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Preface 

The Human Genome Project was sold to the general public largely on the basis 
that a complete picture of the structure of human DNA would lead to new and 
better medicines. These medicines would be better because they would be tailored 
to individual patients, maximising the chances of a therapeutic response and mi­
nimising the risks of an adverse event. Taking the idea further, pundits have pre­
dicted that the time will come when we could carry our DNA on a card which 
could be read rapidly and enable the physician to choose the best drug. This is 
the future. This is pharmacogenetics. 

When the draft human DNA sequence was announced and scientists were as­
ked how this would help drug development, the example most frequently given 
was the debrisoquine model - where poor metabolisers of this hypotensive agent 
are exposed to higher plasma levels from a standard dose and at risk of collapse 
from excessive hypotension. This observation was made over 20 years ago and 
predated designs to sequence the human genome. Nonetheless, it raised aware­
ness of variation in drug metabolism and was correctly assigned to genetic poly­
morphisms affecting CYP2D6. Together with the discovery of pseudocholinestera­
se deficiency, it marked the birth of pharmacogenetics. 

The debrisoquine example is an interesting one and worthy of further analysis. 
Recognising the implications of impaired CYP2D6 activity, it has been argued that 
patients should be screened for their debrisoquine metaboliser status prior to the 
prescription of drugs metabolised predominantly by this enzyme. But this has 
never caught on - and one must ask why. One reason was that in the early days, 
assigning metaboliser status was dependent upon phenotyping individuals - cal­
culating the ratio of the levels of metabolite and parent drug in a urine sample 
following a test dose. This is time consuming and is not widely available. It is now 
possible to assign status based on genotype. Several exons need to be screened to 
detect all poor metabolisers but with to days technology this is not a major chal­
lenge. And yet still it has not entered clinical practice. 

Instead, pharmaceutical companies have used the observation to screen out 
drugs metabolised largely by CYP2D6 in an attempt to develop therapeutic agents 
with less inter individual variability in plasma levels. And herein may lie a lesson 
for the future. Genomic information has facilitated the pursuit of other genetic 
factors that influence the response to a drug, not only factors that affect drug ki­
netics but also those that impact on drug targets and pathways of disease. The in-
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itial expectation is that such information can be used to provide a more in-depth 
screen of patients prior to drug prescribing - to provide a more complete answer 
to the question, is this drug suitable for this patient? In this book, Klaus Lind­
paintner suggests that the main value of genetic information will be in the mole­
cular dissection of disease, the identification of new drug targets and the devel­
opment of specific medicines for each disease subtype. In other words, physicians 
will not be screening patients with a view to excluding the use of drug(s) (i.e. 
finding the right medicine for the right patient), rather to select the most appro­
priate agent based upon a better understanding of the molecular pathogenesis of 
the condition (i.e. finding the right medicine for the disease-subtype). 

This book considers the current status of pharmacogenetics in the manage­
ment of cardiovascular disease. Lindpaintner and Winkelmann et al offer a defini­
tion of pharmacogenetics and define its relationship to pharmacogenomics. Tate 
and Goldstein discuss the concept of using haplotypes in association studies to 
examine drug response-genotype relationships. Boobis et al discuss genetic fac­
tors that influence cardiovascular drug kinetics. Thereafter follow a series of 
chapters dealing with specific manifestations of cardiovascular disease. Joshua 
Knowles discusses atherosclerosis, Wilkins and O'Shaughnessy explore hyperten­
sion, Marian dissects the genetic factors influencing cardiac mass, Stanton et al 
describe the use of genetics in the management of heart failure, Roden expands 
on insights from the ion channelopathies on the treatment of cardiac arrhythmias 
and Vidal-Puig and Abel survey new developments from genetic studies in insulin 
resistance. The potential for identifying novel drug targets emerges as a major 
theme from these chapters. Genetically determined perturbations of other signifi­
cant players in cardiovascular disease are then considered in terms of their impli­
cations for drug therapy - Edward Tuddenham discusses thrombophilia, Haskard 
et al tour adhesions molecules and Henney enlarges on metalloproteinases. Paul 
Huang provides an example of how to explore the potential role of candidate ge­
nes in cardiovascular pathology. Finally, Melo et al speculate on the greater thera­
peutic potential of genetic information in forging new therapeutic approaches to 
cardiovascular disease. 

It was my intention when compiling the list of topics for inclusion to be as 
wide-ranging as possible but, for practical reasons, the book could not be all in­
clusive. It is hoped, however, that this volume will provide a panorama of our cur­
rent understanding of the role of genetic information in the management of car­
diovascular disease. A recurring plea from the contributors is the need for more 
hypothesis-driven, rigorously conducted and analysed clinical research. Perhaps 
this compilation of knowledge will provide a springboard for the design of infor­
mative clinical studies. Whether the Human Genome Project will have the high 
impact in medicine that many have come to expect will depend on the results of 
such studies. 

1 st April 2003 Martin R. Wilkins 
Experimental Medicine and Toxicology 
Imperial College London 
Hammersmith Hospital, London 
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Abstract This communication is intended to provide a view of what the disci­
plines of genetics and genomics stand to contribute (and how they have actually 
contributed for many years) to drug discovery and development and, more 
broadly, to the practice of health care. Particular emphasis will be placed on ex­
amining the role of genetics, that is, acquired or inherited variations at the level 
of DNA-encoded information, with regard to common complex diseases. A real­
istic understanding of this role is essential for a balanced assessment of the im­
pact of genetics on health care in the future. Definitions for some of the terms 
that are in wide and often unreflected use today will be provided. A more sys­
tematic classification of pharmacogenetics will be attempted. It is important to 
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be aware that what will be discussed is to a large extent still uncharted territory. 
So by necessity, many of the positions taken on today's understanding and 
knowledge must be viewed as somewhat speculative in nature. Where appropri­
ate and possible, select examples will be provided, although it should be pointed 
out that much of the literature in the area of genetic epidemiology and pharma­
cogenetics lacks the stringent standards normally applied to peer-reviewed re­
search, and replicate data are generally absent. 

Keywords Pharmacogenetics· Pharmacogenomics . Toxicogenetics . 
Drug discovery· Drug regulation 

1 
Introduction 

The advances made over the last 30 years in molecular biology, molecular genet­
ics and genomics and the development and refinement of associated methods 
and technologies have had a major impact on our understanding of biology, in­
cluding the action of drugs and other biologically active xenobiotics. The tools 
that have been developed to allow these advances, and the knowledge of funda­
mental principles underlying cellular function thus derived, have become indis­
pensable to almost any field of biological research, including future progress in 
biomedicine and health care. 

It is important to realize that with regard to pharmacology and drug discov­
ery, these accomplishments, starting sometime in the last third or quarter of the 
20th century, have led gradually to a fundamental shift from the chemical para­
digm to a biological paradigm. Whereas previously medicinal chemistry drove 
new developments in drug discovery, with biology almost an ancillary service 
that examined new molecules for biological function, biology has now taken the 
lead, based on a new-found understanding of physiological effects of biomole­
cules and pathways, requesting from the chemist compounds that modulate the 
function of these biomolecules or pathways, with-at least theoretically-a pre­
dictable functional impact in the setting of integrated physiology. 

One particular aspect has uniquely captured the imagination of both scien­
tists and the public, namely our understanding of genetics, especially our cata­
loguing of genome sequences. While understandable-given the austere beauty 
of Mendel's laws, the compelling esthetics of the double helix structure, and the 
awe-inspiring accomplishment (coupled with an unprecedented public relations 
campaign) of the human genome project-the public excitement about genetics 
and genomics and the high expectations regarding the impact they will have on 
the practice of health care are almost certainly unrealistic. Thus, at the interface 
between genetics/genomics and pharmacology, pharmacogenetics and pharma­
cogenomics (usually in the most loosely defined terms) are commonly touted as 
heralding a revolution in medicine. Yet, as soon as one begins to probe more 
carefully, little substance is yet to be found to support these enthusiastic claims. 
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Table 1 Terminology 

Pharmacogenetics 
Differential effects of a drug, in vivo, i n different patients, dependent on the presence 
of inherited gene variants 
Assessed primarily genetic (SNP) and genomic (expression) approaches 
A concept to provide more patient/disease-specific health care 
One drug, many genomes (i.e., different patients) 
Focus: patient variability 

Pharmacogenomics 
Differential effects of compounds, in vivo or in vitro, on gene expression, among the entirety 
of expressed genes 
Assessed by expression profiling 
A tool for compound selection/drug discovery 
Many drugs (i.e., early-stage compounds), one genome [i.e., normative genome 
(database, technology platform)] 
Focus: compound variability 

Indeed, as pointed out above, the major change in how we discover drugs, 
from the chemical to the biological paradigm, already occurred some time ago; 
what the current advances promise to allow us to do in due time is to move 
from a physiology-based to a (molecular) pathology-based approach towards 
drug discovery, promising the advancement from a largely palliative to a more 
cause/ contribution -targeting pharmacopoeia. 

2 
Definition of Terms 

There is widespread indiscriminate use of the terms "pharmacogenetics" and 
"pharmacogenomics", causing some confusion. While no universally accepted 
definition exists, there is an emerging consensus on their differential meaning 
and use (Table 1). 

2.1 
Pharmacogenetics 

The term "genetics" relates etymologically to the presence of individual proper­
ties, and inter-individual differences in these properties, due to inheritance. The 
term "pharmacogenetics" describes the interactions between a drug and an in­
dividual's (or perhaps more accurately, groups of individuals) response to it as 
it relates to differences in DNA-based information. It is concerned with the as­
sessment of clinical efficacy and/or the safety and tolerability profile; in other 
words, the pharmacological response phenotype of a drug in groups of individ­
uals that differ with regard to certain DNA-encoded characteristics. It tests the 
hypothesis that these differences may allow prediction of individual drug re­
sponse. Assessment of DNA-encoded characteristics is based most commonly 
on the presence or absence of polymorphisms at the level of nuclear DNA. How-
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ever, this assessment may occur also at different levels where such DNA varia­
tion translates into different characteristics, such as differential mRNA expres­
sion or splicing, protein levels or functional characteristics, or even physiologi­
cal phenotypes, all of which may be seen as surrogate or more highly integrated 
markers of the underlying genetic variant. It should be noted, however, that 
some authors continue to subsume all applications of expression profiling under 
the term "pharmacogenomics", in a definition of the terms that is more driven 
by the technology used rather than by functional context. 

2.2 
Pharmacogenomics 

In contrast, the terms "pharmacogenomics", and its close relative, "toxicoge­
nomics", are etymologically linked to "genomics", the study of the genome and 
of the entirety of expressed and non-expressed genes in any given physiological 
state. These two fields of study are concerned with a comprehensive, genome­
wide assessment of the effects of pharmacological agents, including toxins/toxi­
cants, on gene expression patterns. Pharmacogenomic studies are thus used to 
evaluate the differential effects of a number of chemical compounds (in the pro­
cess of drug discovery commonly applied to lead selection) with regard to in­
ducing or suppressing gene transcription in an experimental setting. Except for 
situations in which pharmacogenetic considerations are front-loaded into the 
discovery process, inter-individual variations in gene sequence are not usually 
taken into account in this process. Therefore, unlike pharmacogenetics, phar­
macogenomics does not focus on differences among individuals with regard to 
the drug's effects, but rather examines differences among several (prospective) 
drugs or compounds with regard to their biological effects across the entire ge­
nome or some significant part thereof. The basis of comparison is quantitative 
measures of expression, using a number of more or less comprehensive gene-ex­
pression-profiling methods, commonly based on microarray formats. Byextrap­
olation from the experimental results to theoretically desirable patterns of acti­
vation or inactivation of gene expression in the setting of integrative pathophys­
iology, this approach is expected to provide a faster, more comprehensive, and 
perhaps even more reliable way to assess the likelihood of finding an ultimately 
successful drug than previously available schemes, involving mostly in vivo ani­
mal experimentation. 

