation 

2013;127:710
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Origin 

(bubble ID, 

where 

available)

Conjugation 

chemistry Bubble shell composition Bubble gas

Targeting 

ligand

Targeting 

ligand density 

on bubble 

(conjugation 
reaction ratio)

Bubble  

diameter  

(μm)

UVA Biotin- 

streptavidin

DSPC (83 mol %)

PEG40-stearate (16 mol %)

DSPE-PEG3400- biotin 

(1 mol %)

C4F10 mAb

Protein

Peptide

NA Mean: 3.2

UVA 

(bubbles 

loaded with 

plasmid 

DNA)

Biotin- 

streptavidin

DSPC (70 mol %)

PEG40-stearate (13 mol %)

DSPE-PEG2000- biotin 

(1 mol %)

DSTAP (16 mol %)

cDNA (plasmid containing 

firefly luciferase gene): 

0.04 pg loaded per bubble

±DiI or DiO

C4F10 mAb NA Mean:  

2.5–3.1

Targeson 

(TargeStar-

series)

Biotin- 

streptavidin

TargeStar/TargeStar-B

 Biotin coated bubbles

  Component details not 

disclosed

TargeStar-SA

  Streptavidin coated 

bubbles, containing 

2.7 k streptavidin/μm2 

(streptavidin on distal 

tip of PEG)

  Component details not 

disclosed

Perfluorocarbon 

(not specified)

mAb

Peptide

scFvs

(Reaction 
ratio: ligands 
at >20x excess 
necessary to 
saturate 
streptavidin 
binding sites)

Mean:  

1.9–2.5

Range: 1–8; 

>98 % are <8

Targeson 

(TS-02-

008, 

bubbles 

loaded with 

plasmid 

DNA)

Biotin- 

streptavidin

DSPC

PEG40-stearate

DSPE-PEG40- biotin 

(1 %)

DSTAP (2 mol %)

cDNA (plasmid containing 

firefly luciferase gene): 

0.04 pg loaded bubble

C4F10 mAb 200 k/bubble 

(not actually 

measured)

(Reaction ratio: 

5 μg mAb/107 

bubbles)

Mean: 1.8

Table 24.3 (continued)
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Targeted molecules Disease model

Tissues 

imaged

Host & bubble 

dose (number of 

bubbles) Applicationa References

Selectins (not 

discriminating 

between E- and 

P-selectin)

VCAM-1

VEGFR2

Angiogenesis 

(inflammation, 

tumor)

Atherosclerosis

Aorta

Tumor 

(implanted in 

hind limb)

Mouse: 1–10 × 106 Not RT van Wamel A et al., Proc 
IEEE Ultrason Symp 

2007;961 (abstract)

Khanicheh E et al., PLos 
One 2013;8:e58761

P-selectin Microbubble 

targeted gene 

delivery in 

ischemia 

(ischemia- 

reperfusion)

Skeletal 

muscle

Mouse: 2 × 108 Not RT Xie A et al., J Am Coll 
Cardiol Img 2012;5:1253

αvβ3-integrin

αIIbβ3 (GPIIb/IIIa)

CD147b

EGFRb

P-selectin

VEGFR2

Angiogenesis 

(tumor)

Thrombosis

Tumorigenesis

Artery 

(carotid)

Tumor 

(prostate)

Tumor 

(implanted in 

flank, hind 

limb or 

mammary fat 

pad)

Mouse: 

0.84–100 × 106

RT Rychak JJ et al., Mol 
Imaging 2007;6:289

Xuan JW et al., Mol 
Imaging 2009;8:209

Hu X et al., Invest Radiol 
2012;47:398

Sorace AG et al.,  

J Ultrasound Med 

2012;31:1543

Knowles JA et al., Arch 
Otolaryngol Head Neck 
Surg 2012;138:662

Wang X et al., Circulation 

2012;125:3117

MAdCAM-1

VCAM-1

Microbubble 

targeted gene 

delivery in Crohn’s 

disease

Bowel Mouse: 107 RT Tlaxca JL et al., J Control 
Release 2013;165:216

(continued)
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Table 24.3 (continued)

Origin 

(bubble ID, 

where 

available)

Conjugation 

chemistry Bubble shell composition Bubble gas

Targeting 

ligand

Targeting 

ligand density 

on bubble 

(conjugation 
reaction ratio)

Bubble  

diameter  

(μm)

Visual- 

Sonics, 

Bracco 

(Micro 

Marker 

Target 

Ready 

Contrast 

Agent)

Biotin- 

streptavidin

Streptavidin coated 

bubbles (streptavidin on 

distal tip of PEG)

No further details 

disclosed

C4F10 + N2 mAb

Peptide

6–8 k/μm2

40–54 k/1.5 μm 

bubble

Mean: 1–3

SMU Biotin- avidin ND ND mAb NA NA

SMU Biotin- 

streptavidin

Unspecified modification 

of bubbles from UVA

C3F8 mAb NA Mean: 2.4

SMUc Biotin- 

streptavidin

DPPC (55 mol %)

PEG40 stearate (20 mol %)

DSPE-PEG2000- biotin 

(4 mol %)

±DiI (21 mol %)

C3F8 mAb (Reaction 
ratio: 
streptavidin: 
mAb:bubble ≈  
105:3x105:1 or 
106 mAb/
bubble)

Mean: 2.3
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(continued)

Targeted molecules Disease model

Tissues 

imaged

Host & bubble 

dose (number of 

bubbles) Applicationa References

αvβ3-integrin

Human CD276 on 

transfected mouse 

vascular endothelial 

cell

DEspR

Endogolin

ICAM-1

P-selectin

Thy1

VCAM-1

VEGFR2

Angiogenesis 

(atherosclerosis, 

tumor)

Inflammation 

(atherosclerosis, 

ischemia- 

reperfusion injury, 

TNFα -induced)

Mural haemorrhage

Artery 

(carotid, 

femoral)

Bowel

Hind limb

Kidney

Tumor 

(thyroid, 

pancreas)

Tumor 

(implanted in 

flank, hind 

limb, 

mammary fat 

pad, pancreas 

or prostate)

Vasa vasorum 

neovessel 

(carotid)

Mouse: 3.8–7 × 107

Rat: 3.1 (1.3 × 108/

kg)–40 × 107

Rabbit

Monkey: 108

RT Bettinger T et al., 

Proceedings of the 12th 
European Symposium on 
Ultrasound Contrast 
Imaging 2007;81 

(Rottedam) (abstract)

Lyschik A et al., J 
Ultrasound Med 

2007;26:1575

Lee DJ et al., J Ultrasound 
Med 2008;27:855

Willmann JK et al., 

Radiology 2008;246:508, 

Radiology 2008;248:936, J 
Nuc Med 2010;51:433

Andonian S et al., J 
Endourol 2009;23:373

Lee SC et al., JACC 
Cardiovasc Imaging 

2010;3:1265

Tardy I et al., Invest Radiol 
2010;45:573

Decano JL et al., Mol 
Imaging Biol 2011;13:1096

Deshpande N et al., 

Radiology 2011;258:804; 

Radiology 2012;262:172

Foygel K et al., 

Gastroenterology 

2013;145:885

Mancini M et al., BMC 
Medical Imaging 

2013;13:31

Lutz AM et al., Clin 
Cancer Res 2014;20:1313

Chadderdon SM et al., 

Circ 2014;129:471

P-selectin Ischemia- 

reperfusion injury

Kidney Mouse RT(NS) Bin JP et al., Eur Heart J 

2008;29(Suppl 1):21 

(abstract)

αv-integrin

ICAM-1

Angiogenesis 

(ischemia)

Ischemia- 

reperfusion injury

Heart

Hind limb

Mouse: 5–10 × 106 RT Yan Y et al., Cardiovasc 
Res 2011;89:175

Xie J et al., Cardiovasc 
Res 2011;92:256

VCAM-1 Atherosclerosis Artery 

(abdominal 

aorta)

Mouse: 106 RT Wu J et al., Radiology 

2011;260:463
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Table 24.3 (continued)

Origin 

(bubble ID, 

where 

available)

Conjugation 

chemistry Bubble shell composition Bubble gas

Targeting 

ligand

Targeting 

ligand density 

on bubble 

(conjugation 
reaction ratio)

Bubble  

diameter  

(μm)

UCA Davis Biotin- 

streptavidin

DSPC (90 mol %)

DSPE-PEG2000 (5 mol %)

DSPE-PEG2000- biotin 

(5 mol %)

C4F10 Peptide 0.6 k/μm2

3 or 7 k/1.3 or 

1.8 μm bubble, 

respectively

Mode: 1.8,  

4.5, 7.5

Median: 1.3

UCA Davis Biotin- avidin ND ND Peptide NA Mean: ≈2

WKU Biotin- avidin DSPC (77 mol %)

PEG40-stearate (15 mol %)

DSPE-PEG2000- biotin 

(8 mol %)

C4F10 Peptide NA Mean: 3.2d

TMMU Biotin- 

streptavidin

DPPG

DSPC

DSPE-PEG2000- biotin

PEG4000

C3F8 mAb NA NA

NTHU 

(bubbles 

loaded with 

drug)

Biotin- avidin DPPC (66 mol %)

DSPE-PEG2000 

(17 mol %)

DSPE-PEG2000- biotin 

(17 mol %)

BCNU (2.8 mg)e

C3F8 mAb 9 k/μm2

92 k/1.8 μm 

bubble

Mean: 1.8

Bracco 

(BG0470)

Maleimide 

-thiol

DPPE-MPB (5 mol %)

Other components not 

disclosed

ND Avidinf NA NA

Bracco Maleimide 

-thiol

Phospholipid (which?) 

-MPB

Other components not 

disclosed

ND Fab 2 k/μm2

17 k/bubble

Mean:  

1.5–2.8

Range:  

>95 % are <8

Bracco Maleimide 

–thiol-

streptavidin-

biotin

DSPC

Palmitic acid

DSPE-PEG2000- 

maleimide (5 mol %)

C4F10 + N2 

(35:65 v/v)

mAb

Peptide

Protein 

(YSPSL)

3 k–86 k/μm2

21–

608 k/1.5 μm 

bubble

NA

Maleimide 

–thiol

DSPC

Palmitic acid

DSPE-PEG2000- 

maleimide (5 mol %)

C4F10 + N2 

(35:65 v/v)

Protein 

(YSPSL)

3 k/μm2

21 k/1.5 μm 

bubble

Mean: 1.5

Range: 1–2
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485

(continued)

Targeted molecules Disease model

Tissues 

imaged

Host & bubble 

dose (number of 

bubbles) Applicationa References

β1-and β3-integrins Angiogenesis Matrigel plug 

(implanted in 

groin)

Rat: 4 × 108 RT Stieger SM et al., Contrast 
Media Mol Imaging 

2008;3:9

αvβ3-integrin Angiogenesis 

(tumor)

Tumor 

(implanted in 

mammary fat 

pad)

Mouse: 108 RT Hu X et al., Invest Radiol 
2012;47:398

αvβ3-integrin Angiogenesis 

(tumor)

Tumor 

(implanted in 

inguinal area)

Mouse: 109/kg 

(2.25 × 107)

RT Jun HY et al., Acad Radiol 
2010;17:54

VEGFR2 Atherosclerosis 

(neovascularisation)

Artery 

(abdominal 

aorta)

Rabbit RT(NS) Liu H et al., J Clin 
Ultrasound 2011;39:83

VEGFR2 Angiogenesis 

(tumor)

Tumor 

(implanted in 

brain)

Rat: 6.1 × 109 RT(NS) Fan CH et al., Biomaterials 

2013;34:2142

αIIbβ3 (GPIIb/IIIa) Thrombosis Artery 

(abdominal 

artery 

thrombus)

Rabbit RT Tardy I et al., Acad Radiol 
2002;9(Suppl 2):S294

αIIbβ3 (GPIIb/IIIa) Thrombosis Artery (human 

blood in rat 

carotid)g

Rat RT Alonso A et al., Stroke 

2007;38:1508

E-selectin

P-selectin

Selectins (not 

discriminating 

between E- and 

P-selectin)

Inflammation 

(ischemia- 

reperfusion injury, 

LPS-induced)

Heart

Skeletal 

muscle 

(hind-limb)

Rat: 1–5 × 108/kg 

(3.3−15 × 107)

RT Bettinger T et al., Invest 
Radiol 2012;47:516

Hyvelin JM et al., Invest 
Radiol 2014;49:224

Selectins (not 

discriminating 

between E- and 

P-selectin)

Inflammation 

(acute colitis, 

ischemia- 

reperfusion injury)

Heart

Large bowel

Mouse: 5 × 107

Rat: 2.6 × 108/kg 

(8.7 × 107)

Monkey: 2 × 108

RT Wang H et al., Radiology 

2013;267:818

Hyvelin JM et al., Invest 
Radiol 2014;49:224

Davidson BP et al., J Am 
Soc Echocardiogr 

2014;27:786

24 Molecular Imaging of Inflammation Using Echocardiography. Advances with the Use of Microbubbles



486

Table 24.3 (continued)

Origin 

(bubble ID, 

where 

available)

Conjugation 

chemistry Bubble shell composition Bubble gas

Targeting 

ligand

Targeting 

ligand density 

on bubble 

(conjugation 
reaction ratio)

Bubble  

diameter  

(μm)

Imperial 

College 

London

Maleimide 

-thiol

DSPC (75 mol %)

PEG40-stearate (14 mol %)

DSPE-PEG2000- 

maleimide (9 mol %)

DiI (2 mol %)

C3F8 F(ab’)2  

(each 

reduced 

F(ab’)2 

contained 2 

thiol groups 

for 

maleimide 

conjugation)

(Reaction 
ratio ≈  

4,000 k F(ab’) 
2/bubble;  
F(ab’)2:  
maleimide  
≥10:1)

Mean: 2.2

Range: 98.6 % 

are <6; 100 % 

are <10

UVA/

Targeson

Maleimide 

-thiol

PC (which?)

PEG40-stearate

DSPE-PEG2000- 

maleimide

C4F10 Peptide 6 k/μm2

120 k/bubble

Mean: 2.5

Range:  

>99 % are <8

SMU Maleimide 

–thiol (of 

lipid- peptide 

before bubble 

formation)

DPPC (97.2 mol %)

Poloxamer-188 (1.8 mol %)

DSPE-PEG3400- 

maleimide-peptide 

(1 mol %)

C3F8 Peptide 5–7 k/um2

110 k/bubble

Mean:  

2.3–2.5

Borden Maleimide 

-thiol

DSPC (90 mol %)

DSPE-PEG2000 (5 mol %)

DSPE-PEG2000- 

maleimide (5 mol %)

C4F10 Peptide (Reaction 
ratio: 30 
peptide/
maleimide)

Size selected  

to 4–5 μm 

(actual 

measurements 

not given)

Borden Maleimide 

-thiol

DSPC (90 mol %)

DSPE-PEG5000 (5 mol %)

DSPE-PEG2000- 

maleimide (5 mol %)

C4F10 Peptide (Reaction 
ratio: 30 
peptide/
maleimide)

Size selected  

to 4–5 μm 

(actual 

measurements 

not given)

UT 

(bubbles 

loaded with 

plasmid 

DNA)

Maleimide 

-thiol

HSPC (96 mol %)

DOTMA (6 mol %)

DSPE-PEG2000- 

maleimide (2 mol %)

pcDNA3 plasmids 

containing either the firefly 

luciferase or mouse Timp3 

gene (0.20 mg/kg body 

weight incubated with 

0.10 mL bubbles)

C3F8? mAb ND Mean: 2.1

ImaRx 

therapeutics 

(MRX-408)

Succinate-

amine 

reaction 

forming 

carboxamide 

linkage (of 

lipid- peptide 

before bubble 

formation)

DPPG-PEG- peptide in 

aerosome (MRX-113, 

ImaRx) lipid mixture

No further details 

disclosed

C4F10 Peptide NA Mean: 2–2.5

J.S.M. Yeh and P. Nihoyannopoulos
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(continued)

Targeted molecules Disease model

Tissues 

imaged

Host & bubble 

dose (number of 

bubbles) Applicationa References

E-selectin Inflammation 

(LPS-induced)

Heart

Kidney

Mouse: 108 RT Yeh JSM et al., J Am Coll 
Cardiol 2008;51(Suppl): 

A124-5 (abstract)

Yeh JSM et al., Heart 
2008; 94(Suppl II);A21 

(abstract)

Yeh JSM et al., Eur Heart 
J 2008;29(Suppl 1):21 

(abstract)

Current manuscript

VEGFR2 Angiogenesis 

(tumor)

Tumor 

(implanted in 

hind limb)

Mouse: 2 × 107 RT Anderson CR et al., Invest 
Radiol 2010;45:579

αIIbβ3 (GPIIb/IIIa) Thrombosis Artery 

(thrombus in 

abdominal 

aorta or 

carotid)

Mouse: 106

Rat: 106

RT Hu G et al., Thromb 
Haemost 2012;107:172

Wu W et al., Invest Radiol 
2013;48:803

αvβ3-integrin Angiogenesis 

(tumor)

Tumor 

(implanted in 

kidney or hind 

limb)

Mouse: 2.5 × 107

Rat: 5 × 106

RT Sirsi SR et al., Ultrasound 
Med Biol 2012;38:1019

Borden MA et al., Mol 
Imaging 2013;12:357

αvβ3-integrin Angiogenesis 

(tumor)

Tumor 

(implanted in 

hind limb)

Rat: 5 × 106 RT Borden MA et al., Mol 
Imaging 2013;12:357

MMP2 

(extravascular 

target)h

Microbubble 

targeted gene 

delivery in 

myocardial 

infarction (ischemia 

–reperfusion)

Heart Rat:

 0.2 ml (imaging)

 0.1 ml (therapy)

  Bubble 

concentration 

not disclosed

RT? Yan P et al., Biomaterials 

2014;35:1063

αIIbβ3 (GPIIb/IIIa) Thrombosis Vein (inferior 

vena cava or 

left atrial 

appendage 

thrombus)

Dog: 6 × 107/min Not RT Takeuchi M et al.,  

J Am Soc Echocardiog 

1999;12:1015
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Origin 

(bubble ID, 

where 

available)

Conjugation 

chemistry Bubble shell composition Bubble gas

Targeting 

ligand

Targeting 

ligand density 

on bubble 

(conjugation 
reaction ratio)

Bubble  

diameter  

(μm)

Bracco 

(BG0024)

Undisclosed 

covalent 

conjugation 

chemistry (of 

lipid- peptide 

before bubble 

formation)

Lipid (which?) -peptide

Other components not 

disclosed

ND Peptide NA NA

Bracco 

(BR55)

Amine-

succinimidyl 

linkagei (of 

lipid- peptide 

before bubble 

formation)

DSPE-PEG2000 & 

DSPE-PEG2000 -peptide 

(at 15:1 mol:mol?)

Other components not 

disclosed

C4F10 + N2 Peptide 34 ± 1 k, range 

32–37 k or 

57 k/μm2

240 k/1.5 μm 

bubble or 

400 k/bubble

Mean: 1.5

Range: 1–3,  

or 97 %  

are <4

XJU Benzotriazole-

amine reaction 

forming 

carbamate 

linkage (of 

lipid- peptide 

before bubble 

formation)

DPPG (73 wt %)

DSPE-PEG-BTC 

(21 wt %)

DPPG:DSPE-PEG- BTC-

peptide (6 wt %)

SF6 Peptide 1,644 k/μm2

100,000 k/4.4 μm 

bubble

Mean: ≈4.4

Range:  

>90 %  

are 1–10

Table 24.3 (continued)

J.S.M. Yeh and P. Nihoyannopoulos



489

Targeted molecules Disease model

Tissues 

imaged

Host & bubble 

dose (number of 

bubbles) Applicationa References

αIIbβ3 (GPIIb/IIIa) Thrombosis Artery 

(abdominal 

artery 

thrombus)

Rabbit RT Tardy I et al., Acad Radiol 
2002;9(Suppl 2):S294

VEGFR2 Angiogenesis 

(tumor)

Tumor (breast, 

liver or 

prostate)

Tumor 

(implant in 

hind limb, 

mammary fat 

pad or 

prostate)

Mouse: 

0.5–10 × 107

Rat: 0.94–3.7 × 107; 

0.1 ml/kg (1.6 μL 

bubble volume/kg)

Man (phase-0 

clinical trial)

RT Pochon S et al., Invest 
Radiol 2010;45:89

Tardy I et al., Invest Radiol 
2010;45:573

Fischer T et al., Invest 
Radiol 2010;45:675

Pillai R et al., Bioconj 
Chem 2010;21:556

Pysz MA et al., Radiology 

2010;256:519, Quant 
Imaging Med Surg 

2012;2:68

Bzyl J et al., Eur Radiol 
2011;21:1988, Eur Radiol 
2013;23:468

Frinking PJ et al., 

Ultrasound Med Biol 
2012;38:1460

Bachawal SV et al., 

Cancer Res 2013;73:1689

Grouls C et al., Radiology 

2013;267:487

Wijkstra H et al., 

Proceedings of the 18th 
European Symposium on 
Ultrasound Contrast 
Imaging 2013 (Rotterdam)

ClinicalTrials.gov, 

National Institutes of 

Health, NCT01253213, 

2010–2012

αIIbβ3 (GPIIb/IIIa) Thrombosis Vein (femoral 

vein 

thrombus)

Dog Not RT Wang B et al., Acad Radiol 
2006;13:428

(continued)
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Modified and updated from Yeh et al. 2010 [1]

Targeting microbubbles based on phospholipid-shell and 

published in the English language upto July 2014

Targeting ligands are conjugated to the microbubbles after 

they are formed, unless indicated otherwise

Abbreviations: abstr abstract, BCNU 1,3-bis(2-

chloroethyl)-1-nitrosourea, also known as Carmustine – 

an anti-neoplastic agent against eg malignant glioma, 

Conc concentration, DEspR dual endothelin-1/vascular 

endothelial growth factor-signal peptide receptor, DHPE 

dihexadecanoyl phosphoethanolamine, DiI 1,1'-diocta-

decyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate, 

DiO 3,3'-dioctadecyloxacarbocyanine perchlorate, 

DOTMA 1,2-di-O-octadecenyl-3-trimethylammonium 

propane, DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphati-

dylcholine, DPPE-MPB 1,2-dipalmitoyl-sn-glycero-

3-phosphoethanolamine-4(p-maleimidophenyl)

butyramide, DPPG 1,2-dipalmitoyl-sn-glycero-3-phos-

pho-(1'-rac-glycerol), DSPC 1,2-distearoyl-sn-glycero-

3-phosphocholine, DSPE 1,2-distearoyl-sn-glycero- 

3-phosphoethanolamine, DSPE-PAA-DNA poly(acrylic 

acid) (PAA) is coupled to DSPE via carbodiimide-mediated 

amidation, two amine terminated DNA strands 

(5'H2N-CCAACCACAAAA, 5' AAAACAACCCCA- 

NH2) are then attached to the carboxyl groups of PAA, on 

average there are 3.3 DNA strands per DSPE-PAA 

molecule, DSPE-PEG-BTC distearoylphosphatidyletha-

nolamine-polyethylene glycol-benzotriazole carbonate, 

DSPE-PEG2000 1,2-distearoyl-sn-glycero-3-phospho-

ethanolmine-N-methoxy(polyethylene glycol)-2000, 

DSPE-PEG2000-Biotin 1,2-distearoyl-sn-glycero-

3-phosphoethanolamine-N-(biotinyl (polyethylene 

glycol)-2000), DSPE-PEG3400-Biotin 1,2-distearoyl-sn-

g l y c e r o - 3 - p h o s p h o e t h a n o l a m i n e - N - ( b i o t i ny l 

(polyethylene glycol)-3400), DSPE-PEG2000-Maleimide 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

(maleimide (polyethylene glycol)-2000), DSPE-PEG3400- 
Maleimide-peptide distearoyl phosphatidylethanolamine-

polyethylene glycol (3400)-Maleimide-peptide, DSPE- 
PEG-PDP distearoyl phosphatidylethanolamine-PEG 

2000-pyridyldithio propionate, DSTAP 1,2-distearoyl-3-

trimethyl ammoniumpropane; provides positive charge, 

HSPC hydrogenated soy L-α-phosphatidylcholine, ID 

identification, IQR inter quartile range, GPIIb/IIIa 

glycoprotein IIb/IIIa receptor on activated platelets, LPS 

lipopolysaccharide, mol mole, mol % mole %, mAb 

monoclonal antibody, MPB maleimido-4(p-phenylbutyr-

ate), NA not available/applicable, ND not disclosed, NRT 

non real-time imaging, NTHU National Tsing Hua 

University, Taiwan, PEG polyethylene glycol, PEG4000 

polyethylene glycol-4000, PEG40-Stearate mono-stearate 

poly(ethylene)glycol-40, Q quantitative imaging, RT 

real-time imaging, RT(NS) real-time non bubble specific 

mode imaging, scFvs single-chain antibody, SMU 

Southern Medical University, Guangzhou, China, SQ 

semi-quantitative imaging, TACS thrombin aptamer 

crosslinking sequence: a complementary DNA strand 

GGTTGGTGTGGTTGGTGTTTTTTTTTGTGG 

TTGGTGTGGTTGG, it cross-links DNA (of DSPE- 

PAA-DNA) on the bubble surface, but subsequent 

interaction with thrombin results in its displacement from 

the DNA cross-links, making the bubble shell less rigid, 

Table 24.3 (continued)

Origin 

(bubble ID, 

where 

available)

Conjugation 

chemistry Bubble shell composition Bubble gas

Targeting 

ligand

Targeting 

ligand density 

on bubble 

(conjugation 
reaction ratio)

Bubble  

diameter  

(μm)

UNC Undisclosed 

covalent 

conjugation 

chemistry (of 

lipid- peptide 

before bubble 

formation)

DSPC (90 mol %)

DSPE-PEG2000 (5 mol %)

DSPE-PEG2000- peptide 

(5 mol %)

ND Peptide NA NA

Targeson 

(Visistar- 

Integrin®)

Pyridyldithio 

-thiol

DSPC

PEG40-stearate

DSPE-PEG-PDP

±DiI (2 mol %)

C4F10 Peptide 35 k/μm2

820 ± 160 k/

bubble

Mean: 2.75

Range:  

>98 % are <8

UCA La 

Jolla/UCj

DNA-DNA 

linkage 

(non-covalent)

DPPC 18 mg + DPPA 2 mg 

(mixture at 1 mg/mL)

DSPE-PEG5000 

(0.075 mg/mL)

DSPE-PAA-DNA (mean 

3.3 DNA strands per 

DSPE-PAA molecule) 

(0.3 mg/mL)

C4F10 Aptamer 

(TACS)

(TACS added to 
bubbles at 
molar ratio 
1.5:1 relative 
to the available 
number of DNA 
sites)

Mean: 1.6

J.S.M. Yeh and P. Nihoyannopoulos



491

and hence more echogenic, Thy1 thymocyte 

differentiation antigen 1 – a specific biomarker of 

pancreatic ductal adenocarcinoma neovasculature, 

TMMU Third Military Medical University, Chongqing, 

China, UC University of Colorado, USA, UCA Davis 

University of California, Davis, USA, UCA La Jolla 

University of California, La Jolla, USA, UNC 

University of North Carolina, USA, UT University of 

Toronto, Canada, UVA University of Virginia, USA, v/v 

volume/volume, WKU Wonkwang University, Iksan, 

Jeonbuk, South Korea, XJU Xi’an Jiaotong University, 

Xi’an Shaanxi, China, YSPSL P-selectin glycoprotein 

ligand 1 fused to a human fragment crystallizable (Fc) 

domain (rPSGL-Ig)

Keys
a

when acoustic quantification of the targeted molecule 

correlates with that using an independent (non-acoustic) 

quantification method which is quantitative or 

semi-quantitative in nature, respectively
bOn tumor derived endothelial cells
cSuperparamagnetic microbeads coated (via streptavidin) 

phospholipid bubbles
dBy microscopy, which tends to give larger size and 

smaller concentration measurements compared with 

electrozone sensing
eBCNU is attached to the phospholipid shell by 

electrostatic and hydrophobic interactions. BCNU 

encapsulated in the bubbles = 1.02 ± 0.37 mg/mL 

(bubble concentration = 12.29 ± 0.25 × 109 bubbles/mL)

fAvidin on the bubbles target biotinylated anti-glycoprotein 

IIb/IIIa receptor mAb administered iv 30 min prior to iv 

administration of the bubbles
gThe clot was incubated with targeting bubbles ex-vivo then 

implanted into the carotid artery for ultrasound imaging, 

therefore the bubbles’ in vivo targeting specificity (including 

absence of non-specific adherence to non-RES tissues), 

absence of adverse effects, stability for transpulmonary 

passage were not demonstrated. The same investigators also 

reported using the same bubbles for ultrasound-mediated clot 

thrombolysis in rats(99). Although the bubbles were 

administered intravenously, no imaging was performed to 

exclude non-specific bubble retention in non-RES issues
hIn order for the targeting bubbles (confined to the 

intravascular space) to target MMP2, microvascular 

permeability was transiently increased by triggered 

myocardial contrast echocardiography
iDisuccinimidyl glutarate linking amine on targeting 

peptide with amine on DSPE-PEG2000, producing 

(DSPE-PEG2000)-disuccinimidyl glutarate-(peptide). 

This conjugation strategy introduces glutaric acid linker 

between the phospholipid-PEG and peptide
jMicrobubble shell outer surface contains a network of 

single-stranded oligonucleotides (DNA from 

DSPE-PAA-DNA) which are cross-linked by TACS (a 

complementary DNA strand). This increases the rigidity 

of the bubble shell, reducing its echogenicity. In the 

presence of clinically-relevant, elevated amounts of 

thrombin, TACS preferentially binds to free thrombin, 

thus displaced from the DNA cross-links. This decreases 

the rigidity of the bubble shell, increasing its echogenicity

Targeted molecules Disease model

Tissues 

imaged

Host & bubble 

dose (number of 

bubbles) Applicationa References

αvβ3-integrin Angiogenesis 

(tumor)

Tumor 

(implanted in 

flank)

Rat: 1.4 × 108 RT Streeter JE et al., Mol 
Imaging 2010;9:87, Mol 
Imaging 2011;10:460, 

Technol Cancer Res Treat 
2013;12:311

Gessner RC et al., 

Ultrasound Med Biol 
2012;38:651

αvβ3-integrin Angiogenesis 

(tumor)

Tumor 

(implanted in 

mammary fat 

pad)

Mouse: 5–10 × 107 RT Anderson CR et al., Invest 
Radiol 2011:46:215

Hu X et al., Am J Nucl 
Med Mol Imaging 

2013;3:336

Thrombin Thrombosis (active 

clotting)

Vein (vena 

cava 

thrombus)

Rabbit: 107 RT Nakatsuka MA et al., 

Biomaterials 2013;34:9559
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A complete recipe suitable for making target-

ing microbubbles (based on maleimide-thiol con-

jugation chemistry) against molecules of choice 

and shown to be effective for quantitative and real-

time ultrasound molecular imaging in vivo can be 

found in Yeh et al. 2010 [1]. Microbubbles are 

unstable, its size distribution and concentration 

may change significantly within hours at 4C. For 

long term storage, they can be snap frozen in liq-

uid nitrogen and kept at −80 °C. Alternatively, 

they can be lyophilized and stored in septum 

sealed vials containing the bubble gas; bubbles 

can then be reconstituted by adding aqueous solu-

tion (e.g., normal saline) and shaking.

24.2  Techniques for Ultrasound 
Molecular Imaging

Targeted MCU traditionally revolved around 

the use of high ultrasound-power (high MI) 

causing ‘instantaneous’ bubble destruction, 

originally proposed by Lindner et al. in 2000 

[80, 81]. Although the high power bubble 

destructive imaging technique allows detection 

of lower bubble concentrations, conferring 

higher imaging sensitivity, it has the following 

disadvantages:

 (a)  The bioeffects of high acoustic power bubble 

destruction, raising safety concerns [82–85].

 (b)  Non real-time nature of the imaging tech-

nique. The instantaneous bubble destruction 

precludes continuous contrast imaging. Thus 

whole cardiac cycle(s) cannot be examined 

in real-time. Visual appreciation of molecu-

lar expressions at the time of scanning by the 

bedside is difficult – extensive off-line image 

subtraction analysis is required to isolate the 

retained bubble signals from that of the cir-

culating bubbles, in order to visualise the tar-

geted molecule expression [80, 81].

 (c)  The reliance on a single image frame 

 (bubbles are destroyed ‘instantaneously’) 

containing the targeted bubble signal for 

image subtraction analysis makes it prone to 

noise and motion artefact errors. It precludes 

the use of frame averaging for noise reduc-

tion, or selection of image frames to exclude 

those with significant motion artefact.

Low MI non-bubble specific imaging modes 

can be used for real-time contrast enhanced 

imaging (e.g., low MI fundamental B-mode 

imaging). However, they are not specific for bub-

ble signals and require off-line image processing 

to remove causing tissue signals for the display 

of the  bubble signals. Thus they are not real-time 

molecular imaging modes.