Thus, although both pharmacogenetics and pharmacogenomics refer to the 
evaluation of drug effects using (primarily) nucleic acid markers and technolo­
gy, the directionalities of their approaches are distinctly different: pharmacoge­
netics represents the study of differences among a number of individuals with 
regard to clinical response to a particular drug ("one drug, many genomes"), 
whereas pharmacogenomics represents the study of differences among a num­
ber of compounds with regard to gene expression response in a single (norma­
tive) genome/expressome ("many drugs, one genome"). Accordingly, the fields 
of intended use are distinct: the former will help, in the clinical setting, to find 
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the medicine most likely to be optimal for a patient (or to find the patients most 
likely to respond to a drug), the latter will aid in the setting of pharmaceutical 
research to find the most suitable drug candidate from a given series of com­
pounds under evaluation. 

3 
Pharmacogenomics: Finding New Medicines Quicker and More Efficiently 

Once a screen (assay) has been set up in a drug discovery project and lead com­
pounds are identified, the major task becomes the identification of an optimized 
clinical candidate molecule among the many compounds synthesized by medic­
inal chemists. Conventionally, such compounds are screened in a number of an­
imal or cell models for efficacy and toxicity, experiments that, while having the 
advantage of being conducted in the in vivo setting, commonly take significant 
amounts of time and depend entirely on the similarity between the experimental 
animal condition/setting and its human counterpart, i.e., the validity of the 
model. 

Although such experiments will never be entirely replaced by expression pro­
filing at either the nucleic acid (genomics) or the protein (proteomics) level, the 
latter technique offers powerful advantages and complimentary information. 
First, the efficacy and profile of induced changes can be assessed in a compre­
hensive fashion (within the limitations, primarily sensitivity and completeness 
of transcript representation, of the technology platform used). Second, these as­
sessments of differential efficacy can be carried out much more expeditiously 
than in conventionally used, (patho)physiology-based animal models. Third, the 
complex pattern of expression changes revealed by such experiments may pro­
vide new insights into possible biological interactions between the actual drug 
target and other biomolecules, and thus reveal new elements or branch-points 
of a biological pathway that may be useful as surrogate markers, novel diagnos­
tic analytes, or as additional drug targets. Fourth, and increasingly important, 
these tools serve to determine specificity of action among members of gene 
families that may be highly important for both the efficacy and safety of a new 
drug. It must be borne in mind that any and all such experiments are limited by 
the coefficient of correlation with which the expression patterns determined are 
linked to the desired in vivo physiological action of the compound. 

A word of caution regarding micro-array-based expression profiling would 
appear to be in order: It is important to remain aware of the fact that all micro­
array expression data are of only associative character, i.e., they do not infer 
causation, and must be interpreted mindful of this limitation. 

As a subcategory of this approach, toxicogenomics is evolving as a powerful 
adjuvant to classic toxicological testing. As pertinent databases are being creat­
ed from experiments with known toxicants, revealing expression patterns that 
may be predictive of the longer-term toxic liabilities of compounds, future drug 
discovery efforts should benefit from insights allowing earlier rejection of com­
pounds likely to cause such complications. 
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When using these approaches in drug discovery, even if implemented with 
proper biostatistics and analytical rigor, it is imperative to understand the prob­
abilistic nature of such experiments: a promising profile on pharmacogenomic 
and toxicogenomic screens will enhance the likelihood of having selected an ul­
timately successful compound, and will achieve this goal quicker than conven­
tional animal experimentation, but will do so only with a certain likelihood of 
success. The less reductionist approach of the animal experiment will still be 
needed to evaluate the chosen compound. It is to be anticipated, however, that 
such approaches will constitute an important time- and resource-saving first 
evaluation or screening step that will help to focus and reduce the number of 
animal experiments that will ultimately need to be conducted. 

4 
Pharmacogenetics: More Targeted, More Effective Medicines 
for Our Patients 

4.1 
Genes and Environment 

It is common knowledge that today's pharmacopoeia, although representing 
enormous progress compared with what our physicians had only 15 or 20 years 
ago, is far from perfect. Many patients respond only partially, or fail to respond 
altogether to the drugs they are given, and others suffer adverse events that 
range form unpleasant to serious and life-threatening. 

There is an emerging consensus that all common complex diseases are multi­
factorial in nature, i.e., that they are brought upon by the coincidence of certain 
intrinsic (inborn or acquired) predispositions and susceptibilities on the one 
hand, and extrinsic, environment-derived influences on the other. The relative 
importance of these two influences varies across a broad spectrum. In some dis­
eases external factors appear to be more important, while in others intrinsic pre­
dispositions prevail. In almost all cases, a number of both intrinsic (genetic) as 
well as extrinsic factors appear to contribute, although it is not clear from the 
currently available literature how much this reflects the requirement of several 
intrinsic and extrinsic factors to coincide in anyone individual, or how much 
this reflects the causative heterogeneity of each of today's conventional clinical 
diagnoses. In either case, the disease-causing (or better, -contributing) role that 
intrinsic, genetically encoded properties play with regard to the occurrence of 
the disease is fundamentally different in these common, complex diseases as 
compared to the classic monogenic mendelian diseases. While in the latter the 
impact of the genetic variant is typically categorical in nature, i.e., deterministic, 
in the former case, the presence of a disease-associated genetic variant is merely 
of probabilistic influence, raising (or lowering) the likelihood of disease occur­
rence to some extent but never predicting it in a black-and-white fashion. 

If we regard a pharmacological agent as an extrinsic, environmental factor 
with a potential to affect the health-status of the individual to whom it is admin-
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istered, then individual differences in response to such an agent would be ex­
pected, under the paradigm just elaborated upon, to be based on differences re­
garding the intrinsic characteristics of these patients, as long as we can exclude 
variation in the exposure to the drug (this is important, as in clinical practice 
non-adherence to prescribed regimens of administration, or drug-drug interac­
tions interfering with bioavailability of the drug, are perhaps the most likely cul­
prits when such differences in response phenotype are observed). The influence 
of such intrinsic variation on drug response may be more easily recognizable 
and more relevant in drugs with a steep dose-response curve. The argument for 
the greater likelihood of observing environmental factor/gene interactions with 
drugs as compared to, say, food-stuffs, goes along the same lines. 

Clearly a better fundamental and mechanistic understanding of the molecular 
pathology of disease and of the role of intrinsic, biological properties predispos­
ing to such diseases, as well as of drug action at the molecular level, will be es­
sential for future progress in health care. Current progress in molecular biology 
and genetics has provided us with some of the prerequisite tools that should 
help us reach the goal of a more refined understanding. 

4.2 
An Attempt at a Systematic Classification of Pharmacogenetics 

Two conceptually quite different categories of inter-individually differential drug 
response may be distinguished on the basis of the underlying biological vari­
ance (Table 2): 

1. In the first case, the underlying biological variation is in itself not disease­
causing or -contributing, and becomes clinically relevant only in response 
to the exposure to the drug in question (classical pharmacogenetics). 

Table 2 Pharmacogenetics systematic classification 

Classic pharmacogenetics 
Pharmacokinetics 
Absorption 
Metabolism 
Activation of prod rugs 
De-activation 
Generation of biologically active metabolites 

Distribution 
Elimination 

Pharmacodynamics 
Palliative drug action (modulation of disease-symptoms or disease signs by targeting 
physiologically relevant systems, without addressing those mechanisms that cause or causally 
contribute to the disease) 

Molecular differential-diagnosis-related pharmacogenetics 
Causative drug action (modulation of actual causative of contributory mechanisms 
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2. In the second case, the biological variation is directly disease-related, is of 
pathological importance per se, and represents a subgroup of the overall 
clinical disease/diagnostic entity. The differential response to a drug is thus 
related to how well this drug addresses or is matched to the presence or rel­
ative importance of the pathological mechanism it targets in different pa­
tients, i.e., the molecular differential diagnosis of the patient (disease-mech­
anism-related pharmacogenetics). 

Although these two scenarios are conceptually rather different, they result in 
similar practical consequences with regard to the administration of a drug, name­
ly stratification of patients based on a particular, DNA-encoded marker. It seems 
therefore legitimate to subsume both under the umbrella of "pharmacogenetics". 

4.2.1 
Classical Pharmacogenetics 

This category includes differential pharmacokinetics and pharmacodynamics. 

Pharmacokinetics. Drug response may vary due to inter-individual differences 
in absorption, distribution, metabolism (with regard to both activation of pro­
drugs, inactivation of the active molecule, and generation of derivative mole­
cules with biological activity) or excretion of the drug. In any of these cases, the 
differential effects observed are due to the presence-at the intended site of ac­
tion-either of inappropriate concentrations of the pharmaceutical agent, or of 
inappropriate metabolites, or of both, resulting either in lack of efficacy or in 
toxic effects. Pharmacogenetics, as it relates to pharmacokinetics, has been rec­
ognized as an entity for more than 100 years, going back to the observation, 
commonly credited to Archibald Garrod, that a subset of psychiatric patients 
treated with the hypnotic, sulphonal, developed porphyria. We have since then 
come to understand the underlying genetic causes for many of the previously 
known differences in enzymatic activity, most prominently with regard to the 
P450 enzyme family (Tables 3 and 4), and these have been the subject of recent 
reviews (Dickins and Tucker 2001; Evans and Relling 1999). However, such 
pharmacokinetic effects are also seen with membrane transporters, such as in 
the case of differential activity of genetic variants of MDR-1 that affects the 
effective intracellular concentration of anti-retrovirals (Fellay et al. 2002), or 
of the purine-analogue-metabolizing enzyme, thiomethyl-purine-transferase 
(Dubinsky et al. 2000). 

Despite the widespread recognition of isoenzymes with differential metabo­
lizing potential since the middle of the 20th century, the practical application 
and implementation of this knowledge has been minimal so far. This may be the 
consequence, on one hand, of the irrelevance of such differences in the presence 
of relatively flat dose-effect-curves (Le., a sufficiently wide therapeutic window), 
as well as, on the other hand, the fact that many drugs are subject to complex, 
parallel metabolizing pathways, where in the case of underperformance of one 
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Table 3 Pharmacogenetics: chronology 

Pharmacogenetic phenotype Described Underlying gene/mutation Identified 

Sulphonal porphyria ca. 1890 Porphobilinogen deaminase? 1985 
Suxamethonium hypersensitivity 1957-1960 Pseudocholinesterase 1990-9192 
Primaquine hypersensitivity; favism 1958 G-6-PD 1988 
long QT syndrome 1957-1960 Herg, etc. 1991-1997 
Isoniazid slow/fast acetylation 1959- 1960 N-acetyltransferase 1989-1993 
Malignant hyperthermia 1960- 1962 Ryanodine receptor 1991-1997 
Fructose intolerance 1963 Aldolase B 1988-1995 
Vasopressin insensitiVity 1969 Vasopressin receptor2 1992 
Alcohol susceptibility 1969 Aldehyde dehydrogenase 1988 
Debrisoquine hypersensitivity 1977 CYP2D6 1988-1993 
Retinoic acid resistance 1970 PMl-RARA fusion-gene 1991- 1993 
6-Mercaptopurin-toxicity 1980 Thiopurine methyltransferase 1995 
Mephenytoin resistance 1984 CYP2C19 1993-1994 
Insulin insensitivity 1988 Insulin receptor 1988-1993 

Table 4 Pharmacogenetics: pharmacological phenotyping 

Phase I enzyme 
Aldehyde dehydrogenase 
Alcohol dehydrogenase 
CYP1A2 
CYP2A6 
CYP2C9 
CYP2C19 
CYP2D6 
CYP2El 
CYP3A4 
CYP3AS 
Serum cholinesterase 
Paraoxonase/arylesterase 

Phase II enzyme 
Acetyltransferase (NATl) 
Acetyltransferase (NAT2) 
Dihydropyrimidine dehydrogenase 
Glutathione transferase (GST -M 1) 
Thiomethyltransferase 
Thiopurine methyltransferase 
UDP-glucuronosyl transferase (UGTl A) 
UDP-glucuronosyl transferase (UGT2B7) 

Testing substance 

Acetaldehyde 
Ethanol 
Caffeine 
Nicotine, coumarin 
Warfarin 
Mephenytoin, omeprazole 
Dextromethorphan, debrisoquine, sparteine 
Chlorzoxazone, caffeine 
Erythromycin 
Midazolam 
Benzoylcholine, butyrylcholine 
Paraoxon 

Testing substance 
Para-aminosalizylsaure 
Isoniazid, sulfamethazine, caffeine 
S-fluorouracil 
Trons-stilbene-Oxid 
2-mercaptoethanol. d-penicillamine, captopril 
6-mercaptopurine, 6-thioguanine, 8-azathioprine 
Bilirubin 
Oxazepam, ketoprofen, oestradiol, morphine 

9 

enzyme, another one may compensate. Such compensatory pathways may well 
have somewhat different substrate affinities, but allow plasma levels to remain 
within therapeutic concentrations. Thus, the number of such polymorphisms 
that have found practical applicability is rather limited and, by and large, so far 
restricted to determinations of the presence of functionally deficient variants of 
the enzyme, thiopurine-methyl-transferase, in patients prior to treatment with 
purine-analogue chemotherapeutics. 
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Fig. 1 A, Normal physiology: three molecular mechanisms (MI, M2, M3) contribute to a trait. B, Dis­
eased physiology D1 : derailment (cause/contribution) of molecular mechanism 1 (MI). C, Diseased phys­
iology D1: causal treatment T1 (aimed at MI). 0, Diseased physiology D3: derailment (cause/contribu­
tion) of molecular mechanism 3 (M3). E, Diseased physiology D3, treatment T1: treatment does not ad­
dress cause. F. Diseased physiology D1, palliative treatment T2 (aimed at M2). G, Diseased physiology 
D1, palliative treatment T2; T2-refractroy gene variant in M2. H, Normal physiology variant: differential 
contribution of MI and M2 to normal trait. I, Diseased physiology D1-variant: derailment of mechanism 
MI. J, Diseased physiology D1-variant: treatment with T2. Solid colors indicate normal function, stippling 
indicates pathologic dysfunction, hatching indicates therapeutic modulation 

Pharmacodynamics. Pharmacodynamic effects, in contrast, may lead to inter-in­
dividual differences in a drug's effects despite the presence of appropriate con­
centrations of the intended active (or activated) drug compound at the intended 
site of action. Here, DNA-based variation in how the target molecule, or another 
(downstream) member of the target molecule's mechanistic pathway, can re­
spond to the medicine modulates the effects of the drug. This will apply primar­
ily to palliatively working medicines that improve a condition symptomatically 
by modulating disease-phenotype-relevant (but not disease-cause-relevant) 
pathways that are not dysfunctional but can be used to counterbalance the effect 
of a dysfunctional, disease-causing pathway and therefore allow mitigation of 
symptoms. A classic example of such an approach is the acute treatment of thy­
rotoxicity with beta-adrenergic blocking agents: even though the sympathetic 
nervous system does not in this case contribute causally to tachycardia and hy­
pertension, dampening even its baseline tonus through this class of drugs re­
lieves the cardiovascular symptoms and signs of this condition, before the caus­
al treatment (in this case available through partial chemical ablation of the hy­
peractive thyroid gland) can take effect. Notably, the majority of today's phar­
macopoeia actually belongs to this class of palliatively acting medicines. 

A schematic (Fig. 1) is provided to help clarify these somewhat complex con­
cepts. A hypothetical case of a complex trait/disease is depicted where excessive, 
dysregulated function of one of the trait-controlling/-contributing pathways 
(Fig. 1, A, B) causes symptomatic disease; the example used refers to blood 
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pressure as the trait, and hypertension as the disease in question, respectively 
(for the case of a defective or diminished function of a pathway, an analogous 
schematic could be constructed and again for a deviant function). A palliative 
treatment would be one that addresses one of the pathways that, while not dys­
regulated, contributes to the overall deviant physiology (Fig. 1, F), while the re­
spective pharmacogenetic-pharmacodynamic scenario would occur if this par­
ticular pathway was, due to a genetic variant, not responsive to the drug chosen 
(Fig. 1, G). A palliative treatment may also be ineffective if the particular mech­
anism targeted by the palliative drug (due to the presence of a molecular vari­
ant) provides less than the physiologically expected baseline contribution to the 
relevant phenotype (Fig. 1, H). In such a case, modulating an a-priori unimpor­
tant pathway in the disease scenario will not yield successful palliative treatment 
results (Fig. 1, I, D. 

Some of the most persuasive examples we have to date of such a palliative 
drug-related pharmacogenetic effect are in the field of asthma. The treatment of 
asthma relies on an array of drugs aimed at modulating different generic path­
ways, thus mediating bronchodilation or anti-inflammatory effects, often with­
out regard to the possible causative contribution of the targeted mechanism to 
the disease. One of the mainstays of the treatment of asthma is activation of the 
beta-2-adrenoceptor by specific agonists, which leads to relaxation of bronchial 
smooth muscles and, consequently, bronchodilation. Recently, several molecular 
variants of the beta-2-adrenoceptor have been shown to be associated with dif­
ferential treatment response to beta-2-agonists (Martinez et al. 1997; Tan et al. 
1997). Individuals carrying one or two copies of a variant allele that contains a 
glycine in place of arginine in position 16 were found to have a three- and five­
fold reduced response to the agonist, respectively. This was shown in both in 
vitro (Green et al. 1994, 1995) and in vivo (Green et al. 1995) studies to correlate 
with an enhanced rate of agonist-induced receptor down-regulation, but not 
with any difference in transcriptional or translational activity of the gene, or 
with agonist binding. In contrast, a second polymorphism affecting position 19 
of the beta upstream peptide was shown to affect translation (but not transcrip­
tion) of the receptor itself, with a 50% decrease in receptor numbers associated 
with the variant allele, which happens to be in strong linkage disequilibrium 
with the variant allele at position 16 in the receptor. The simultaneous presence 
of both mutations would be predicted to result in low expression and enhanced 
down-regulation of an otherwise functionally normal receptor, depriving pa­
tients carrying such alleles of the benefits of effective bronchodilation as a pal­
liative (i.e., non-causal) counter-measure to their pathological airway hyper-re­
activity. Importantly, there is no evidence that any of the allelic variants encoun­
tered are associated with the prevalence or incidence, and thus potentially the 
etiology of the underlying disease (Reihsaus et a1.1993; Dewar et al. 1998). This 
would reflect the scenario depicted in Fig. 1, H. 

Inhibition of leukotriene synthesis, another palliative approach towards the 
treatment of asthma, proved clinically ineffective in a small fraction of patients 
who carried only non-wild-type alleles of the 5-lipoxygenase promoter region 
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(Drazen et al. 1999). These allelic variants had previously been shown to be as­
sociated with decreased transcriptional activity of the gene (In et al. 1997). It 
stands to reason, and consistent with clinical observations, that in the presence 
of already reduced 5-lipoxygenase activity, pharmacological inhibition may be 
less effective (Fig. 1, H-J). Of note again, there is no evidence for a primary, dis­
ease-causing or -contributing role of any 5-lipoxygenase variants; all of them 
were observed at equal frequencies in disease-affected and non-affected individ­
uals (In et al. 1997). 

Pharmacogenetic effects may not only account for differential efficacy, but 
also contribute to the differential occurrence of adverse effects. An example of 
this scenario is provided by the well-documented pharmacogenetic association 
between molecular sequence variants of the 12S rRNA, a mitochondrion-encod­
ed gene, and aminoglycoside-induced ototoxicity (Fischel-Ghodsian et al. 1999). 
Intriguingly, the mutation that is associated with susceptibility to ototoxicity 
renders the sequence of the human 12S rRNA similar to that of the bacterial12S 
rRNA gene, and thus effectively turns the human 12S rRNA into the (bacterial) 
target for aminoglycoside drug action, presumably mimicking the structure of 
the bacterial binding site of the drug (Hutchin and Cortopassi et al. 1994). As in 
the other examples, presence of the 12S rRNA mutation per se has no primary, 
drug-treatment-independent pathological effect per se. 

By analogy, one may speculate that such molecular mimicry may occur with­
in one species: adverse events may arise if the selectivity of a drug is lost be­
cause a gene that belongs to the same gene family as the primary target, loses 
its identity vis-a-vis the drug and attains, based on its structural similarity with 
the principal target, similar or at least increased affinity for the drug. Depend­
ing on the biological role of the imposter molecule, adverse events may occur, 
even though the variant molecule may be quite silent with regard to any contri­
bution to disease causation. Although we currently have no obvious examples 
for this scenario, it is certainly plausible for various classes of receptors and en­
zymes. 

4.2.2 
Pharmacogenetics as a Consequence of Molecular Differential Diagnosis 

As alluded to earlier, there is general agreement today that any of the major clin­
ical diagnoses in the field of common complex disease, such as diabetes, hyper­
tension or cancer, are comprised of a number of etiologically (i.e., at the molec­
ular level) more or less distinct subcategories. In the case of a causally acting 
drug, this may imply that the agent will only be appropriate, or will work best, 
in that fraction of all the patients who carry the (all-inclusive and imprecise) 
clinical diagnosis in whom the dominant molecular etiology, or at least one of 
the contributing etiological factors, matches the mechanism of action of the 
drug in question (Fig. 1, C). If the mechanism of action of the drug addresses a 
pathway that is not disease relevant, perhaps because it is already down-regulat­
ed as an appropriate physiological response to the disease, then logically, the 
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drug would be expected not to show efficacy (Fig. I, D, E). Thus, unrecognized 
and undiagnosed disease heterogeneity, disclosed indirectly by the presence or 
absence of response to a drug targeting a mechanism that contributes to only 
one of several molecular subgroups of the disease, provides an important expla­
nation for differential drug response and likely represents a substantial fraction 
of what we today somewhat indiscriminately subsume under the term "pharma­
cogenetics". 