Real-time molecular imaging requires the use 

of bubble-specific imaging modes at low acous-

tic power that minimise bubble destruction, e.g., 

Contrast Pulse Sequencing or Power Modulation 

imaging at low MI. Around 2002/3, these imag-

ing modes had just become available on some 

clinical ultrasound scanners for contrast imaging 

using non-targeting microbubbles. They were 

not yet tested for molecular imaging using target-

ing microbubbles. In 2008, Yeh et al. reported 

high resolution real-time ultrasound molecular 

imaging of E-selectin expression in the mouse 

heart, using low MI CPS mode imaging at 

14 MHz (spatial resolution ≈0.2 mm [64]. This 

showed that bedside visualisation of molecular 

targets is feasible. Figures 24.2 and 24.3 show 

examples of real-time imaging of E-selectin 

expression in the mouse heart and kidneys. The 

non bubble destructive nature of the imaging 

technique potentially allows 3-D volume scan-

ning for 3-D molecular imaging in the near 

future.

The ability of targeted MCU to detect a 

 particular molecule of interest depends on several 

factors, including the abundance of the targeted 

molecule, targeting ligand density on the bubble 

surface, targeting ligand-molecule binding char-

acteristics, bubble dose, echogenicity of the tar-

geting bubbles, the sensitivity of the imaging 

mode and settings used for bubble detection, and 

the imaging protocol employed [1].

Currently, there is no gold standard in bubble 

dosing for ultrasound molecular imaging. 

Reported dosages range 4 × 107–4 × 109 bubbles/

kg body weight (iv bolus), with the vast majority 

in the low and mid levels of this range (Table 24.3). 

It seems logical that for molecular quantifications 

based on the retained bubble signal intensity, 

saturation of the molecular targets by the bubbles 

is required for robust quantification of the mole-

cules. For example, five bubbles may only detect 
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molecule expressions of up to five molecules. 

The optimal bubble dose is the minimum required 

for detecting the clinical range of molecular 

expression that is safe.

24.2.1  Quantification of Molecular 
Expressions Using Ultrasound

The spatial and temporal expression of targeted 

molecules may vary according to the types and 

stages of disease/disease process (e.g., acute vs 

chronic vs resolving inflammation). Therefore 

the ability of ultrasound molecular imaging to 

quantify the level of molecular expression would 

be important in the diagnosis, prediction of 

prognosis and monitoring response to therapy of 

diseases. However, the imaging technique’s abil-

ity to quantify the level of molecular expression 

remains unestablished.

Acoustic quantifications have often been 

assessed against independent (non-acoustic) 

methods which were semi-quantitative in nature, 

demonstrating at best the semi-quantitative capa-

bility of the imaging technique. Only a handful of 

studies used highly quantitative independent 

assays to assess the acoustic quantifications [1, 

86–90]. These showed that the correlation 

between the acoustic and non-acoustic quantifica-

tions varied from moderate to strong [1, 88–90],  

or was not calculated [86, 87]. Corresponding 

scatter plots that would allow examination of the 

correlations claimed were not available [86–89], 

except in Yeh et al. monitoring response to ther-

apy of diseases [1, 34].

It is likely that different quantification algo-

rithms have different levels of sensitivity and accu-

racy [1]. Yeh et al. (2010) reported acoustic 

quantification of E-selectin expression in the 

mouse heart, by analysing the time signal intensity 

curve (TIC) from the bubble elimination perspec-

tive [1]. This consisted of curve-fitting the bi- 

exponential equation, I t A e A ef
t

r
tf r

tissue ( ) = +− −l l
  

(derived using first-order elimination kinetics and 

linear acoustics theory), to the elimination- phase 

of the tissue (myocardium) TIC. Itissue (t) is the 

bubble signal intensity in the tissue at time t; Ar or 

Af is the maximum signal intensity (concentra-

tion) of the retained or freely circulating bubbles 

in the tissue, respectively; λr or λf is the elimina-

tion rate constant of the retained or circulating 

bubbles in the tissue, respectively. Acoustic half-

life of the retained or circulating bubbles in the 

tissue may be calculated as 
ln2

l
, where λ = λr or 

λf, respectively. Ar correlated strongly with the 

level of E-selectin expression (|r| > 0.8). By com-

parison, a conventional quantification method 

based on the retained bubble signal intensity at a 

single late time-point post bubble administration 

(e.g., 25min) also allowed acoustic quantification 

of E-selectin expression (|r| = 0.8) [34]. However, 

scatter plots showed that the TIC-method (Ar) had 

a greater dynamic range and was more sensitive 

and able to quantify lower levels of E-selectin 

expression than the conventional method. A fur-

ther advantage of the TIC-method was that other 

useful characteristics could be quantified simulta-

neously, such as the retained or circulating micro-

bubble half-life [1].

A ‘bubble-to-bubble protection’ phenomenon 

(see Sect. 24.1.2.3) likely contributed to the lower 

sensitivity and accuracy of the conventional quan-

tification method, ie, by the time of signal sam-

pling, the retained bubbles would have decreased 

by a different number of half-lives amongst subjects 

with different levels of molecular expression – 

leading to under-estimation or even missed detec-

tion of the targeted molecules in subjects with 

lower expression levels (lower maximum retained 

bubble concentrations), because the retained bub-

ble half-life is shorter the lower the maximum 

retained bubble concentration. In contrast, the 

TIC-method takes into account the retained bub-

ble half-life, allowing a more sensitive and accu-

rate quantification of the targeted molecule 

expression. This is important because the expres-

sion levels of targeted molecules may vary and be 

relatively low in natural/human disease states.

Other TIC-based quantification methods have 

been described [91–96]. However, unlike that of 

Yeh et al. (2010), their performance for molecu-

lar quantification have not been tested [91, 92, 

94–96], or only tested against independent 

 (non- acoustic) assays semi-quantitatively [93]. 

Importantly, they all require curve-fitting the 

entire TIC, which makes them prone to errors due 

to signal saturations/attenuations in the early time 

points of the TIC where bubble concentrations 
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are high. Low bubble dosages would be required 

when using these methods, risking under-estima-

tion of the targeted molecules due to non-satura-

tion of the targets by the bubbles. In contrast, the 

method by Yeh et al. (2010) requires curve-fitting 

only part of the elimination-phase TIC (the curve 

is fitted and extrapolated from the linear acoustic 

region of the elimination-phase) – thus attenu-

ated/saturated signals are not curve-fitted. 

Overall, the method is simpler, quicker, likely 

more quantitative, and allows higher bubble dos-

ages to be used [1]. Nonetheless, the method 

remains to be tested in other tissues and disease 

processes, and for other molecular targets.

As with all ultrasound quantifications, the 

retained bubble signal intensities used to relate to 

the targeted molecule concentration will vary 

with the imaging depth, ultrasound setting, type 

of tissue and bubbles. These variables are likely 

to vary in clinical practice. Here, calibration of 

the bubble signal intensity (e.g., against bubble 

concentration) in the region(s) of interest will be 

necessary for molecular quantification, and for 

inter-/intra- subject comparisons [1].

24.3  In Vivo Applications 
of Ultrasound Molecular 
Imaging

Ultrasound molecular imaging using targeted 

MCU was first described in the kidneys in 2000-1 

[80, 81]. The technique is currently mainly lim-

ited to the imaging of intravascular molecular 

targets (including the vasa vasorum) [97], as the 

circulation of iv administered targeting bubbles is 

confined to the intravascular space. However, 

interstitially (subcutaneous, submucosal, paren-

chyma) administered microbubbles may reach 

the lymphatic drainage system and sentinel 

lymph nodes [98], allowing imaging of intra- 

lymphatic molecular targets in the future, rele-

vant for assessing tumour and other diseases. 

Also in the future, exit of bubbles from the intra-

vascular space by their small size (targeting 

‘nanobubbles’), or endocytosis/phagocytosis 

 following attachment to cell surface may allow 

imaging of molecular events outside the intravas-

cular space.

To date, targeted MCU has been reported for 

the in vivo detection of various intravascular mol-

ecules/cells in various pathophysiological pro-

cesses of different diseases in animals, including 

(reviewed in Yeh 2010 [1], see also Table 24.3):

 (i)  E-selectin, P-selectin, selectins (E-, P-, and 

L-selectins non-selectively), ICAM-1, 

VCAM-1, MAdCAM-1, β1, β3–containing 

integrin (e.g., α5β1, αvβ3, αIIbβ3 (GPIIb/IIIa 

receptor)), platelet glycoprotein Ibα, or acti-

vated von Willebrand factor (A1-domain) in 

the inflammatory processes of atherosclero-

sis, ischaemia- reperfusion injury, acute 

myocardial infarction and primary angio-

plasty, chronic ischaemia, heart transplant 

rejection, encephalomyelitis, inflammatory 

bowel disease, endotoxaemia, mural haem-

orrhage, prothrombotic atherosclerosis, or 

tumour irradiation, in tissues such as the 

aorta, heart, skeletal muscle, kidney, brain, 

bowel or  prostate cancer (hind limb implant), 

in mice, rats or dogs.

 (ii)   VEGFR2, β1,β3– or αv- containing integrins 

(e.g., α5β1, αvβ3), endogolin, dual endothelin-

 1/vascular endothelial growth factor-signal 

peptide receptor, P-selectin, or thymocyte 

differentiation antigen 1 (a specific biomarker 

of pancreatic ductal adenocarcinoma) in the 

angiogenesis of: (a) tumour (breast, prostate, 

ovarian, colon, pancreatic, thyroid, liver can-

cer, melanoma, angiosarcoma, fibrosarcoma, 

glioma, neuroblastoma, or Ewing tumour) 

located in the brain, pancreas, thyroid, liver, 

kidney, mammary fat pad, hind limb, flanks, 

or inguinal area of mice or rats; (b) chronic 

ischaemia (hind limb skeletal muscle) in 

mice or rats; (c) matrigel plug angiogenesis 

model implanted in the groin and abdomen of 

mice or rats; and (d) atherosclerosis in the 

aorta or carotids in rats or rabbits.

 (iii)   αIIbβ3 (GPIIb/IIIa receptor) in thrombosis 

(blood clots) in the carotid artery, left atrial 

appendage, inferior vena cava, aorta or 

abdominal artery in animal models of stroke 

or thrombo-embolic disease, in mouse, rats, 

rabbits or dogs.

 (iv)  P-selectin for detecting activated endothe-

lium and fractalkine receptor (CX3CR-1), 

for detecting pro-angiogenic monocytes 
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stimulated by progenitor cell therapy in 

hind limb ischaemia in mice.

 (v)  L-selectin ligand expressed on the endo-

thelial cells of post capillary high endothe-

lial venules for molecular imaging of 

peripheral lymph nodes in dogs (using 

 targeting bubbles administered iv).

 (vi)  EGFR and CD147 on tumour derived endo-

thelial cells of squamous cell carcinoma 

(SCC-1) implanted in the flanks of mice.

 (vii)  Matrix metalloproteinase-2 in ischaemia- 

reperfusion remodeling of the heart in rats.

 (viii)  Reporter molecules (MHC class I H-2Kk 

protein) on transfected bone-marrow 

derived endothelial progenitor cells, in 

endothelial progenitor cell therapy in rats.

 (ix)  Tumour angiogenic endothelium in pros-

tate cancer implanted in the flanks of mice 

(using targeting bubbles conjugated with 

cyclic RRL peptide – the molecular target 

of cyclic RRL peptide is unknown).

 (x)  Activated leukocytes in ischaemia-reperfu-

sion injury, acute myocardial infarction 

and primary angioplasty, or heart trans-

plant rejection in the heart or kidneys, in 

mice, rats, rabbits or dogs (using non- 

conjugated bubbles containing phosphati-

dyl serine or Sonovue – the mechanism for 

the binding of these bubbles to activated 

 leukocytes include charge interaction and 

binding through complement).

24.4 Clinical Translations

24.4.1  Microbubble Contrast 
Enhanced Ultrasonography

Current clinical applications of MCU basically 

use non-targeting microbubbles as flow tracers 

confined to the intravascular space, or for enhanc-

ing Doppler signals in Doppler-based imaging 

techniques. Clinically licensed microbubbles 

include Definity, Imagent, Sonazoid, Sonovue, 

Echovist and Levovist. Albunex, Optison and 

EchoGen have been withdrawn (Table 24.2).

Well established clinical applications include:

 (i)  The delineation of endomyocardial border 

for assessing left ventricular (LV) wall 

motion with/without stress (left ventricular 

opacification).

 (ii)  Macrovascular assessment of the central, 

cerebral and peripheral vessels.

 (iii)  Characterisation of lesions in the liver and 

kidney by their vascular pattern or contrast 

enhancement characteristics.

 (iv) Assessment of myocardial perfusion.

 (v)  Identification of intra- and extra-cardiac 

shunts, e.g., atrial septal defect, patent 

 foramen ovale, ventricular septal defect, and 

pulmonary- venous shunting.

 (vi)  Identification of ventricular thrombus or 

non-compaction.

Less well established clinical applications 

include:

 (i)  Characterisation of breast, prostate and 

splenic lesions by their vascular pattern or 

contrast enhancement characteristics.

 (ii)  Identification of residual defect, patch or 

endovascular leak following cardiac or vas-

cular surgery.

 (iii)  Functional assessment of heart valve regur-

gitation or stenosis.

 (iv) Identification of extra-cardiac thrombus.

Not so well established clinical applications 

include:

 (i)  Assessment of lymph nodes, pancreatic 

pathology, intestinal pathology (tumour, 

inflammatory bowel disease and its compli-

cations), ovarian tumour, uterine fibroids and 

synovial vascularisation in rheumatic joint 

disease, by their vascular pattern reflected in 

their contrast enhancement characteristics 

(angiogenesis is involved in inflammatory 

diseases (e.g., rheumatoid arthritis, psoria-

sis) as well as tumour growth).

 (ii) Assessment of intra-cardiac mass.

Clinical applications using extra-vascular 

administration of microbubbles for contrast 

enhanced ultrasonography include:

 (i)  Evaluation of fallopian tube patency – hys-

terosalpingo contrast sonography (bubbles 

introduced into the fallopian tube via the 

uterine cavity with a transcervical intrauter-

ine balloon catheter for trans-vaginal 

ultrasound).

 (ii)  Identification and assessment of vesicoure-

teral reflux – contrast-enhanced voiding 
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 sonocystography (bubbles introduced into the 

bladder for imaging before and after voiding).

24.4.2  Ultrasound Molecular 
Imaging

To date, BR55, a VEGFR2 targeting microbubble 

for cancer detection, is the only targeting bubble 

tested in humans – the results of its Phase-0 clini-

cal trial for prostate cancer imaging (completed 

in December 2012) are still awaited [72]. Notably, 

BR55 has been found to have moderate degrees 

of non-specific retention in the healthy tissue 

(albeit this was in the rat prostate) [99].

The translation of ultrasound molecular imag-

ing using targeting microbubbles into clinical use 

has been slow, partly because of uncertainties 

regarding its safety and efficacy, and partly because 

of FDA concerns and regulatory issues. Favourable 

demonstrations of the technique’s safety, effective-

ness and breadth of potential clinical applications 

would help gather the financial and research 

momentum required to establish it for human use.

24.5  Conclusion – Future 
Directions

Currently direct information on specific molecular 

events that take place in man is largely limited to 

histological study of pathological specimens, often 

obtained relatively late in the course of the disease. 

Ultrasound molecular imaging allows temporal 

 follow up of molecular events in real- time non- 

invasively, and can be combined with anatomical 

and other functional imaging (e.g., tissue structure, 

 ventricular function, perfusion). This potentially 

allows: (1) earlier diagnosis before gross structural 

or functional  abnormalities causing symptoms or 

signs occur; (2) monitoring of response to thera-

peutic interventions; and (3) more accurate predic-

tion of prognosis. This chapter shows how 

ultrasound imaging can identify and quantify 

molecular events, such as inflammation in the 

heart, through the use of targeting microbubbles as 

ultrasound contrast enhancement agents. The tech-

nique can potentially image any molecules acces-

sible to the intravascular microbubble, in any 

tissues amenable to ultrasonography. Recent 

advances in targeting bubble engineering, ultra-

sound imaging and quantification algorithms help 

to strengthen the potential of ultrasound molecular 

imaging as a clinical diagnostic tool. Future direc-

tions for development in the field includes estab-

lishing 3-D ultrasound molecular imaging and 

therapies using targeting bubbles as vehicles for 

targeted delivery of therapeutic agents such as 

drugs or genetic materials [100, 101]. It has 

recently been shown that the efficiency of gene 

transfection can be augmented using targeted bub-

bles (vs non- targeted bubbles) [100].
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   Abbreviations 

  AAD    Antiarrhythmic Drugs   
  ACM    Arrhythmogenic cardiomyopathy   
  AF    Atrial fi brillation   
  ALVC    Arrhythmogenic left ventricular 

cardiomyopathy   
  ARVC    Arrhythmogenic right ventricular 

cardiomyopathy   

  CMP    Cardiomyopathy   
  DCM    Dilated cardiomyopathy   
  ECG    Electrocardiographic   
  HCM    Hypertrophic cardiomyopathy   
  HD    Heart disease   
  HF    Heart failure   
  ICD    Implantable cardioverter defi brillator   
  LA    Left Atrium   
  LBBB    Left branch bundle block   
  LDAC    Left Dominant Arrhythmogenic 

Cardiomyopathy   
  LMNA    Lamin A (Laminopathies)   
  LV/RV    Left/Right ventricular/ventricle   
  LVH    Left Ventricular Hypertrophy   

    Abstract  

  Cardiomyopathies (CMP) are myocardial disorders that are not explained 
by abnormal loading conditions and coronary artery disease. They are 
classifi ed into a number of morphological and functional phenotypes that 
can be caused by genetic and non-genetic mechanisms. Despite consider-
able heterogeneity within the categories of hypertrophic, dilated, restric-
tive, arrhythmogenic right ventricular, and other types of CMP, these 
diagnostic classifi cations can predict major complications and delineate 
treatment options for each group. Recently, we face the development of 
more sophisticated methods, including the genetic evaluation, for predict-
ing adverse clinical events.  
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  LVOTO    Left ventricular outfl ow obstruction   
  NSVT    Non-Sustained Ventricular tachycardia   
  PVS    Programmed ventricular stimulation   
  RBBB    Right branch bundle block   
  RV    Right ventricle   
  SCD    Sudden Cardiac Death   
  VT    Ventricular Tachycardia   
  EKKAN    Heart center for the young and athletes   

25.1          Introduction 

 Cardiomyopathies    (CMP) are a clinically hetero-
geneous group of heart muscle disorders. They 
are defi ned by the presence of abnormal myocar-
dial structure and/or function in the absence of 
ischemic heart disease (HD) or abnormal loading 
conditions [ 1 – 3 ]. 

 Familial CMP are a major cause of heart dis-
ease in all age groups, often with an onset in ado-
lescence or early adult life. Not only the patients 
but also their families can be severely burdened 
by these illnesses. The current classifi cations of 
CMP continue to be based on phenotype defi ned 
by clinical evaluation of affected individuals, 
incorporating genotype when possible [ 2 ,  4 ,  5 ]. 

Despite considerable heterogeneity within the 
categories of hypertrophic, dilated, restrictive, 
arrhythmogenic right ventricular, and other types 
of CMP, these diagnostic classifi cations can pre-
dict major complications and delineate treatment 
options for each group (Figs   .  25.1  and  25.2 ) [ 3 ].

25.1.1        Incomplete Penetrance 
and Variable Expressivity 

 Inherited CMPs show marked phenotypic 
 variability, even within families [ 1 – 4 ]. Penetrance, 
the proportion of mutation carriers with clinically 
detectable disease increases with age but remains 
less than 100 %. In most persons with hypertrophic 
CMP, hypertrophy is  manifested in adolescence, 
whereas the age at onset in patients with sarcomeric 
dilated CMP is bimodal, with a peak during child-
hood and mid-adulthood [ 5 ]. The  disease is gradu-
ally progressive in patients with dilated CMP due to 
laminopathy (LMNA) [ 1 ,  2 ]. It is uncommon to fi nd 
numerous persons with clinically apparent arrhyth-
mogenic right  ventricular cardiomyopathy (ARVC) 
in a single pedigree, which indicates a low level of 
 penetrance [ 1 ,  2 ]. Early reports of all CMPs 

Familial cardiomyopathies

Hypertrophic
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  Fig. 25.1    Familial    Cardiomyopathies and genetic substrate (Image modifi ed from original image courtesy of EKKAN)       
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described, as expected, patients with severe forms 
of the disease. Subsequent studies, however, have 
shown that most of the affected persons have mild, 
 sometimes atypical forms of the disease; as a result, 
the  number of cases in a given family, and thus the 
proportion of familial cases, is greater than 
 originally suspected. Only a minority of patients 
with hypertrophic CMP have the classic feature of 
outfl ow obstruction at rest, and up to half the cases 
of idiopathic dilated CMP are familial  [ 1 – 8 ]. It has 
also become apparent that ARVC often goes unrec-
ognized and is more common than was fi rst thought 
[ 1 ,  2 ]. Incomplete  penetrance requires diagnostic 
criteria of less than the usual stringency for fi rst-
degree  relatives; clinicians caring for families at risk 
now use  complex diagnostic algorithms to interpret 
minor abnormalities [ 1 ,  2 ]. The corollary is that, in 
the general population, patients with subtle features 
of inherited CMP are diffi cult to recognize. Thus, 
population screening is generally ineffective; 
instead, cascade screening (sequential  identifi cation 
of related family members,  increasingly guided by 
genetic testing) is the key.  

25.1.2     Genetic Heterogeneity 
and Genotype–Phenotype 
Correlations 

 Hypertrophic and dilated CMP can be allelic, 
each caused by specifi c missense mutations in 
the same genes encoding sarcomeric proteins 
[ 2 ]. Since these diseases arise from mutations 
with opposing biophysical consequences [ 2 ], a 

variant “breeds true” within each family; there 
has been no reliable documentation of families 
in which a single  sarcomere mutation causes 
hypertrophic CMP in some members and dilated 
CMP in others. However, other aspects of the 
CMP phenotype can vary within families, indi-
cating the absence of a precise relationship 
between the mutation and its biophysical conse-
quences [ 1 ,  2 ]. For example, familial restrictive 
CMP is part of the spectrum of sarcomeric 
hypertrophic CMP, with a loose  relationship 
between certain mutations and this variant of the 
phenotype [ 1 ,  2 ,  5 ,  8 ]. 

 In certain circumstances, knowledge of the 
gene underlying the CMP may alter patient care. 
One example is forms of hypertrophic CMP with 
different inheritance patterns and natural 
 histories [ 8 – 12 ]. Another example is the suscep-
tibility to disturbances of the conduction system 
of patients with dilated CMP due to LMNA 
mutations; when this is suffi cient to warrant 
pacemaker insertion, use of an implantable car-
dioverter – defi brillator should be considered [ 1 , 
 2 ]. However, for most CMPs, correlation 
between the disease gene and the phenotype are 
currently of limited utility for managing the care 
of individual patients [ 4 ,  8 ]; some quantitative 
differences exist, but there is substantial overlap 
between disease-gene groups, and exceptions 
are common [ 1 ,  2 ]. Additional complexities 
include the presence of two or more variants, as 
either compound or double heterozygosity (some 
families may have more than one causative 
mutation). The proportion of genotyped persons 
with more than one variant is higher in diseases 
with low penetrance — notably, ARVC. The 
presence of multiple variants  complicates 
genetic testing in families [ 1 ,  2 ,  4 ,  8 ].   

25.2    Hypertrophic 
Cardiomyopathy 

25.2.1    Defi nition and Epidemiology 

 Hypertrophic cardiomyopathy (HCM) is 
defi ned as left ventricular (LV) hypertrophy in 
the absence of abnormal loading conditions 
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  Fig. 25.2    Cardiomyopathies and overlapping in genetic 
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suffi cient to explain the degree of hypertrophy. 
HCM is a complex but relatively common form 
of genetic heart muscle disease that occurs in 1 
out of 500 people, but often goes undiagnosed 
in the community. HCM is the most common 
cause of heart-related sudden death (SD) in 
people under 20 years of age, and it can also be 
responsible for exercise disability at almost 
any age. HCM occurs equally in both sexes and 
has been reported in many races (Fig.  25.3 ) 
[ 8 – 21 ].

25.2.2       Genetics 

 HCM is a familial disease in approximately half 
of the cases. It is inherited mainly as an autosomal 
dominant trait caused by mutations in genes that 
encodes proteins of the cardiac sarcomere. The 
commonest are β-myosin heavy chain, cardiac 
troponin T, cardiac troponin I, α-tropomyosin, 
cardiac myosin binding protein C, the essential 
and regulatory myosin light chains, and cardiac 
actin. Other genes, such as those encoding 
α-myosin, titin, and proteins of the Z-disc, account 
for less than 1 % of cases (Table  25.1 ).

   Non sarcomeric HCM refers to appar-
ently similar disorders with different causes. 
Distinctions among such conditions can be 
 clinically important, because disorders with 
 similar cardiac morphology can have differ-
ent inheritance patterns, natural histories, or 
responses to therapy.  

25.2.3    Clinical Diagnosis 

 Most patients with HCM are asymptomatic. Some 
experience chest pain, breathlessness, fatigue, and 
palpitations, often with day-to-day variation. 
Syncope is also common and can be caused by 
many mechanisms including left  ventricular 
 outfl ow obstruction (LVOTO), hypotension sec-
ondary to abnormal vascular responses, and 
arrhythmias. Changes in LV loading conditions 
during exercise, heavy meals, and dehydration 
often precipitate  symptoms. The cardiovascular 
examination in most patients is normal. On aus-
cultation, LVOTO causes a harsh ejection systolic 
 murmur at the left sternal edge, which increases in 
 intensity during the strain phase of the Valsalva, 
or when standing from the squatting position. 
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Most patients with LVOTO also have mitral regur-
gitation, caused by abnormal coaptation of the 
mitral valve leafl ets during systole. 

 The resting 12-lead ECG is abnormal in 95 % 
of patients with HCM. Atrioventricular conduc-
tion abnormalities (including fi rst-degree block) 
are rare, except in particular subtypes of HCM 
(e.g., PRKAG2 mutations, mitochondrial dis-
ease, Danon or Fabry disease) where they are 
more frequent (Fig.  25.3 ) [ 7 ,  9 ,  11 ]. 

25.2.3.1    Imaging 
 In patients with HCM, absolute left-ventricular 
wall thickness ranges widely from mild 
 (13–15 mm) to massive (>50 mm) [ 4 ,  8 ,  15 – 19 ]. 
The diagnosis of HCM relies on the presence of a 
maximal LV wall thickness of more than 2 stan-
dard deviations from the normal (typically 
≥13 mm in an adult)   . Hypertrophy is typically 
asymmetric, involving the interventricular septum 
in more than other  segments, but any pattern of 

   Table 25.1    Classifi cation and causes of HCM   

 Familial  Nonfamilial 

 Familial, unknown gene  Obesity Infants of diabetic mothers 
 Sarcomeric protein disease  Athletic training 
  β-Myosin heavy chain  Amyloid (AL/prealbumin) 
  Cardiac myosin binding protein C  See Fig.  25.3  
  Cardiac troponin I 
  Troponin T 
  α-Tropomyosin 
  Essential myosin light chain 
  Regulatory myosin light chain 
  Cardiac actin 
  α-Myosin heavy chain 
  Titin 
  Troponin C 
  Muscle LIM protein 
 Glycogen storage disease 
  e.g., GSD II (Pompe disease); GSD III (Forbes disease); 
AMP kinase (WPW, HCM, conduction disease) 
  Danon disease 
 Lysosomal storage diseases 
  e.g., Anderson-Fabry disease, Hurler syndrome 
 Disorders of fatty acid metabolism 
 Carnitine defi ciency 
 Phosphorylase B kinase defi ciency 
 Mitochondrial cytopathies 
  e.g., MELAS, MERRF, LHON 
 Syndromic HCM 
  Noonan syndrome 
  LEOPARD syndrome 
  Friedreich ataxia 
  Beckwith-Wiedermann syndrome 
     Swyer syndrome (pure gonadal dysgenesis) 
  Costello syndrome 
 Other 
  Phospholamban promoter 
  Familial amyloid 

  Table reproduced courtesy of EKKAN  

25 Clinical Aspects and Genetics of Cardiomyopathies



506

LV hypertrophy, including concentric, eccentric, 
distal, and apical, is consistent with the diagnosis 
of HCM. In resting conditions, 25 % of patients 
have obstruction of the LV outfl ow tract. As many 
as 70 % of symptomatic patients may have latent 
or provocable LV systolic function. A proportion 
of adults with HCM develop progressive myocar-
dial thinning, global LV  systolic impairment, and 
cavity dilatation. Characteristically, patients with 
HCM have diastolic LV impairment shown by 
reduced early diastolic (Ea) velocities in the mitral 
annulus and septum and reversal of the ratio of 
early/late diastolic velocities (Ea/Aa) (Fig.  25.4 ). 
Cardiac magnetic resonance imaging provides a 
detailed assessment of cardiac morphology as 
well as an accurate assessment of systolic func-
tion. It also permits  tissue characterization, par-
ticularly detection of myocardial scarring by the 
assessment of delayed gadolinium enhancement. 
Studies  suggest that the extent of gadolinium 
enhancement correlates with risk factors for sud-
den death and with progressive LV remodeling [ 4 , 
 8 ,  16 ,  20 ].

25.2.3.2       Further Investigation 
 Symptom limited exercise testing is safe in HCM 
[ 50 ,  51 ] and provides a quantitative assessment of 
a patient’s exercise tolerance, particularly when 
combined with metabolic functional testing. An 
abnormal blood pressure response to exercise is 
associated with an increased risk of SD in young 
adults. Ambulatory  electrocardiographic monitor-
ing is important in the assessment of symptoms 
and in the prediction of arrhythmic risk [ 21 – 48 ]. 
Nonsustained  ventricular tachycardia occurs in 
20 % of adults with HCM. Paroxysmal supraven-
tricular  arrhythmias occur in 30–50 % of patients; 
 sustained atrial fi brillation (AF) is present in 5 % 
of patients at diagnosis, and develops in a further 
10 % in the subsequent 5 years. The main 
 indications for coronary angiography are exclu-
sion of coronary artery disease and, much less 
commonly, assessment of cardiac output, fi lling 
pressures, and intraventricular pressure gradients 
in patients with severe symptoms. Endomyocardial 
biopsy is occasionally indicated when an infi ltra-
tive or metabolic disease, such as amyloidosis or 
Anderson-Fabry disease, is suspected [ 52 – 54 ].   

25.2.4    Natural History 

 HCM can present at any age. Many patients  follow 
a stable and benign course, with a low risk of 
adverse events, but a minority experience 
 progressive symptoms caused by slow 
 deterioration in diastolic and sometimes in LV 
systolic function. A proportion of individuals die 
suddenly, whereas others may die from  progressive 
heart failure, thromboembolism, and, rarely, infec-
tive endocarditis [ 55 ]. 

25.2.4.1    Sudden Cardiac Death 
 Overall, HCM is a relatively benign disease but at 
the same time is one of the commonest causes of 
SCD in the young. Most contemporary studies 
report an annual incidence of SCD in HCM 
 populations of 0.5–1 % per year, rising to 2 % or 
higher in certain groups. The mechanism of SCD 
is rarely documented but factors that contribute 
to a propensity to ventricular arrhythmias include 
dispersion of repolarization, which increases 
 susceptibility to triggered arrhythmias; myocyte 
disarray and areas of conduction block that 
 predispose to reentry arrhythmias. Other 
 morphologic and physiologic factors infl uence 
the vulnerability of the underlying substrate, such 
as myocardial ischemia, LVOTO, and diastolic 
dysfunction [ 4 ,  8 ,  38 – 61 ].  

25.2.4.2     End Stage HCM, Stroke 
and Infective Endocarditis 

 End-stage HCM develops at all ages but, in most 
patients, the time from onset of heart failure (HF) 
symptoms to diagnosis of severe systolic impair-
ment is about 10–15 years. The development of 
severe systolic HF is associated with a poor prog-
nosis, with rapid progression to death or transplan-
tation and an overall mortality of up to 11 % per 
year. The prevalence of severe  systolic impairment 
in HCM using conventional echocardiographic 
criteria ranges from 2 % to nearly 10 %, with an 
annual incidence of less than 1 %. The annual inci-
dence of stroke varies from 0.56 to 0.8 %/y, rising 
to 1.9 % in patients more than 60 years old. The 
major cause is atrial fi brillation [AF], which affects 
about a quarter of patients with HCM, with an 
incidence of 2 % per annum. Risk factors for AF 
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a

b

  Fig. 25.4    Hypertrophic cardiomyopathy: ( a ) Typical form ( b ) Subclinical form (Image reproduced courtesy of 
EKKAN)       
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homozygosis or compound
heterozygosis

Anti-arrhythmic or
rate-control drugs

warfarin, cardioversion
radiofrequency ablation

in an early stage

DrugsMyectomy or
alcohol ablation

Implantable
defibrillator

  Fig. 25.5    Nat   ural history and management of Hypertrophic Cardiomyopathy (Image reproduced courtesy of EKKAN). 
 LVOT  Left ventricular outfl ow track,  EF  Ejectiar fraction,  NYHA  New york heart association       

include age and left atrial dilation (a consequence 
of diastolic dysfunction, LVOTO, and mitral regur-
gitation). Patients with obstructive HCM have an 
increased risk of developing infective endocardi-
tis, usually on the anterior mitral valve leafl et. The 
incidence of infective endocarditis is 1.4 per 1,000 
person-year and 3.8 per 1,000 person-year in 
patients with obstruction [ 55 ,  56 ].   