Currently, the most frequently cited example for this category of pharmaco­
genetics is trastuzumab (Herceptin), a humanized monoclonal antibody direct­
ed against the her-2 oncogene. This breast cancer treatment is prescribed based 
on the level of her-2-oncogene expression in the patient's tumor tissue. Differen­
tial diagnosis at the molecular level not only provides an added level of diagnos­
tic sophistication, but also actually represents the prerequisite for choosing the 
appropriate therapy. Because trastuzumab specifically inhibits a gain-of-func­
tion variant of the oncogene, it is ineffective in the two-thirds of patients who 
do not over-express the drug's target, whereas it significantly improves survival 
in the one-third of patients who constitute the sub entity of the broader diagno­
sis of breast cancer in whom the gene is expressed (Baselga et al. 1996). Some 
have argued against this being an example of pharmacogenetics, because the pa­
rameter for patient stratification (i.e., for differential diagnosis) is the somatic 
gene expression level rather than particular genotype data (Haseltine 1998). 
This is a difficult argument to follow, since in the case of a treatment-effect­
modifying germ-line mutation it would obviously not be the nuclear gene vari­
ant per se, but also its specific impact on either structure/function or on expres­
sion of the respective gene/gene product that would represent the actual physio­
logical corollary underlying the differential drug action. Conversely, an a-priori 
observed expression difference is highly likely to reflect a potentially, as yet 
undiscovered, sequence variant. Indeed, as pointed out earlier, there are a num­
ber of examples in the field of pharmacogenomics where the connection be­
tween genotypic variant and altered expression has already been demonstrated 
(In et al. 1997; McGraw et al. 1998). 

Another example, although still hypothetical, of how proper molecular diag­
nosis of relevant pathological mechanisms will significantly influence drug effi­
cacy is in the evolving class of anti-AIDS/HIV drugs that target the CCRS cell­
surface receptor (Huang et al. 1996; Dean et al. 1996; Samson et al. 1996). These 
drugs would be predicted to be ineffective in those rare patients who carry the 
delta-32 variant, but who nevertheless have contracted AIDS or test HIV-posi­
tive (most likely due to infection with an SI-virus phenotype that utilizes 
CXCR4) (O'Brien et al. 1997; Theodorou et al. 1997). 

It should be noted that the pharmacogenetically relevant molecular variant 
need not affect the primary drug target, but may equally well be located in an­
other molecule belonging to the system or pathway in question, both upstream 
and downstream in the biological cascade with respect to the primary drug tar­
get. 
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4.2.3 
Different Classes of Markers 

Pharmacogenetic phenomena, as pointed out previously, need not be restricted 
to the observation of a direct association between allelic sequence variation and 
phenotype, but may extend to a broad variety of indirect manifestations of un­
derlying, but often (as yet) unrecognized sequence variation. Thus, differential 
methylation of the promoter region of 06-methylguanine-DNA-methylase has 
recently been reported to be associated with differential efficacy of chemothera­
py with alkylating agents. If methylation is present, expression of the enzyme 
that rapidly reverses alkylation and induces drug-resistance is inhibited, and 
therapeutic efficacy is greatly enhanced (Esteller et al. 2000). 

4.2.4 
Complexity Is to Be Expected 

In the real world, it is likely that a combination of the scenarios depicted affect 
how well a patient responds to a given treatment, or how likely it is that he or 
she will suffer an adverse event. Thus, a fast-metabolizing patient with poor-re­
sponder pharmacodynamics may be particularly unlikely to gain any benefit 
from taking the drug in question, while a slow-metabolizing status may counter­
balance in another patient the same inopportune pharmacodynamics, and a 
third patient, who is a slow metabolizer and displaying normal pharmacody­
namics, may be more likely to suffer adverse events. In all of them, both the 
pharmacokinetic and pharmacodynamic properties may result from the interac­
tion of several of the mechanisms described above. In addition, we know of 
course that co-administration of other drugs, or even the consumption of cer­
tain foods, may affect and further complicate the picture for any given treat­
ment. 

5 
Incorporating Pharmacogenetics into Drug Development Strategy 

It is important to note that despite the public hyperbole and the high expecta­
tions surrounding the use of pharmacogenetics to provide personalized care, 
these approaches are likely to be applicable only to a fraction of medicines that 
are being developed. Further, if and when such approaches are used, they will 
represent no radical new direction or concept in drug development but simply a 
stratification strategy akin to others which we have been using it all along. 

The opportunity to subdivide today's clinical diagnosis into molecular sub­
types, based on a deeper, more differentiated understanding of pathology at the 
molecular level, will permit a more sophisticated and precise diagnosis of dis­
ease and foster medical advances which will appear as pharmacogenetic phe­
nomena. However, the sequence of events that is today often presented as char­
acteristic for a pharmacogenetic scenario-namely, exposing patients to a drug, 
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recognizing a differential [i.e. (quasi-)bimodal-] response pattern, discovering a 
marker that predicts this response, and creating a diagnostic product to be co­
marketed with the drug henceforth-is likely to be reversed. Rather, the search 
for new drugs will be based specifically, and a priori, on a new mechanistic un­
derstanding of disease causation or contribution (i.e., a newly found ability to 
diagnose a molecular subentity of a previously more encompassing, broader, 
and less precise clinical disease definition). Thus, pharmacogenetics will not be 
so much about finding the "right medicine for the right patient", but about find­
ing the correct medicine for a given disease (subtype), as we have aspired to do 
all along throughout the history of medical progress. This is, in fact, good news: 
the conventional pharmacogenetic scenario would invariably present major 
challenges from both a regulatory and a business development and marketing 
standpoint, as it will confront development teams with a critical change in the 
drug's profile at a very late point during the development process. In addition, 
the timely development of an approvable diagnostic in this situation is difficult 
at best, and its marketing as an add-on to the drug is a less than attractive 
proposition to diagnostics business. Thus, the practice of pharmacogenetics 
will, in many instances, be marked by progress along the very same path that 
has been one of the main avenues of medical progress all along: differential di­
agnosis first, followed by the development of appropriate, more specific treat­
ment modalities. 

Thus, the first step in the sequence of events in this case is likely to involve 
the development of an in vitro diagnostic test as a stand-alone product that may 
be marketed on its own merits, allowing the physician to establish an accurate, 
state-of-the-art diagnosis of the molecular subtype of the patient's disease. 
Sometimes such a diagnostic may prove helpful, even in the absence of specific 
therapy, by guiding the choice of existing medicines and/or of non-drug treat­
ment modalities such as specific changes in diet or lifestyle. The availability of 
such a diagnostic, as part of the more sophisticated understanding of disease, 
will undoubtedly foster and stimulate the search for new, more specific drugs; 
and once such drugs are found, the availability of the specific diagnostic test 
will be important for carrying out the appropriate clinical trials. This will allow 
a prospectively planned, much more systematic approach towards clinical and 
business development, with a commensurate greater chance of actual realization 
and success. 

In practice, some degree of guesswork will remain, due to the nature of com­
mon complex disease. First, all diagnostic approaches, including those based on 
DNA analysis in common complex disease, as stressed above, will provide only 
a measure of probability. Although the variances of drug response among pa­
tients who do (or do not) carry the drug-specific subdiagnosis will be smaller, 
there will still be a distribution of differential responses: although by and large 
the drug will work better in the responder group, there will be some patients in 
this subgroup who will respond less or not at all, and conversely, not everyone 
belonging to the non-responder group will fail completely to respond, depend­
ing perhaps on the relative magnitude with which the particular mechanism 
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Fig. 2 Hypothetical example of bimodal distribution according to marker that indicates non-responder 
or responder status. Note that in both cases a distribution is present, with overlaps; thus the catego­
rization into responders or non-responders based on the marker must be understood to convey only 
the probability of belonging to one or the other group 

contributes to the disease. It is important to bear in mind, therefore, that even 
in the case of fairly obvious bi-modality, patient responses will still show distri­
bution patterns and that all predictions as to responder or non-responder status 
will only have a certain probability of being accurate (Fig. 2). The terms "re­
sponder" and "non-responder" as applied to groups of patients stratified based 
on a DNA marker represent mendelian-thinking-inspired misnomers that 
should be replaced by more appropriate terms that reflect the probabilistic na­
ture of any such classification, e.g., likely (non-) responder. 

In addition, based on our current understanding of the polygenic and hetero­
geneous nature of complex disorders, we will only be able to exclude in anyone 
patient those genetic variants that do not appear to contribute to the disease, 
and therefore deselect certain treatments, even in an ideal world where we 
would know about all possible susceptibility gene variants for a given disease 
and have treatments for them. We will, however, most likely find ourselves left 
with a small number, perhaps two to four, potential disease-contributing gene 
variants whose relative contribution to the disease will be very difficult, if not 
impossible, to rank in an individual patient. It is likely then that trial and error, 
and this great intangible quantity, physician experience, will still play an impor­
tant role, albeit on a more limited and subselective basis. 

Where differential drug response and/or safety occurs as a consequence of a 
pathologically irrelevant, purely drug-response-related pharmacogenetics sce­
nario, there will be greater difficulty in planning and executing a clinical devel­
opment program because it will be more difficult to anticipate or predict differ­
ential responses a priori. In this situation, it may also be more difficult to find 
the relevant marker(s), unless it happens to be among the obvious candidate 
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genes implicated in the disease physiopathology or the treatment's mode of ac­
tion. Although screening for molecular variants of these genes, and testing for 
their possible associations with differential drug response, is a logical first step, 
if this is unsuccessful, it may be necessary to embark on an unbiased genome­
wide screen for such a marker or markers. Despite recent progress in high­
throughput genotyping, the obstacles that will have to be overcome on the tech­
nical, data-analysis and cost levels are formidable. They will limit the deploy­
ment of such programs, at least for the foreseeable future, to select cases in 
which there are very solid indications for doing so, based on clinical data show­
ing a near-categorical (e.g., bi-modal) distribution of treatment outcomes. Even 
then we may expect to encounter for every success, due a favorably strong link­
age disequilibrium across considerable genomic distance in the relevant chro­
mosomal region, as many or more failures, where the culpable gene variant can­
not be found due to the higher recombination rate or other characteristics of 
the stretch of genome on which it is located. 

6 
Regulatory Aspects 

At the time of writing, regulatory agencies in both Europe and the United States 
are beginning to show keen interest in the potential role that pharmacogenetic 
approaches may play in the development and clinical use of new drugs and in 
the potential challenges that such approaches may present to the regulatory ap­
proval process. While no formal guidelines have been issued, the pharmaceuti­
cal industry has already been reproached, albeit in a rather non-specific man­
ner, for not being more proactive in the use of pharmacogenetic markers. It will 
be of key importance for all concerned to engage in an intensive dialogue at the 
end of which, it is hoped, will emerge a joint understanding that stratification 
according to DNA-based markers is fundamentally nothing new, and not differ­
ent from stratification according to any other clinical or demographic parame­
ter, as has been used all along. 

Still, based on the perception that DNA-based markers represent a different 
class of stratification parameters, a number of important questions will need to 
be addressed and answered, hopefully always in analogy to conventional stratifi­
cation parameters, including those referring to ethical aspects. Among the most 
important ones are questions concerning: 

• The need and/or ethical justification (or lack thereof) to include likely non­
responders in a trial for the sake of meeting safety criteria, which, given the 
restricted indication of the drug, may indeed be excessively broad 

• The need to use active controls if the patient/disease stratum is different 
from that in which the active control was originally tested 

• The strategies to develop and gain approval for the applicable first-genera­
tion diagnostic, as well as for the regulatory approval of subsequent genera­
tions of tests to be used to determine eligibility for prescription of the drug, 
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as well as a number of ethical and legal questions relating to the unique re­
quirements regarding privacy and confidentiality for genetic testing that 
may raise novel problems with regard to regulatory audits of patient data 
(see below). 

A concerted effort to avoid what has been termed genetic exceptionalism­
the differential treatment of DNA-based markers as compared with other per­
sonal medical data-should be made so as not to further complicate the already 
very difficult process of obtaining regulatory approval. This seems justified 
based on the recognized fact that in the field of common complex disease, DNA­
based markers are not at all different from conventional medical data in all rele­
vant aspects, namely specificity, sensitivity, and predictive value. 

7 
Pharmacogenetic Testing for Drug Efficacy Versus Safety 

In principle, pharmacogenetic approaches may be useful both to raise efficacy 
and to avoid adverse events, by stratifying patient eligibility for a drug accord­
ing to appropriate markers. In both cases, clinical decisions and recommenda­
tions must be supported by data that have undergone rigorous biostatistical 
scrutiny. Based on the substantially different prerequisites and opportunities for 
acquiring such data, and applying them to clinical decision-making, we expect 
the use of pharmacogenetics for enhanced efficacy to be considerably more 
common than for the avoidance of adverse events. 

The chances of generating adequate data on efficacy in a subgroup is reason­
ably high, given the fact that unless the drug is viable in a reasonably sizeable 
number of patients, it will probably not be developed for lack of a viable busi­
ness case, or at least only under the protected environment of orphan drug 
guidelines. Implementation of pharmacogenetic testing to stratify for efficacy, 
provided that safety in the non-responder group is not an issue, will primarily 
be a matter of physician preference and sophistication, and potentially of third­
party payer directives, but would appear less likely to become a matter of regu­
latory mandate, unless a drug has been developed selectively in a particular 
stratum of the overall indication (in which case the indication label will be re­
stricted to this stratum). Indeed, an argument can be made against depriving 
those who carry the likely non-responder genotype regarding eligibility for the 
drug, but who individually, of course, may respond to the drug with a certain, 
albeit lower probability. From a regulatory aspect, the use of pharmacogenetics 
for efficacy, if adequate safety data exist, appears largely unproblematic; the 
worst-case scenario (a genotypically inappropriate patient receiving the drug) 
would result in treatment without expected beneficial effect, but with no in­
creased odds to suffer adverse consequences, i.e., much of what one would ex­
pect under conventional paradigms. 

The usefulness and clinical application of pharmacogenetic strategies for im­
proving safety, particularly with regard to serious adverse events, will meet with 
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considerably greater hurdles and is less likely to become practical. A number of 
reasons are cited for this. First, in the event of serious adverse events associated 
with the use of a widely-prescribed medicine, withdrawal of the drug from the 
market is usually based largely on anecdotal evidence from a rather small num­
ber of cases, in accordance with the Hippocratic mandate primum non nocere. If 
the sample size is insufficient to demonstrate a statistically significant associa­
tion between drug exposure and event, as is typically the case, it will most cer­
tainly be insufficient to allow meaningful testing for genotype-phenotype corre­
lations; the biostatistical hurdles become progressively more difficult as many 
markers are tested and the number of degrees of freedom applicable to the anal­
ysis for association continues to rise. Therefore, the fraction of attributable risk 
shown to be associated with a given at-risk (combination of) genotype(s) would 
have to be very substantial for regulators to accept such data. Indeed, the low 
prior probability of the adverse event, by definition, can be expected to yield an 
equally low positive (or negative) predictive value. 

Second, the very nature of safety issues raises the hurdles substantially be­
cause in this situation the worst-case scenario, administration of the drug to the 
wrong patient, will result in a higher probability of harm to the patient. There­
fore, it is likely that the practical application of pharmacogenetics for the pur­
pose of limiting adverse events will be restricted to diseases with a dire progno­
sis, where a high medical need exists, where the drug in question offers unique 
potential advantages (usually bearing the characteristics of a life-saving drug), 
and where, therefore, the tolerance even for relatively severe side effects is much 
greater than for other drugs. This applies primarily to areas such as oncology or 
HIV / AIDS. In most other indications, the sobering biostatistical and regulatory 
considerations discussed represent barriers that are unlikely to be overcome 
easily; and the proposed, conceptually highly attractive, routine deployment of 
pharmacogenetics as a generalized drug surveillance or pharmaco-vigilance 
practice following the introduction of a new pharmaceutical agent (Roses 2000) 
faces these scientific as well as formidable economic hurdles. 

8 
Ethical and Societal Aspects of Pharmacogenetics 

No discussion about the use of genetic/genomic approaches to health care can 
be complete without considering their impact on ethics, society and the law. 

Much of the discussion about ethical and legal issues relating to pharmacoge­
netics is centered on the issue of genetic testing, a topic that has recently been 
the focus of a number of guidelines, advisories, white papers, etc., issued by a 
number of committees in both Europe and the United States. It is interesting to 
note that the one characteristic that almost all these documents share is a stu­
dious avoidance of defining exactly what a genetic test is. Where definitions are 
given, they tend to be very broad, including not only the analysis of DNA but 
also of transcription and translation products affected by inherited variation. In 
as much as the most sensible solution to this dilemma would be a consensus to 
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treat all personal medical data in a similar fashion regardless of the degree to 
which DNA-encoded information affects it (noting that there really is not any 
medical data that are not to some extent affected by intrinsic patient proper­
ties), it may, for the time being, be helpful to let the definition of what consti­
tutes genetic data be guided by the public perception of genetic data, in as much 
as the whole discussion of this topic is prompted by these public perceptions. 

In the public eye, a genetic test is usually understood either (1) as any kind 
of test that establishes the diagnosis (or predisposition) of a classic monogenic, 
heritable disease, or (2) as any kind of test based on nucleic acid analysis. This 
includes the (non-DNA-based) Guthrie test for phenylketonuria as well as foren­
sic and paternity testing and the DNA-based test for Lp(a), but not the plasma­
protein-based test for the same marker (even though the information derived is 
identical). Since monogenic disease is, in effect, excluded from this discussion, 
it stands to reason to restrict the definition of genetic testing to the analysis of 
(human) DNA sequence. 

Based on the perceived particular sensitivity of genetic data, institutional re­
view boards commonly apply a specific set of rules for granting permission to 
test for DNA-based markers in the course of drug trials or other clinical re­
search, including (variably) separate informed consent forms, the anonymiza­
tion of samples and data, specific stipulations about availability of genetic coun­
seling, provision to be able to withdraw samples at any time in the future, etc. 

Arguments have been advanced (Roses 2000) that genotype determinations 
for pharmacogenetic characterization, in contrast to genetic testing for primary 
disease risk assessment, are less likely to raise potentially sensitive issues with 
regard to patient confidentiality, the misuse of genotyping data or other nucleic­
acid-derived information, and the possibility of stigmatization. While this is 
certainly true when pharmacogenetic testing is compared to predictive genotyp­
ing for highly penetrant mendelian disorders, it is not apparent why in common 
complex disorders, issues surrounding predictors of primary disease risk would 
be any more or less sensitive than those pertaining to predictors oflikely treat­
ment success or failure. Indeed, two lines of reasoning may actually indicate an 
increased potential for ethical issues and complex confrontations among the 
various stakeholders to arise from pharmacogenetic data. 

First, while access to genotyping and other nucleic acid-derived data related 
to disease susceptibility can be strictly limited, the very nature of pharmacoge­
netic data calls for a rather more liberal position regarding use: if this informa­
tion is to serve its intended purpose, i.e., improving the patient's chance for suc­
cessful treatment, then it is essential that it is shared among at least a somewhat 
wider circle of participants in the health care process. Thus, the prescription for 
a drug that is limited to a group of patients with a particular genotype will in­
evitably disclose those patients' genotype to anyone of a large number of indi­
viduals involved in the care of those patients at the medical and administrative 
level. The only way to limit this quasi-public disclosure of this type of patient 
genotype data would be if he or she were to sacrifice the benefits of the indicat­
ed treatment for the sake of data confidentiality. 
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Second, patients profiled to carry a high disease probability along with a high 
likelihood for treatment response may be viewed, from the standpoint of insur­
ance risk, for example, as comparable to patients displaying the opposite profile, 
i.e., a low risk to develop the disease, but having a high likelihood not to re­
spond to medical treatment, if the disease indeed occurs. For any given disease 
risk, then patients less likely to respond to treatment would be seen as a more 
unfavorable insurance risk, particularly if non-responder status is associated 
with chronic, costly illness rather than with early mortality, the first case having 
much more far-reaching economic consequences. The pharmacogenetic profile 
may thus, under certain circumstances, become a more important (financial) 
risk-assessment parameter than primary disease susceptibility, and would be 
expected, in as much as it represents but one stone in the complex disease mo­
saic, to be treated with similar weight, or lack thereof, as other genetic and envi­
ronmental risk factors. 

Practically speaking, the critical issue is not only, and perhaps not even pre­
dominantly, the sensitive nature of the information and how it is disseminated 
and disclosed, but how and to what end it is used. Obviously, the generation 
and acquisition of personal medical information must always be contingent on 
the individual's free choice and consent, as must be all the application of such 
data for specific purposes. Beyond this, however, there is today an urgent need 
for the requisite dialogue and discourse among all stakeholders within society 
to develop and endorse a set of criteria by which the use of genetic, and indeed 
of all personal medical information, should occur. It will be critically important 
that society as a whole endorses, in an act of solidarity with those destined to 
develop a certain disease, guidelines that support the beneficial and legitimate 
use of the data in the patient's interest while at the same time prohibiting their 
use in ways that may harm the individual, personally, financially, or otherwise. 
As long as we trust our political decision processes to reflect the consensus of 
society, and as long as such consensus reflects the principles of justice and 
equality, the resulting set of principles should assert such proper use of medical 
information. Indeed, both aspects, data protection and patient/subject protec­
tion, are seminal components of the mandates included in the WHO's "Pro­
posed International Guidelines on Ethical Issues in Medical Genetics and Genet­
ic Services" (http://www.who.int/ncd/hgn/hgnethic.htm) which mandate auton­
omy, beneficence, no maleficence, and justice. 