25.2.5    Clinical Μanagement of HCM 

 The treatment of most patients with HCM focuses 
on the management of symptoms, the prevention of 
disease-related complications and the counseling 
of family members. Exceptions include lysosomal 
storage diseases, such as Pompe, Anderson-Fabry 
disease or amyloidosis, for which specifi c therapies 
are available (Figs.  25.3  and  25.5 ).

25.2.5.1      Symptom Management 
 In patients with symptoms caused by LVOTO, the 
aim of treatment is to reduce the outfl ow tract 
 gradient. Options include negative inotropic drugs 

(β-blockers, disopyramide, and verapamil), atrio-
ventricular sequential pacing, percutaneous alcohol 
ablation of the interventricular septum, and surgery. 
Surgery or septal ablation is  considered in patients 
with signifi cant outfl ow obstruction  (gradient 
>50 mmHg) and symptoms refractory to medical 
therapy [ 62 ,  63 ]. Therapeutic options in patients 
without LV outfl ow gradients are limited predomi-
nantly to pharmacologic therapy. Anticoagulation 
should be considered in all patients with sustained 
or paroxysmal AF [ 58 ,  59 ].  

25.2.5.2     Risk Stratifi cation 
and Prevention of Sudden 
Cardiac Death  

 SCD occurs throughout life, with a maximal inci-
dence in adolescence and young adulthood, often 
without warning signs or symptoms. Although 
there is an excess of deaths during or after strenu-
ous exertion, most occur during mild exertion or 
sedentary activities. The mechanism underlying 
most cases of SCD is believed to be ventricular 
tachyarrhythmia, but conduction  disease and 
thrombo-embolism may account for some cases. 
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 In general, the presence of one or more 
 conventional clinical risk factors should prompt 
consideration of an implantable cardioverter 
 defi brillator (ICD). Patients with two or more 
risk factors have a 4–5 % annual risk of 
SCD. More problematic are patients who have 
only a single risk factor (up to 25 % of patients). 
When assessing the need for ICDs in this group, 
age, symptoms, and the presence of so-called 
minor risk factors should be taken into account 
and balanced against the risk of complications of 
ICD therapy, particularly in young people. 
Patients with HCM should refrain from intense 
exercise. This restriction has signifi cant implica-
tions for all patients, underlining the importance 
of accurate diagnosis [ 42 – 48 ].  

25.2.5.3     Clinical Risk Stratifi cation 
in HCM 

   The Following Data are Being Used 
     1.    Conventional primary prevention risk 

markers
   Family history of sudden death due to hyper-
trophic cardiomyopathy  
  Unexplained recent syncope  
  Multiple repetitive non-sustained ventricular 
tachycardia (on ambulatory ECG)  
  Hypotensive or attenuated blood pressure 
response to exercise  
  Massive left-ventricular hypertrophy (thick-
ness, ≥30 mm)      

   2.    Potential high-risk subsets for primary 
prevention
   End-stage phase (ejection fraction <50 %)  
  Left-ventricular apical aneurysm and scarring      

   3.     Potential arbitrators for primary prevention 1 
   Substantial left-ventricular outfl ow gradient 
at rest  
  Multiple sarcomere mutations  
  Extensive and diffuse late gadolinium 
enhancement  
  Modifi able
•    Intense competitive sports  
•   Coronary artery disease           

1   A number of disease features can be regarded as arbitra-
tors when the level of risk based on conventional markers 
is ambiguous. They may be useful in resolving otherwise 
uncertain ICD decisions on a case-by-case basis. Routine 
use of electrophysiology testing is not recommended. 

 Recently a more sophisticated model (HCM 
Risk-SCD) was published for predicting SCD in 
HCM. This is the fi rst validated SCD risk predic-
tion model for patients with HCM. The model 
provides accurate individualized estimates for 
the probability of SCD using readily collected 
clinical parameters such as LVH, LVOT gradient 
at rest, NSVT in Holter, familial SCD, LA size 
and age [ 47 ].  

   Pregnancy 
 Serious complications during pregnancy in 
women with HCM occur in less than 2 % of preg-
nancies. Maternal mortality seems to be confi ned 
to women with high risk profi les [ 4 ,  8 ,  63 ].   

25.2.5.4     Clinical Value of Genetic 
Testing 

 A genetic diagnosis is obtainable in 70 % of 
consecutive patients with familial HCM, though 
the yield is lower (30 %) when sporadic disease 
is considered [ 4 ,  8 ]. Those with special 
 characteristics such as conduction disorders, 
 pre- excitation, or systemic disease may 
represent phenocopies of sarcomere-associated 
HCM and focused genetic testing may be 
 helpful with diagnosis and treatment 
(e.g. Danon’s disease, Fabry disease). The 
greatest benefi t of genetic testing in HCM 
derives from cascade screening with the ability 
to identify which individuals in a family are, or 
are not, at risk of disease development [ 1 ,  2 ,  4 , 
 5 ,  8 ,  32 ,  60 ,  63 ,  64 ].   

25.2.6     Evaluation of Families 
and Genetic Counselling 

 Current guidelines recommend screening with a 
12-lead ECG and echocardiogram for family 
members of HCM patients [ 4 ,  5 ,  8 ,  63 ].

    At age <12 years   
Screening optional unless:
•    Either a malignant family history of prema-

ture death from hypertrophic cardiomyopa-
thy is known or other adverse complications 
are present  

•   Child is a competitive athlete in an inten-
sive training programme  
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•   Onset of symptoms  
•   Other clinical suspicion of early left- 

ventricular hypertrophy has been noted     
   At age 12–21 years
•     Screening should be  performing every 

12–18 months     
   At older than 21 years
•     Imaging should be performed either at 

onset of symptoms or possibly at 5-year 
intervals (at least through mid- life); more 
frequent intervals are appropriate in 
 families with a malignant clinical course 
or history of late-onset hypertrophic 
cardiomyopathy       

 Thus at the present time hypertrophic car-
diomyopathy has been transformed from a rare 
and largely untreatable disorder to a common 
genetic disease with effective management 
strategies.   

25.3     Arrhythmogenic (ARVC/
ALVC) Cardiomyopathy 

25.3.1    Defi nition-Epidemiology 

 Arrhythmogenic right ventricular cardiomyop-
athy (ARVC) is a genetically determined heart 
muscle disease that predominantly affects the 
right ventricle (RV). The disease is character-
ized by fi brofatty replacement of the right and/
or the left ventricular myocardium, segmental 
dysfunction of the RV or/and LV and arrhyth-
mias. ARVC is mainly a desmosomal disease 
resulting from defective cell adhesion proteins. 
The estimated prevalence of ARVC in the gen-
eral population ranges from 1 in 2,000 to 1 in 
5,000. A familial background has been demon-
strated in about 50 % of ARVC cases (Fig.  25.6 ). 
The disease becomes clinically overt most 
often in the third or fourth decade of life. 
Clinical diagnosis of ARVC is often diffi cult 
because of the nonspecifi c nature of the disease 
and the broad spectrum of phenotypic manifes-
tation, ranging from severe to concealed forms. 
In 2010, the International Task Force proposed 
revised  criteria for the clinical diagnosis of 
ARVC (Table     25.2 ) [ 65 ].

25.3.2       Genetics 

 The disease is familial, and typically  autosomal 
dominant, in about half the cases. Mutations in 
fi ve genes that encode desmosomal proteins 
(   desmoplakin, plakoglobin, plakophilin 2, 
 desmoglein 2, and desmocollin 2) have been found 
in ARVC. The same holds true for two related 
autosomal recessive disorders: (1) Naxos disease 
(ARVC accompanied by woolly hair and 
palmoplantar keratoderma) and, (2) The Carvajal 
syndrome (which has a similar dermatologic 
phenotype but in which left  ventricular involvement 
is predominant). Mutant desmosomes may 
therefore compromise cell-to-cell adhesion at 
 intercalated disks, lessening the ability of  myocytes 
to withstand mechanical forces  during the cardiac 
cycle. Damage to the cell surfaces, causing cell 
detachment and cell death, probably ensues 
[ 65 ,  66 ].

   The majority of causative mutations are 
insertions or deletions or nonsense mutations that 
result in premature truncation of the encoded 
proteins. Two other, nondesmosomal genes have 
been implicated in ARVC: one for the 
transforming growth factor β3 (TGF-β3) and the 
other for the transmembrane protein 43 
(TMEM43). Experimental data indicating that 
mutant desmosomes also cause remodeling of 
gap junctions 63 explain how electrocardiographic 
changes and ventricular arrhythmias can develop 
before the loss of myocytes and dysfunction of 
the RV become apparent (the concealed phase of 
the disease) [ 65 – 71 ]. 

25.3.2.1     Morphologic Types 
of ACM 

 The spectrum of RV alterations ranges from 
global RV dilatation/dysfunction to regional wall 
motion abnormalities or “bulges” typically local-
ized in the triangle of dysplasia, (i.e., subtricus-
pid, apical, and infundibular regions). The LV 
and the septum are usually involved to a lesser 
extent; whereas, biventricular or left dominant 
variants of disease have been reported [ 71 – 76 ]. 

 The extent of LV involvement and variations 
in the perceptible timing has allowed recognition 
of three distinct patterns of disease expression:
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    1.     Classic (right dominant) . The early stages of 
the disease are characterized by isolated RV 
involvement, evolving from localized to dif-
fuse. LV involvement may arise after the onset 
of global RV dysfunction.   

   2.     Left dominant , characterized by early promi-
nent LV involvement; the LV is consistently 
more severely affected than the right.   

   3.     Biventricular , characterized by parallel bilat-
eral involvement with no apparent proclivity 
to either ventricle.     
 Left-dominant arrhythmogenic cardiomyopa-

thy (LDAC) is characterized pathologically by 
fi broadipose replacement of the LV. In classic 
right dominant disease, LV involvement is fre-
quently confi ned to the inferolateral and inferior 
walls, sparing the septum. LDAC, in contrast, 
affects the septum in more than 50 % of cases. 
Cardiovascular magnetic resonance commonly 
shows late gadolinium enhancement in a subepi-
cardial or midmyocardial distribution, consistent 
with that observed in pathology [ 74 ].   

25.3.3    Clinical Diagnosis 

25.3.3.1     Original and Modifi ed 
Task Force Criteria 

 The 1994 Task Force Criteria were initially 
designed to guarantee an adequate specifi city for 
ARVC among index cases with overt clinical mani-
festations. However, the 1994 Criteria lack sensi-
tivity for identifi cation of early/minor  phenotypes, 
particularly in the setting of familial ARVC. 
Accordingly, diagnostics criteria have been recently 
revised with the aim of improving diagnostic sensi-
tivity [ 65 ]. Comparison of dignostic criteria of ARVC 
versus ALVC [LDAC] is presented in Table  25.2 . 
The approach of classifying structural, histopatho-
logic, electrocardiographic (ECG), arrhythmic, and 
genetic features of the disease as major and minor 
criteria has been maintained. As far as ECG and 
arrhythmic  features are concerned, in the revised 
Task Force Criteria T-wave inversion in V1 to V3 as 
well as VT with left bundle branch block (LBBB) 
morphol ogy with superior/indeterminate QRS axis, 

2003

P2 P1

SD ? ?

  Fig. 25.6    ARVC    is a familial cardiomyopathy (Image reproduced courtesy of EKKAN)       
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either  sustained or non-sustained, have become 
major criteria. The following fi ndings have been 
included among minor criteria: (1) T-wave inver-
sion in V1 and V2 in the absence of right bundle 
block (RBBB) and from V1 to V4 in the presence 
of complete RBBB; (2) Positivity of any one of the 
three signal-averaged ECG (SAECG) parameters 
for late potentials; and (3) premature ventricular 
beats more frequent than 500 per 24 h on the Holter 
monitoring. Moreover, revised guidelines provide 
quantitative cutoff values in imaging and histopath-
ological criteria. Finally, the identifi cation of a 
pathogenetic gene mutation in a fi rst-degree rela-
tive has become a major criterion for ARVC diag-
nosis [ 65 ,  71 ,  74 ,  76 ].

25.3.4         Clinical Genetics 
in Arrhythmogenic 
Cardiomyopathy 

 A familial background has been identifi ed in 
50 % of patients with ARVC. Once a proband is 
diagnosed with the disease, family genetic 
screening is indicated for the detection of affected 
family members, before their clinical symptoms 
become evident. The fi rst ARVC-causing gene 
(i.e., the plakoglobin gene [JUP]) was identifi ed 
in patients with Naxos disease, a syndrome 
 characterized by palmoplantar keratosis, woolly 
hair, and ARVC with an autosomal recessive 
 pattern of inheritance. Plakoglobin protein is a 
component of desmosomes, which are special-
ized intercellular structures providing mechani-
cal attachment of myocytes. 

 A cardio-cutaneous syndrome, similar clinical 
profi le to Naxos disease, mainly involving the LV 
has also been reported (so-called Carvajal 
 disease). The cause of Carvajal syndrome is a 
 defective desmoplakin gene (DSP). Dominant 
forms of ARVC caused by DPS gene mutations 
in plakophilin- 2 (PKP-2) have been reported in 
almost one-third of unrelated probands from 
three different cohorts of subject with ARVC 
across the world. Subsequently, desmoglein-2 
(DSG2) and desmocollin −2 (DSC2) were 

detected as rare disease-causing desmosomal 
genes [ 65 ,  71 ,  74 ,  76 – 82 ]. 

 Other gene mutations unrelated to cell  adhesion 
complex were also identifi ed. Data demonstrate 
the importance of multiple variants in clinically 
signifi cant ARVC and indicate that sequencing of 
all fi ve desmosomal genes is required when 
genetic evaluation of an ARVC/ACM proband 
and family is undertaken. In cases where clinical 
diagnosis in the proband is certain or highly prob-
able, genetic testing is reasonable if cascade 
screening is desired by the family members [ 1 ,  2 ]. 

 Arrhythmic SCD might occur in a preclinical 
stage of ARVC before diagnostic histopathologic 
features become evident at post mortem. Therefore, 
diagnosis of the cause of death may depend on 
molecular genetic testing with  identifi cation of a 
pathogenetic gene defect  [ 67 – 69 ,  72 ,  73 ,  77 – 79 ].  

25.3.5    Clinical Management 

 The current evidence suggests that asymptomatic 
individuals should be included in a follow-up 
program with noninvasive evaluation on a regular 
basis for early identifi cation of warning 
 symptoms and demonstration of disease progres-
sion or  ventricular arrhythmias. Whether prophy-
lactic use of β-blockers, anti-arrhythmic drugs 
(AADs), and angiotensin-converting enzyme 
(ACE)  inhibitors/angiotensin receptor blocker 
may reduce arrhythmic complications and dis-
ease progression in asymptomatic patients or 
gene carriers, remains to be proven. AAD ther-
apy is the fi rst- line treatment for patients with 
well- tolerated and non-life  threatening 
 ventricular arrhythmias. Sotalol has been fre-
quently used for prevention of ventricular 
arrhythmia or the  reduction of ICD intervention. 
Amiodarone alone or in combination with 
β-blockers has been reported as an alternative 
approach, although potentially dangerous cardiac 
and noncardiac side effects should be taken into 
account. In patients with biventricular heart fail-
ure, classical treatment of HF seems adequate. 
The main mechanism of ventricular tachycardia 
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(VT) in ARVC is scar-related reentry. Three-
dimensional (3D) electroanatomical mapping by 
CARTO  system offers the possibility to delineate 
 electroanatomical scar, which corresponds to 
areas of low amplitude and fractionated intracar-
diac electrograms [ 70 – 72 ,  75 ,  77 – 82 ]. 

25.3.5.1    Risk Stratifi cation 
 Mortality rate of patients with ARVC/ACM on 
medical therapy is estimated to be around 1 % 
per year. Most of the deaths are related to 
 arrhythmias, which can occur at any time during 
the disease course. Patients with prior cardiac 
arrest and those with hemodynamically unstable 
VT carry the highest risk of SCD and benefi t of 
ICD implantation (secondary prevention). 

 ICD implantation for primary prevention seems 
problematic The available data based on autopsy 
series or retrospective clinical studies suggest that 
young age, fast and poorly tolerated VT, syncope, 
severe RV dysfunction, LV  involvement with HF 
and, perhaps, familial occurrence of juvenile SD 

are potential  predictors of SCD and worse out-
come [ 79 ]. Progressive ventricular dysfunction 
leading to HF and embolic stroke may cause death 
in a small  proportion of patients. There are con-
fl icting data on the prognostic values of electro-
physiologic study (EPS) with programmed 
ventricular stimulation (PVS) in ARVC. Further 
studies in larger subject populations over a longer 
follow-up are needed to conclusively determine 
the value of PVS for risk stratifi cation of patients 
with ARVC [ 70 ,  71 ,  79 ,  80 ]. 

 In conclusion, ARVC/ACM shows an autoso-
mal dominant pattern of inheritance with incom-
plete penetrance and variable clinical expression, 
although an autosomal recessive mode has been 
identifi ed. Molecular genetic analysis is a power-
ful tool for preclinical diagnosis of ARVC/ACM 
in asympomatic family members of gene-positive 
probands and may contribute to risk stratifi cation 
and clinical management. The most important 
therapeutic objective in ARVC/ACM is to pre-
vent arrhythmic SD (Fig.  25.7 ).    

Symptomatic
ACM/ARVC/ALVC

Asymptomatic
ACM/ARVC/ALVC

Aborted SD

Sustained VT,
Syncope

LV involvement

LDAC - ALVC

Palpitations –
ventricular ectopics

No fam Hx of SD

Fam Hx of SD

LDAC - ALVC

High risk*

High risk*

Low risk

Mild ARVC/D

Severe ARVC/D

Low risk

High risk*

High risk* ICD

VT at EPS

ICD

ICD

ICD

β-blockers, ADD
ablation

Follow-up
β-blockers

β-blockers,
ICD ?

–

+

  Fig. 25.7    Risk stratifi cation and management in ARVC/
ACM. * Risk factors: history of syncope, severe RV dys-
function, LV involvement, hemodynamically unstable 
VT/VF, QRS dispersion ≥40 ms, epsilon waves, family 

history of premature SCD,  fam HX  family history of SC; 
 ICD  implantable cardioverter/defi brillator,  EPS  electro-
physiological study;  SD  sudden death,  VT  ventricular 
tachycardia (Image reproduced courtesy of EKKAN)       
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25.4     Dilated 
Cardiomyopathy (DCM)  

 DCM is characterized by left ventricular 
 dilatation and systolic dysfunction in the absence 
of hypertension, coronary artery disease, valve 
disease, congenital heart disease, and other 
 overloading conditions. Analysis of  asymptomatic 
relatives of affected patients indicates that 
 familial disease accounts for one-third to  one-half 
of cases [ 40 ,  41 ]. 

 DCM is the most common cardiomyopathy 
worldwide and accounts for 25 % of HF cases in 
the US. Prevalence in adults is 1:2,500. This 
 disorder develops at any age, and in either sex, but 
more commonly in men than in women [ 85 ]. 

25.4.1    Genetics 

25.4.1.1    Familial and Genetic 
 At presentation, a family history and screening 
of fi rst-degree relatives (for ventricular 
dilation, conduction disturbances and skeletal 
myopathy) should be considered. More than 40 
    disease- causing genes have been identifi ed in 
DCM, most of which encode proteins of the 
 sarcolemma, cytoskeleton, sarcomere, nuclear 
envelope (e.g. Lamin), and mitochondrion. The 
structural and functional consequences of 
DCM mutations include impairment of 
myocardial force generation, force 
transmission, and cell  survival. DCM is 
inherited as an autosomal  dominant trait in 
90 % of families. This mode of transmission is 
often associated with reduced and age-related 
penetrance, although onset by the fourth 
decade of life is typical. Expression is also 
variable and frequently incomplete: although 
symptomatic disease may not be present, 
cardiac evaluation may reveal unexplained 
 electrocardiographic ECG or echocardiographic 
abnormalities [ 84 ,  85 ]. 

 Autosomal dominant forms of DCM may be 
associated with conduction disease or skeletal 
myopathy. Other modes of inheritance include 

autosomal recessive, X-linked recessive, and 
mitochondrial. In autosomal recessive DCM, 
patients usually present at a younger age than 
those with the dominant form. The disease course 
is characterized by more rapid progression to 
death or cardiac transplantation. X-linked inheri-
tance is characterized by the absence of male-to- 
male transmission. Women may be affected but 
usually express a milder form of disease expres-
sion with onset later in life. Affected patients 
usually have an increase in creatine-kinase 
(CK) – MM isoform level (e.g. Mutations in dys-
trophin that also cause Duchenne and Becker 
muscular dystrophy). 

  Matrilineal inheritance  is usually associated 
with signs of mitochondrial-related phenotype, 
such as lactacidemia, hypoacusia, palpebral pto-
sis, myopathy with ragged red fi bers, ophthalmo-
plegia, encephalopathy, or retinitis pigmentosa. 
In this form of inheritance the mother, son, or 
daughter may be affected, but the affected men do 
not transmit the disease to their offspring. 

 Causative genes in DCM seem to predomi-
nantly encode cytoskeletal and sarcomeric pro-
teins with subsequent defects of force generation 
and transmission. Metabolic abnormalities and 
disturbed calcium homeostasis are additional 
mechanisms. In DCM, mutations in the genes 
encoding contractile proteins result in functional 
changes that are the opposite of the changes 
caused by mutations in the same contractile genes 
that cause HCM [ 84 – 86 ]. 

 A large number of mutations have been iden-
tifi ed in  LMNA , the gene encoding lamins A and 
C, which is 12 exons in length and located on the 
long arm of chromosome 1 (1q21.2-q21.3). 
Phenotypic manifestations are diverse, including 
an array of rare but dominantly transmitted 
 diseases affecting cardiac and skeletal muscle 
(laminopathies): Emery-Dreifuss muscular 
 dystrophy, Dunnigan-type familial partial 
 lipodystrophy (a rare degenerative disorder of 
the adipose tissue), limb girdle muscular dystro-
phy 1B, and dilated cardiomyopathy with 
 conduction system disease. Lamin mutations 
may cause disruption of nuclear function, 
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 resulting in cell death. Mice lacking the LMNA 
gene have been shown to develop rapidly pro-
gressive DCM with conduction defects (slow 
heart rates, prolonged PR and QRS intervals) 
[ 85 – 92 ]. 

 Finally, although LDAC (desmosomal  disease) 
is now accepted as a variant of ARVC, it can be 
clinically mistaken for DCM or  myocarditis owing 
to its early and predominant left ventricular 
involvement [ 76 ,  85 ].   

25.4.2    Clinical Diagnosis 

25.4.2.1    Patients with the Disease 
 In index cases, DCM is diagnosed in the presence 
of depressed fractional shortening (<25 %) of 
reduced left ventricular ejection fraction (LVEF) 
(<45 %), and a dilated LV (end-diastolic diameter 
>117 % of the predicted value corrected for age 
and body surface area) [ 83 ,  85 ]. DCM patients 
present with shortness of breath and fatigue or 
signs of overt HF. Physical examination may be 
unremarkable or reveal the signs of HF. 

  Normal ECG  is not unusual in the early 
phase. No ECG abnormalities are specific for 
DCM. First or second degree AV block, 
 intraventricular block, ST-T wave changes, Q 
waves, atrial fibrillation, or ventricular 
 arrhythmias may be seen. New  ventricular 
arrhythmias or second or third degree heart 
block in patients with apparently chronic 
DCM suggest sarcoidosis. 

 In echocardiography the LV is dilated, and 
more spherical than usual with increased wall 
stress and depressed systolic function with or 
without mitral regurgitation. Usually contractility 
is globally reduced with or without segmental 
abnormalities. Additionally, pericardial effusion 
(especially in myocarditis) and signs of right HF 
may be present. Magnetic resonance imaging 
provides the most accurate estimate of ventricular 
structure and function and allows detection of 
infl ammation and scarring [ 83 ,  85 ]. 

  Endomyocardial biopsy  is controversial. It 
can be used to distinguish between disease pro-
cesses that need alternative treatment strategies, 
such as storage diseases, sarcoidosis, and hae-

mochromatosis. It is reasonable to implement it 
in patients with new-onset CMP and fulminant 
HF, who may benefi t from an early diagnosis. 
Usually however,  microscopic examination 
reveals areas of interstitial and perivascular 
fi brosis, and sometimes areas of necrosis and 
cellular infi ltrate. Additionally, testing for sec-
ondary or specifi c causes that mimic DCM is 
suggested with clinical suspicion of haemo-
chromatosis, sleep-apnea, HIV infection, rheu-
matological disease, storage diseases, or 
pheochromocytom may be warranted [ 85 ].  

25.4.2.2    Relatives 
 Incomplete phenotypic expression is common 
among relatives, contributing to underrecogni-
tion of familial disease. Nevertheless, nearly a 
third of asymptomatic relatives of patients with 
DCM have echocardiographic abnormalities on 
screening (e.g., depressed fractional shortening, 
LV enlargement), and more than a quarter of 
these patients develop overt DCM. Furthermore, 
cardiac-specifi c autoantibodies were present in 
more than 30 % of asymptomatic relatives of 
patients with DCM, and are weak independent 
predictors of DCM development at 5-year fol-
low- up [ 5 ,  83 ,  85 ]. 

 Familial DCM is diagnosed in the presence of 
at least two affected individuals in the same fam-
ily, or a history of unexplained SD before the age 
of 35 years in a fi rst-degree relative Data com-
piled from Mestroni L et al. [ 83 ].   

25.4.3    Risk of Sudden Death 

 The prognosis of DCM is highly variable. Earlier 
studies reported 5-year mortality rates of 50 %, 
which have declined to 20 % in more recent 
reports. This improvement in survival refl ects 
both advances in HF therapy and early disease 
detection. An important unsolved challenge in 
the management of DCM is individual assess-
ment of the lifetime risk of SD [ 84 ,  85 ]. 

 Few parameters, such as LVEF and syncope, 
have been identifi ed as good predictors of SD in 
DCM. Scant data exist on the natural history 
associated with specifi c genetic mutations and 
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predisposition to arrhythmia. However, recent 
studies have shown that arrhythmogenic risk is 
higher in certain subtypes of DCM, such as the 
laminopathies and desmosomal disease of the left 
ventricle (LDAC/ACM) [ 85 – 92 ]. 

25.4.3.1     Mild DCM with Severe 
Arrythmogenicity 
and Indications 
for Genetic Testing 

 Current data support the view that LMNA 
 mutations are among the most common defects in 
familial DCM, accounting for 5–8 % of all DCM 
cases, and up to 70 % of cases of DCM with 
 conduction defects and/or muscle contractures. 

 Although initial reports have emphasized that 
patients with DCM from lamin A/C (LMNA) 
mutation often have a conduction defect or AF 
prior to the development of HF, it is increasingly 
apparent that SD from ventricular arrhythmia is a 
major prognostic determinant, and often occurs 
before the onset of severe LV dysfunction. Because 
as reliable risk stratifi cation in LMNA disease 
remains an unsolved challenge, consideration 

should be given to prophylactic ICD implantation 
in all patients who have a probable disease-causing 
mutation, particularly in the presence of a family 
history of premature SD [ 88 ,  89 ,  91 ,  92 ]. 

 Additionally, LDAC/ACM is now accepted as 
a variant of ARVC and it can be clinically mis-
taken for DCM or myocarditis owing to its early 
and predominant LV involvement. 

 LDAC/ACM should be suspected in patients of 
any age with unexplained arrhythmia of LV  origin, 
(infero) lateral T wave inversion, apparent DCM 
with arrhythmic presentation or  myocarditis. The 
signifi cant risk of SD in patients with LDAC justifi es 
mutation screening for desmosomal genes in appar-
ent DCM and warrants a low threshold for ICD 
placement if the diagnosis is confi rmed. As noted, 
DCM with conduction disease and/or arrhythmia 
represents a special subset of familial DCM in which 
focused testing for LMNA,  desmosomal, and to a 
lesser degree for SCN5A mutations, may have a sub-
stantial clinical impact. When there is a strong family 
 history of important ventricular arrhythmias, heart 
block, or SD,  practitioners may consider recom-
mending early prophylactic ICD  implantation for 

  Table 25.3    Defi nition of the clinical status of members of families with familial dilated cardiomyopathy compiled 
from [ 83 ]   

  Major criteria    Minor criteria  
 1.  The presence of two or more 

affected individuals in a single 
family; or 

 1.  Unexplained supraventricular (atrial fi brillation or sustained arrhythmias) 
or ventricular arrhythmias, frequent (>1,000/24 h) or repetitive (three or 
more beats with >120 bpm) before the age of 50 

 2.  The presence of a fi rst-degree relative 
of a dilated cardiomyo-pathy patient, 
with well documented unexplained 
sudden death at <35 years of age. 

 2. Left ventricular dilatation >112 % of the predicted value 
 3.  Left ventricular dysfunction: ejection fraction <50 % or fractional 

shortening <28 % 
 4.  Unexplained conduction disease: II or III atrioventricular conduction 

defects, complete left-ventricular bundle branch block, sinus nodal 
dysfunction 

 5. Unexplained sudden death or stroke before 50 years of age 
 6.  Segmental wall motion abnormalities (<1 segment, or 1 if not previously 

present) in the absence of intraventricular conduction defect or ischaemic 
heart disease. 

  Assessment of the clinical status  
  Affected    Unknown    Unaffected  
 Presence of:  Presence of one 

or two minor 
criteria 

 Individuals with normal hearts 
   The major criteria (left ventricular 

dilatation and systolic dysfunction) 
   Or left ventricular dilatation 

(>117 %) + one minor criterion 
 The presence of other causes of myocardial disease 

  Or three minor criteria 
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 genotype- positive relatives, even in the presence of 
mild or no  phenotype [ 85 ,  88 – 97 ]. 

 Thus, unexpected sustained VT or SD in the 
absence of signifi cant LV dysfunction should 
raise suspicion of either LMNA or a desmosomal 
mutation as the cause of the CMP and should 
prompt familial and genetic evaluation (Fig.  25.7 ).

        Conclusions 

 The identifi cation of the most clinically rele-
vant genes underlying inherited CMP and dem-
onstration of clinical relevance of genotype 
phenotype correlation require that cardiologists 
are aware of the possibilities and limitations of 
genetic testing, to squeeze out the maximum 
possible benefi t. During the past two decades, 
numerous disease-causing genes for different 
CMP have been identifi ed. These discoveries 
have led to better understanding of disease 
pathogenesis and are the initial steps in the 
clinical application of mutation analysis in the 
evaluation of the patients and their families.     
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  26      Cardiorenal Syndrome: What Basic 
Research Can Contribute 

              Aristidis     S.     Charonis     

    Abstract  

  Cardiorenal syndrome is defi ned as the coexistence of heart failure and 
renal failure. Under this term, several syndromes with distinct etiology 
and pathophysiology can be discriminated. This short review focuses on 
what we have learned from basic research approaches, using animal mod-
els. The use of animal models, albeit useful, should always be followed 
with reservations about extrapolation of results. Two models are presented 
in detail, one where heart dysfunction is caused by ligation of the left ante-
rior descending artery and another where renal dysfunction is caused by 
subtotal nephrectomy; in both cases, anatomical and functional alterations 
in the other organ are presented. Next, future directions in this fi eld are 
proposed, focused mainly on the need to use system biology approaches 
for gaining a more holistic understanding and on the promise that inter-
ventions on histone deacetylases holds for generating specifi c and effec-
tive pharmaceuticals.  

  Keywords  

  Cardiorenal syndrome   •   Heart failure   •   Renal failure   •   Myocardial infarc-
tion   •   Indoxyl sulfate  
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  SMAD    Similar to Mothers Against Decapen-
taplegic protein   

  STN    Subtotal Nephrectomy   
  TGF-β    Transforming Growth Factor-beta   
  UPR    Unfolded Protein Response   

26.1           Introduction 

 The cardiorenal syndrome could be defi ned in 
simple terms as the coexistence of heart failure 
and renal failure. This coexistence refl ects the 
tight functional coupling of heart and kidneys. 
Indeed, current views appreciate the fact that 
although heart is the pump and kidneys are the 
fi lters, both organs are involved in the regula-
tion of vital functions such as blood pressure, 
vascular tone, diuresis, fl uid volume, tissue 
oxygenation, secretion of hormones [ 1 ]. 
Clinical observations have provided strong evi-
dence for such a functional coupling, since 
about 1/5 of hospitalized patients with acute 
myocardial infarction exhibit compromised 
renal function [ 2 ] and death from heart-related 
causes is increased by a factor of at least ten in 
patients in dialysis compared to the general 
population [ 3 ]. 

 Recently, it has been proposed that the term 
“cardiorenal syndrome” may describe a situation 
where different syndromes, distinct as regards 
their initiating cause and possibly for the operat-
ing pathohysiological mechanisms are clustered 
together. Therefore, a need to discriminate 
between them led to the proposal for a classifi ca-
tion of “cardio-renal syndrome” in fi ve different 
categories, based on the primary source of the 
dysfunction, as follows [ 1 ,  4 ]:
   Type 1: starting with acute heart failure  
  Type 2: starting with chronic heart failure  
  Type 3: starting with acute renal failure  
  Type 4: starting with chronic renal failure  
  Type 5: starting with other systemic disease    

 This chapter will concentrate on the contribu-
tions of basic research for our understanding of 
the mechanisms underlying the cardio-renal syn-
drome, and the factors involved. As can be seen 
from Fig.  26.1 , the fi eld of cardio-renal research 
has witnessed an impressive growth in related 

publications; however, very few of them (less 
than 7 %) have used animal models and basic 
research tools to improve our understanding. 
Such an improvement should be considered of 
utmost importance, in order to develop in the 
future novel and specifi cally targeted therapeutic 
approaches.

26.2        What Has Been Done 

 The most frequently used animal models for 
studying cardiorenal syndrome are rodent mod-
els. The studies can be classifi ed in
    (a)    those focusing on cardiac alterations in mod-

els of chronic kidney disease usually caused 
by subtotal nephrectomy,   

   (b)    those focusing on renal alterations in models 
of heart failure usually caused by left anterior 
descending coronary artery ligation and   

   (c)    those (actually very few and largely incon-
clusive) focusing on combined cardiac and 
renal damage.     

 These studies and their cumulative results can 
be found tabulated in a recent excellent review by 
Bongarts et al. [ 5 ]. 

 From these studies, we would like to review in 
detail two from the group of H. Krum, quite rep-
resentative of the status of the fi eld. 

Published reports on cardiorenal
syndrome 
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26.2.1     The Acute Heart Failure Model 

 In order to assess the role of myocardial infarc-
tion (MI) on renal anatomy and function (the type 
1 cardiorenal syndrome according to the already 
presented classifi cation), Lekawanvijit and col-
leagues [ 6 ] have used a rat model where the left 
anterior descending artery was ligated [ 7 ]; this 
method leads to an overall mortality rate of about 
30 %. Animals (operated, sham-operated and 
controls) were sacrifi ced at several time intervals 
post-infarction, ranging from 1 to 16 weeks. 
Assessment of cardiac function demonstrated 
that animals with MI had a lower ejection frac-
tion compared to the other groups; blood pres-
sure was unchanged, except for the early (1 week) 
interval in the animals with MI. Systolic and dia-
stolic dysfunction was documented for all time 
intervals in the infarct group. 

 Renal function was evaluated by measurement 
of Glomerular Filtration Rate (GFR) and albu-
minuria. GFR was decreased at early time points 
(1 and 4 weeks) but tended to reach normal levels 
in subsequent time intervals. Albumin in 24 h 
urine was normal till the 4-week interval and 
showed an increase at later time points, reaching 
statistical signifi cance at 16 weeks. Half of the 
infarct animals exhibited focal tubulointerstitial 
scarring at 16 weeks; they all showed peritubular 
fi brosis in the cortex in a time-dependant fashion. 
The interstitial space of those animals also exhib-
ited macrophage infi ltration at the 1-week inter-
val only; along the same lines, IL-6 mRNA was 
upregulated at the 1 week interval. The TGF-β 
mRNA, the protein itself and downstream effec-
tor phospho-SMAD-2 (a crucial for signaling 
transcription factor) were upregulated with dif-
ferent kinetics. Study of acute kidney injury bio-
markers showed no change in NGAL (Neutrophil 
Gelatinase Associated Lipocalin) but a biphasic 
increase in KIM-1 (Kidney Injured Molecule 1) 
positive tubules. 

 The authors postulate that there may be a bi- 
phasic effect of myocardial infarction on renal 
structure and function: At an early phase, the 
decrease in ejection fraction and hypotension 
may lead to reduction in blood fl ow through the 
kidneys and reduction of GFR, resulting in 

hypoxic/ischemic injury. Following this phase 
and as a result of these early changes, profi brotic 
cytokines such as IL-6 and TGF-β are responsi-
ble for a gradual development of fi brosis in the 
renal parenchyma, leading to long-term anatomi-
cal changes and renal dysfunction. Contributors 
to this second phase may not be limited to the 
TGF-β pathways; although experimental evi-
dence is lacking, it is possible that the rennin-
angiotensin- aldosterone system and the 
endothelin system may be involved as well [ 8 ].  

26.2.2     The Chronic Renal 
Failure Model  

 In order to evaluate the role of chronic kidney 
disease on cardiac function (the type 4 cardiore-
nal syndrome according to the proposed classifi -
cation) Lekawanvijit and colleagues [ 9 ] have 
used the rat model of subtotal nephrectomy 
(STN). In this model, one kidney is removed and 
two-thirds of the blood supply of the other kidney 
are blocked. These interventions are followed by 
a substantial reduction of the functional renal 
mass, leading to fi brosis and chronic kidney dis-
ease. At different time intervals (4, 8 and 
12 weeks), experimental and control animals 
were studied for the levels of the uremic toxin 
indoxyl sulfate, renal function, cardiac function, 
cardiac anatomy/fi brosis and for macromolecules 
with possible involvement in the alterations 
observed. Indoxyl Sulfate (Fig.  26.2 ) is a protein- 
bound, poorly dialyzable toxin; it is a derivative 
of tryptophan (tryptophan absorbed at the intes-
tine is metabolized to indole and indole in the 
liver is metabolize to indoxyl sylfate). Indoxyl 

H
N

OSO3H

  Fig. 26.2    Chemical formula of Indoxyl Sulfate       
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sulfate is normally excreted in the urine, but in 
CKD elevated serum levels are observed [ 10 ]. 
The reason for focusing on indoxyl sulfate was 
that previous fi ndings in vitro have indicated that 
indoxyl sulfate exerts pro-infl ammatory, pro- 
fi brotic and pro-hypertrophic effects on cardiac 
fi broblasts and cardiomyocytes [ 11 ].

   A consistent decrease in body weight, in the 
range of 10 % was observed in animals with 
STN. A signifi cant increase in systolic blood 
pressure, in the range of 50 % was recorded at all 
time intervals. As expected, animals with STN 
had increased serum creatinine and urine total 
protein concentrations and reduced GFR. Also, 
regarding indoxyl sulfate, animals with STN had 
almost four times higher concentrations in serum 
and reduced concentrations in urine. 
Administration of an oral charcoal absorbent of 
indoxyl sulfate, kremezin (AST-120), had no 
effect on blood pressure or body weight, but 
could improve serum creatinine and urine total 
protein. The heart weight, the left ventricular 
weight and the lung weight, all adjusted to body 
weight, were increased in animals with STN; 
echocardiography established early diastolic dys-
function and cardiac hypertrophy. Cardiac tissue 
fi ndings relate to infl ammation, fi brosis and 
hypertrophy. The pro-infl ammatory cytokines 
IL-6 and TNF-α were examined at the mRNA 
level and no difference was detected between 
sham-operated and STN animals. Cardiac fi bro-
sis was studied both morphologically and bio-
chemically. Extracellular matrix evaluation with 
Sirius Red staining demonstrated an extensive 
fi brosis, which was reduced 50 % in animals tak-
ing kremezin. Examination of genes and path-
ways related to fi brosis indicated that TGF-β was 
increased at the mRNA and the protein level in 
STN animals and signaling pathways involving 
NFκB, p38 and p44/42 MAKPs were activated; 
some of these phenomena were partly reversed 
by the use of kremezin. Regarding hypertrophy, it 
was observed that cardiomyocyte cross-sectional 
area was signifi cantly increased in STN animals 
and pro-hypertrophic genes such as ANP, βMHC 
and αSMA were also upregulated; none of these 
phenomena was affected by administration of 
kremezin. 

 Based on these results it can be concluded that 
CKD-generated uremic toxin IS contributes to 
uremic cardiomyopathy by inducing cardiac 
fi brosis. Despite signaling defects in cardiomyo-
cytes, detected with high levels of IS, the study 
did not clearly document a functional impairment 
in the heart. These fi ndings, combined with pre-
vious studies using the IS absorbent kremezin, 
imply a benefi cial effect of reducing this specifi c 
uremic toxin. However, the contributions of the 
rennin-angiotensin-aldosterone system should be 
also examined in this model, as acknowledged by 
the authors. 

 Based on the studies presented above as well 
as others reviewed by Bongartz et al. [ 5 ], it can be 
concluded that so far, there is evidence for car-
diac pathology and dysfunction as a result of 
compromised renal function, but there is not 
strong evidence for the reverse. We can propose 
as a working hypothesis for cardiorenal syn-
drome type 4 the following sequence of events, 
shown also in Fig.  26.3 :
    At the beginning, renal dysfunction causes a 

gradual increase in circulating blood volume, 
rise in blood pressure, and increase in the con-
centration of toxic metabolites in the 
circulation.  

  As a next step, consequences of the above 
changes are the activation of known pathways 
involving oxidative stress, infl ammatory reac-
tions and the activation of the RAAS system.  

  Next, activation of these systems exerts major 
negative effects on the myocardium. More 
specifi cally, it leads to alterations of cardio-
myocytes, including hypertrophy and dys-
function; alterations in the heart interstitium, 
leading to gradual development of fi brotic tis-
sue; and alterations in the heart microvascula-
ture, a decrease in density and fi nally, in 
conjunction with wall thickening, less effi -
cient exchange of nutrients and gases.  

  Finally, these changes in the myocardium cause 
diastolic and systolic dysfunction, leading to 
heart failure and in cases where fi brosis is 
prominent, to sudden death.    
 A word of caution is necessary in evaluating 

the results from animal models. First, it is well 
established that differences exist between any of 
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these models and the human situation. In addi-
tion, especially for type 2 and type 4 cardiorenal 
syndrome, it should be noted that all models used 
are far from mimicking conditions in the human, 
since the models used exert a sudden insult to 
either organ and do not simulate the gradual 
decline in function most frequently seen in 
patients with type 2 and type 4 cardiorenal syn-
drome. However, these models are closer to the 
human situation when type 1 and type 3 cardiore-
nal syndromes are considered, since the abrupt 
changes of the animal models (acute decline in 
heart and renal function) simulate the initiating 
pathology in the case of humans.   

26.3     What Needs to Be Done 

 Cardiorenal syndrome involves the cross-talk 
between these two organs, which may be medi-
ated by hemodynamic factors and by humoral 
factors in various combinations. The complexity 
of the process clearly necessitates System 
Biology approaches, using a combination of 
transcriptomics, proteomics and metabolomics 
and strong bioinformatic analysis. Results from 
such approaches are not reported yet in any 
detail. However, a glimpse of data from such 
approaches is given in a recent review by Ben-
Shoshan et al. [ 12 ]. The authors have performed 

a gene chip array analysis of cardiac tissue dur-
ing renal failure, using animal models. They 
claim to have identifi ed that “cardiorenal syn-
drome-specifi c genetic alterations are highly 
related to the regulation of liquid surface ten-
sion, coagulation homeostasis and extracellular 
matrix metabolism”. Bioinformatic analysis of 
their data indicated that even at early stages of 
renal failure cardiac tissue hypertrophy is initi-
ated and the molecular pathways involved are 
distinct from those activated in hypertrophy due 
to infarction. It is mentioned that endoplasmic 
reticulum stress may be a key player in these 
early phenomena. 

 Although this information is not published yet 
in full detail, it is tempting to speculate that it 
would be very useful to explore the effect of 
hemodynamic factors and toxins (even at low 
concentrations) on the phenotype of cardiomyo-
cytes, focusing on endoplasmic reticulum stress. 
In this respect, it is imperative to generate in the 
near future a more detailed analysis of the circu-
lating toxins in the serum that are related to a 
reduced function of the kidneys and also of the 
toxins that are related to dialysis. 

 A similar approach could be suggested for the 
study of cardiorenal syndromes types 1 and 2, 
where hemodynamic factors and humoral factors 
should be examined for their effect on different 
renal cell phenotypes, although this approach is 

Renal
dysfunction

Circulatory
system
-increase in volume
-increase in pressure
-high concentration of
toxic metabolites

Activation of
pathways

-Oxidative stress
-inflammatory processes
-Renin/Angiotensin System

Effects on heart

-Cardiomyocytes
-Hypertrophy
-Apoptosis

-Interstitium
-Fibrosis

-Vasculature
-Wall thickening
-Decreased density

Heart dysfunction

-Diastolic dysfunction
-Systolic dysfunction
-Conductive dysfunction

Heart failure

Sudden death

  Fig. 26.3    Pathophysiological 
sequence of events in cardio-
renal syndrome (type 4)       

 

26 Cardiorenal Syndrome: What Basic Research Can Contribute



528

more complicated, taking into account the differ-
ent cell types existing in the renal parenchyma. 

 In all cases, despite the possible differences in 
the pathogenesis of the different types of cardio-
renal syndromes, future research on the molecu-
lar mechanisms involved should concentrate on 
the endoplasmic reticulum and the stress imposed 
to it. It is well accepted that the endoplasmic 
reticulum is an organelle with a central role in 
cellular function. It is the site of synthesis of 
secretory and membrane-bound proteins, the 
synthesis of lipids, Ca 2+  storage, folding and 
post-translational modifi cations of the proteins 
and the traffi cking of the proteins in it. If any of 
these functions, (especially the appropriate fold-
ing of proteins) is impaired, the endoplasmic 
reticulum is endowed with mechanisms that try 
to correct the problem, collectively known as the 
Unfolded Protein Response (UPR). At least three 
distinct signaling pathways participate in this 
response, having as common starting macromol-
ecule the GRP78 protein (also known as BiP) 
which resides in the lumen of the endoplasmic 
reticulum [ 13 ]. These pathways are activated in 
order to overcome the problem and restore the 
normal function of the endoplasmic reticulum; 
their failure to do so leads to cell death [ 14 ]. 
Therefore detailed understanding at the molecu-
lar level of the specifi c pathways that are acti-
vated in cases of cardiorenal syndrome in the 
specifi c cell types involved, holds the promise to 
allow the design of targeted and more effective 
therapeutic interventions [ 15 ]. 

 Regarding future therapeutic interventions, an 
interesting fi eld where more works should be 
anticipated is the fi eld of inhibition of protein 
deacetylation. This process is thought to be 
involved in the pathogenesis of both heart and 
kidney failure. Inhibitors of histone deacetylation 
have given encouraging data on cardiac and renal 
dysfunction in animal models, possibly because 
they affect a constellation of cell types and path-
ways [ 16 ]. In this respect, a lot needs to be 
learned about their specifi c targets (both histone 
and non-histone proteins) and even more impor-
tantly the specifi c isoforms of histone deacety-
lases involved, in order to improve the effi cacy 
and specifi city of future therapeutic regiments.     
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    Abstract  

  The term “cardiorenal syndrome” has been introduced in an effort to 
describe problems of various kinds related to the simultaneous existence 
of heart and renal insuffi ciency. Synergism between two epidemiologic 
trends may support the construct of this syndrome, namely the population 
ageing and the epidemics of obesity and diabetes. Most studies indicate 
that the prevalence of anemia is increased in heart failure populations with 
co- morbid kidney disease, and therefore the term cardiorenal anemia syn-
drome has often been used. While rennin-angiotensin system inhibition 
improves morbidity and mortality in patients with congestive heart failure, 
it can further deteriorate renal function and increase incident anemia in 
patients with the cardiorenal syndrome. The mechanism is not yet fully 
understood, but angiotensin II, the active octapeptide of RAS, regulates 
intraglomerular fi ltration pressure and has been proven capable to both 
stimulate erythropoietin secretion and act as a direct growth factor on ery-
throid progenitors. Thus, RAS inhibition in patients with CRS may some-
how diminish the benefi cial effect anticipated from the studies in patients 
with CHF. Careful dose titration and frequent assessment of hemoglobin 
and hematocrit levels, estimated glomerular fi ltration rate, creatinine, 
sodium and potassium concentrations at the introduction of therapy is nec-
essary to prevent this occurrence.  
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  Abbreviations 

   ACE    Angiotensin converting enzyme   
  ACEi    Angiotensin converting enzyme 

inhibitor   
  ARB    Angiotensin receptor blocker   
  CHF    Congestive heart failure   
  CKD    Chronic kidney disease   
  CRAS    Cardiorenal anemia syndrome   
  CRS    Cardiorenal syndrome   
  Egfr    Estimated glomerular fi ltration 

rate   
  GFR    Glomerular fi ltration rate   
  HIF-1, LVEF    Left ventricular ejection fraction   
  HIF-1    Hypoxia inducible factor-1   
  NHANES    National Health and Nutrition 

Examination Survey   
  NYHA    New York Heart Association   
  RAS    Renin-angiotensin system.   

27.1           Introduction 

 The incidence of congestive cardiac failure 
(CHF) and chronic renal failure has been increas-
ing simultaneously in Western type societies over 
the past 30 years [ 1 ]. It has now become clear that 
these two problems co-exist in a substantial sub-
set of the affected population and carry and 
extremely bad prognosis. For example, 46 % of 
patients with CHF have Chronic kidney disease 
(CKD) with glomerular fi ltration rate (GFR) 

<60 ml/min/1.73 m 2 , while about 1/3 of patients 
with CHF stage III or IV according to New York 
Heart Association (NYHA) criteria have severe 
renal insuffi ciency (GFR <30 ml/min/1.73 m 2 ) 
[ 2 ,  3 ]. In recent years, the term cardiorenal syn-
drome CRS was introduced in an effort to 
describe problems of various kinds related to the 
simultaneous existence of heart and renal insuf-
fi ciency. Despite lack of an accepted defi nition 
for the CRS and the controversies regarding its 
precise clinical or pathophysiologic foundation, 
reminiscent of the problems emerged with the 
proposition of the “metabolic syndrome”, the 
term CRS has been increasingly used over the 
past 10 years (Fig.  27.1 ) [ 4 ,  5 ].

   The term syndrome derives from the Greek 
συνδρομή ( sundromē ) that means “concurrence 
of symptoms, concourse” and refl ects the pres-
ence of various common disorders. Although no 
genetic factors that encompass all traits of the 
syndrome have been identifi ed, synergism 
between two epidemiologic trends may support 
the construct of the CRS, namely the population 
ageing and the epidemics of obesity and 
diabetes. 

 In the entirety of recorded human history, the 
world has never seen as aged a population as cur-
rently exists globally, and the UN predicts that 
the rate of population aging in the twenty-fi rst 
century will exceed that in the 20th. Population 
aging has profound implications for many facets 
of human life affecting simultaneously the 
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 cardiac and renal function. Elderly individuals 
have the highest incidence of coronary heart dis-
ease and hypertension, which constitute the two 
most powerful risk factors for heart failure. The 
prevalence of CKD also rises dramatically with 
age. Based on the results of the NHANES 1999–
2004, more than one-third of those aged 70 or 
older have moderate or severe CKD defi ned as an 
eGFR <60 ml/min/1.73 m 2 . Thus, parallel aging 
of the cardiovascular system and the kidney is at 
least in part the common soil for CRS in our time. 

 In addition, overweight and obesity have 
grown to pandemic proportions in industrialized 
countries during the past 50 years. For example, 
from 1960–1962 to 2005–2006, the prevalence of 
obesity increased from 13.4 to 35.1 % in U.S. 
adult age 20–74. Obesity increases the likelihood 
of type 2 diabetes, whose incidence is increasing 
in correlation with the rise in obesity. The 
American Diabetes Association estimates that 
about 21 million people have diabetes, with 
another 54 million people diagnosed with pre- 
diabetes. Diabetic patients carry an increased risk 
of coronary heart disease, hypertension, heart 
failure and nephropathy, in other words compo-
nents of the CRS [ 6 ,  7 ]. 

 Despite inconsistencies in the defi nition of 
anemia cases, most studies indicate that the prev-
alence of anemia is increased in CHF populations 
with co-existing kidney disease, advanced age, 
hypertension and more severe symptoms (range, 
30–61 %) when compared with less symptomatic 
ambulatory populations (range, 4–23 %). Of 
note, even in patients with CHF and preserved 
ejection fraction, who represent the most com-
mon form of heart failure in westernized cultures 
anemia is also highly prevalent. 

 Since obesity and diabetes seem to be the driv-
ing force behind the development of heart disease 
and CKD, conditions with high prevalence of ane-
mia, the term CRS has been enriched by many 
researchers to encompass anemia (cardiorenal 
anemia syndrome, CRAS) and metabolic syn-
drome (cardiorenal metabolic syndrome), in an 
effort to improve the practical utility, as a diag-
nostic and management tool among cardiologists, 
endocrinologists, nephrologists, hematologists 
and intensivists [ 8 ,  9 ]. 

 Various pathophysiological pathways link car-
diac and renal function and mediate clinical out-
comes in CRS, including sympathetic and the 
renin-angiotensin aldosterone axis activation, 
vasopressin oversecretion, nitric oxide bioavail-
ability, infl ammation and overproduction of reac-
tive oxygen species [ 10 ]. This very complex 
interaction of various processes is refl ected in the 
great diversity of biomarkers used for detection 
of the concurrent kidney injury and heart failure 
by Palazzuoli et al. [ 11 ]: 

 NT-proBNP. BNP: Hemodynamic overload, 
neurohormonal activity. Troponins: Myocardial 
injury, hemodynamic overloads KIM-1, NGAL: 
Ischemia and nephrotoxins. NHE 3: Ischemia, 
pre-and post renal acute kidney injury. Cytokines 
(IL-6, 8, 18): Delayed graft function  infl ammatory 
activity. Actin, actin depolymerizing factor: 
Ischemia and delayed graft function. Cystatin-C: 
proximal tubule injury. 

 Among various therapeutic modalities intro-
duced to interrupt those pathways and modulate 
morbidity and mortality, inactivation of rennin 
angiotensin system (RAS) has emerged, as the 
cornerstone treatment decision introduced by 
major guideline developers in cardiovascular, 
renal and endocrine medicine. An almost unex-
plored idea is that RAS inhibition, although ben-
efi ting heart failure, further deteriorates renal 
function and anemia in patients with CRS. If we 
accept this basic idea then wide use of RAS inhi-
bition in large subsets of patients may be consid-
ered an iatrogenic cause of CRS with anemia.  

27.2     RAS Inhibition May Further 
Deteriorate Renal Function 
in the Cardiorenal Syndrome 

 RAS inhibition has provided a major improve-
ment in the management of CHF, resulting in 
both amelioration of symptoms and an increase 
in survival. In addition, angiotensin converting 
enzyme (ACE) inhibitors (ACEi) or angiotensin 
receptor blockers (ARB) are recommended for 
primary prevention of HF in patients with coro-
nary artery disease, peripheral vascular disease, 
stroke, and diabetes with another major risk 
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 factor, such as smoking or microalbuminuria. 
RAS inhibition is also recommended for patients 
with reduced LVEF, regardless of symptoms. 

 RAS inhibition has been shown to be effec-
tive in slowing the progressive decay of GFR in 
diabetic nephropathy in both diabetes mellitus 
type 1 and type 2, as well as in non-diabetic indi-
viduals with CKD and proteinuria >1,000 mg/
day. Intense RAS blockade in subjects with car-
diovascular disease and relatively preserved 
renal function by a combination of high-dose 
ACE inhibitor and ARB therapy worsened GFR 
despite improving proteinuria in the ONTARGET 
study [ 11 ]. A high burden of renal vascular ath-
erosclerosis, preexisting CKD not revealed by 
serum creatinine or both may have contributed to 
these outcomes. Of note, RAS inhibition in 
patients with CRS has  not  been established as 
yet to be renoprotective. On the contrary, RAS 
inhibition could further deteriorate renal func-
tion in CRS and somehow diminish the benefi -
cial effect anticipated from the studies in patients 
with CHF. 

 Animal studies by several laboratories, most 
notably that of B. Brenner, have revealed that the 
glomerular capillary pressure and proteinuria 
depends on arterial perfusion pressure and the 
constriction of efferent arteriole, the dominant 
site of angiotensin II action. Consequently, RAS 
inhibition exerts its renoprotective effect by 
reducing arterial pressure and relaxing the effer-
ent arteriole. These effects of RAS inhibition on 
renal hemodynamics vary widely depending on 
the preexisting physiologic and pathologic state 
of the kidneys. RAS inhibition is usually well 
tolerated in patients with normal cardiac func-
tion or mild heart failure and preserved renal 
perfusion. However, in cardiac patients with 
moderate-to- severe heart failure or systemic 
hypotension and sodium and fl uid depletion due 
to high dose diuretic therapy, renal perfusion 
pressures may already be at or near the autoregu-
latory breakpoint and GFR could be maintained 
due to angiotensin II-mediated selective vaso-
constriction of the efferent arteriole of the glom-
erulus. Complete or sustained RAS inhibition 
with the longer- acting agents regularly adminis-
tered in our days in cardiac patients may be 

 detrimental to renal function, especially if coex-
isting renal  impairment exists, in other words in 
patients with CRS [ 12 ,  13 ]. 

 Although ACEi and ARBs are not nephro-
toxic drugs per se, they must be used with extreme 
caution because severe hyperkalemia and acute 
deterioration of renal function may occur in 
patients with CRS. In the management of such 
patients, especially if the eGFR is less than 
30–40 mL/min/1.73 m 2 , it is of paramount sig-
nifi cance to commence these agents with the 
smallest dose and carefully and slowly titrate the 
dose to the highest dose tolerated. However, 
many physicians still rely on serum creatinine, as 
an index of renal function, and not on the consid-
erably more precise estimates of the GFR and 
therefore, tend to underestimate the severity of 
renal dysfunction, particularly in elderly women, 
who may have severely compromised renal func-
tion despite a serum creatinine concentration 
within the normal range. Those physicians usu-
ally prescribe ACE inhibitors or ARBs in the 
“recommended” dosage. As a result, a vicious 
cycle begins to operate because the higher the 
RAS inhibition, the worse the deterioration of the 
renal function, leading to even higher accumula-
tion of the ACEi or ARBs administered [ 14 ].  

27.3     RAS Inhibition May Increase 
Incidence of Anemia 
in Cardiorenal Syndrome 

 The discovery of ACEi and ARB’s at the begin-
ning of 80s and 90s, respectively, and the fi nding 
that RAS inhibition reduces morbidity and mor-
tality in patients with CHF, created the basis for 
most authorities worldwide to develop guidelines 
introducing this type of therapy, as the corner-
stone therapy in CHF. Despite the inconsistencies 
in the defi nition of anemia cases, most studies 
indicate that the prevalence of anemia is increased 
in CHF populations with co-existing kidney dis-
ease, the so called CRS, advanced age, and more 
severe symptoms (range, 30–61 %) when com-
pared with less symptomatic ambulatory popula-
tions (range, 4–23 %). Anemia is more common 
in CHF than could be accounted for by age or the 
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degree of renal dysfunction. The few published 
reports in patients with CHF and preserved ejec-
tion fraction indicate that anemia is also highly 
prevalent. In most cases of anemia in heart failure 
no specifi c etiology can be found [ 15 – 17 ]. 

 Τhe RAS is historically known as a major 
regulator of blood pressure and plasma volume. 
Angiotensin II receptors are, however, also 
found on erythroid progenitors, indicating that 
beyond blood pressure and salt and water homeo-
stasis, RAS may also have a role in the regula-
tion of red blood cell mass [ 18 ]. This is supported 
by observations of genetically manipulated ani-
mals. Thus, transgenic mice that carried both the 
human renin and angiotensinogen genes devel-
oped persistently increased hematocrits, which 
remained normal when the two transgenes were 
introduced into the AT1-receptor null back-
ground, an observation that highlights the piv-
otal role of the AT1 receptor. Moreover, knockout 
mice for the ACE gene developed substantial 
and highly reproducible anemia, which was cor-
rected almost fully by infusion of Ang II for 
2 weeks [ 19 ]. 

 Although there may of course exist a host of 
causative or contributory factors operative in 
CRS that can cause anemia, RAS inactivation 
may be implicated in the majority of mechanisms 
involved with anemia development in such 
patients. For example, bone marrow can be sup-
pressed by uremic toxin accumulation due to the 
original renal disease, which maybe further dete-
riorated by the concomitant therapy with ACEi or 
ARBs, as previously described. Increased angio-
tensin II signaling in the kidney alters peritubular 
oxygen tension, a key regulatory factor for eryth-
ropoietin secretion [ 20 ]. Reduced oxygen tension 
in the peritubular fi broblasts of the renal cortex is 
associated with increased intracellular concentra-
tions of reactive oxygen species, which, in turn, 
increases activation of hypoxia inducible factor-1 
(HIF-1) and erythropoietin gene expression [ 21 ]. 
Angiotensin II, therefore, may increase erythro-
poietin secretion by reducing renal blood fl ow 
and increasing proximal tubular reabsorption. 
Erythropoietin levels are modestly increased in 
patients with CHF in proportion to measures of 
activation of the RAS. Inhibition of the RAS with 

either ACE inhibitors or angiotensin receptor 
blockers is associated with decreased erythropoi-
etin production and reduced hemoglobin levels. 
In addition, ACEi therapy may reduce hemoglo-
bin concentrations via increased levels of the 
tetra-peptide, N-acetyl-serylaspartyl-lysyl-
proline, which is an inhibitor of hematopoiesis 
and a substrate for the ACE [ 22 ]. On the other 
hand, angiotensin II acts as a direct growth factor 
of erythroid progenitors by activating specifi c 
AT1 receptors located on them. Subsequently, 
angiotensin II receptor blockers or ACE inhibi-
tors block the direct growth effect of angiotensin 
in erythroid progenitors and decrease RBC mass. 

 Anemia is frequently associated with clinical 
signs and symptoms of congestion, a fi nding that 
suggests that plasma volume expansion may con-
tribute to anemia in CHF by a process of 
 hemodilution. In 37 ambulatory nonedematous 
anemic patients with CHF, a radiolabeled albu-
min technique for direct measurement of plasma 
volume demonstrated that 46 % of the patients 
with low hematocrit values had a normal red 
blood cell volume; therefore the anemia could be 
considered entirely attributable to expanded 
plasma volume and consequent hemodilution. 
Thus, the combination of a true decrease in RBC 
mass and plasma volume expansion might be the 
critical feature that determines susceptibility to 
anemia in patients with CRS.  

    Conclusions 

 The term “cardiorenal syndrome” has been 
introduced in an effort to describe problems of 
various kinds related to the simultaneous exis-
tence of heart and renal insuffi ciency. 
Synergism between two epidemiologic trends 
may support the construct of the CRS, namely 
the population ageing and the epidemics of 
obesity and diabetes. Most studies indicate 
that the prevalence of anemia is increased in 
CHF populations with co-morbid kidney dis-
ease, advanced age, hypertension and more 
severe symptoms. Inactivation of the RAS has 
emerged as the cornerstone treatment decision 
introduced by major guideline developers in 
cardiovascular, renal and endocrine disease. 
While RAS inhibition improves morbidity 
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and mortality in patients with congestive heart 
failure, it can further deteriorate renal function 
and increase incident anemia. Thus, RAS 
inhibition in patients with CRS may somehow 
diminish the benefi cial effect anticipated from 
the studies in patients with CHF. Careful dose 
titration and frequent assessment of hemoglo-
bin and hematocrit levels, estimated GFR, cre-
atinine, sodium and potassium concentrations 
at the introduction of therapy is necessary to 
prevent this occurrence    (Fig.  27.2 ).
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    Abstract  

  The heart is afforded with endogenous mechanisms of protection against 
ischemic- reperfusion injury. Both preconditioning with short-lived peri-
ods of ischemia- reperfusion prior to a prolonged ischemia and postcondi-
tioning with very brief episodes of ischemia-reperfusion immediately after 
an index ischemia confer effective protection. Initial experimental studies 
investigated the natural history, the signal transduction pathways and the 
pharmaceutical agents that are involved in myocardial protection. Clinical 
studies that followed verifi ed the laboratory fi ndings transferring the 
acquired knowledge into clinical practice. Autacoids like adenosine, bra-
dykinin and opioids are some of the experimentally and clinically most 
used agents that trigger the mechanism of protection by up-regulation of 
several kinases and of mediators, which prevent the opening of mitochon-
drial permeability pores. Clinical studies may be categorized as observa-
tional, reproducible and pharmacological. The remote form of myocardial 
conditioning by application of ischemia in a distal vascular territory, e.g. 
by blood pressure cuff infl ation at the time of an evolving myocardial 
infarction, has shown promising results and may be used as an adjunctive 
to clinical methods of fl ow restoration and in parallel to the other treat-
ment modalities. Although there are chances, there are also some con-
founders, which render the reproducibility of conditioning more diffi cult 
in clinical reality.  
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   Abbreviations 

  AR    Adenosine receptors   
  IPC    Ischemic preconditioning   
  mPTP    Mitochondrial permeability transition 

pores   
  PKC    Protein kinase C   
  PostC    Postconditioning   
  ROS    Reactive oxygen species   
  SAFE    Survival activating factor Enhancement   

28.1          Introduction 

 Total coronary occlusion without development of 
collateral vessels results in myocardial infarction 
with a wave-front of necrosis, which spreads 
from the subendocardial to subepicardial layers. 
The early restoration of coronary fl ow by 
mechanical or pharmaceuticals means is the cor-
nerstone of therapy in clinical practice. Despite 
the enormous value of reperfusion as the princi-
pal method of therapy, it also carries a series of 
side effects, which are summarized by the term of 
reperfusion injury. Among the more severe 
expressions of reperfusion injury are the exten-
sion of myocardial  necrosis ,  apoptosis , the 
appearance of severe and potentially lethal 
arrhythmias,  stunning  and endothelial dysfunc-
tion [ 1 ]. 