9 
Conclusion 

Pharmacogenetics, in the different scenarios included in this term, will repres­
ent an important new avenue towards understanding disease pathology and 
drug action, and will offer new opportunities of stratifying patients to achieve 
optimal treatment success. As such, it represents a logical, consequent step in 
the history of medicine-but an evolutionary, rather than a revolutionary one. 
Its implementation will take time and will not apply to all diseases and all treat-
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ments equally. If society finds ways to sanction the proper use of this informa­
tion, thus allowing and protecting its unencumbered use for the patient's bene­
fit, important progress in health care will be made. 
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Abstract In this chapter we describe the emerging framework for genetic asso­
ciation studies in pharmacogenetics, including a framework for working with 
healthy volunteers. The basic approach for case-control studies is to compare 
the genetic makeup of populations of patients with different response profiles. 
We describe how recent studies of the pattern of linkage disequilibrium in the 
human genome have led to the idea of using a subset of tagging single nucleo­
tide polymorphisms (SNPs) to represent the common haplotypes within a pop­
ulation. This approach greatly reduces the economic costs of association studies 
and allows consideration of multiple candidate genes. Many drugs target multi­
genic pathways, e.g. the renin-angiotensin system (RAS), and it is desirable to 
include all the components of the pathway in pharmacogenetic studies. We also 
compare the candidate gene approach and a whole genome scanning approach 
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and argue that even in the future, when whole genome scans become feasible, in 
most cases a candidate gene approach will still be the preferred method. Finally, 
we emphasize that finding an association is only the beginning and there are 
many steps before information from an association study can be used diagnosti­
cally in the clinic. 

Keywords Linkage disequilibrium· Association studies· Haplotype· 
Single nucleotide polymorphism· Population stratification 

1 
Introduction 

There is considerable inter-individual variation in the effectiveness of cardiovas­
cular drugs. For example, diversity in the response to various classes of antihy­
pertensive agent, including angiotensin converting enzyme (ACE) inhibitors 
and ,B-adrenergic blockers, is well documented. Less than 50% of hypertensive 
patients achieve adequate blood pressure control with ACE inhibitor monother­
apy (Materson et al. 1995). Drug response (encompassing efficacy and adverse 
reactions) shows complex dependence on environmental factors including 
drug-drug interactions. However, genetic differences among individuals, for ex­
ample in drug metabolism and disposition and genetic polymorphisms in drug 
targets, also playa role in determining drug response. The genetic basis of drug 
response can be studied using association studies. In case-control association 
studies, genetic differences are evaluated between, for example, responders and 
non-responders; other association studies may use a quantitative representation 
of drug response. 

Genetic variation plays a significant role in inter-individual variation in drug 
response. Associations have been found between genetic polymorphisms and 
response to many classes of cardiovascular drugs including ,B-agonists, ,B-block­
ers, ACE inhibitors, anti-arrhythmics, anti-thrombotics, ATI-receptor blockers, 
diuretics, statins and lipid-lowering drugs (reviewed in Humma and Terra 
2002). The associations, however, are often inconsistent, and in most cases the 
underlying mechanisms remain poorly known. For the majority of studies, only 
a few polymorphisms at most have been characterized in the relevant candidate 
genes, making it unclear which polymorphisms are responsible for the detected 
association. 

It is now clear that incorporating detailed information on patterns of linkage 
disequilibrium, or the haplotype structure, of candidate genes can greatly in­
crease the power and reliability of association studies. Here we describe the 
emerging framework for genetic association studies in pharmacogenetics, in­
cluding a framework for working with healthy volunteers. We will also discuss 
the steps that should be taken following positive associations to facilitate the 
eventual clinical application of these reported associations. 
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2 
Haplotype Mapping 

2.1 
Linkage Disequilibrium 

Linkage disequilibrium (LD) is the non-random association between alleles at 
different loci. For example, there is linkage disequilibrium between two single 
nucleotide polymorphisms (SNPs) (e.g. with alleles Aa and Bb at the two loci) if 
the frequency of the AB haplotype in a population deviates from its expected 
frequency (i.e. the product of the frequencies for A and B alleles in the popula­
tion). Average LD declines with chromosomal distance, though very unevenly, 
and genomic regions with high levels of LD have a reduced number of haplo­
types. There is considerable variation in the pattern of LD across the genome 
and among populations. In association studies it is neither currently possible 
nor desirable to exhaustively test every SNP. As many SNPs will carry redundant 
information because they are in strong LD with other SNPs, it is possible to use 
haplotypes that contain a subset of non-redundant loci in association studies. 

There are several methods of measuring LD. One of the most useful is r2, 
which is a measure of the association between pairs of alleles. This is most rele­
vant to association studies as it is related to power. If the sample size required 
for a specific level of statistical power in typing the causal variant directly is N, 
then the sample size required for the same level of power is N/r2, where r2 is the 
LD between the causal variant and the typed associated marker (see Pritchard 
and Przeworski 2001). 

2.2 
The Genomic Structure of Linkage Disequilibrium 

Recent studies indicate that parts of the human genome can be partitioned into 
blocks of sequence showing high LD among common SNPs punctuated by re­
gions where LD has broken down, sometimes corresponding to recombination 
hotspots (Daly et al. 2001). As SNPs in the same block are in strong LD, many 
will be redundant for mapping purposes. LD blocks also exhibit low haplotype 
diversity. For example, in one of Daly's two blocks of LD, two haplotypes ac­
count for 96% of chromosomes observed (Daly et al. 2001). These observations 
led to the idea of using tagging SNPs in association studies, to represent the 
common haplotypes within a block. An initial mapping study could locate a 
causal variant to within a block of LD with a small subset of SNPs being suffi­
cient to represent most common haplotypes. This makes the tagging approach 
economical and allows analyses of large data sets. 

Selecting the essential tagging SNPs ensures that the majority of common 
variation within a particular region of LD is accounted for. The tagging method 
is consequently more powerful than previous haplotype mapping methods 
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based on SNP spacing alone, which had no guarantee of capturing the common 
variation. 

Further studies on LD pattern in the human genome are likely to reveal more 
variation in structure. Simulations have predicted the existence of punctuated 
LD without hotspots of recombination (Zhang et al. 2002), and even with hot­
spots, LD may not be functionally block-like in some populations (Stumpf and 
Goldstein 2003). Despite this apparent complexity, tags can still be used to effi­
ciently represent common haplotypes, even in the absence of LD blocks (see 
Fig. O. 

2.3 
The Frequency of Causal Variants 

Haplotype mapping will not be effective in identifying rare variants with only 
modest effects on phenotype. The common disease common variant (CDCV) 
hypothesis proposes that much of the genetic component of variation in disease 
predisposition is due to variants with moderate to high frequency in the popula­
tion. There is, however, considerable disagreement in the community about the 
validity of the CDCV hypothesis (e.g. Pritchard and Cox 2002). Whatever the re­
ality in the case of predisposition to common disease, it is clear that common 
variants playa significant role in drug response. Table 1 lists examples of com­
mon variants known to influence cardiovascular drug response. Variable drug 
response therefore appears more genetically tractable in terms of association 
studies than the study of common disease predisposition. 
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Table 1 Examples of common variants associated with response to cardiovascular drugs or associated 
with altered cardiovascular function, and their frequencies (frequency of allele in bold type) 

Genel Frequency (%) Reference(s) Associated phenotype 
Polymorphism 

Caucasians African-
Americans 

Angiotensin- 44 40 Wang and Genotype associated with ACE 
converting Staessen 2000 inhibitor response. Most data 
enzyme lID inconsistent (e.g. Stavroulakis et 

al. 2000; Ohmichi et al. 1997). 
Angio- 42 77 Wang and 23ST allele associated with higher 
tensinogen Staessen 2000 plasma AGT levels (Schunkert et 
M235T al. 1997) and greater reduction of 

blood pressure with ACE inhibitors 
(Hingorani et al. 1995) 

Angiotensin II 29 5 Wang and ( allele associated with decreased 
type 1-receptor Staessen 2000; aortic stiffness in hypertensives 
A1166( Gained receiving ACE inhibitor therapy 

et al1997 (Benetos et al. 1996) 
fJ1 adrenergic 27 42 Liggett 2000 Arg/Arg genotype associated with 
receptor resting heart rate, systolic and 
Arg389Gly diastolic blood pressure and double 

product (Humma et al. 2001) 
fJ-2 adrenergic Xie et al. 2000 
receptor 
Arg16Gly 43 49 Genotype associated with agonist 

response. Data inconsistent 
(e.g. Gratze et al. 1999; Cockcroft 
et al. 2000) 

Gln27Glu 35 18 Glu allele associated with increased 
agonist response (Dishy et al. 2001) 

Apolipoprotein 13.4 19.6 Lee et al. 2001 £4 allele associated with lesser 
E4 response to statins (Carmena et al. 

1993) 
CYP2C9 Lee et al. 2002 
*2 15 Carriers may have reduced warfarin 

clearance and daily dose requiremenl 
(Reviewed in Lee et al. 2002) 

*3 10 0.5 

3 
Haplotype Mapping Using Tags 

One general framework for a haplotype mapping study using tags is described 
in this section. Briefly, it involves (1) determining candidate gene(s) haplotype 
structure in the population of interest, (2) the selection of tags and (3) genotyp­
ing tags in clinical material. This approach has recently been used by Weale and 
colleagues (Weale et aI., in preparation) for the neuronal sodium channel gene 
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SCNIA where it was found that just five tags were sufficient to represent the 
common variation in the gene. 

3.1 
Determining Haplotype Structure and Selection of Tagging SNPs 

The first step in an association study using tags is to determine the underlying 
haplotype structure of the candidate gene{s) in controls. This is done by rese­
quencing and needs to be done for each population of interest. Although Weale 
and colleagues (Weale et al., in preparation) found the same five tags were suffi­
cient in two study populations, if the major haplotypes differ between popula­
tions then the appropriate tags may also differ. Resequencing can be carried out 
in either singleton material or trios (the latter having the advantage of an error 
check). Ideally introns and extended regulatory regions will be considered in 
addition to coding regions. 

Once haplotype structure has been determined, appropriate tagging SNPs 
must be selected. The power of the study will depend on the choice of tags. In 
some circumstances (e.g. for very small genes) it will be possible to identify tags 
by eye. For the majority of genes though, particularly if they are large and/or 
regulatory regions are also considered, it is necessary to use formal statistical 
criteria. We have recently introduced a package called the TagIT program 
(Weale and Goldstein 2003, see http://popgen.biol.ucl.ac.uk!), which runs in the 
MATLAB programming environment and implements a number of statistical 
criteria for selecting and evaluating tags based on genotype data from trios or 
based on resolved haplotype frequencies. Other programs exist also (Johnson et 
al. 2001, see David Clayton's website http://www-gene.cimr.cam.ac.uklclayton/ 
software!). These programs allow the statistical evaluation of tags to ensure they 
sufficiently cover those that will not be typed. Additionally, it is important for 
there to be sufficient tags for a resampling approach to evaluate how well unse­
lected SNPs are represented by the tags (Weale and Goldstein 2003). Finally, tags 
must be genotyped in clinical material. To capture variants of small effect, a 
large study population must be used. 

3.2 
Checks for Population Stratification 

Ideally all associations should be checked for possible stratification effects. Al­
though the general importance of stratification remains unclear (Ardlie et al. 
2002), it can lead to spurious associations and is thought to be responsible for 
some of the inconsistent or unreplicated case-control studies. Surprisingly, very 
few reported associations check for stratification. Stratification can occur if the 
study population is structured and the subgroups have different drug responses. 
This structure can lead to significant associations at loci that are unlinked to 
any causal sites, but that have frequency differences between the subgroups. 
One approach to control for stratification is called Genome Control {Reich and 
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Goldstein 2001). This approach is based on the assumption that if stratification 
exists, it should raise association statistics at unlinked markers in addition to at 
candidate gene markers. Detection of stratification using Genome Control in­
volves genotyping unlinked markers in the set of cases and controls in which 
the association is found. It is then possible to quantify the level of association 
that is solely due to population stratification and to correct for this stratifica­
tion. Only a moderate number of markers are needed for this method, making 
it practical for most studies. It would be helpful to develop a standard panel of 
markers to use in stratification checks. An alternative approach is called struc­
tured association which involves statistical identification of the subgroups, and 
effective evaluation of the evidence for association within each identification 
subgroup (Pritchard and Rosenberg 1999; Pritchard et al. 2000). 