28.1.1    Preconditioning 

 Almost 30 years ago, a group of investigators 
analyzing the effects of brief coronary artery 
occlusions with prolonged arterial occlusion on 
 ATP  depletion and necrosis, found a signifi cant 
reduction of the fi nal infarct size when brief 
periods of ischemia-reperfusion preceded a 
more sustained period of ischemia. This very 
important fi nding, called  ischemic precondi-
tioning  (IPC) [ 2 ], was afterwards verifi ed in 
every species studied, including human, and 
independently of the presence of collateral 
 vessels [ 1 ]. 

 Initial studies described the natural history of 
this phenomenon in terms of number and dura-
tion of each short ischemic insult, presence and 
duration of the short intervening reperfusion 
intervals, duration of the prolonged ischemic 
insult and fi nally the territory of brief ischemic 
applications [ 2 – 4 ].  

28.1.2    Postconditioning 

 In 2003, the Vinten-Johansen’s group using a dog 
model found that the application of a series of 
very short periods of  ischemia-reperfusion  imme-
diately upon reperfusion after index ischemia 
reduces the fi nal infarct size [ 5 ]. This phenome-
non is called  postconditioning  (PostC) and has 
been verifi ed in a large number of experimental 
models and in humans [ 6 ]. Although PostC con-
sists of staccato ischemic-reperfusion intervals, 
earlier studies had already described that gentle 
or gradual reperfusion is a more preferable 
method for restoration of the coronary fl ow com-
pared to the abrupt reperfusion [ 7 ,  8 ]. The initial 
studies of PostC also described the natural  history 
of the effective interventions in terms of the num-
ber and the duration of the brief periods of isch-
emia-reperfusion and of the time of the fi rst 
application of short-lived ischemia. Several stud-
ies suggest that IPC and PostC are equally effec-
tive in infarct size reduction although other 
studies have found that the protection provided 
by PostC is weaker compared to that conferred 
by IPC [ 9 – 11 ].   

28.2    Natural History 

28.2.1     Number and Duration 
of Short Ischemic-Reperfusion 
Intervals 

 One or more short-lived ischemic insults of 
5 min ischemia separated by 5–10 min of reper-
fusion each, seems to be the more appropriate 
 cardioprotective strategy. However, there is a 
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controversy regarding the “frequency-depen-
dency” of preconditioning with some studies 
suggesting that one cycle is as effi cacious as mul-
tiple cycles, others suggesting that more cycles 
provide greater protection and others indicating 
that repetitive cycles exhaust the protective effect 
of IPC [ 3 ,  4 ]. Currently, a 5-min ischemic period 
is considered the preferable duration for an effec-
tive stimulus of protection, although a shorter 
duration seems also to be effective in some spe-
cies and a longer duration of brief ischemia has 
been also applied.  

28.2.2     Reperfusion Interval Prior 
to the Index Ischemia 

 After the application of the short ischemic 
insult(s), two periods of protection follow. The 
first one, called first  window of protection , 
lasts approximately 60 min and confers the 
stronger protection to the myocardium reduc-
ing the final infarct size by approximately 
70 %. After this period and for approximately 
12 h, any protection ceases and the precondi-
tioned myocardium behaves as a naïve organ 
comparable to controls [ 12 ]. However, the lost 
protection can be recaptured after appropriate 
interventions during the periods where protec-
tion is fade. Interestingly, there is a delayed 
form of protection, called  second window of 
protection, starting 24 h later without any addi-
tional intervention and lasting up to in 72–96 h 
[ 13 ]. The delayed form of  protection is there-
fore longer albeit weaker  compared to the 
protection afforded by the first one. Although 
the algorithms of effective  preconditioning 
regarding the duration and the number of 
stimuli have been mostly elucidated, there 
have been major concerns regarding the effec-
tiveness of various algorithms of postcondi-
tioning. Of note, the same algorithms may be 
either effective or ineffective in limiting the 
infarct size with their effectiveness depending 
on the animal species and the experimental 
conditions [ 11 ,  14 ].  

28.2.3    Duration of Index Ischemia 

 After total coronary occlusion, a wave-front of 
necrosis moves from the sub-endocardium to the 
sub-epicardium. Any early intervention that may 
restore the normal fl ow by mechanical or by 
pharmaceutical means or even spontaneous reso-
lution of thrombus that blocks normal fl ow, inter-
rupts the mechanism of necrosis and rescues the 
ischemic myocardial tissue. 

 Protection provided by preconditioning is not 
perpetual, fades and is eventually lost if the dura-
tion of the index ischemia extends beyond a 
period of approximately 3 h. Therefore, any form 
of conditioning rather delays the ensuing myocar-
dial necrosis and “buys” some time from ischemia 
instead of entirely protecting the heart from this. 

 However, shorter periods of ischemia cause 
substantially reduced infarct size compared to 
longer ones [ 11 ]. Thus, the total ischemic burden 
seems to be responsible for the fi nal infarct size 
regardless of the way of its application. In other 
words, conditioning may not be effective in limit-
ing the infarct size when the myocardium is not 
exposed to a sustained or a heavy burden of isch-
emia [ 15 ].   

28.3     Mechanisms Involved 
in Protection 

 After initial studies describing the physical  history 
of the protective mechanisms, research focused 
on the recognition of the mechanisms that make 
the heart tolerant against  ischemic- reperfusion 
injury. In the fi rst few years after the discovery of 
preconditioning, the most prominent hypothesis 
was that IPC protects by improving the metabolic 
balance during the ischemic insult. Several stud-
ies examined the metabolic and ionic effects of 
IPC on hearts and it was found that after appli-
cation of an IPC protocol, the myocardium has 
a smaller adenine nucleotide pool, a creatine 
phosphate overshoot, excess intracellular glu-
cose, and a contractile defi cit termed stunning 
[ 16 ,  17 ]. During these early years, an effect on 
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reperfusion injury was not seriously considered 
as most investigators were convinced that the 
protection conferred by IPC occurs during isch-
emia. However, after the fi rst initial studies, most 
of the evidence suggests that IPC exerts its pro-
tection in the fi rst minutes of reperfusion. That 
was fi rst demonstrated when the blockade of the 
PI3 kinase or ERK in the fi rst minutes of reperfu-
sion abrogated the IPC protection in rat [ 18 ] and 
rabbit hearts [ 19 ]. 

 Both interventions, pre- and postconditioning, 
decrease the infarct size because they are capable 
of eliminating reperfusion injury sharing some 
common intracellular pathways [ 20 ].  Adenosine , 
 opioids  and  bradykinin  are critical ligands that 
occupy specifi c cell surface receptors and initiate 
numerous signaling pathways that activate- 
phosphorylate a series of intracellular mediators 
and the fi nal targets [ 21 ]. Multiple adenosine 
receptor subtypes are involved in the initial cas-
cade of events [ 22 ]. Some of the receptor sub-
types are critical in some species while others are 
more important in other species [ 23 ,  24 ]. 
However, except for consistent data on cardio-
protection mediated by A 2B  stimulation, which 
seems to play a crucial role in infarct limitation 
[ 25 ], there are confl icting results regarding the 
role of adenosine receptors (ARs) in ischemic 
postconditioning and the involvement of AR sub-
types in cardioprotection. 

 Nevertheless, adenosine receptors are coupled 
to  inhibitory G protein  and activate protein kinase 
C (PKC), which has a signifi cant contribution to 
myocardial protection [ 26 ]. More specifi cally, 
PKC plays a role in both IPC phases. The fi rst 
response to the preconditioning stimulus, the so- 
called “preconditioning phase” takes place dur-
ing the preconditioning stimulus. This phase 
includes activation of PI3K/Akt and members of 
the  MAPK kinase family  ( MEK1/2 ,  ERK1/2 ) via 
G protein- related mechanisms, convergence of 
both the pathways on mitochondria, generation 
of reactive oxygen species (ROS) with subse-
quent activation of PKC-e, and opening of K ATP  
channels. The second phase takes place during 
reperfusion and results in decreasing reperfusion 

injury. During this phase, a quick burst in ROS 
generation can activate PKC with further phos-
phorylation of the participants of the RISK 
(Reperfusion Injury Salvage kinase) cascade, 
which in turn activate mitochondrial K ATP  chan-
nels and lead to closure of the mitochondrial per-
meability transition pore [ 18 ,  27 ]. There are 
different PKC isoforms, which are either involved 
in the protection, such as PKCε, or in the abroga-
tion of the entire mechanism, such as PKCδ [ 26 ]. 

 Contrary to adenosine, the other two ligands, 
namely opioids and bradykinin, activate directly 
the mitochondrial K ATP  channels, which then 
produce free radicals that activate PKC [ 28 ]. 
Bradykinin is elevated during and after an isch-
emic insult [ 29 ]. Two bradykinin receptors exist 
in cardiomyocytes, a constitutive B2 receptor 
and a B1 receptor that is induced after stress 
[ 30 ]. IPC-induced cardioprotection is abolished 
in B2 receptor knockout mice [ 31 ]. The results 
of studies with knockout of the B1 receptor in 
female mice suggest that B1 receptors have no 
effect on the remodeling after a myocardial 
infarction, however, the cardioprotective role of 
the B1 receptor is unknown [ 32 ]. Myocardial 
ischemia results in the synthesis and release of 
endogenous opioid peptides [ 33 ]. Morphine is 
cardioprotective when administered either just 
prior to reperfusion or prior to ischemia in rats 
[ 34 ] and many data suggest that opioids elicit or 
mimic IPC in rat hearts [ 35 ,  36 ]. The pathway 
that intervenes between opioid or bradykinin 
receptors and the mitochondrial K ATP  channels is 
complex and a series of different kinases or 
mediators are activated. In fact, ERK1/2, PI3, 
Akt, eNOS, cyclic GMP, PKG are appropriately 
activated before the opening of the  K   ATP    chan-
nels , which then produce free radicals (ROS) 
leading to upregulation of PKC [ 37 ]. The open-
ing of mitochondrial K ATP  channels, with subse-
quent generation of reactive oxygen species 
(ROS), is considered to be a pivotal step in the 
mechanism of preconditioning [ 38 ]. 

  Oxygen-derived free radicals  are involved in 
the protective mechanism of ischemic precondi-
tioning in rabbits [ 39 ] and rats [ 40 ] and it has 
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been shown that diazoxide, a mito K ATP  channel 
opener, triggers the protective mechanism of the 
IPC via free radical production, while the admin-
istration of free radical scavengers negates this 
protective effect in isolated rabbit and rat hearts 
[ 41 ,  42 ]. Nevertheless, there is a controversy 
regarding the role of exogenously administered 
free radical scavengers in the attenuation of the 
effect of ischemic preconditioning in vivo. Our 
group has previously shown in vivo that the 
abrogation or not of the infarct size limiting 
effect of IPC by antioxidants depends of the anti-
oxidant administered. Thus, melatonin and 
acetyl- cysteine do not prevent the protection of 
IPC in vivo, although they protect from oxida-
tive damage during ischemia and reperfusion 
[ 43 ]. Acute administration of vitamin E triggers 
preconditioning via K ATP  channels and cyclic-
GMP without inhibiting lipid peroxidation [ 44 ], 
whereas acute administration of vitamin C abro-
gates the effect of ischemic preconditioning in 
rabbits by decreasing blood and tissue levels of 
lipid peroxidation products [ 45 ]. Independently 
of whether PKC is activated after adenosine, opi-
oids, bradykinin or other ligands, there is a com-
mon pathway that follows afterwards. Free 
radicals are very important for the protection in 
preconditioning. It should be noted that ROS 
have been recognized as part of the trigger path-
way that preconditions the heart prior to the 
onset of the index ischemia [ 46 ]. One could 
summarize: no ROS no protection. Thus, pre-
conditioning is mediated in part by elaboration 
of ROS, possibly from mitochondria via signal-
ing cascades that involve PKC and postcondi-
tioning may lead directly or indirectly to a 
reduction in ROS and more gradual restoration 
in pH [ 6 ]. 

28.3.1    Reperfusion Injury 

 Although free radicals are necessary for myocar-
dial protection provided by preconditioning, they 
are entirely detrimental at the time of  reperfusion, 
having double facets as God Janus. Free radicals 

and calcium overload as well as acute pH changes 
occurring immediately after fl ow restoration con-
tribute to reperfusion injury and cell death. Free 
radicals are generated upon reperfusion and 
destroy all membranes increasing their permea-
bility for various agents [ 47 ]. The calcium para-
dox is the phenomenon where additional calcium 
enters into the cell despite the fact that its intra-
cellular levels are already increased as a result of 
the ischemic period [ 48 ]. Abrupt pH normaliza-
tion is also detrimental contributing to the 
increase of the infarct size [ 49 ]. All these changes 
are responsible for the mitochondrial permeabil-
ity transition pore (mPTP) opening at the begin-
ning of reperfusion, which allows any agent 
smaller than 1.5 kD to enter inside the mitochon-
drion and to cause swelling, disruption and fi nally 
necrosis of the cell [ 50 ]. In order to target the 
apoptotic component of reperfusion- induced cell 
death, the activation of existing innate cellular 
anti-apoptotic pathways of survival, may provide 
an opportunity for protecting the heart against 
lethal reperfusion- induced injury. Ischaemia–
reperfusion has been shown to activate the pro-
survival kinase signalling cascades, (RISK) 
phosphatidylinositol-3-OH kinase  (PI3K)–Akt  
and p42/p44 extra-cellular signal- regulated 
kinases (Erk 1/2), both of which have been impli-
cated in cellular survival, through their recruit-
ment of anti-apoptotic pathways of protection 
[ 51 ]. In IPC and PostC, the fi nal activation of 
A2b receptors upregulates the RISK pathway, 
which prevent  mPTP  opening and thus mitochon-
drial and cell death. Furthermore, various agents 
such as insulin, statins, erythropoietin and others 
can pharmacologically increase the level of RISK 
kinases [ 18 ], while cyclosporine directly  prevents 
mPTP opening [ 52 ]. All these agents have been 
extensively used in different experiments as well 
as in clinical practice. 

 Another pathway that is involved in the mech-
anism of postconditioning is called SAFE 
(Survival Activating Factor Enhancement) and 
has been proposed as an alternative cascade that 
plays a signifi cant role in postconditioning. 
Cytokines like IL-6 and TNFα increase the kinase 
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JAK, which then phosphorylates the transcription 
of factors that act as end-effectors conferring car-
dioprotection [ 53 ].  

28.3.2    Remote Interventions 

 Local mechanical interventions in the same artery 
where the index ischemia occurs, has been exten-
sively investigated both in the preconditioning 
and in the postconditioning era with very strong 
evidence. Apart from this, remote ischemia and 
reperfusion of another vascular territory was ini-
tially described as a preconditioning analogue in 
1993, called remote preconditioning [ 54 ]. Later 
studies investigated the mechanism by which 
ischemia and reperfusion of another artery or 
another distal organ can confer protection to the 
heart [ 55 ]. Indeed, it was found that systemic 
response, humoral factors or neural pathways tar-
get the distal tissue or the distal organ [ 56 ,  57 ]. 
Remote protection affects not only the heart but 
also other organs such as kidneys [ 58 ], brain [ 59 ] 
and liver [ 60 ] providing promising expectations 
for applicability in clinical practice [ 61 ]. 

 Extending the existing knowledge of remote 
preconditioning, several investigators tested the 
possibility that remote postconditioning could be 
also effective. In fact, the application of ischemia 
at a distal artery immediately upon reperfusion of 
the index organ, or at the time of the index isch-
emia or both during index ischemia and reperfu-
sion was found to be an effective and attractive 
intervention limiting the fi nal infarct size [ 62 ]. 
Remote postconditioning seems to be at least 
equally effective with local postconditioning [ 63 , 
 64 ]. Since the remote short-lived episodes of 
ischemia/reperfusion are applied while the target 
organ is already exposed to sustained ischemia, 
this intervention is called  perconditioning  and 
not  remote postconditioning  [ 65 ].   

28.4    Clinical Studies 

 Knowledge acquired from the natural history and 
from the mechanism of preconditioning, post-
conditioning and their forms of delayed  protection 

or remote application has been transferred from 
the experimental conditions into clinical 
practice. 

 Clinical studies in this fi eld may be catego-
rized into observational, reproducible and phar-
macological studies. For ethical or practical 
reasons, a number of clinical studies have used 
surrogate endpoints instead of more hard end-
points. Such surrogate endpoints have been the 
resolution of ST elevation or the level of ST devi-
ation, the intensity of chest pain, the left ventricu-
lar wall motion score index, the endothelial 
function and others. Hard endpoints used in many 
clinical trials are the fi nal infarct size, survival 
and elimination of lethal arrhythmias. 

28.4.1    Observational Studies 

 Numerous clinical studies have described the out-
come of patients with pre infarction angina, which 
acts as a preconditioning stimulus before the index 
ischemia leading to the myocardial infarction [ 66 –
 70 ]. Several end points such as short-term or long-
term mortality, duration of hospital stay, 
development of lethal arrhythmias, cardiogenic 
shock or preservation of viable  myocardium have 
been examined. Most of these clinical studies were 
positive corroborating the benefi cial effect of pre-
conditioning and the potential role in everyday 
practice. However, negative fi ndings were also 
reported due to the lack of strict time limitations as 
well as of stable experimental conditions in clini-
cal reality [ 71 ,  72 ]. These are the reasons why 
some studies were not able to demonstrate the 
expected benefi t in patients who are potentially in 
a preconditioning state. 

 Another explanation for the divergent results 
in clinical studies is that many patients are 
already in medical treatment with drugs, which 
may enhance or attenuate any benefi t from 
 conditioning [ 73 ]. Finally co-morbidities such as 
 diabetes mellitus [ 74 ], hypercholesterolemia [ 75 ] 
or hypertension [ 76 ] increase the threshold of 
protection as shown previously and may thus 
blunt any benefi t provided by preconditioning. 
These explanations fi t to all forms of myocardial 
protection, i.e. delayed preconditioning [ 77 ], 
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 postconditioning [ 78 – 80 ] and remote precondi-
tioning as well as to the other types of clinical 
studies that will be described below [ 81 ].  

28.4.2    Reproducible Studies 

 Coronary angioplasty and treadmill exercise tests 
are some of the clinical forms that may reproduce 
ischemic preconditioning. Balloon infl ation may 
cause larger initial ST elevation followed by less 
pronounced ST elevation during the subsequent 
balloon infl ations because the fi rst ischemia acts 
as preconditioning stimulus, which expresses its 
protective effect in the following. Similarly, con-
sequent exercise treadmill tests may show an 
attenuation of the ischemic fi ndings because the 
initial test acts as preconditioning stimulus to the 
second one [ 82 ]. There is a decline of the afforded 
protection when the intervening reperfusion 
intervals are extended to the periods where pro-
tection fades and fi nally lasts. It is of interest that 
the delayed protection is feasible because the 
second window of protection can be also repro-
duced as shown in clinical studies with treadmill 
test or scintigraphy [ 83 ]. 

 Postconditioning is more relevant than precon-
ditioning in clinical practice because the associ-
ated intervention(s) is/are applied not prior to the 
sustained ischemia, which naturally cannot be pre-
dicted, but immediately upon reperfusion. 
Furthermore, remote interventions could be also 
applied either at the time of the index ischemia in 
an evolving myocardial infarction or at the begin-
ning of reperfusion. Based on the experimental 
fi ndings, clinical studies have shown that addi-
tional short-lived episodes of ischemia- reperfusion 
by balloon infl ation at the time of stenting in acute 
coronary syndromes provide benefi t to the (post)
ischemic myocardium reducing the infarct size by 
approximately one-third [ 84 ,  85 ]. These fi ndings 
were verifi ed in further clinical studies of acute 
coronary syndromes with or without ST elevation. 
However, due to the lack of strict experimental 
conditions in the protocols and for the other rea-
sons that were previously mentioned, several clini-
cal studies failed to demonstrate the effectiveness 
of postconditioning [ 86 – 88 ]. 

 Remote conditioning is a safer and more eas-
ily applicable intervention that may evoke pro-
tection. It is safer because there is no reason to 
perform additional manipulations by infl ating the 
balloon in an artery that was recently opened and 
more easily applicable because remote ischemia 
can be obtained by the simple infl ation of a blood 
pressure cuff [ 89 ]. Of note, blood pressure cuff 
infl ation in the ambulance, during transportation 
of patients with evolving myocardial infarction, 
were shown to increase the salvaged index and to 
reduce the size of myocardial infarction in large 
areas at risk [ 89 ]. Similar fi ndings were also 
described in clinical studies with patients who 
underwent Coronary Aortocoronary Bypass 
Grafting and released lower troponin levels as a 
result of such interventions [ 90 ]. Once again, 
divergent results from similar studies by other 
investigators also appear in the literature [ 91 ]. 

 It is of interest that remote conditioning does 
not protect only the heart but any organ exposed 
to ischemia reperfusion and this intervention 
seems to be promising for organs such as brain, 
kidneys, liver, or pancreas conferring, for 
instance, better preservation of the organs and 
possible transplantation under better conditions.  

28.4.3    Pharmacological Studies 

 The identifi cation of surface receptors and their 
ligands as well as the elucidation of the intracel-
lular mediators that make the cell tolerant against 
ischemia/reperfusion injury resulted in the use of 
pharmacological agents that may trigger or 
mimic the protective mechanism(s) of condition-
ing. Adenosine, opioids and bradykinin, which 
occupy the specifi c receptors, have been used in 
human tissue studies, in elective coronary angio-
plasty and in other clinical circumstances as con-
ditioning mimetics [ 92 – 95 ].  Nicorandil , which 
activates mitochondrial K ATP  channels [ 96 ,  97 ] 
 insulin ,  statins  and  erythropoietin  which indi-
rectly prevent mitochondrial PTP opening by the 
activation of RISK kinases, and cyclosporine, 
which directly prevents mitochondrial PTP open-
ing, have been extensively used in many clinical 
studies [ 98 – 102 ]. More specifi cally, adenosine 
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and its analogues have been used as an adjunctive 
therapy to  thrombolysis  in patients with acute 
 myocardial infarction  with positive fi ndings in 
those who had large areas at risk [ 103 ,  104 ]. 
These agents have been also used in patients 
undergoing CABG [ 105 ]. Nicorandil has been 
also used in patients with coronary artery disease 
[ 106 ] while cyclosporine provides promising 
results as an adjunctive therapy at the time of 
fl ow restoration [ 102 ]. 

 As already noted, we must always take into 
account that there are co morbidities in most of 
the patients suffering from coronary artery dis-
ease and that many patients are already treated 
with drugs that may facilitate (statins, opioids, 
ACE inhibitors) or attenuate (glibenclamide) the 
protective effect of conditioning. 

 In conclusion, there are promising fi ndings 
that local or remote conditioning is effective in 
limiting the fi nal infarct size and these interven-
tions can be additionally applied as adjunctive to 
conventional therapies in humans, at the time of 
evolving myocardial infarction.      
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    Abstract   

  Gene therapy refers to the use of DNA or of any other type of nucleic acid, 
as a pharmaceutical agent to treat a disease. This therapeutic approach was 
initially designed to treat several monogenic diseases, and is especially 
suited for the treatment of blood diseases such as hemoglobinopathies or 
immunodefi ciencies. However, the advances in understanding the molecu-
lar basis of myocardial dysfunction, the identifi cation and characterization 
of the properties and plasticity of several subpopulations of cardiac cells, 
combined with the development of increasingly effi cient gene transfer 
technologies, has rendered heart failure another excellent candidate for 
gene-based therapies. Moreover, there is still a critical need to further 
explore novel therapeutic approaches in heart failure, and thus, gene ther-
apy has emerged as a realistic alternative. Particularly, cardiovascular gene 
therapy has benefi tted from recent advancements in vector technology and 
delivery modalities, and stem cell biology. This chapter reviews the avail-
able gene transfer technologies and the molecular features that constitute 
the main targets in the fi eld of cardiac gene therapy, it presents the current 
status of gene therapy for the heart, and discusses how the knowledge 
gained from the initial clinical trials can be used to develop a safer and 
more effi cient gene transfer approach. Since the fi rst demonstration of the 
 in vivo  gene transfer into myocardium, there have been a series of advance-
ments that have transformed gene therapy from an experimental tool to the 
threshold of becoming a viable clinical option.  
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   Abbreviations 

  AAV    Adeno-Associated Virus   
  ADA    Adenosine Deaminase   
  ADCY6    Adenylate Cyclase type 6   
  AdV    Adenovirus   
  β-AR    β-Adrenergic Receptor   
  CAR    Coxsackie-Adenovirus Receptor   
  CHF    Congestive Heart Failure   
  CMV    Cytomegalovirus   
  DRPs    DNase Resistant Particles   
  GRK    G protein-coupled Receptor Kinase   
  GTh    Gene Therapy   
  HIV    Human Immunodefi ciency Virus   
  LTR    Long Terminal Repeat   
  LVAD    Left Ventricular Assist Device   
  MAR    Matrix Attachment Region elements   
  miRNAs    Micro Interfering RNAs   
  MLV    Murine Leukemia Virus   
  PAA    Polyamidoamine   
  PEI    Polyethylenimines   
  PIC    Pre-Integration Complex   
  PLN    Phospholamban   
  PP1    Protein Phosphatase 1   
  RNAi    RNA interfering   
  RSV    Rous Sarcoma Virus   
  SDF1    Stromal cell-Derived Factor-1   
  SERCA    Sarcoplasmic Reticulum Ca 2+  ATPase   
  SIN    Self-inactivating   
  VSV    Vesicular Stomatitis Virus   
  VSV-G    Vesicular Stomatitis Virus envelope 

glycoprotein G   
  X-SCID    X-linked Severe Combined 

Immunodefi ciency   

29.1          Introduction 

  Gene therapy  (GTh) refers to the use of DNA or 
of any other type of nucleic acid, as a pharmaceu-
tical agent to treat a disease. The name derives 

from the idea that primarily DNA can be used to 
either substitute a defi cient gene or replace a 
mutated gene within an individual’s cells. Thus, 
in gene therapy protocols, DNA encoding a ther-
apeutic protein is packaged within a  vector  which 
is used to facilitate the entrance of DNA into the 
cells. Once inside the cell, in most types of viral 
vectors, the DNA integrates into the host genome 
and is expressed for life by the cell machinery, 
resulting in the production of the therapeutic pro-
tein, which eventually leads to the treatment of 
the disease. 

 Therapy by gene transfer in general, is not 
suitable for the treatment of complex disease 
phenotypes associated with multiple affected 
genes or for the multiple genetic variations that 
underlie complex disorders. Rather, gene therapy, 
with the exception of cancer and several other 
multifactorial disorders, is mostly applicable for 
monogenic disorders, such as the hereditary dis-
orders caused by mutations in more than 1,800 
gene loci [ 1 ]. Thus, it is conceivable that if suffi -
cient correction or compensation can be achieved 
with gene transfer, monogenic disorders could be 
prevented and/or treated [ 1 ]. Therefore, this 
 therapeutic approach was initially designed to 
treat several monogenic diseases and is espe-
cially suited for treatment of blood diseases such 
as hemoglobinopathies or immunodefi ciencies. 

 However, the advances in understanding the 
molecular basis of myocardial dysfunction, the 
identifi cation and characterization of the proper-
ties and  plasticity  of several subpopulations of 
cardiac cells, combined with the development of 
increasingly effi cient gene transfer technologies, 
has rendered heart failure (HF) another excellent 
candidate for gene-based therapy. 

 The most important issue to resolve in a gene 
therapy trial is the adequate correction of the phe-
notype of the disease, by constructing the most 
effi cient vector in terms of (a) gene delivery, 
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(b) stability, (c) appropriate and tissue-specifi c 
transgene expression and (d) safety. Furthermore, 
the type of cell to be selected for correction, is of 
critical importance, and generally depends on the 
type of organ(s) and/or tissues that manifest the 
abnormal phenotype. 

 Three main types of gene therapy approaches 
are currently being employed:
    (a)     In situ  gene therapy in which the vector car-

rying the therapeutic genetic material is 
directly administered to the affected tissue, 
such as by an injection into a tumor nodule or 
organ [ 2 ]. This type of therapy applies for 
gene transfer to the heart.   

   (b)     Ex vivo  gene therapy during which the 
patients’ cells are harvested and co-cultured 
in the laboratory in the presence of the thera-
peutic vector. The “corrected” cells with the 
new genetic material are then transplanted 
back to the patient from whom they were 
originally derived [ 2 ].   

   (c)     In vivo  gene therapy is defi ned as the admin-
istration of the vector carrying the therapeu-
tic genetic material directly to a live animal. 
The vector can be delivered by a variety of 
methods, such as intravenous injection or by 
other physical means of administration such 
as hypodermic injection, aerosol, or employ-
ing other routes [ 2 ].      

29.2    Gene Therapy Vectors 

 Vectors constitute the vehicles or carriers that 
contain the therapeutic gene for delivery to the 
cells. Especially for the heart, the design must 
account for the tissue-specifi c and spatial pat-
terns of the cardiovascular pathophysiological 
process, depending on whether it is a global pro-
cess such as HF or a focal process such as nodal 
dysfunction. Therefore, the optimal vector for-
mat in HF must be able to effectively deliver and 
drive sustained transgene expression to guaran-
tee long term improvement, as well as broad 
transduction effi ciency to the majority of car-
diomyocytes to ensure signifi cant impact on 
ventricular function. In all cases, the designed 
vector should not induce cytotoxic effects and 
should be  rescuable after injection in order to 

maximize the safety of the whole gene/cell 
 therapy approach. 

 Gene delivery systems derive either from 
genetically engineered viruses or from non-viral 
formulations such as those manufactured by the 
use of nanotechnology [ 3 ]. Non-viral vectors 
include: (a) naked plasmid DNA, (b) liposomes, 
(c) DNA polymer-carrying particles and (d) oli-
gonucleotides [ 4 ]. 

 Several types of recombinant viruses are used 
as vehicles of the therapeutic genes in cardiac 
gene therapy. These include:
•    Retroviruses belonging to the subfamily of 

 Oncoretroviridae  e.g. Murine Leukemia 
Virus (MLV) or  Lentiviridae  e.g. Human 
Immunodefi ciency Virus (HIV)  

•   Adeno-Associated viruses  
•   Adenoviruses    

 Each vector delivery system provides different 
specifi city, exhibits different tropism and dis-
plays a distinct expression pattern at the molecu-
lar level. The appropriate choice of a delivery 
system will ensure a successful therapy. 
Moreover, the selection of the appropriate vector 
delivery method is critical for the proper imple-
mentation of the therapeutic strategy and for effi -
cient transgene expression in the myocardium. 
Especially for cardiovascular disease, both the 
invasiveness of vector delivery method and the 
patient safety need to be critically assessed prior 
to initiating gene therapy trials. There are three 
ways of delivering the vectors to the myocardium 
and include (a) coronary artery and venous infu-
sion, (b) direct intramyocardial injection and (c) 
pericardial delivery [ 4 ]. 

29.2.1    Retroviruses 

29.2.1.1     Oncoretroviruses 
or Gamma-Retroviruses 

 Retroviruses are widely used as effi cient tools for 
genetic manipulation of stem cells, mainly 
because of their ability to integrate into the host 
cell’s genome through the reverse transcription 
process during which the viral single-stranded 
(ss) RNA is converted to double-stranded (ds) 
DNA. Integration of the retroviral DNA genome 
into the host cell DNA is an essential step in the 
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retrovirus replication cycle, permitting viral 
genomes to become permanently fi xed as 
 proviruses into the DNA of the host. During this 
process, the retroviral DNA is associated within a 
large complex with a subset of retroviral proteins 
known as the  pre-integration complex (PIC).  For 
oncoretroviruses, such as the murine leukemia 
virus (MLV), uncoating, DNA synthesis, and 
 formation of the PIC occur at the same rate, both 
in non-dividing cells as well as in dividing cells, 
but integration fails to occur. However, during 
 mitosis, the nuclear membrane disassembles, ren-
dering the chromosomes accessible to the virus, 
suggesting that successful infection by oncoretro-
viruses such as MLV requires cell division [ 5 ]. 

 Oncoretroviruses consist of an enveloped capsid 
that contains a plus (+) strand RNA genome rang-
ing from 7 to 10 kb. Their tropism often includes 
hematopoietic stem cells. Oncoretroviral vectors 
present several advantages as they exhibit (a) effi -
cient and stable gene transfer, transduction rates of 
up to 40 % of hematopoietic stem cells in non-
human primates and (b) high fi delity gene transfer 
due to intact integration and absence of chromo-
somal rearrangements. However, their use in the 
clinic has been hampered by the development of 
T-cell acute lymphoblastic leukemia, due to inte-
gration of the viral genome in the second intron of 
the LMO-2 proto-oncogene in several patients dur-
ing the gene therapy clinical trial for X-linked 
severe combined immunodefi ciency (X-SCID) 
conducted in France [ 6 ]. Moreover, utilization of a 
gamma-retroviral vector led to genomic instability 
and myelodysplasia subsequent to EVI1 activation 
after gene therapy for chronic granulomatous dis-
ease [ 7 ]. It is therefore anticipated that oncoretrovi-
ral vectors will be gradually displaced in the fi eld 
of hemopoietic gene therapy [ 8 ]. However, no stud-
ies have been conducted to date in the context of 
cardiac stem cells and/or cardiomyocytes and 
therefore, this fi eld represents another challenge, 
due to the fact that there are basic issues that remain 
to be fully addressed regarding the level of myo-
cyte regeneration.  

29.2.1.2    Lentiviruses 
 Lentiviruses, display one major advantage com-
pared to gamma-retroviruses as they do not 

require dissociation of the nuclear envelope in 
order to integrate their genome into the host’s 
genome, as it has been extensively documented, 
and therefore they can effi ciently infect both 
dividing and non-dividing cells [ 9 ]. HIV in par-
ticular, has the capacity to cross the nuclear 
membrane of interphasic cells because the pre- 
integration complex contains a nuclear localiza-
tion signal that allows transport through the 
nuclear pore complexes [ 10 ]. This represents a 
crucial aspect for genetically modifying tissues, 
especially those considered as the main potential 
cell targets of gene therapy, such as the brain, 
muscle, liver and the hematopoietic system, as 
they can transduce even non-dividing cells resid-
ing in the G o  phase of the cell cycle. 

 Lentiviruses also consist of an enveloped cap-
sid that contains a plus (+) strand RNA genome 
of approximately 10 kb. Wild-type HIV naturally 
infects cells of the hematopoietic system and spe-
cifi cally CD4 +  T-cells. However, in the gene ther-
apy context, HIV-based vectors are pseudotyped 
by alternative envelope glycoproteins such as the 
glycoprotein derived from vesicular stomatitis 
virus (VSV), namely the VSV-G envelope glyco-
protein that confers signifi cant tropism for many 
cells, including stem cells of the hematopoietic 
and the cardiac system. Pseudotyping with 
VSV-G presents an additional advantage, as it 
allows for the vector formulates to be concen-
trated by ultracentrifugation and therefore can 
lead to increased vector titers. Several human 
clinical trials utilizing lentiviral vectors have 
shown promise for various disorders including 
ADA-defi cient SCID [ 11 ], β-thalassemia [ 12 ], 
Wiskott-Aldrich syndrome [ 13 ] and metachro-
matic leukodystrophy [ 14 ]. It is therefore clear 
that lentiviral vectors have outperformed oncoret-
roviral vectors in terms of safety and effi ciency 
and represent an effective agent of gene transfer 
that can be also employed in the cardiac gene 
therapy fi eld. However, although successful lenti-
viral transduction has been documented in car-
diac micro-vascular endothelial cells [ 15 ], 
cardiomyocytes [ 16 ], cardiac stem cells and pro-
genitors [ 17 ,  18 ], it seems that utilization of len-
tiviral vectors in the cardiac gene therapy fi eld, is 
still far from reaching the clinic. 
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 Despite the therapeutic effect that retroviruses 
have demonstrated, there is always the risk for 
insertional mutagenesis, i.e. activation of proto- 
oncogenes or down-regulation of tumour sup-
pressor genes upon viral integration. While the 
possibility of insertional mutagenesis using 
replication- defective vectors has been discussed 
as theoretically possible [ 19 ], such risks had been 
originally estimated to be extremely low [ 20 ], 
based on the assumption that proviral integration 
into the genome was random [ 21 ].  

29.2.1.3     Additional Safety Data 
on Retroviruses 
and Lentiviruses 

 With the readily accessible human genome 
sequence data, mapping studies of retroviral inte-
gration sites in cell lines, have uncovered non- 
random integration patterns, using wild-type 
HIV, HIV-derived, or murine leukemia virus 
(MLV)-derived vectors [ 22 – 26 ], while it was 
extensively documented that retroviral integra-
tion is actually not such a random process and 
that each virus presents a unique pattern of inte-
gration. Thus, MLV integrants are located pre-
dominantly around transcription start sites, while 
HIV integrants strongly favour transcription units 
and gene-dense regions of the genome. The basis 
for these preferences is unknown, and conceiv-
ably they may refl ect interaction of the pre- 
integration complex with specifi c proteins or 
with specifi c DNA sequences or structures that 
are associated with transcription. 

 In order to make gene therapy based on 
 retroviral vectors safer, the use of specifi c DNA 
elements called  i nsulators, exhibiting the capacity 
to block enhancer activity and maintain the 
 chromatin status of distinct chromosomal regions, 
was eventually introduced in the construction of 
vectors in order to (a) diminish variable expression 
and silencing of the transgene and (b) reduce the 
risk of insertional mutagenesis [ 27 ,  28 ]. This strat-
egy combined with the deletion of the U3 region of 
the LTR in the  self-inactivating (SIN) confi gura-
tion  of lentiviruses, has rendered over the past 
decade, lentiviral vectors as powerful tools in the 
fi elds of neuroscience, hematology, developmental 
biology, stem cell biology and transgenesis.   

29.2.2    Adeno-Associated Viruses 

 Adeno-associated viruses (AAV) are members of 
the family Parvoviridae, and constitute non- 
pathogenic, non-enveloped viruses containing a 
4.7 kb single-stranded DNA genome that encodes 
the structural proteins of the viral capsid, encoded 
by the  cap  gene and the non-structural proteins 
necessary for viral replication and assembly, 
encoded by the  rep  gene, fl anked by short inverted 
terminal repeats. Their life cycle involves two 
phases, the replicative and the latent phase. In the 
productive phase, it co-infects the host cell only 
when a helper virus is present [ 29 ]. In the absence 
of a helper virus, AAV usually enters the latent 
phase, integrating into the human genome, com-
monly within a specifi c region of chromosome 
19, although this has been observed only in cell 
lines. Its principal advantage for gene therapy is 
the poor infl ammatory response to infected cells. 
As a therapeutic vector, AAV consists only of the 
inverted terminal repeats which are necessary for 
replication, packaging, and integration, while the 
viral coding sequences are entirely removed, ren-
dering AAV vectors replication-defi cient. The 
resulting recombinant vectors can effi ciently 
deliver a transgene and safely mediate long-term 
gene expression in dividing and non-dividing 
cells of numerous tissues. AAV has the potential 
to facilitate long-term transgene expression in the 
absence of destructive T-cell responses, and such 
vectors have been generally proven safe. 
However, naturally occurring AAV variants are 
typically ineffi cient in infecting a number of stem 
cell types, particularly human embryonic stem 
cells [ 29 ]. 

 There are 13 reported serotypes of AAV that 
display different tissue tropism, depending on the 
structure of the capsid protein. Serotypes AAV-1, 
6, 8 and 9 have been shown to be the most cardio-
tropic. However, signifi cant transduction in non- 
target tissues such as liver, skeletal muscle and 
lung has been documented [ 4 ]. In order to 
improve AAV cardiotropism, several methods 
have been introduced and novel viral capsid AAV 
libraries were constructed through DNA shuf-
fl ing and chimeric strain production. This strat-
egy simultaneously enhances tissue tropism and 
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also helps AAV-based vectors to evade naturally 
occurring neutralizing antibodies [ 30 – 34 ]. 
Neutralizing antibodies to various AAV sero-
types are present in approximately 20–80 % of 
the population, severely limiting the potential 
therapeutic use of AAV. Thus, the presence of 
such antibodies constitutes a major exclusion cri-
terion in many AAV-based clinical trials [ 35 ]. 
There are numerous publications describing the 
effi cient transduction of cardiac cells by AAV 
vectors [ 36 ,  37 ], and it appears that the AAVs 
constitute the most effective way for gene trans-
fer in cardiac cells to date. Moreover, there are 
ongoing gene therapy clinical trials for HF in 
which gene transfer is mediated by AAV 
vectors. 

 Specifi cally, the fi rst clinical trial of gene ther-
apy was launched in the United States in 2007 
[ 35 ,  38 ] and was based on gene delivery of the 
SERCA2 cDNA via a recombinant AAV1 
(AAV1.SERCA2a) for calcium up-regulation in 
patients with advanced heart failure (CUPID). 
The study was a two-part, Phase 1/2 multicenter 
trial designed to evaluate the safety and the bio-
logical effects of gene transfer of the SERCA2a 
cDNA via the recombinant AAV1. In part 1, par-
ticipants were administered a single intracoro-
nary infusion of AAV1.SERCA2a in an 
open-label approach. A 12-month follow-up of 
these patients documented an acceptable safety 
pattern; moreover, improvement of cardiac func-
tion was detected in several patients. Overall, the 
results of the specifi c study suggested that gene 
transfer of AAV1.SERCA2a confers quantitative 
biological benefi t. During the second part of the 
trial, 39 patients with advanced HF, received the 
AAV1-mediated SERCA2a transgene in one or 
three doses of DNase resistant particles (DRPs), 
i.e. low dose (6 × 10 11  DRPs), middle dose 
(3 × 10 12  DRPs), and high dose (1 × 10 13  DRPs), 
or placebo [ 39 ]. Over a 1-year period, the cumu-
lative recurrent cardiovascular events such as 
death, heart failure admission, left ventricular 
assist device (LVAD) insertion, cardiac trans-
plantation, and myocardial infarction, increased 
in the placebo group but not in the low and 
middle- dose AAV1.SERCA2a groups which 
exhibited diminished recurrent cardiovascular 

events for the fi rst 6 months. However, from 
months 6 to 12, these groups demonstrated events 
that were similar to placebo. The high-dose 
AAV1.SERCA2a group, continued to do signifi -
cantly better than all groups at 12 months without 
any increase in adverse events, laboratory abnor-
malities, or arrhythmias [ 39 ]. Furthermore, the 
CUPID 2 Phase 2b trial (NCT01643330) is 
underway, designed to evaluate whether increas-
ing SERCA2a activity via gene therapy improves 
clinical outcome [ 40 ]. Available data so far, indi-
cate that calcium up-regulation by AAV1/
SERCA2a gene therapy is safe and of potential 
benefi t in advanced HF [ 40 ]. The promising 
results of the CUPID clinical trial, have prompted 
researchers to conduct two other clinical trials 
targeting SERCA2a, that will be enrolling 
patients soon. The fi rst trial, which is conducted 
in the United Kingdom, includes patients with 
advanced heart failure who received LVAD at 
least 1 month prior to treatment. These patients 
will be treated either with AAV1.SERCA2a or 
saline. Simultaneously, a Phase 2, single-center, 
double-blind, randomized, placebo-controlled, 
parallel-group study will be conducted at the 
Institute de Cardiologie Pitié-Salpêtrière in Paris, 
France, with the primary objective of  investigating 
the impact of AAV1.SERCA2a on cardiac 
remodelling parameters in patients with severe 
HF [ 4 ].  

29.2.3    Adenoviruses 

 Human adenoviruses constitute another viral fam-
ily used in gene therapy approaches, which are 
classifi ed into 51 immunologically distinct sero-
types divided into six subgroups, namely sub-
groups A–F. Adenoviruses are non- enveloped, 
double-stranded (ds) DNA viruses and contain 
large protein complexes that bind to CD46 or to 
coxsackie-adenovirus receptor (CAR), depending 
on the serotype for viral binding and cellular 
entry. Upon cellular entry via clathrin-mediated 
endocytosis, the dsDNA is transported to the 
nucleus across nuclear pores, allowing effi cient 
transduction of both mitotic and non-mitotic cells. 
Their genome size ranges from approximately 30 
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to 35 kb and contains fi ve segments that encode 
early gene products (E1a, E1b, E2a, E2b, E3, and 
E4), and fi ve segments that encode late gene prod-
ucts (L1–L5). The E1, E2, and E4 gene products 
regulate transcription and translation of the late 
genes and therefore, are indispensable for viral 
replication [ 41 ]. Adenoviral vectors are among 
the most promising gene transfer vehicles for the 
 in vivo  treatment of a range of human diseases, 
e.g. cystic fi brosis and haemophilia, because of 
their ability to infect a wide spectrum of cell 
types, including quiescent cells. Adenoviral vec-
tors present the following advantages: (a) they 
provide high effi ciency of gene transfer because 
they are able to deliver many genome copies per 
target cell that typically translates into very high 
expression, (b) they can deliver relatively large 
therapeutic genes of approximately 25–30 kb in 
size especially with the latest generation vectors, 
and (c) they confer high fi delity of gene transfer 
because the vector genomes are genetically sta-
ble. However, although replication-defi cient vec-
tors based on adenoviruses can be produced easily 
and at high titres, two main disadvantages occur, 
i.e. (a) the transgene’s expression is transient and 
typically lasts 1–2 months in non-dividing cells, 
while is much shorter in dividing cells and (b) 
there is a signifi cant induction of both cellular and 
humoral host immune response. First-generation 
adenoviral vectors may be applied where short-
term expression and single dosing is desirable, 
such as cancer vaccine therapies. Initial enthusi-
asm toward the use of fi rst-generation adenoviral 
vectors in gene replacement therapy has dimin-
ished, because not only they did fail to achieve 
sustained gene transfer, but also resulted in sig-
nifi cant toxicity and death of an individual [ 41 ]. 
Furthermore, the pre-existing immunity against 
adenoviruses in patients, may result in low levels 
of transgene delivery and expression. Third- 
generation gutless or helper-dependent adenoviral 
vectors have attenuated immunogenic potential, 
but still a signifi cant risk remains. Finally, CAR 
receptors are particularly prevalent in liver tissue, 
thus limiting adenoviral tissue specifi city. Due to 
the aforementioned limiting factors, adenoviral 
mediated strategies are limited in cardiovascular 
gene therapy trials [ 42 ]. 

 At present, adenoviral vector delivery is being 
utilized in an ongoing clinical trial. This research 
study is designed to determine (a) whether gene 
transfer using the adenovirus 5- encoding human 
adenylate cyclase type 6 (Ad5.hAC6) can be 
safely administered to patients with congestive 
heart failure (CHF) and (b) whether this agent 
may be of benefi t in heart failure. In initial exten-
sive animal experiments, it was found that 
increased amounts of ADCY6 protein in heart 
cells appear to make the heart pump more vigor-
ously [ 43 ]. In the specifi c study, adenovirus- 
encoding human ADCY6 will be delivered 
through intracoronary injection with dose escala-
tion to patients with CHF.  

29.2.4    Non-viral Vectors 

 In general, non-viral vectors are based on a DNA 
construct, usually a plasmid that typically 
includes a constitutive promoter sequence such 
as the cytomegalovirus (CMV) or Rous sarcoma 
virus (RSV) promoters, as well as enhancer 
sequences that provide tissue specifi city of the 
therapeutic gene. Plasmids are double stranded 
circular DNA molecules of approximately 
2–12 kb in size, bearing several characteristics 
such as an origin of replication to ensure replica-
tion in bacteria and in certain cases eukaryotic 
cells and an antibiotic resistance gene. Plasmid 
DNA vector-based systems have several advan-
tages, as they are extremely easy to manufacture, 
are low cost and present a reduced risk of sys-
temic immunological responses. Plasmids can be 
readily delivered in  in vitro  cultured cells by sev-
eral means of transfection such as lipofection, 
electroporation and calcium phosphate precipita-
tion. In fact, plasmid transfection is being glob-
ally employed in cell lines during the course of 
lentiviral, AAV and adenoviral vector produc-
tion. However, delivery of naked plasmids to tis-
sues has been shown to be ineffi cient and 
challenging for several reasons. Plasmids are rap-
idly and systematically degraded within the cell 
and moreover, they exhibit poor cellular entry, 
followed by intracellular compartmentalization 
leading to short-term expression. Moreover, 
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 transient expression can also be the result of  de 
novo  methylation, histone modifi cation and het-
erochromatin formation. All these features limit 
the utilization of plasmids as effi cient DNA 
delivery tools. 

 In order to overcome these issues, one 
approach combines incorporation of the recently 
identifi ed matrix attachment region (MAR) ele-
ments that have been shown to prevent transgene 
silencing by partly inhibiting DNA methylation 
[ 44 ] and/or by effectively insulating the trans-
gene and creating independent euchromatin 
domains. Another strategy that confers greater 
plasmid stability is being addressed through the 
use of carrier molecules including liposomal and 
polymer systems. This approach provides stabil-
ity of the plasmid DNA in the systemic circula-
tion because it shields the DNA within 
liposome-DNA complexes. Polymer based DNA 
complexes involving polyethylenimines (PEI) 
and polyamidoamine complexes (PAA) have 
improved gene transfer through enhanced 
uptake, with reduced cytotoxicity and protection 
from endosomal degradation. However, even by 
this method, the DNA is cleared quickly and the 
main expression is located predominantly in the 
lungs [ 45 ]. 

 Currently, an ongoing clinical trial examines 
the effects of injecting stromal cell-derived fac-
tor- 1 (SDF1) directly into the myocardium of 
patients with ischemic heart disease [ 46 ]. In this 
open-label trial, the safety of a single escalating 
dose of SDF1-naked plasmid DNA by an endo-
myocardial injection at multiple sites will be 
evaluated. Preliminary effi cacy will be evaluated 
by measuring the impact on cardiac function via 
standard echocardiography measurements, car-
diac perfusion via SPECT imaging, and improve-
ment according to the NYHA classifi cation.   

29.3    Molecular Targets 

 Over the past 20 years, extensive insights have 
been provided regarding our understanding of the 
pathophysiology and the molecular and cellular 
dimensions of HF. These advancements, paved 
the way towards the generation of novel 

 therapeutic strategies based on gene-transfer 
technology. Currently, the molecular events that 
constitute the main targets in the fi eld of cardiac 
gene therapy can be classifi ed in two main cate-
gories: (a) molecular targets of the β-adrenergic 
system and (b) molecular targets of calcium 
cycling proteins. For these targets to be validated, 
it is extremely important to fi rst prove that they 
can rescue cardiac function in animal models of 
established HF, that this rescue is not associated 
with arrhythmogenesis, and that a gene-dose 
effect can be established. 

29.3.1    The β-Adrenergic System 

 Heart failure provokes multiple changes in the 
β-adrenergic signalling that essentially lead to 
β-adrenergic receptor (β-AR) down-regulation 
and desensitization. Therefore, a rationale based 
on gene transfer to treat HF, includes overexpres-
sion of β-AR as a simple way to overcome β-AR 
down-regulation. It has been demonstrated that 
transgenic mice overexpressing the human β 1 - 
ARs suffered from severe cardiomyopathy [ 47 ], 
but in contrast, mice with cardiac overexpression 
of β 2 -AR demonstrated increased basal myocar-
dial adenylate cyclase activity with increased left 
ventricular (LV) function [ 48 ]. Consequently, 
direct and intracoronary myocardial delivery of 
adenovirus containing the human β 2 -AR trans-
gene resulted in enhanced cardiac function in 
rodents and mammalian models [ 48 ,  49 ]. 

 Another molecular target for potential gene 
transfer is GRK2 that constitutes a G protein- 
coupled receptor kinase (GRK2), is the most abun-
dantly expressed GRK in the heart and has been 
implicated in the pathogenesis of dysfunctional 
cardiac β-AR signalling. GRKs phosphorylate the 
agonist-occupied receptors, resulting in functional 
uncoupling. In mice, selective GRK2 ablation 
after HF induced by myocardial infarction, 
resulted in increased survival, halted  ventricular 
remodelling, and enhanced cardiac contractile per-
formance [ 50 ]. Finally, βARKct, a peptide that 
inhibits GRK2-mediated β-AR desensitization, 
has been evaluated  in vivo  in animals. Intracoronary 
administration of  adenovirus- mediated βARKct 
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transgene to rabbits three weeks after induced 
myocardial infarction, demonstrated a marked 
reversal of ventricular dysfunction [ 51 ]. 

 The last target of the β-adrenergic system is 
adenylate cyclase 6 (ADCY6), is an enzyme used 
to catalyse the formation of cAMP by ATP. 
Overexpression of ADCY6 in transgenic mice 
resulted in improved cardiac function in response 
to adrenergic stimulation combined with 
increased cAMP production in isolated cardio-
myocytes. Importantly, upregulation of ADCY6 
had a neutral effect on basal cardiac function and 
was not associated with structural heart abnor-
malities [ 52 ]. Moreover, intracoronary adminis-
tration of adenovirus encoding ADCY6 in a 
pacing model of HF in pigs, resulted in improved 
LV function and remodeling, associated with 
increased cAMP-generating capacity [ 53 ]. These 
promising effects of upregulation of ADCY6 in 
preclinical studies, are currently under investiga-
tion for initiation of clinical trials in patients with 
HF [ 43 ].  

29.3.2    Calcium Cycling Proteins 

 Gwathmey et al. [ 54 ], were the fi rst to report that 
calcium cycling is abnormal in human heart failure 
regardless of the etiology, partially due to 
decreased  sa rcoplasmic  r eticulum  Ca  2+  ATPase  2a  
(SERCA2a) activity [ 4 ]. Consequently, gene 
transfer of SERCA2a led to improvement in car-
diac contractility in a large number of experimen-
tal models of heart failure [ 55 ,  56 ]. Apparently, 
gene transfer of SERCA2a has proven to provide 
additional advantages that include (a) restoration 
of the normal state of cardiac energetics [ 57 ], (b) 
decrease in ventricular arrhythmias [ 58 ], and (c) 
enhancement of coronary fl ow through activation 
of eNOS in endothelial cells [ 59 ]. Therefore, it is 
not surprising that SERCA2a has been utilized as 
the fi rst molecular target for gene transfer in the 
context of heart failure gene therapy. A further 
validation of this strategy was recently docu-
mented by the identifi cation of a series of miRNAs 
that suppress intracellular calcium handling in 
heart muscle, by interacting with mRNA encoding 
SERCA2a [ 60 ]. Particularly,  miR - 25  potently 

delayed calcium uptake kinetics in cardiomyo-
cytes  in vitro  and was upregulated in heart failure, 
both in mice and humans. Adeno- associated virus 
9 (AAV9)-mediated overexpression of  miR - 25 
in vivo , resulted in a signifi cant loss of contractile 
function, while injection of an antisense oligonu-
cleotide against  miR - 25 , markedly halted estab-
lished heart failure in a mouse model, improving 
cardiac function and survival compared to control. 
These data reveal that endogenous  miR - 25  contrib-
utes to declining cardiac function during heart fail-
ure and suggest that it might be targeted 
therapeutically to restore function. 

 Several other molecules have served as candi-
dates for the treatment of heart failure through 
gene transfer. These include the inhibition of 
phospholamban (PLN) through RNAi technol-
ogy [ 61 ], the inhibition of protein phosphatase 1 
(PP1) by direct gene addition of the protein phos-
phatase- 1 inhibitor-1 [ 62 ], and fi nally the up- 
regulation of S100. The latter, is part of a family 
of Ca 2+ -modulated proteins that are implicated in 
intracellular regulatory activities. It promotes 
cardiac contractile and relaxation function by 
enhancing the activity of both ryanodine recep-
tors (RYRs) and SERCA2a. More recently, 
AAV9 gene transfer of S100A1 in a preclinical 
model of ischemic cardiomyopathy induced dra-
matic improvements in contractile function, sug-
gesting that a clinical trial of S100A1 gene 
therapy for human HF appears in the horizon [ 4 ].  

29.3.3    Other Targets 

 Recently, the ability of the SDF1/CXCR4 com-
plex to promote the homing of stem cells to 
infarcted myocardium has promoted their use as 
therapeutic targets in ischemic heart failure [ 63 ]. 
Furthermore, as previously mentioned, a clinical 
trial is underway to investigate the therapeutic 
benefi t of SDF1 overexpression in ischemic car-
diomyopathy [ 46 ] by gene transfer of SDF1 
incorporated in a naked plasmid.   

   Conclusions 

 Novel insights about the molecular mecha-
nisms associated with heart failure combined 
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with the identifi cation and development of 
vectors with the best cardiotropic properties, 
have made gene therapy a realistic adjunctive 
treatment to mechanical, and pharmacological 
therapies for heart failure. Furthermore, the 
ongoing parallel approaches world-wide to 
validate the therapeutic effects of cell-based 
regenerative medicine in heart failure, will 
immensely contribute to the advancement of 
rational therapies targeting cardiovascular dis-
ease [ 64 ]. In the future, extensive research for 
the identifi cation of novel targets as well as for 
the improvement of vector systems, will 
undoubtedly lead to safer and more effective 
clinical trials in gene therapy.     
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    Abstract  

  The mammalian heart is nowadays viewed as a dynamic organ, capable of 
endogenous regeneration. However, the intrinsic rate of cardiomyocyte renewal 
is low and cannot make up for the extensive loss of cardiomyocytes occurring 
after a major heart injury, such as a myocardial infarction. Multiple cell types 
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been used in preclinical animal models and in clinical trials to repair or regener-
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sue) or indirectly (through paracrine stimulation of endogenous regeneration). 
Herein, we provide a critical assessment of the various cell types used for heart 
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30.1          Heart Regeneration and Cell 
Therapy 

 Heart disease is, and is predicted to remain (at 
least until 2030), the single leading cause of 
death globally [ 1 ]. Cardiomyocyte defi ciency 
underlies most types of heart disease. The human 
left ventricle (LV) contains ~4 billion myocytes, 
and a myocardial infarction (MI) can instantly 
wipe out up to 40 % of these. Cardiac pressure 
and/or volume overload (e.g. due to hypertension 
or valvular heart disease) result in gradual slow 
myocyte death over long periods of time, while 
normal ageing is associated with the loss of ~20 
million myocytes per year [ 2 ]. While conven-
tional therapies aim to limit myocardial injury 
and to block maladaptive pathways, the “holy 
grail” of therapy for heart disease is to achieve 
myocardial regeneration (i.e. regrow healthy 
working heart muscle). 

 Endogenous heart regeneration has been a 
controversial issue for decades. The human 
heart was traditionally viewed as a terminally 
differentiated organ, incapable of postnatal car-
diomyogenesis (i.e. generation of new cardio-
myocytes); the potential for cardiac regeneration 
was only recognized in lower vertebrate species, 
like newts and zebrafi sh [ 2 ]. Nowadays, the con-
cept of the adult mammalian heart as a dynamic 
organ capable of endogenous regeneration has 
been convincingly established [ 3 ]. However, the 
rate of new cardiomyocyte formation is clearly 
low [ 3 ] and inadequate to replenish the substan-
tial losses of cells occurring after major cardiac 
injuries. 

 During the last 13 years, cell therapy has 
emerged as a potentially useful approach to 
achieve therapeutic regeneration of the diseased 
heart [ 4 ]. Multiple cell types with progenitor 
properties (including skeletal myoblasts, bone 
marrow-derived cells, heart-derived cells, embry-
onic stem cells and induced pluripotent stem 
cells) have been used in preclinical animal mod-
els and in clinical trials to repair or regenerate the 
injured heart, either directly (through formation 
of new transplanted tissue) or indirectly (through 
paracrine stimulation of endogenous regenera-
tion). Although no consensus has yet emerged, 

the ideal cell type for the treatment of heart dis-
ease [ 4 ], from a theoretic standpoint, should:
    (a)    be safe, i.e. not be tumorigenic or 

arrhythmiogenic;   
   (b)    improve heart function and structure (attenu-

ate or reverse adverse cardiac remodeling);   
   (c)    generate (directly or indirectly) functional 

cardiac muscle and vasculature, structurally 
and functionally integrated into the host 
tissue;   

   (d)    be easily harvested using routine clinical 
methods, readily grown in large numbers, 
and amenable to delivery by minimally inva-
sive approaches;   

   (e)    be available as a standardized “off the shelf” 
product that can be readily administered in 
the clinical setting;   

   (f)    be tolerated by the immune system;   
   (g)    not raise ethical concerns.    

  At present, the “perfect” cell for the treatment 
of heart disease remains elusive; however, it is 
apparent that some cell types are more promising 
than others. 

 Herein, we critically assess the various cell 
types used in efforts to achieve heart regeneration 
(focusing on large scale randomized controlled 
clinical trials, where available), discuss the 
insights arising from the fi rst decade of clinical 
trials, and touch upon future directions of cell 
therapy for heart disease.  

30.2     The Road to Clinical 
Application 

 Figure  30.1  depicts the ideal “pathway to clini-
cal application” of cell therapy for heart disease, 
and how far along this path each candidate cell 
type has progressed [ 5 ]. The pathway begins 
with preclinical small- and large-animal studies, 
before moving on to human subjects. The goal 
of small- animal studies is to investigate cell 
product safety and effi cacy, and provide insight 
into mechanisms of action. Subsequently, 
experiments in large animals should be per-
formed to optimize the cell product’s clinical 
formulation, dose, and delivery method, as well 
as to test safety and effi cacy in clinically  relevant 
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models before moving into fi rst-in-human clini-
cal trials. Figure  30.2  depicts the approximate 
number of patients with cardiac disease enrolled 
in clinical studies and treated with various cell 
types from 2000 (the fi rst clinical application of 
cell therapy for heart disease) to 2013. Such 
clinical studies begin with safety (phase 1) to 
determine whether the cell product is tolerated 
in humans, often with a dose- ranging protocol. 
If no signifi cant safety concerns are raised, an 
effi cacy signal is sought in phase II trials, which 
enroll a larger patient population. Phases 1 and 
2 can be  combined in a way that a relatively 

small study yields both preliminary safety and 
effi cacy data; such phase 1/2 trials need to be 
prospective, randomized, controlled, with pre-
specifi ed exploratory effi cacy endpoints and 
blinded data analysis. The goal in phase 2 is to 
determine the effi cacy readout for a larger phase 
3 trial, which is powered for effi cacy and for 
rare safety events that may have been missed in 
earlier phases. The primary endpoint of phase 3 
trials should refl ect clinically relevant effects 
(morbidity and/or mortality) and the goal is to 
prove the effi cacy of the new therapy over the 
current standard of care.
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  concept

• Mechanism of
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  optimization
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  Fig. 30.1    The    pathway to clinical translation. Vital steps 
along the path involve small-animal studies (proof-of-
concept studies and studies to investigate the mechanism 
of action) and large-animal studies (to optimize dosage, 
formulation, and delivery as well as to test safety and effi -
cacy in clinically relevant models), before moving on to 
human subjects. Skeletal myoblasts ( SKMs ) followed a 
fairly convincing preclinical developmental program 
(without systematic testing in large animals) before mov-
ing on to humans; they are currently being tested in phase 
2 trials. On the other hand, bone marrow mononuclear 
cells ( BM-MNCs ) entered the clinical arena immediately 

after the fi rst reports of rodent studies; currently large-
scale phase 3 outcome trials are about to commence. In 
the case of bone marrow mesenchymal stromal cells 
( BM-MSCs ) and heart-derived cells, a more logical and 
systematic approach for clinical translation has been 
employed; BM-MSCs are now entering phase 3 trials 
while heart-derived cells are currently being tested in 
phase 2 trials. Embryonic stem cells (ESCs) and induced 
pluripotent stem cells (iPSCs) are currently being tested in 
large animals. The  arrows  represent the progression of the 
discussed cell types along the path to clinical translation       
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    Within this framework, we now consider and 
critically assess each of the major cell types that 
has been tested (or is planned to be tested in the 
case of embryonic stem cells/induced pluripotent 
stem cells) in patients.  

30.3     Skeletal Myoblasts 

 Skeletal myoblasts (SKMs), mononucleated cells 
located between the basal lamina and the sarco-
lemma of skeletal myofi bers, are activated, pro-
liferate, differentiate and fuse to form new 
skeletal muscle fi bers (myotubes) in response to 
injury. They are resistant to ischemia, and can be 
easily harvested in abundant numbers and 
expanded for autologous transplantation. These 
features, along with their myogenic phenotype, 
have made SKMs an attractive population for 
cardiac repair and regeneration. 