3.3 
Assessing Population Structure 

A genetically structured population comprises two or more subpopulations with 
average differences in the distribution of certain variants. Many genetic variants, 
including many drug metabolizing enzyme polymorphisms (Evans and Relling 
1999), and many drug target polymorphisms (see Table 1) vary in frequency 
among populations. This potentially affects average drug efficacy, toxicity and 
optimal dosage within different populations. For example, the ACE inhibitor 
enalapril was shown to have lower efficacy in Caucasian patients when com­
pared to those of African ancestry in two randomized large-scale trials (Exner 
et al. 2001). Because of these observations, it will often be important to describe 
population structure when evaluating drugs. There are currently two main stra­
tegies for doing this: racial labelling and explicit genetic inference. 

Ethnic or racial labelling uses racial labels to describe the structure of human 
genetic variation. Risch and colleagues (Risch et al. 2002) propose five major ra­
cial groups based on continental ancestry. Whilst this method is easy to imple­
ment, it assumes a rather simplistic view of human genetic history. Explicit genet­
ic inference ignores geographic, racial or ethnic labels and instead groups indi­
viduals using genetic data. For example, Wilson and colleagues (Wilson et al. 
2001) used explicit genetic inference to separate 354 individuals from eight global 
populations into four genetically distinct clusters based on 39 unlinked mi­
crosatellites (using the program STRUCTURE, Pritchard et al. 2000). It is current­
ly unclear whether the scheme proposed by Risch and colleagues will be generally 
sufficient to represent human genetic structure in the context of drug trials. 

3.4 
Candidate Genes and Pathways 

Haplotype mapping using tags is sufficiently economical to allow consideration 
of many genes. A conventional starting point for a candidate gene study would 
be the direct protein target of a drug or other elements that interact directly 
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with the drug (e.g. drug metabolizing enzymes). This can now be extended to 
include the genes encoding all components of a particular pathway. Additionally 
the haplotype framework allows testing for epistatic interactions between com­
binations of different genes with different haplotypes. 

The renin-angiotensin system (RAS) is a multigenic pathway targeted by car­
diovascular drugs including ACE inhibitors, AT) blockers and certain ,B-block­
ers. An estimated 20-30 proteins are required to generate the eventual physio­
logical response to ACE inhibitors, yet most RAS pharmacogenetic studies have 
focused on SNPs in single genes (and often a single SNP). It is not surprising 
there have been inconsistencies across studies. 

A multigenic approach to the RAS system is supported by data from a study 
(only published in abstract form) where combinations of 45 polymorphisms in 
the ACE, AT)-receptor and angiotensinogen genes were studied for their associ­
ation with ACE inhibitor response. Certain combinations of ten polymorphisms 
were found to be better predictors of drug response than any single SNP (Lithell 
et al. 1999). The model could be further improved by including additional genes 
of the pathway and by using tags. 

3.5 
Candidate Gene Approach vs Whole Genome Scan 

Candidate gene studies, using haplotype tagging SNPs, provide an economical 
method of capturing common variants influencing drug response, especially 
given that haplotype structures only need to be determined once in the popula­
tion of interest. The biological actions of many cardiovascular drugs are well en­
ough understood that a set of appropriate candidate genes can be chosen. Un­
fortunately, in most or all cases, the candidate gene list will not be complete, 
motivating genome-wide studies. 

Statistically powerful genome-wide association studies, however, are not cur­
rently feasible, both for technical and economic reasons. There are an estimated 
10 million SNPs (with minor allele frequency> 1 %) in the human genome; fewer 
than 4 million have been catalogued to date. It is clearly not possible to type all 
SNPs in an association study. Instead, the current approach is to focus on a sub­
set that is more or less uniformly spaced, or to focus on a set that represents 
common haplotypes identified in a preliminary screen. This approach is very 
costly and currently not exhaustive, in the sense that candidate gene screens as 
described above can be. 

To screen the genome exhaustively, it will be necessary to fully describe ge­
nome-wide patterns of linkage disequilibrium. The International HapMap Pro­
ject is an international research effort to construct a genome-wide haplotype 
map for this purpose. The HapMap project proposes to identify a set of ge­
nome-wide tags based on as-yet undefined criteria. Gabriel and colleagues 
(Gabriel et al. 2002) estimate that a fully powered genome-wide association 
study may need up to 1,000,000 SNPs for an African population or up to 
300,000 for a non-African population. The actual number will depend of course 
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on the criteria used. It should be noted that even when the tags become available 
for the whole genome, the cost of genome-wide scans will still be prohibitive 
until genotyping costs fall dramatically. The necessary adjustments for multiple 
comparisons in screening the whole genome will also sharply reduce power. For 
these reasons, in many cases, it will remain preferable to focus on biologically 
motivated candidate genes. This will also have the advantage of not requiring as 
severe a correction for multiple comparisons as would be required in genome 
wide analyses. Thus, when appropriate candidate genes are known, these should 
be analysed first. 

3.6 
Framework for Healthy Volunteers 

Association studies in pharmacogenetics have usually focused on patients. In 
many cases, association studies of drug response in healthy volunteers will pro­
vide a valuable complement to clinical studies. For example, studies that consid­
er many candidate genes, and possible interactions between them, require an in­
creased sample size to include representatives of each multilocus genotype, but 
often it is not possible to collect clinical phenotypic data from sufficient pa­
tients. 

The major advantage of using healthy volunteers is access to a large cohort of 
individuals. It is possible to screen large groups of volunteers and probe for a 
large number of haplotype combinations. This will also facilitate fine mapping 
of causal variants. Fine localization utilizes rare recombinant haplotypes to find 
associations with a causal variant and requires a large study population. Using 
healthy individuals also minimizes environmental factors that complicate pa­
tient studies, e.g. drug-drug interactions, impaired organ function, and con­
comitant illnesses, and allows individuals to be matched to other environmental 
factors, e.g. age or lifestyle. 

We illustrate the approach with metabolism. For example, the cytochrome 
P450 enzyme CYP3A4 is known to metabolize approximately 50% of all pre­
scribed drugs, including certain calcium channel blockers, anti-arrhythmics and 
cholesterol-lowering agents used in the treatment of cardiovascular disease. 
Many drug metabolizing enzymes exhibit considerable inter-individual variation 
in rate of metabolism. It would be possible, by administering a suitable probe 
drug, to relate drug metabolizing phenotype to haplotype in an association study 
using healthy volunteers. Clearly not all drug targets will be amenable to studies 
using healthy volunteers but certain cardiovascular drugs, e.g. fJ-blockers, can be 
given in single doses to healthy volunteers with (relative) safety. 
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4 
Interpreting Associations: What Comes Next? 

4.1 
Determine Associated Interval 

For a number of reasons it will be much easier to use causal variants diagnosti­
cally as opposed to using markers that are in association with causal variants. 
For example, ambiguous results from studies of the ACE insertion/deletion 
(lID) polymorphism may be due to altered patterns of association in the gene 
across populations. Most studies find the DD genotype to be associated with the 
greatest response to ACE inhibitors (e.g. Stavroulakis et al. 2000). However, 
some show no association between response and ACE liD genotype, whereas 
others show the II genotype to be associated with greater drug response (e.g. 
Ohmichi et al. 1997). A possible explanation for this is that the liD locus is in 
LD with a causal variant in some populations but not in others. 

It is therefore critical that pharmacogenetics studies track down the variants 
that are responsible for correlations between gene variants and drug responses. 
One important step in this effort is assessment of the associated interval sur­
rounding polymorphisms that have been associated with phenotypes (Goldstein 
2003). This involves looking at the structure of LD in the region. The associated 
interval can be delimited by examining the pattern of r2 in the region surround­
ing the polymorphism that has been associated with phenotype and determin­
ing the points upstream and downstream where LD with the associated variant 
drops below a threshold. 

The length of the associated interval would be expected to vary from region 
to region and population to population, since the length of LD blocks has been 
found to range from just a few kilobases to 100 kb. Long stretches of LD are ad­
vantageous for the coarse mapping of a causal variant to within a particular as­
sociated interval but can create problems in fine mapping. 

It may be possible to exploit differences in LD among human populations to 
map causal variants more finely. As a result of LD differences, haplotype diversi­
ty and frequency may vary between populations. Coarse mapping using a haplo­
type tagging approach can be undertaken in populations with more extensive 
LD to localize a causal variant to within a block of LD; then fine mapping can be 
undertaken in a population with less extensive LD to possibly map it to within a 
shorter block of LD. This approach assumes that genetic causation is similar 
across the populations. 

4.2 
Itemize and Study Possible Causal Variants 

However carefully done, genetic association studies will often identify a set of 
candidate causal variants that must be carefully sifted through. Even when there 
is strong evidence implicating a given site in influencing drug response, clinical 
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use of this information will be greatly facilitated by an understanding of the 
biological effect of the variant(s). Where possible, functional assays can be used 
to formulate a model to describe how the variants exert their effects. In many 
cases, experimental functional assays are possible. These can be carried out 
broadly in two ways, either using site-directed mutagenesis to look at the effects 
of single variants, or by looking at the effects of variants in the haplotypic back­
ground by transfecting cells with a region of DNA with a particular haplotype. 

Studies using mRNA allow variants to be studied in their haplotypic context. 
It is possible that there may be interactions between polymorphisms which 
would not be detected outside of the haplotype. This method was used by Drys­
dale and colleagues (Drysdale et al. 2000) to study certain ,Bradrenergic recep­
tor haplotypes found to be associated with response to the ,B-agonist albuterol. 
Expression vectors representing two haplotypes associated with divergent in 
vivo responsiveness were used to study the effects of the mRNA in vivo. It was 
found that ,B2-adrenergic receptor mRNA levels and receptor density were ap­
proximately 50% greater in cells transfected with the haplotype associated with 
the greater physiological response. Furthermore, these results were different 
from results previously obtained (by the same authors) where individual SNPs 
had been studied out of context of a verified haplotype. This emphasizes the im­
portance of studying SNPs in vitro in the context of their haplotype. 

Site directed mutagenesis is used to study the effects of a single variant. By 
assessing the effects of polymorphisms separately, it may be possible to deter­
mine the effects, if any, of the polymorphisms on physiological function. This 
approach could be valuable in efforts to distinguish those variants that are caus­
al from those which are merely correlated with a particular phenotype. If the 
variant is simply in LD with the causal variant, then studying it in isolation 
would not reveal any plausible functional effects. For example, the ,Bradrenergic 
receptor (B2AR) is the target of ,B-agonists (frequently used for inotropic sup­
port in critical cardiovascular disease). Polymorphisms in the B2AR gene have 
been associated with varying response to ,B-agonists. Experimental assessment 
of coding variants has shown them to cause changes in coupling (Hel64) or ago­
nist-promoted down-regulation (Gly 16 and Glu27) (Ligget 2000). 