 Preclinical experimental studies suggested 
that administration of autologous SKMs improves 
LV function and attenuates remodeling in animal 

models of ischemic heart disease [ 6 ,  7 ]. In 
 recipient myocardium, SKMs differentiate into 
multinucleated myotubes (not cardiomyocytes) 
that lack expression of connexin-43 and gap 
junctions, forming islands of conduction block 
that slow conduction velocity and create the sub-
strate for reentrant arrhythmias [ 8 ]. 

 After a decade of experimental studies [ 6 ,  7 ] 
SKMs were the fi rst cell type to enter the clinical 
arena for heart regeneration. In June 2000 autolo-
gous SKMs, isolated and expanded from a thigh 
muscle biopsy, were intramyocardially injected 
in a patient with severe ischemic heart failure as 
an adjunct to coronary bypass grafting (CABG) 
surgery [ 9 ]. Several small non-randomized phase 
I studies ensued demonstrating functional benefi t 
in treated patients, albeit with a high incidence of 
ventricular arrhythmias, confi rming the concerns 
raised by preclinical research [ 10 ,  11 ]. The fi rst 
phase II SKM trial, MAGIC, enrolled patients 
with chronic ischemic cardiomyopathy random-
ized to receive direct intramyocardial injections 
(as an adjunct to CABG surgery) of autologous 
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myoblasts or placebo solution. The MAGIC trial 
failed to demonstrate effi cacy and was discontin-
ued prematurely, while a trend towards more ven-
tricular arrhythmias in the treated groups was 
observed, despite the prophylactic use of amioda-
rone [ 12 ]. Increased incidence of ventricular 
arrhythmias in treated patients was also observed 
in the pilot MARVEL-1 study, a randomized, 
placebo-controlled trial of catheter-guided SKM 
transplantation in patients with ischemic heart 
failure that was also discontinued prematurely 
(due to fi nancial reasons) [ 13 ]. On the other hand, 
the SEISMIC trial demonstrated a more favor-
able safety profi le of catheter-guided SKM 
administration in patients with ischemic heart 
failure, along with a trend towards increased 
exercise tolerance in treated patients; neverthe-
less, no signifi cant effect on LV ejection fraction 
(EF) was observed [ 14 ]. Taken together, the tra-
jectory of SKMs is instructive and argues against 
premature enthusiasm solely on the basis of pre-
clinical studies.  

30.4     Bone Marrow-Derived Cells 

 The bone marrow is a highly heterogeneous tis-
sue, containing several different cell populations 
with progenitor-like properties. These progenitor 
cells can be roughly divided into the following 
three categories: (a) hematopoietic stem cells 
(HSCs) that can give rise to all types of mature 
blood cells; (b) endothelial progenitor cells 
(EPCs), a subset of hematopoietic cells that pro-
mote neovascularization either directly (differen-
tiation into endothelial cells) or indirectly 
(secretion of pro-angiogenic cytokines); and (c) 
mesenchymal stromal cells (MSCs) that can dif-
ferentiate into osteoblasts, chondroblasts and 
adipocytes. 

 In the clinical fi eld, bone-marrow derived 
cells have been administered in the following 
forms: (a) autologous bone marrow mononuclear 
cells (BMMNCs) either unfractionated or after 
purifi cation for a progenitor cell marker (CD34 
or CD133); and (b) autologous or allogeneic 
MSCs. These cellular products are considered 
individually below. 

30.4.1     Bone Marrow 
Mononuclear Cells  

 Unlike SKMs, BMMNCs moved into patients 
without the benefi t of a convincing preclinical 
development program; the fi rst report of clinical 
application of BMMNCs for heart regeneration 
[ 15 ] surfaced within 4 months of the publication 
of a rodent study reporting extensive engraftment 
and cardiogenic differentiation of bone marrow- 
derived cells in mice [ 16 ]. Clinical application 
was catalyzed by the relative accessibility of 
bone marrow, the large numbers of unfraction-
ated autologous cells that can be obtained with-
out ex vivo expansion, and the extensive clinical 
experience with bone marrow transplantation. 
Ironically, the initial report of extensive transdif-
ferentiation of bone marrow-derived cells into 
cardiomyocytes has proven to be controversial; 
several laboratories have been unable to repro-
duce the fi ndings [ 17 ,  18 ]. Nevertheless, clinical 
studies have continued apace. It should be noted 
that BMMNCs, isolated by density centrifuga-
tion of bone marrow aspirates, actually contain 
very few progenitor cells (~2–4 % HSCs/EPCs 
and ~0.01 % MSCs); the vast majority of 
BMMNCs comprise committed hematopoietic 
cells at various stages of maturation [ 19 ]. 

 In the clinical setting, autologous BMMNCs 
are by far the most frequently administered cell 
type for treatment of heart disease and have been 
used primarily in the setting of acute MI. To date 
>1,000 patients have been treated with BMMNCs 
in numerous clinical trials worldwide. As with 
SKMs, early small and uncontrolled pilot studies 
of BMMNC delivery after acute MI demon-
strated consistently positive results [ 20 ,  21 ]. 
However, the results of later large randomized 
studies of intracoronary infusion of BMMNCs in 
acute MI have been confl icting. The fi rst large- 
scale randomized but not placebo-controlled 
study (BOOST) demonstrated a transient func-
tional benefi t (increase in EF) at 6 months after 
BMMNC infusion [ 22 ] that was not sustained at 
18 months or 5 years after therapy [ 23 ]. Two sub-
sequent placebo-controlled studies yielded varied 
results: REPAIR-AMI showed a signifi cant 
improvement in EF at 4 months [ 24 ], whereas a 
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study by Jannsens et al. [ 25 ] (in which BMMNCs 
were infused within 24 h after reperfusion, earlier 
than in the other studies) showed no improve-
ment in EF at 4 months but a more profound 
decrease in scar size in cell-treated patients. In 
contrast to the previous studies, results of the ran-
domized but not placebo-controlled ASTAMI 
trial were resoundingly negative [ 26 ]. The results 
of subsequent large randomized studies have also 
been confl icting, ranging from: (a) positive: the 
FINCELL trial [ 27 ], the fi rst study of BMMNC 
infusion in patients treated with thrombolysis, 
showed improvement of EF at 6 months; (b) mar-
ginally positive: in the REGENT study [ 28 ], EF 
improved in the cell-treated patients but not in 
controls at 6 months; however, no difference was 
observed when the treatment effect was com-
pared among groups; (c) mixed: in the BONAMI 
trial no difference in EF but an increase in myo-
cardial viability was observed after BMMNC 
therapy [ 29 ]; or (d) resoundingly negative: in the 
HEBE trial [ 30 ], SCAMI trial [ 31 ], TIME trial 
[ 32 ], LateTIME trial [ 33 ], and SWISS-AMI trial 
[ 34 ] no benefi ts of BMMNC infusion in patients 
with acute MI were observed. The reasons for the 
inconsistent outcomes of the aforementioned 
clinical trials are unclear but may be attributed to 
differences in cell isolation and preparation pro-
tocols [ 35 ]. Nevertheless, a recent meta-analysis 
(including 811 patients participating in 13 ran-
domized trials) showed modest but signifi cant 
benefi t following BMMNC therapy: EF increased 
by ~3 %, end-systolic volume decreased by ~5 ml 
and scar size decreased by ~3.5 % in the cell- 
treated groups compared with controls [ 36 ]. 

 Critically reviewing the accumulated data of 
BMMNC therapy in the acute MI setting, a num-
ber of conclusions can be drawn:
    (i)    Intracoronary infusion of autologous 

BMMNCs through a recently reopened 
infarct-related coronary artery is feasible and 
safe. Infusion is not associated with additional 
ischemic myocardial damage [ 22 ], increased 
incidence of arrhythmias [ 27 ] or increased in-
stent/culprit vessel restenosis [ 27 ,  36 ];   

   (ii)    Sustained functional benefi ts after BMMNC 
therapy in acute MI remain in doubt;   

   (iii)    The patient population enrolled in BMMNC 
trials was not very ill at baseline (fi rst MI 

population receiving prompt reperfusion, 
with a median EF of ~50 % pre-therapy) 
leaving little room for improvement.     

 The legacy of the studies of BMMNC therapy 
in acute MI has left the fi eld puzzled. The next 
(and possibly defi nitive) chapter for BMMNCs 
will be the BAMI study (NCT01569178), a large 
phase 3 trial to be conducted in Europe with all- 
cause mortality as the primary endpoint. 3,000 
patients with acute MI and EF <45 % will be ran-
domized to either conventional therapy or intra-
coronary infusion of autologous BMMNCs. The 
BAMI study is powered to detect a 25 % relative 
decrease in 2-year all-cause mortality after cell 
therapy (11.5 % vs. 8.6 %). This highly antici-
pated study will hopefully answer, once and for 
all, whether BMMNCs are a useful adjunctive 
therapy in acute MI. 

 BMMNCs have also been used for the treat-
ment of refractory angina. To date, four random-
ized controlled studies have been published. The 
study by van Ramhorst et al. showed that catheter- 
guided injection of BMMNCs resulted in 
improvements in myocardial perfusion as 
assessed by single photon emission computed 
tomography and EF at 3 months after therapy 
[ 37 ]; such improvements were not observed, 
however, in the PROTECT-CAD trial and the 
study by Losordo et al. (catheter-guided injection 
of BMMNCs and granulocyte colony stimulating 
factor [GCSF]–mobilized CD34+ cells, respec-
tively) [ 38 ,  39 ]. A subsequent placebo-controlled 
phase 2 trial by the Losordo group, in which 
patients with refractory angina were randomized 
to receive catheter-guided transendocardial injec-
tions of GCSF-mobilized autologous CD34+ 
cells (collected from the peripheral blood via leu-
kapheresis) or placebo, revealed signifi cant 
improvements in symptoms (reduced angina fre-
quency) and functional capacity (increased exer-
cise tolerance) in cell-treated patients. However, 
cell-mobilization and collection procedures were 
associated with cardiac enzyme elevations in 
4.6 % of patients [ 40 ]. CD34+ cells for the treat-
ment of refractory angina are currently entering 
phase 3 trials (RENEW study, NCT01508910). 
In RENEW (which is currently recruiting partici-
pants) 444 patients with refractory angina will be 
 randomized in a 2:1:1 fashion to cell therapy 
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(transendocardial injection of GCSF-mobilized 
autologous CD34+ cells collected from the 
peripheral blood via leukapheresis), active 
 control (GCSF-mediated stem cell mobilization, 
apheresis, and intramyocardial placebo injec-
tion), or open-label standard of care. The primary 
effi cacy endpoint of RENEW is change in exer-
cise treadmill time (the study has 90 % power to 
detect a 60-s difference in exercise time between 
cell-treated and active control patients) [ 41 ]. 

 Finally, BMMNCs have also been investigated 
in the setting of chronic ischemic cardiomyopathy 
and heart failure, albeit on a much smaller scale 
compared with acute MI (or to a lesser extent 
refractory angina). Early, small clinical studies 
have shown some hints of effi cacy [ 42 – 44 ]. 
However, the FOCUS trial (a multicenter phase II, 
randomized, placebo-controlled trial investigating 
the effi cacy of transendocardial injection of 
BMMNCs in patients with chronic ischemic car-
diomyopathy and heart failure) was resoundingly 
negative and failed to meet any of its pre-specifi ed 
effi cacy endpoints (no change in end-systolic left 
ventricular volumes, maximal oxygen consump-
tion or myocardial perfusion) [ 45 ]. 

 With regard to mechanism of action, well 
designed studies employing genetic labeling 
techniques have convincingly demonstrated that 
bone marrow-derived cells cannot readily trans-
differentiate into cardiomyocytes. Thus, the pre-
vailing concept of bone marrow-derived cell 
bioactivity has shifted towards the ‘paracrine 
hypothesis’, according to which the transplanted 
cells are proposed to produce soluble factors that 
are benefi cial to the infarcted heart. With regard 
to the latter, studies in rodents have shown that 
exogenously administered bone marrow-derived 
cells can indirectly (in a paracrine manner) pro-
tect resident cardiomyocytes from apoptosis, 
stimulate angiogenesis and upregulate recruit-
ment of endogenous cardiac progenitors in the 
infarcted heart [ 46 ].  

30.4.2     Bone Marrow Mesenchymal 
Stromal Cells 

 MSCs reside in the bone marrow and their 
 physiologic role is to create/function as a stromal 

network supporting the differentiation of HSCs 
into blood lineages. MSCs are self-renewing 
cells characterized by: (1) adherence to plastic in 
culture; (2) surface expression of CD105, CD90, 
and CD73; (3) lack of expression of hematopoi-
etic markers; and (4) the capacity to differentiate 
into osteoblasts, adipocytes, and chondroblasts 
under specifi c in vitro conditions. While the abil-
ity of MSCs to undergo true cardiomyogenic 
transdifferentiation remains highly controversial 
[ 47 ,  48 ], MSCs are known to secrete a broad vari-
ety of cytokines, chemokines and growth factors 
involved in cardiac repair. To that end, preclinical 
animal studies have shown that MSCs can indi-
rectly (in a paracrine manner) protect resident 
cardiomyocytes from apoptosis [ 49 ], promote 
angiogenesis [ 50 ], stimulate proliferation of 
endogenous cardiac progenitors and amplify resi-
dent cardiomyocyte cell-cycle re-entry in the 
infarcted heart [ 51 ]. These indirect mechanisms 
seem to underlie the reduction in infarct size, 
attenuation of LV remodeling and improvement 
in cardiac function observed in large animal 
models of MI and chronic ischemic cardiomyop-
athy [ 52 ,  53 ]. 

 In the clinical fi eld, MSCs have been primar-
ily used in the setting of chronic ischemic cardio-
myopathy. The Hare group performed a 
head-to-head comparison of autologous bone 
marrow-derived MSCs versus autologous 
BMMNCs (delivered by catheter-guided transen-
docardial injections) in patients with chronic 
ischemic cardiomyopathy (randomized- 
controlled TAC-HFT study) [ 54 ]. While both 
MSCs and BMMNCs did not raise signifi cant 
safety concerns and improved quality of life, 
only MSCs (but not BMMNCs) decreased scar 
size, improved regional contractility and 
increased 6-min walk distance. However, cham-
ber volumes and EF did not improve with either 
cell population. 

 The benefi t of autologous MSC therapy may 
be enhanced by exposing cells in vitro to a “car-
diogenic cocktail”, a combination of cytokines 
that promotes adoption of a cardiopoietic pheno-
type (as indicated by expression of cardiac tran-
scription factors in bone marrow-derived MSCs) 
[ 55 ]. In a rodent study by the Terzic group, 
infarcted animals treated with “cardiopoietic” 
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bone marrow-derived MSCs derived greater 
functional benefi t compared to animals treated 
with naïve MSCs [ 55 ]. The fi rst clinical trial of 
“cardiopoietic” bone marrow-derived MSCs 
(delivered by catheter-guided transendocardial 
injections) for the treatment of ischemic heart 
failure, the randomized controlled C-CURE trial, 
demonstrated the safety and feasibility of this 
approach. C-CURE also revealed intriguing hints 
of effi cacy: treatment with “cardiopoietic” MSCs 
improved systolic function, reduced LV end- 
systolic volume and improved 6-min walk dis-
tance compared to standard of care [ 56 ]. 
Following this initial study, a larger phase 3 trial 
powered to evaluate effi cacy in ischemic heart 
failure patients has been approved and is cur-
rently recruiting participants (the CHART-1 
study, with a composite primary endpoint com-
prising mortality, worsening of heart failure, 
quality of life, exercise capacity, cardiac volumes 
and EF [NCT01768702]). 

 Bone marrow-derived MSCs lack major histo-
compatibility complex class II receptors and 
costimulatory molecules, and possess immuno-
modulatory/immunosuppressive properties; these 
characteristics have made them attractive for allo-
geneic transplantation (without immunosuppres-
sion). A randomized, placebo-controlled trial of 
intravenous infusion of proprietary allogeneic 
bone marrow-derived MSCs (Prochymal, Osiris) 
in patients with acute MI did not raise any signifi -
cant safety concerns and revealed hints of effi cacy 
(improved EF) [ 57 ]. The latter is somewhat para-
doxical, taking into account that preclinical stud-
ies have demonstrated that intravenous infusion is 
hampered by trapping of cells in the lungs, result-
ing in acute cardiac retention rates of <1 % [ 58 ]. 
With regard to chronic ischemic cardiomyopathy, 
the Hare group recently performed a head-to-head 
comparison between autologous and allogeneic 
bone marrow-derived MSCs, delivered by cathe-
ter-guided transendocardial injections. The major 
fi nding of POSEIDON is that therapy with alloge-
neic MSCs (without immunosuppression) appears 
to be safe and at least as effective as therapy with 
autologous MSCs (both allogeneic and autolo-
gous MSCs reduced infarct size and LV sphericity 
index but did not increase EF) [ 59 ]. The results of 
POSEIDON are encouraging, particularly with 

regard to the safety of allogeneic MSCs, but the 
small sample size and the lack of a proper control 
group (receiving standard of care without cell 
therapy) should prompt some caution regarding 
claims of effi cacy [ 35 ]. With regard to heart fail-
ure, catheter-guided transendocardial injection of 
allogeneic proprietary stro-3+ bone marrow- 
derived MSCs (Revascor, Mesoblast) in 60 
patients with ischemic and non-ischemic heart 
failure was not associated with a clinically signifi -
cant immune response and resulted in a signifi -
cant reduction of major adverse cardiac event 
rate. A phase III study of catheter-guided transen-
docardial injection of allogeneic stro-3+ bone 
marrow-derived MSCs is currently in preparation 
and plans to enroll 1,700 heart failure patients 
(Mesoblast). The primary effi cacy endpoint of the 
trial is a time-to-fi rst event analysis of heart fail-
ure-related major adverse cardiac events (defi ned 
as a composite of cardiac related death and 
decompensated heart failure events). 

 Bone marrow aside, subcutaneous adipose tis-
sue is an alternative source of MSCs. Like bone 
marrow-derived MSCs, adipose-derived MSCs 
produce cytokines that promote angiogenesis, 
improve cardiac function and attenuate adverse 
remodeling in animal models of acute MI [ 60 ]. 
Importantly, autologous adipose-derived MSCs 
can be easily harvested in abundant numbers 
from lipoaspirates (with no need for ex vivo 
expansion, in contrast to bone marrow-derived 
MSCs); this enables therapeutic administration 
of an autologous cell product early in the course 
of an acute MI. In the clinical fi eld, the random-
ized, placebo-controlled APOLLO trial demon-
strated the feasibility and safety of intracoronary 
infusion of autologous adipose-derived MSCs in 
the setting of acute MI [ 61 ]. In addition, cell infu-
sion in the APOLLO trial resulted in signifi cant 
reductions in myocardial perfusion defect and 
scar size; however, the very small size of the con-
trol group (n = 4) precludes any effi cacy-related 
conclusions. The effi cacy of intracoronary infu-
sion of autologous adipose-derived MSCs in the 
setting of acute MI is currently being investigated 
in the phase 2 ADVANCE trial (NCT01216995). 
In addition, ongoing clinical studies are assessing 
a potential role of adipose-derived MSCs in isch-
emic heart failure and refractory angina.   
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30.5     Heart-Derived 
Progenitor Cells  

 During the past decade several studies sup-
ported the notion that the adult mammalian 
heart contains its own reservoir of progenitor 
cells. Numerous populations of putative adult 
endogenous cardiac progenitor cells (CPCs) 
have been proposed, largely based on expres-
sion of surface markers or functional properties 
that have been used to mark progenitors in other 
organs. Putative adult CPCs include: c-kit +  
(CD117 + , the receptor for stem cell antigen) 
cells [ 62 ], cardiosphere- forming cells (CSps, 
three-dimensional structures of CPCs and sup-
portive cells) [ 63 ], cardiosphere-derived cells 
(CDCs) [ 64 ], sca-1 +  cells (stem cell antigen-1 +  
cells) [ 65 ], cardiac side population cells [ 66 ], 
and SSEA-1 +  (stage- specifi c embryonic anti-
gen-1 + ) cells [ 67 ]. The high number of distinct 
populations of putative endogenous CPCs is dif-
fi cult to reconcile with the limited regenerative 
capacity of the adult mammalian heart. 
Importantly, while all of the aforementioned 
cell types have been shown to express cardiac 
proteins  in vitro  or after delivery into recipient 
hearts following  ex vivo  expansion, their physi-
ologic importance and contribution to cardio-
myocyte replenishment in the normal or injured 
adult heart remains a topic of intense debate. 
Nevertheless, most studies suggest that endoge-
nous CPCs (the identity of which still remains 
elusive) may generate new myocytes in the adult 
heart. While the role of endogenous CPCs in 
postnatal cardiomyogenesis during normal age-
ing appears to be limited (as most studies con-
cur that myocyte turnover in the healthy aging 
heart most likely occurs through proliferation of 
pre-existing myocytes [ 68 ,  69 ]), multiple stud-
ies indicate CPC-mediated cardiomyocyte 
renewal occurs following myocardial injury 
[ 68 – 70 ]. From a therapeutic perspective, since 
CPCs may presumably be endogenously pro-
grammed to replenish heart muscle, their isola-
tion and ex vivo expansion for the treatment of 
heart diseases seems a logical (yet challenging) 
strategy. So far, only c-kit +  cells and CDCs have 
proceeded into human studies; these cellular 
products are considered individually below. 

30.5.1     C-kit +  Cells 

 C-kit +  cells are self-renewing, clonogenic and 
can differentiate in vitro and in vivo into endothe-
lial cells, smooth muscle cells and (possibly) 
 cardiomyocytes [ 62 ]. Delivery of c-kit +  cells in 
small and large animal models of MI and isch-
emic cardiomyopathy results in improved sys-
tolic performance and attenuation of LV 
remodeling purportedly through generation of 
newly-formed cardiomyocytes and vessels by 
transplanted cells [ 62 ,  71 ,  72 ]. However, the abil-
ity of c-kit +  cells to readily differentiate into car-
diomyocytes has been disputed by several studies 
reporting that adult c-kit +  cells have only angio-
genic but not cardiomyogenic potential [ 73 ]. 
With regard to clinical translation, intracoronary 
infusion of autologous c-kit +  cells (isolated from 
right atrial appendages discarded during CABG 
surgery) in surgically revascularized patients 
with chronic ischemic heart failure is currently 
being investigated in the phase 1 SCIPIO trial. 
An interim analysis of the still-ongoing SCIPIO 
trial revealed that administration of c-kit +  cells 
resulted in striking improvement in EF (mea-
sured by echo), that was not observed in control 
patients [ 74 ]. MRI (which was only performed in 
a subset of treated patients but not in controls) 
revealed a signifi cant reduction in scar mass and 
a signifi cant increase in viable myocardium after 
cell therapy [ 75 ]. While SCIPIO demonstrated 
that isolation and intracoronary infusion of c-kit 
cells is feasible and does not raise signifi cant 
safety concerns, claims of effi cacy are under-
mined by methodological concerns (poor ran-
domization scheme, lack of MRI in control 
patients, and confounding effect of CABG sur-
gery which can by itself result in gradual natural 
improvement of heart function) [ 76 ].  

30.5.2     Cardiosphere Derived Cells 

 CDCs are a naturally heterogeneous cell popu-
lation of intrinsic cardiac origin. CDCs are uni-
formly positive for CD105, while a subset of 
CDCs (~25 %) is positive for CD90 (a marker of 
MSCs) and a small fraction (~3–10 %) is positive 
for c-kit (a putative marker of endogenous CPCs 

30 Cell Therapy in Cardiac Diseases



574

[as explained above]) [ 64 ]. CDCs can be readily 
grown in clinically relevant numbers from percu-
taneous endomyocardial biopsy specimens [ 64 ], 
and exhibit clonogenicity, self-renewal capac-
ity and multipotentiality [ 77 ]. Several preclini-
cal animal studies have demonstrated that CDCs 
can improve cardiac function, decrease scar size 
and increase viable myocardium post-MI in mice 
[ 64 ,  78 ], rats [ 79 – 81 ] and pigs [ 82 ,  83 ]. 
Importantly, the salutary effects of CDC trans-
plantation cannot be explained by direct cardio-
myogenic differentiation of transplanted cells 
(such events represent “needle in haystack” inci-
dents [ 78 ,  81 ]) and should be attributed instead to 
indirect (paracrine) mechanisms of action. To that 
end, CDCs are potent secretors of cytokines that 
indirectly stimulate endogenous repair and regen-
eration [ 78 ,  81 ,  84 ], by promoting angiogenesis, 
recruitment of resident cardiac progenitor cells, 
and proliferation of preexisting cardiomyocytes 
in the infarct border zone [ 69 ,  78 ,  81 ]. This indi-
rect mechanism of action (without the need for 
long- term engraftment of transplanted cells) 
rationalizes the effi cacy of allogeneic CDCs; it 
has been shown that allogeneic CDCs are just as 
effective as syngeneic CDCs in a rat model of MI 
and in a pig model of ischemic cardiomyopathy 
[ 81 ,  83 ,  85 ]. With regard to clinical translation, a 
phase 1/2 clinical study of autologous CDCs—the 
CADUCEUS study, has been recently completed. 
In CADUCEUS, human subjects with convales-
cent MI (1.5–3 months post-MI) LV dysfunc-
tion (EF: 25–45 %) were randomized to receive 
intracoronary infusion of autologous CDCs (har-
vested from endomyocardial biopsies), or con-
ventional treatment, by prospective randomized 
assignment. Intracoronary infusion of autologous 
CDCs did not raise signifi cant safety concerns 
in CADUCEUS. Analysis of exploratory effi -
cacy endpoints revealed a decrease in scar size, 
an increase in viable myocardium and improved 
regional function of infarcted myocardium (but 
not global function) in CDC-treated patients com-
pared to controls [ 86 ,  87 ]. These intriguing hints 
of effi cacy (which are consistent with therapeu-
tic regeneration) need to be confi rmed in future 
larger clinical trials. The safety and effi cacy of 
allogeneic CDCs in human subjects with LV 

 dysfunction post-MI is currently being tested in 
the phase 1/2 multicenter, randomized, placebo-
controlled ALLSTAR trial (NCT01458405).   

30.6     Embryonic Stem Cells 
and Induced Pluripotent 
Stem Cells 

 Embryonic stem cells (ESCs), derived from the 
inner mass of the developing embryo in the blas-
tocyst stage, are the prototypical stem cells. They 
have the capacity of self-renewal, can be clonally 
expanded and are capable of differentiating into 
any cell type in the body, including atrial, ven-
tricular and nodal cardiomyocytes. However, sig-
nifi cant obstacles need to be overcome before 
ESCs can be used clinically for heart regenera-
tion. First, the unlimited differentiation potential 
of ESCs is a double-edged sword: when ESCs are 
transplanted in their primitive undifferentiated 
state, they form teratomas in recipient hearts 
[ 88 ]. The risk of oncogenicity greatly diminishes 
after cardiomyogenic differentiation of ESCs 
in vitro prior to administration; the feasibility and 
safety of this approach has so far been demon-
strated in small animal MI models [ 89 ]. Second, 
ESC-derived cardiac grafts could plausibly con-
tribute to arrhythmogenesis through automaticity 
and triggered activity, while their irregular graft 
geometry/architecture (abnormal alignment of 
ESC-derived cardiomyocytes with host myocar-
dium, smaller size of ESC-derived cardiomyo-
cytes, abnormal distribution of connexins) could 
promote reentry [ 90 ]. Third, due to their alloge-
neic origin, ESCs carry the risk of immune rejec-
tion; there is now clear evidence that the 
differentiated progeny of ESCs are rejected by 
the host immune system [ 88 ]. Since ESCs regen-
erate the heart directly (through cardiomyogenic 
differentiation of exogenously administered 
cells), sustained benefi ts would presumably 
require permanent engraftment of transplanted 
ESCs, rendering the use of long-term immuno-
suppression in the clinical setting mandatory. 
Finally, ESCs are ethically problematic since 
they are created from early human embryos 
(discarded after in vitro fertilization). 
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 In the past 6 years, induced pluripotent stem 
cells (iPSCs) from somatic (adult) cells have been 
generated through ectopic expression of selected 
transcription factors via viruses, plasmids, or bio-
engineered proteins [ 91 ]. The resultant iPSCs 
closely resemble ESCs and can be subsequently 
guided to differentiate into desired specifi c cell 
types (including cardiomyocytes) using specifi c 
protocols developed for ESC differentiation. 
These techniques make patient- specifi c (autolo-
gous) pluripotent stem cells an imaginable reality 
and provide an alternative source for cardiogenic 
cell lines; functional cardiomyocytes have been 
successfully derived from both mouse [ 92 ] and 
human iPSCs [ 93 ]. Nevertheless, signifi cant road-
blocks preclude near-term clinical applicability 
for heart regeneration, including the risk of onco-
genicity associated with the pluripotent state, risk 
of arrhythmiogenicity, insertional mutagenesis 
due to integrating vectors, low effi ciency of suc-
cessful nuclear reprogramming and of subsequent 
cardiogenic differentiation, genetic abnormalities, 
potential immunogenicity despite the autologous 
origin, and high cost. Methods to expedite the 
generation of cardiomyocytes from noncontrac-
tile somatic cells, without transit through a plu-
ripotent state, are intriguing [ 94 ]. Nevertheless, 
the use of genetically modifi ed cells that have 
undergone nuclear reprogramming will most 
likely face signifi cant regulatory hurdles before 
clinical applications commence. 

 Currently, both ESCs and iPSCs are being 
tested for cardiac applications in large animals. 
Rigorous safety studies (focusing primarily on 
arrhythmiogenicity and oncogenicity) are essen-
tial before these pluripotent cells can enter the 
arena of clinical investigation.  

30.7     Future Directions 

 Going forward (and regardless of investigated 
cell type), the pursuit of improved methods for 
cell delivery, means to boost cardiac cell reten-
tion, more potent and better-standardized “off the 
shelf” cellular products, and more apt patient 
populations is certainly merited [ 4 ,  5 ]. These 
points are considered individually below. 

30.7.1     The Challenge of Low Cell 
Retention After Cardiac 
Delivery 

 Low cell retention after delivery to the heart is a 
persistent obstacle to successful myocardial 
regeneration [ 79 ,  95 ]. Numerous studies have 
investigated short-term cell retention both in 
experimental animals [ 96 ] and in humans [ 97 ] 
and the results have been overwhelmingly disap-
pointing; acute cell retention (i.e., within 24 h of 
delivery) in the heart is generally <10 %, regard-
less of the cell type or delivery route. Cells 
acutely lost from the heart are washed out via the 
coronary venous system or mechanically ejected 
via the injection site, while retention rates in 
beating hearts are markedly lower than in non- 
beating hearts [ 79 ]. Taking into account that 
studies of bone marrow-derived and heart-derived 
cells [ 65 ,  79 ,  98 ] reveal a strong correlation 
between acute cell retention and long-term func-
tional benefi t, there is good reason to believe that: 
(a) the development of more effective delivery 
methods, combined with (b) successful means of 
boosting transplanted cell retention (ensuring 
that once cells are delivered, they will biologi-
cally bond with the host tissue and survive), 
would signifi cantly enhance the utility of cell 
therapy. 

 With regard to delivery methods, cellular 
products for heart repair have so far been deliv-
ered clinically via three routes: systemic intrave-
nous infusion, intracoronary infusion, and 
intramyocardial injection (either by direct open- 
chest injections as an adjunct to CABG surgery 
or by transendocardial catheter-based injections), 
while retrograde coronary venous, transvenous 
intramyocardial and intrapericardial approaches 
have been used mostly in preclinical studies. 

 Intravenous infusion, albeit simple in execu-
tion, is hampered by trapping of cells in the lungs, 
resulting in acute retention rates of <1 % [ 58 ]. 
Intracoronary delivery of cells into a recanalized 
infarct-related artery is safe and convenient (can 
be performed with standard balloon catheters) 
and has the inherent advantage that cells are 
homogeneously infused into myocardial regions 
with preserved oxygen and nutrient supply. 
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However, retention of cells is suboptimal (most 
cells are washed away before they can migrate 
into the surrounding tissue), unperfused regions 
of the myocardium are inaccessible, and the high 
dependence on endogenous homing signals 
makes this approach more attractive for use rela-
tively early after acute MI, when such signals are 
highly expressed. In addition, safety concerns are 
raised during infusion of larger cells because of 
potential capillary plugging and microinfarction; 
this problem, if recognized, can be overcome by 
appropriate cell dosing and optimization of the 
infusate [ 82 ]. It should be noted, however, that in 
the vast majority of preclinical and clinical stud-
ies to date dosing has, by and large, been arbi-
trary, guided more by feasibility and accessibility 
than by systematic dosage optimization; a 
remarkable 6,700-fold range in cell dose is 
observed in human bone marrow-derived cell tri-
als [ 99 ]. All things considered, the intracoronary 
delivery route seems to be best suited for the 
treatment of acute MI. With regard to heart fail-
ure, intracoronary infusion into multiple coro-
nary vessels, allowing for delivery of higher total 
cell doses (compared with infusion into one 
artery only) and greater myocardial coverage 
(also targeting remote uninfarcted remodeled 
myocardium), may be potentially useful [ 100 ]. 

 On the other hand, intramyocardial delivery 
(either open chest or catheter-based) results in 
better cardiac retention of cells (and less washout 
to off-target organs) compared to intracoronary 
[ 96 ] or systemic approaches [ 58 ]. In addition, it 
can access unperfused myocardial regions and 
can allow for delivery of high number of cells (up 
to one billion cells [ 56 ]) that would be microem-
bolic if delivered intracoronarily. However, intra-
myocardial delivery is invasive and results in 
highly localized cell distribution around the 
injection sites [ 101 ]. Since freshly infarcted myo-
cardium might engender a higher risk of perfora-
tion, intramyocardial delivery may probably be 
more suitable for patients with chronic ischemic 
cardiomyopathy and for patients with refractory 
ischemia lacking options for revascularization. 

 Delivery optimization should be combined 
with strategies to increase cell retention. Multiple 
lines of evidence indicate that strategies that 

effectively boost acute retention translate into 
greater functional benefi t downstream [ 79 ,  80 ]. 
Several methods have been used, including: 
(a) priming of host tissue to increase homing, 
(b) preconditioning of transplanted cells with 
cytokines, prosurvival factors and physical 
 stimuli, (c) genetic engineering of cells, (d) use of 
biomaterial scaffolds, and (e) delivery of three- 
dimensional cellular aggregates [ 95 ]. While much 
work has focused on improving transplanted cell 
quality and creating a more hospitable host envi-
ronment, most cells are mechanically ejected via 
the injection site or washed away too quickly to 
be effective. Physical approaches     (capping the 
injection site with fi brin glue to  prevent back-fl ux 
of injected cells [ 79 ] and  magnetic  targeting of 
iron-loaded cells [ 80 ] to retain cells in the  diseased 
tissue long enough to enable biologic bonding) 
may boost treatment effi cacy and would be syner-
gistic with efforts to improve cell quality or envi-
ronmental receptiveness.  

30.7.2     Use of Allogeneic Cells 

 In the fi rst decade of cell therapy for human heart 
regeneration, most clinical trials have been con-
ducted using autologous cells. Autologous 
sources are attractive because immunologic 
rejection is avoided by default. Nevertheless, 
autologous therapy is associated with serious 
limitations that complicate widespread clinical 
application. Specifi cally, autologous therapy 
necessitates patient-specifi c tissue harvesting, 
cell processing, and quality control, which pose 
signifi cant logistic, economic, and timing con-
straints, thus limiting the scalability of cell ther-
apy for heart diseases. In addition, progenitor cell 
growth properties and plasticity may be ham-
pered by age and comorbidities [ 102 ], resulting 
in interpatient variability in cell potency. The use 
of allogeneic cells, if safe and effective, would 
obviate such limitations, enabling the generation 
of highly-standardized “off the shelf” cellular 
products and thus opening up a new treatment 
paradigm. Progenitor cells could be grown in 
large numbers from allogeneic tissue sources in a 
central facility under strict quality control and 
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banked for future use, enabling safe and effective 
myocardial repair and regeneration in a timely, 
cost-effi cient manner. The obvious disadvantage 
of allogeneic therapy is the risk of immune rejec-
tion, which may limit effectiveness (whether or 
not it poses safety hazards) and potential devel-
opment of immune memory. 

 To that end, bone marrow-derived MSCs and 
heart-derived CDCs (both of which have been 
shown to be hypoimmunogenic cells lacking 
major histocompatibility complex class II recep-
tors and costimulatory molecules) have attracted 
interest as therapeutic allogeneic agents. In the 
POSEIDON trial a head-to-head comparison 
between autologous and allogeneic MSCs was 
performed in patients with chronic ischemic car-
diomyopathy. The major fi nding of POSEIDON 
is that therapy with allogeneic MSCs (without 
immunosuppression) appears to be safe and at 
least as effective as therapy with autologous 
MSCs [ 59 ], even though the small sample size 
and the lack of a proper control group (receiving 
standard of care without cell therapy) preclude 
defi nite conclusions [ 35 ]. Importantly, the theo-
retical risk of allosensitization appears to be low; 
only 1 of 15 patients in POSEIDON developed 
donor-specifi c antibodies, even without immuno-
suppression. A low risk of allosensitization was 
also observed in the MESOBLAST trial, in which 
only 2 of 45 patients developed persisting donor- 
specifi c antibodies after catheter-guided 
 transendocardial injection of allogeneic MSCs 
(without immunosuppression). With regard to 
CDCs, their safety and effi cacy as allogeneic 
agents has been validated in preclinical small- 
[ 81 ,  85 ] and large- animal [ 83 ] models. Allogeneic 
CDCs are now undergoing phase 1/2 clinical test-
ing in the placebo- controlled ALLSTAR study of 
270 patients with LV dysfunction post-MI 
(NCT01458405). 

 It should be noted that, without immunosup-
pression or HLA matching, most allogeneic cells 
(even MSCs or CDCs) will eventually be rejected 
after in vivo transplantation [ 81 ,  83 ,  103 ]. 
Nevertheless, since the vast majority of the 
observed functional benefi t after therapy with 
adult progenitor cells is attributable to indirect 
pathways, rejection of allogeneic cells may not 

be an issue if it is delayed long enough to allow 
them to exert their protective and regenerative 
paracrine effects, resulting in sustained benefi t 
without the requirement for stable engraftment of 
transplanted cells. On the other hand, ESCs 
(which are by default allogeneic) and iPSCs 
(if used in a “universal donor” paradigm) can 
regenerate the heart directly (through formation 
of new transplanted tissue by the exogenously 
administered cells). Thus, long-term immuno-
suppression (or HLA matching in the case of 
induced pluripotent stem cells) would be required 
for clinical applications.  

30.7.3     Targeting a Sicker Patient 
Population 

 The majority of cell therapy trials to date have 
been performed in the setting of acute or conva-
lescent MI and have enrolled patients who were 
not very sick (fi rst-infarct population with mini-
mal LV dysfunction [EF of ≈50 %] receiving 
aggressive, prompt reperfusion and optimal drug- 
and device-based therapies), leaving little room 
for improvement. However, data from various 
different trials suggest that patients with more 
severe ischemic damage (the ones with the worse 
prognosis) benefi t most from cell therapy. In the 
REPAIR-AMI study, patients with a lower base-
line EF (<48.9 %) showed a signifi cant, three- 
fold higher recovery in EF than seen in the 
converse group [ 104 ]. In addition, the benefi cial 
effect on clinical endpoints was also preferen-
tially observed in those patients with a lower 
baseline EF after myocardial infarction [ 24 ]. In 
the REGENT study, signifi cant functional benefi t 
was observed only in cell-treated patients who 
had baseline EF <37 % [ 28 ]. In the BOOST trial, 
sustained functional improvement was observed 
only in patients with greater infarct transmurality 
[ 23 ], and in the study by Janssens et al. [ 25 ], 
BMMNC administration led to enhanced recov-
ery of regional function only in the most severely 
infarcted myocardial segments (characterized by 
the greatest infarct transmurality). In the 
CADUCEUS trial, infusion of CDCs resulted in 
greater absolute reduction of scar size in patients 
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with larger infarcts (i.e. patients with higher 
baseline scar size) [ 87 ]. Taken together, the 
results indicate that the greatest benefi ts of cell 
therapy may occur in patients with the greatest 
infarct-induced myocardial damage. This fi nding 
has major implications for the design of future 
clinical studies: cell therapy may maximize its 
potential for successful myocardial repair and 
regeneration possibly by targeting a sicker patient 
population [ 105 ].   

30.8     Closing Remarks 

 Cell therapy for heart disease began clinically 
more than a decade ago and the results so far 
have been mixed. The experience with skeletal 
myoblasts has been resoundingly negative, due to 
their arrhythmiogenicity. Bone marrow-derived 
cells (now entering phase 3 trials) have an estab-
lished, excellent safety profi le, but effi cacy has 
been inconsistent and, overall, modest. Cautious 
optimism prevails for heart-derived cells (now 
entering phase 2 trials), which have yielded 
promising results, consistent with therapeutic 
regeneration of infarcted myocardium, in early 
phase 1 studies; however, these results need to be 
reproduced in larger trials. ESCs and iPSCs are 
currently being tested for cardiac applications in 
large animals. Rigorous safety studies (with a 
focus on arrhythmiogenicity and oncogenicity) 
are essential before these pluripotent cells can be 
administered in human subjects. Going forward 
(and regardless of cell type), the pursuit of 
improved methods for cell delivery, means to 
boost cardiac cell retention, more potent and 
better- standardized cellular products, and more 
apt patient populations is certainly merited.     
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    Abstract 

   Hospitalization for worsening heart failure (WHF) represents a clinical 
entity with high burden of global disease, unacceptable postdischarge 
mortality and rehospitalization rates reaching 45 % within 60–90 days, 
and enormous economic expenditures worldwide. Despite the use of 
evidence-based therapies and implementation of policy measures on the 
governmental level, there has been minimal impact on the event rate 
following hospitalization for worsening heart failure over the past decade. 
In addition, the aging population and improved survival post-myocardial 
infarction will continue to fuel the growing population of patients with 
heart failure. There exists a substantial unmet need for novel therapeutic 
strategies that will improve outcomes in patients hospitalized with 
WHF. The current paradigm of sequentially conducting trials from phase 
I to III has not resulted in successful identifi cation of therapies that improve 
outcomes and a different approach is needed. Herein we describe potential 
reasons for the failure of current phase III clinical trails, lessons learned, 
and outline the T1 or translational phase model as a novel paradigm to 
move forward to successfully develop drug development in patients 
hospitalized with WHF.  
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   Abbreviations 

  BNP    Brain natriuretic peptide   
  CAD    Coronary artery disease   
  CMRI    Cardiac magnetic resonance imaging   
  HF    Heart failure   
  LV    Left ventricular dysfunction   
  N    Terminal pro-B type natriuretic peptide   
  NT    proBNP   
  T1    Translational phase model   
  WHF    Worsening heart failure   

31.1           Introduction: The Global 
Health Burden of Heart Failure 

 Heart failure (HF) poses a signifi cant clinical, eco-
nomic, and public health challenge affecting an 
estimated 26 million people globally. In the United 
States alone, the prevalence is almost six million 
with an additional 15 million patients with HF in 
the countries represented by the European Society 
of Cardiology [ 1 – 4 ]. Hospitalization for worsen-
ing heart failure (WHF) is the leading cause of 
hospitalization in both the United States and 
Europe  representing over two million admissions 
as a  primary diagnosis accounting for the majority 
of the US $39 billion spent on HF care, with simi-
lar numbers in Europe [ 1 ,  5 ]. Heart failure is asso-
ciated with signifi cant morbidity and was listed on 
1 in 9 death certifi cates (279,098 deaths) in the 
United States in 2010. Furthermore, patients who 
are hospitalized for worsening HF (WHF) are 
amongst the highest risk subset of patients with an 
unacceptably high post-discharge mortality and 
readmission rate [ 6 ,  7 ]. 

 Incredibly, despite the advances in evidence- 
based drug and device therapies and policy 
 measures to augment implementation of  guideline 
based recommendations, there has not been a 
 signifi cant impact in the post-discharge event rate 
over the past two decades and rates of death or 
recurrent hospitalization remain dismal at 6 
months approaching 50 % [ 8 ,  9 ]. Current projec-
tions based on epidemiological trends suggest 
that the prevalence of hospitalization for HF will 
continue to increase as a result of the aging 
 population, improved survival after myocardial 

infarction, and reduction in sudden death with 
defi brillator implantation. In fact, despite interna-
tional attention focused on this critical problem, 
clinical trails have failed to successfully identify 
novel therapies for patients hospitalized with 
WHF. It is imperative that we identify the reasons 
why phase II trials have not translated into suc-
cessful phase III trials and shift our approach 
towards a novel paradigm in drug development 
and clinical trial design: the T1 or translational 
phase model.  

31.2     Challenges of Conducting 
Clinical Trials in Hospitalized 
Patients with Worsening 
Heart Failure 

 There exists a clear discrepancy between the 
promise of basic science and the improvement of 
human health. Many possible etiologies have 
been cited for the negative trial results to date, 
which include, the drug itself, the patient selec-
tion protocol, the end points, and/or trial execu-
tion (Table  31.1 ). Any single one or a combination 
of these possibilities may be the reason that clini-
cal benefi ts observed in phase II trials have not 
been reproduced in phase III trials for patients 
with WHF (Table  31.2 ). These disappointing 
results over a decade of efforts and hundreds of 
millions of research dollars spent stress the 
importance of identifying the reasons why bene-
fi ts observed during phase II did not translate into 
benefi ts in phase III trials.

    The International Working Group on Acute 
Heart Failure Syndromes has conducted a series 
of meetings at the United States Food and Drug 
Administration over the past 5 years, and we 
believe that we are now better equipped to 
 conduct future studies with improved trial design 
as a result of the group’s dialogue, which included 
representatives from academia, industry and 
 regulatory authorities from both the United States 
and Europe [ 10 ,  11 ]. The group’s consensus on 
the leading cause of failure to convincingly 
 demonstrate safety and effi cacy of agents in 
patients hospitalized with WHF was identifi ed 
as the lack of in-depth understanding of the 
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    Table 31.1    Contributors to lack of success in phase III AHFS trials   

 Pathophysiology and 
epidemiology 

  1.  Poor understanding of the pathophysiology in AHFS 
  2.  Heterogeneous patient population in terms of pathophysiology, etiology, and 

clinical presentation 
  3.  Uncertain relationship between hemodynamics and neurohormonal changes and 

outcomes 
  4.  Clinical course (particularly soon after discharge) of AHFS has not been well 

studied 
 The therapy (experimental 
drug or device) 

  5.  Cardiac and noncardiac comorbid conditions infl uence the outcome and interaction 
with therapy 

  6.  The transition from animal studies to clinical studies has occurred without 
comprehensive understanding of the mechanistic properties of the drug in specifi c 
patient subgroups. Not “knowing” the drug 

  7. Not having the correct dose 
  8.  Possible variation of effi cacy and safety with time given signifi cant fl uctuations in 

symptoms, hemodynamics, neurohormones, renal function, and myocardial injury 
during the course of hospitalization and postdischarge, the effi cacy and/or safety 
of the drug may be dependent on the time of the intervention 

  9.  The majority of drugs tested thus far reduce systemic BP, which may potentially 
decrease coronary perfusion, thereby contributing to myocardial and/or kidney injury 

 The protocol  10. Patient selection 
 11.  Surrogate end points and clinical outcomes in phase II do not predict the results of 

a phase III trial 
 12. Choice of end points 
 13.  Because most patients’ signs and symptoms improve with standard therapy, it is 

diffi cult to prove that novel therapies are producing further and substantial 
improvements 

 Study execution  14.  Selection of incorrect patients and/or less than ideal follow-up 

  Adapted and reproduced from Gheorghiade et al. [ 21 ] by permission  

    Table 31.2    Summary of failed phase III studies   

 Phase III studies  Primary end point(s) 
 Phase III primary end 
point reached? 

 Contributors to lack of 
success per Table  31.1  

 Tolvaptan  4,6,7,8,11 
 EVEREST 
(n = 4,133) 

 Long term  No 

  1.  All-cause mortality (superiority and 
non-inferiority) 

  2.  Cardiovascular death or hospitaliza tion for 
HF (superiority only) 

 Short-term 
  Composite of global clinical status and body 
weight reduction 

 Yes (driven by body 
weight reduction) 

 Tezosentan  2,3,4,5,7,8,9,10,13 
 VERITAS 
(n = 1,448) 

 1.  Change in dyspnea (visual analog scale) 
over 24 h (in the individual trials) 

 No 

 2.  Death or worsening HF at 7 days (in both 
trials combined) 

 Levosimendan  3, 5,6,7,9,11 

(continued)
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Table 31.2 (continued)

 Phase III studies  Primary end point(s) 
 Phase III primary end 
point reached? 

 Contributors to lack of 
success per Table  31.1  

 REVIVE-2 
(n = 600) 

 Composite of clinical signs/symptoms 
of HF and 

 Yes—excess 
hypotension and 
arrhythmia with 
trends towards early 
mortality with 
levosimendan 

  1.  Patient reported moderately or markedly 
improve at 6 h, 24 h, and 5 days (and no 
criteria for worsening) 

  2.  Worsening (death, patient reported 
moderate or severe deterioration at any 
time point) or worsening symptoms at 
any time or persistent severe symptoms 
after 24 h requiring rescue therapy 
(ie intravenous diuretic, vasodilator or 
inotropic agents) 

  3. Unchanged 
 SURVIVE 
(n = 1,327) 

 All-cause mortality at 180 days  No 

 PROTECT 
(n = 2,033) 

 Trichotomous classifi cation of patients  No 
  1.  Success: Improvement in dyspnea (Likert 

scale-moderately or markedly better) at 
24 and 48 h or day of discharge, and not 
meeting criteria for treatment failure 

  2.  Failure: death, HF readmission within 
7 days, worsening HF (by physician 
assessment by day 7), or persistent renal 
impairment 

  3.  Unchanged: neither criteria for success or 
failure 

 Nesiritide  3,4,7,8,9,12,13 
 ASCEND-HF  1.  Composite of all-cause mortality + HF 

rehospitalization at 30 days 
 No 

 2. Dyspnea at 6 and 24 h 

  Adapted and reproduced from Gheorghiade et al. [ 21 ] by permission  

 molecules before pivotal multi-center 
 international trials were conducted. This is not a 
problem simply in drug development in patients 
with WHF, but rather a systematic problem 
 spanning different disease syndromes. 

 In the current paradigm of drug development, 
the successful completion of animal model stud-
ies is followed by phase I trials, which are focused 
on the investigation of the safety of novel agents 
in healthy subjects. This is followed by phase II 
 studies to further understand the mechanistic 
properties, dose selection, and broad safety 
 assessment in the context of a hypothesis-drive 
study in the desired target population. In a 
 heterogeneous condition such HF, selection of 
the right patient population to target in a small 
phase II trial can be diffi cult and is critical for 

both  effi cacy and safety. This then culminates in 
a  pivotal large-scale phase III trial (Fig.  31.1 ). 
Unfortunately, under this schema, every large 
trial conducted to date in patients hospitalized 
with WHF has failed to produce positive results 
in terms of effi cacy and/or safety [ 12 – 19 ].

   As described in Chap.   1    , the Clinical Research 
Roundtable at the Institute of Medicine outlined 
2 main obstacles limiting the transfer of discov-
ery of disease mechanisms at the “bench” from 
being implemented at the “bedside” as novel 
methods for diagnosis, therapy, and prevention in 
the biomedical sciences [ 20 ]. These are defi ned 
as the T1 Block, translation from basic sciences 
to human studies, while the T2 block focuses on 
translation of new knowledge into everyday clini-
cal practice and health care decision- making. 
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Based on the group’s prior experiences in clinical 
trial design, the main obstacle to overcome in 
patients hospitalized with WHF was identifi ed as 
the T1 block. Therefore, we propose a novel par-
adigm of the T1 model to focus on investigation 
of the mechanistic effects of experimental agents 
prior to phase II studies prior to pivotal large- 
scale testing. We anticipate that this novel para-
digm will improve the likelihood of successful 
translation of the benefi cial effects of experimental 

agents observed in animal models into patients 
(Fig.  31.2 ) [ 21 ].

31.2.1       T1: Translational Mechanistic 
Phase of Research 

 The transition from preclinical studies to clinical 
trials in the quest for a novel agent developed at 
the “bench” to be administered at the “bedside” 

Pre-clinical development

Large animal studies

Phase 0: human microdosing studies
If performed, done to confirm pK/pD effects for further studiese

Phase I:
healthy human subjects (most common) for pharmacovigilence, pK, pD, dose

ranging

Phase IIa:
target population or similar pathophysiology (Proof of Concept Studies)

Dose ranging, safety, Preliminary Efficacy Signals

Phase IIb:target population
Pilot efficacy Studies

Refined Dose Ranging, Continued Safety

Phase III:pivotal studies

Phase IV: post approval & surveillance

Current paradigm for drug development

  Fig. 31.1    Current Paradigm 
for Drug Development 
(Adapted and reproduced 
from Gheorghiade et al. [ 21 ] 
by permission)       
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providing tangible human benefi t requires the 
utmost of care. Specifi cally, the last decade of 
failed trials in patients with WHF have increased 
awareness that inadequate attention to detail 
regarding the mechanism of action of a novel 
agent and patient selection are recipes for disas-
ter. Examples from recent clinical trials are out-
lined in Table  31.2 . Despite a well-established 
risk of hypotension, the potential adverse effects 
of coronary hypoperfusion as a result were not 
well studied in Levosimendan, especially in 
patients with concomitant coronary artery dis-
ease (CAD) [ 22 ]. The negative result in the Value 
of Endothelin Receptor Inhibition with 
Tezosentan in Acute Heart Failure Studies [ 15 ], 
while disappointing, was not unexpected as the 
hemodynamic and mechanistic effects of tezosen-
tan were not previously tested in-depth at the 
lower dose in phase II trials prior to escalation to 
a multi-center international phase III trial [ 15 , 
 23 ]. Tolvaptan, an oral vasopressin 2 receptor 
antagonist was developed without complete 

understanding of the physiologic response, which 
may be unfavorable, to unopposed vasopressin 1 
activity on the heart and vasculature as a result of 
selective vasopressin 2 inhibition [ 24 ]. The 
promising renal-protective effects of adenosine 
blocking agents in small early-phase trials 
prompted the Placebo-Controlled Randomized 
Study of the Selective A1 Adenosine Receptor 
Antagonist Rolofylline for Patients Hospitalized 
with Acute Decompensated Heart Failure and 
Volume Overload to Assess Treatment Effect on 
Congestion and Renal Function (PROTECT) 
without an intermediate study assessing the 
impact of improved renal function on mortality 
and morbidity [ 25 ]. It was only after a decade of 
investigation and nearly $1 billion dollars that the 
Acute Study of Clinical Effectiveness of 
Nesiritide in Decompensated Heart Failure 
(ASCEND-HF) demonstrated lack of clinical 
effi cacy, either in short-term improvement of 
dyspnea, or 30-days mortality or rehospitaliza-
tion for heart failure [ 26 ]. 

Phase III

Phase II

Phase I

Pre -
clinical

Phase II

Phase III

T1 Phase II

Phase I

Pre -
clinical

a

b

  Fig. 31.2    How to adapt the 
current schema to include a 
T1 model (Adapted and 
reproduced from 
Gheorghiade et al. [ 21 ] by 
permission). The current 
schema ( a ) and the proposed 
paradigm ( b ) for drug 
development       
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 T1 phase studies will be designed to occur 
after initial human studies in phase 0 and 1 stud-
ies, which will have demonstrated safety to pro-
ceed with further drug development and 
investigation in human subjects. This proposed 
schema would promote a seamless transition 
from animal studies to phase II investigations. T1 
studies will be designed similar to animal studies 
with relatively small numbers of homogenous 
patients to allow for initial hypothesis testing. As 
we will explore later, the heart failure population 
is quite heterogeneous and clinical conditions, 
such as variable background therapy cannot be 
controlled in a clinical trial, and this may signifi -
cantly affect results of small early phase studies. 
Therefore, patients entered into a T1 study will 
have a common etiology for WHF, a narrow 
range of age, ejection fraction, background ther-
apy, and kidney function, as these are critical 
regulators of prognosis and may result in 
 differential responses to novel therapies. This 
emphasis on homogeneity will be an obstacle in 
recruitment, however, the relatively small sample 
size required for the T1 studies will be expected 
to mitigate the diffi culty. Further, investigation of 
multiple small homogenous groups will allow the 
ability to best capture which subgroup may 
 benefi t the most and should be considered as the 
initial target population in larger studies. 

 T1 studies will focus on mechanistic investi-
gation of the novel therapeutic agent in the 
 pre- specifi ed patient population. These studies 
will focus on clearly defi ned end-points (e.g. 
changes in pulmonary capillary wedge pressure, 
renal function), but not on outcomes, as the small 
sample size would be prohibitive. This will allow 
for comprehensive initial investigation targeting 
the new drug’s effect specifi cally on the heart. 
The advances in the past decade in biomarkers 
and cardiac imaging, such as 3-D echocardiogra-
phy and cardiac magnetic resonance imaging 
(CMRI) make this phase possible today by allow-
ing us the ability to assess, not only the left 
 ventricular gross function, but also the myocyte, 
the interstitium, and the metabolism of the heart. 
This sets the stage for a novel characterization of 
HF patients to assist in enrollment of a more 
homogenous patient population. Experts in these 

imaging areas as well as electrophysiology, 
 angiography, nephrology, and clinical trialists, 
will need to be identifi ed up-front for successful 
trial design and execution. A small consortium of 
experienced centers is currently being created to 
conduct these trials with experience and expertise 
in these fi elds, especially in novel echocardiogra-
phy techniques (tissue Doppler imaging, strain 
rate analysis, three-dimensional image acquisi-
tion), novel imaging modalities with cardiac 
magnetic resonance imaging and spectroscopy to 
evaluate myocardial metabolism, and invasive 
hemodynamics with right heart catheterization. 
In addition to standardization and optimization of 
the quality of hemodynamic assessment and 
image acquisition and interpretation, the use of 
concomitant “standard” background therapy has 
signifi cant variability in large clinical trials as it 
is often left up to the discretion of the individual 
investigator or treating physician. The use of 
select T1 centers with a pre-specifi ed protocol for 
initiation and up-titration of “standard” evidence- 
based background therapy will be critical to 
 minimize variability in this regard. Furthermore, 
this may help attenuate the continental  differences 
that were observed in the EVEREST Tolvaptan 
trial [ 27 ]. 

 The T1 schema highlights the need to focus 
on patient selection to optimize homogeneity in 
the investigation of novel therapies. 
Identifi cation of the patients who are most likely 
to respond to an experimental agent as well as 
exclusion of the patients who are most likely to 
experience adverse events will lay the ground-
work and establish a foundation upon which to 
build later phases of drug development and 
phase II and phase III trials. This will essentially 
strengthen the “signal to noise” ratio and reduce 
the rate of both false positive and false negative 
results in small early-phase studies. This is 
especially important as promising novel 
 therapeutics may be prematurely halted when a 
negative signal is identifi ed in a small but 
 heterogeneous sample size overshadows the 
positive effects. Conversely, a false positive 
 signal may promote aggressive escalation of 
drug development, which fails to pan out in a 
large population in a phase III trial. 
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 It is clear that patients with differing  substrates 
will have a differential response to therapies for 
WHF. For example, patients with chronic 
 ischemia and hibernating myocardium may 
respond differently to an inotrope compared with 
patients with primary cardiomyopathy. Similarly, 
patients with myocardial scarring may respond 
entirely differently. These critical differences in 
the myocardial substrate need to be identifi ed and 
drug response on each substrate needs to be 
investigated in a thorough and comprehensive 
manner in a dedicated mechanistic phase of 
development, T1 phase. This highlights the 
need for a continued emphasis on defi ning 
and  targeting the appropriate study population 
based on the mechanism of the proposed agent. 
The heterogeneity of the patient population with 
WHF is a signifi cant challenge and has been a 
major limitation of prior clinical trials. A “one 
size fi ts all” approach is no longer appropriate. 

 One under recognized comorbid condition in 
patients with WHF is the presence of coronary 
artery disease (CAD). In OPTIME-CHF, patients 
had a differential effect in response to milrinone, 
with potentially benefi cial effects in patients with 
nonischemic cardiomyopathy as well as clear 
evidence of harm in those patients with CAD 
[ 17 ]. In addition, reduction in coronary perfusion 
may be a key mechanism for progressive left 
 ventricular (LV) dysfunction in patients with 
obstructive CAD. Further, in patients with 
 ischemic myocardium that may be hibernating 
but viable, therapies that cause increases in 
 oxygen demand and/or lead to myocardial injury 
may be particularly associated with adverse 
 outcomes in these patients with a “vulnerable” 
myocardium. This highlights the need to return to 
the heart as a target and understand the 
 pathophysiology for drug development. 

 Another high-risk subset of patients with WHF 
includes those with renal dysfunction at presenta-
tion or development during  hospitalization as 
both of these groups  experience a very high post-
discharge event rate. In the Effi cacy of Vasopressin 
Antagonism in Heart Failure Outcome Study with 
Tolvaptan [ 28 ], of the 2021 patients in the placebo 
group, renal  dysfunction defi ned as estimated glo-
merular  fi ltration rate <60.0 mL/min/1.73 m 2  was 

highly prevalent at baseline (53 %) as was wors-
ening renal function defi ned as increase in serum 
 creatinine of ≥0.3 mg/dL during hospitalization 
(14 %) and post-discharge (12 %), and was 
 predictive of cardiovascular mortality and HF 
hospitalization [ 28 ]. The varying etiology of renal 
dysfunction adds another level of  heterogeneity in 
this patient population, which includes comorbid 
diabetes, hypertension, and arteriosclerosis. 
Despite the association of renal dysfunction at 
baseline as well as worsening renal function dur-
ing hospitalization or  post- discharge follow-up 
with morbidity and mortality, the PROTECT trial 
highlights that improvement in renal function 
alone can not be used as a surrogate, as Rolofylline 
did not translate into improvement in symptoms 
or clinical outcomes [ 29 ]. 

 Novel biomarkers may be a unique method to 
select a patient population for a small T1 study to 
highlight a higher risk subset, such as brain natri-
uretic peptide (BNP) or N-terminal pro-B-type 
natriuretic peptide (NT pro-BNP) or troponin as 
these have been identifi ed with poorer prognosis 
in large registries and clinical trials of WHF [ 30 ]. 
Further, more the use of BNP to guide intensity of 
drug treatment in ambulatory patients with HF 
reduced total cardiovascular events [ 31 ]. In addi-
tion, mildly elevated troponin may refl ect ongoing 
cardiac damage in the patient with WHF. Troponin 
elevation is not uncommon, and was present in 
50 % of patients in the ASCEND-HF trial at base-
line and was associated with worse prognosis 
[ 32 ]. Serial assessment of troponin performed in 
the PROTECT study demonstrated an increase in 
troponin during hospitalization in 21 % of 
patients, which was associated with worse out-
comes at 60-days [ 33 ]. 

 Dose investigation during T1 studies should 
focus on at minimum three distinct doses with a 
clear pharmacologic rationale for why the dosing 
was chosen. While the “correct” dose may not 
lead to a positive result, the “wrong” dose may 
lead to a negative result or a neutral study despite 
a “good” drug and a “good” target. 

 The timing of therapy initiation is as critical 
for success as the utilization of the “right” ther-
apy in the “right” patient population. One pro-
posed system divides the evaluation of the patient 
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presenting with WHF in the following phases: (1) 
the initial or emergency department phase, (2) the 
hospitalization phase, and (3) the pre-discharge 
phase. The management goals at each of these 
stages of phases of evaluation differ and require 
different therapies with different targets [ 34 ]. The 
T1 phase will allow mechanistic studies to inves-
tigate the drug’s effects at the various phases to 
improve timing of selection and administration of 
experimental agent. 

 While a more methodological approach as 
described here with the T1 paradigm is necessary, 
it is important to note that a successful investiga-
tive approach also requires clarity, teamwork, 
consensus, and ever-present focus on execution 
(Table  31.3 ). We acknowledge that this “addi-
tional” phase may add time in an already lengthy 
drug development process, however, we strongly 
believe this additional time would be offset by the 
substantial benefi ts that the knowledge obtained 
from the mechanistic studies will provide, at a 
fraction of the overall cost of a large phase III 
trial.

31.3        Conclusions and Next Steps 

 Innovation in trial design and drug development 
for patients hospitalized with WHF remains a 
high priority given the unacceptably high post- 
discharge mortality and rehospitalization rate 
despite the available therapies. Identifi cation of 
the current challenges is the fi rst critical step 
prior to discussion of potential solutions for 

 moving forward. We outline and describe the use 
of the T1 model or a translational phase to achieve 
a comprehensive mechanistic understanding of 
experimental agents to improve successful transi-
tion from the “bench” to the “bedside” for novel 
therapies in patients hospitalized with WHF. In 
addition, it is imperative that we focus on 
improved standardization in clinical classifi ca-
tion, inclusion–exclusion criteria, and clinical 
endpoints as we design future clinical trials in 
hospitalized WHF patients to facilitate identifi ca-
tion of the “right” patient population at the “right” 
time for administration of the “right” therapy. To 
continue to achieve progress in this fi eld, we will 
need ongoing cooperation and collaboration from 
the scientifi c community, industry, and regula-
tory agencies to promote the incorporation of the 
T1 phase followed by carefully and well- executed 
phase II and III trials.     
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