It is important to be cautious when the causal variant(s) is not known. For exam­
ple, because LD varies across populations then an association that is diagnostic in 
one population may not be in another. Population structure will need to be consid­
ered, especially if there are inconsistencies across different studies. Results need to 
be replicated and any putative causal variants need follow-up functional studies. 

5 
Conclusion 

We have described a framework for genetic association studies in cardiovascular 
disease which uses tags to represent the common variation within a population. 
With appropriately chosen tags, this approach is a powerful way of finding com­
mon variants that influence drug response, and there is clear evidence that com-
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mon variants playa significant role in cardiovascular drug response. Haplotype 
mapping using tags is also sufficiently economical to allow consideration of 
multigene pathways such as the RAS. It should therefore be a priority for future 
pharmacogenetic studies to take a multigenic approach. 

The future for pharmacogenetic studies therefore looks very promising, but 
it should be emphasized that there is much work to be done before an associa­
tion has clinical utility. 
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Abstract Both the therapeutic and the adverse effects of drugs can be profound­
ly influenced by the activity of enzymes of drug metabolism. Biotransformation 
is effected by a number of families of structurally and functionally related en­
zymes, which inactivate and ultimately enable the excretion of therapeutic 
agents. The enzymes of drug metabolism exhibit broad and overlapping sub­
strate specificities. Many of these enzymes are now known to exhibit polymor­
phic expression, due often to point mutations in the structural gene. The result 
may be a large difference in metabolic activity, and consequently in the pharma­
cokinetics, between phenotypes. Examples of polymorphic enzymes include 
CYP2D6, CYP2C9, CYP2C19 and NAT2. Some drug transporters such as ABCBl 
(P-glycoprotein) are also polymorphic. The consequences of such polymor­
phism will depend upon a number of factors, including the steepness of the con­
centration-effect curve, the contribution of the polymorphic pathway to overall 
elimination and the magnitude of other sources of variability in the effect of the 
polymorphic enzyme. In this last case, whilst it might be possible to demon­
strate clear differences in effect between phenotypes in healthy volunteers, other 
sources of variability, including the disease itself, may dominate differences in 
response in patients. There are some clear examples of the importance of poly­
morphic drug metabolism in the effects of drugs, such as CYP2C9 and warfarin 
and NAT2 and hydralazine. However, it is likely that the extent to which geno­
typing might benefit the individual patient will be established only in adequate 
clinical studies. 

Keywords Pharmacokinetics· Metabolism· Enzymes· CYP450 . 
Drug transporters 

1 
Introduction 

Generally, the effect of a drug is determined by the concentration present at its 
site of action (see Fig. 1). This may be a receptor, ion channel, enzyme or other 
effector site within a cell or tissue. Interaction with such targets usually involves 
the free (unbound) drug, and hence reversible non-specific binding to macro­
molecules and other non-effector sites will reduce the effective concentration at 
the site of action. Drug effect is therefore proportional to the free concentration 
present. As bound drug is unable to diffuse across lipid membranes, the distri­
bution of drug from plasma also depends on the unbound concentration. At 
equilibrium, the free concentration in the tissues is the same as in the plasma, 
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Fig. 1 The inter-relationships between drug administration, plasma concentration and therapeutic re­
sponse. Following oral administration, the microenvironment of the gastrointestinal tract (e.g. pH, lumi­
nal fluid composition) will determine the rate and extent of release of the drug from the formulation in 
which it is administered. The extent of intestinal absorption will depend upon factors such as the pres­
ence and composition of food, motility, intestinal pathology. Bioavailability (systemically available frac­
tion) is determined by the extent of absorption, the degree to which the drug is transported by P-gly­
coprotein and other transporters, and by any pre-systemic metabolism in the gut wall or in the liver. In 
plasma, the drug may bind reversibly to proteins, notably albumen and alph1-acid-glycoprotein. Only 
free drug can diffuse across lipid membranes and hence penetrate tissues, where there may be revers­
ible binding to non-target sites such as proteins or lipids. Usually it is the free drug that interacts with 
the pharmacological target, for example an enzyme, receptor or ion channel. This interaction is usually, 
but not always, reversible. Hence, for most compounds there is an equilibrium between levels of the 
drug in plasma and target occupancy, and thus response. The biochemical events triggered by interac­
tion with the target result in a pharmacological effect, for example interaction within an ion channel 
may result in altered myocardial signalling and ultimately in cardiac slowing. This then leads to the 
desired therapeutic response, in the previous example correction of cardiac rhythm. The duration of ac­
tion of drugs is limited by their elimination, sometimes by direct excretion but more often by metabo­
lism. Again, it is the free compounds that interact with the processes of elimination. At every stage in 
this process there will be variability, due to intrinsic (genetic, physiological, pathological) and extrinsic 
(environment, diet, concurrent therapy) factors, together with patient behaviour 

and there is a dynamic relationship between the free and bound forms in tissues 
and in plasma and between the free concentration in the tissues and plasma. As 
a consequence, the free concentration in plasma reflects the active concentration 
in tissues, and hence the effect of the drug. Thus, there is a direct relationship 
between the plasma free concentration and therapeutic effect (concentration­
effect relationship). As the bound form in plasma is in equilibrium with the free 
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form, there is also a relationship (albeit less direct) between total plasma con­
centration and effect. 

In treating a patient, the physician is unable to influence the concentration of 
the drug directly. Rather, the dose and/or frequency of administration can be 
adjusted. Hence, there is a need to be able to relate these three variables to each 
other in a quantitative manner, and this is the role of pharmacokinetics. Phar­
macokinetics thus describes the dosimetric and temporal relationships between 
drug administration and concentration at the effector site. Plasma concentra­
tion, particularly of the free, unbound form of the drug, serves as a surrogate 
for the active site concentration. The relationship between the concentration of 
a drug and its therapeutic effect(s) is described by the pharmacodynamics of 
the compound. 

The pharmacokinetics of a drug are dictated by the processes of distribution 
from the plasma compartment into the tissues, and elimination, removal of the 
active moiety from the effector site (Fig. l). Since free drug is generally in equi­
librium throughout the body, in effect elimination means removal of the active 
form from the body. This can occur through the process of excretion, via the 
bile (and hence into the faeces) or, more often, the urine. However, for the ma­
jority of drugs, elimination occurs via the process of metabolism, or biotrans­
formation, into an inactive (or less active) product. The reason that metabolism 
is so important in the disposition of drugs is largely a consequence of the physi­
cochemical properties selected for in the design of an efficacious molecule, i.e. 
those favouring lipid solubility enabling good tissue penetration. The corollary 
of this is that whilst filterable by the kidney, most drugs are extensively reab­
sorbed in the proximal tubule. Hence, without metabolism to inactivate them, 
and to increase their water solubility, such compounds would persist in the 
body for a very prolonged period and thereby make adjustment to the therapeu­
tic regimen very difficult. 

For obvious reasons, many drugs are designed for administration by the oral 
route. This adds an additional process to their pharmacokinetics, that of absorp­
tion (Fig. 1). Again, properties increasing lipid solubility favour good absorption. 
However, in addition to absorption itself, oral administration leads to the possi­
bility of metabolism by enzymes in the intestinal mucosa or in the liver! prior to 
availability of the drug to the systemic circulation. Such pre-systemic metabolism 
can influence the fraction of the dose administered that reaches the circulation 
and hence the concentration at the effector site. Thus, for orally administered 
drugs, metabolism plays a key role in determining both the bioavailable dose 
and the persistence of the drug in the body, with consequential effects on thera­
peutic effect. 

Few drugs are without unwanted effects at higher concentrations. This may 
be a consequence of either exaggerated primary pharmacology or secondary 
pharmacology. For some compounds, there is a large margin between concen-

I All drug absorbed from the small intestine first enters the portal vein, which passes 
through the liver before it reaches the systemic circulation. 
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Fig. 2 Possible influence of phenotype on the pharmacokinetics of a drug and the importance of the 
therapeutic window. Data shown are for the plasma concentration, on a logarithmic scale, plotted 
against time after oral administration of a drug. The horizontal lines illustrate, respectively, the thresh­
olds for therapeutic effect and for toxicity, due either to primary pharmacology or to secondary effects. 
The difference in metabolic activity between phenotypes is such that there is an appreciable difference 
in the pharmacokinetics of the compound between the extensive metabolizer (EM) phenotype and the 
poor metabolizer (PM) phenotype. Kinetic parameters affected in PM subjects include the AUC and (max, 

due to decreased presystemic metabolism, with resultant increase in bioavailability and prolonged half­
life, due to reduced systemic clearance (there is no change in volume of distribution). These changes 
will result in increased plasma concentrations, greater persistence, an increase in the time to reach 
steady state and greater steady state concentrations on repeated administration. It is apparent that the 
dosing regimen (time of next administration indicated by vertical arrow) results in therapeutic concen­
trations being achieved in EM subjects, whist the therapeutic window is such that the concentration 
never exceeds the threshold for toxicity. In contrast, in PM subjects the concentration is such that it 
exceeds the threshold for toxicity for an appreciable interval. In addition, whilst the interval between 
doses is such that there will be no accumulation in EM subjects, in PM subjects there will be significant 
accumulation 

trations producing the desired effect and those producing unwanted effects, 
whilst for others the margin is much narrower. This margin between the mini­
mum effective concentration and the minimum concentration associated with 
unwanted effects is termed the therapeutic index (or window) (see Fig. 2). 
Hence, a key objective of the therapeutic regimen is to achieve a concentration 
within this therapeutic window (and to maintain it for an appropriate period of 
time). Given the importance of metabolism as a determinant of the plasma con­
centration of drugs, it should be evident that understanding this process can be 
very important in both drug development and therapeutic use. 

2 
Drug Metabolism 

Drug metabolism, also known as biotransformation, is the process whereby a 
compound is altered chemically via an enzyme-catalysed reaction. The product 
is often inactive, although it may have some residual activity. In some instances, 
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the product is more active, has altered activity or is toxic. Indeed, sometimes 
the activity of a metabolite of a drug can serve as a lead for new drug develop­
ment; for example, the acid metabolite of terfenadine, fexofenadine. Biotransfor­
mation reactions can be classified chemically into two phases, phase I and phase 
II. In the first phase the drug undergoes functionalization, by the introduction 
or revelation of a functional group in the molecule. Examples of phase I reac­
tions include oxidations, reductions and hydrolyses. The second phase involves 
synthetic or conjugating reactions, in which an endogenous molecule (or part 
of one) is combined with the drug (or more often with a phase I metabolite). 
Examples of phase II reactions include glucuronidation, sulphation and N-acet­
ylation. Phase II metabolism usually represents the major change in lipid solu­
bility of the drug, most conjugated metabolites being very water soluble and 
readily excreted from the body. 

Biotransformation reactions are catalysed by a number of families of drug 
metabolizing enzymes. These are usually characterized by broad substrate spec­
ificity, so that one enzyme can often metabolize many different drugs. Also, one 
drug can often be metabolized by more than one enzyme, either at the same or 
different sites on the molecule. This can lead to very complex metabolic path­
ways, with reactions occurring both in series and in parallel, some metabolites 
being intermediates and others being metabolically stable end products. 

The members of each family (or superfamily) of drug metabolizing enzymes 
are related to each other both functionally and structurally. They are encoded 
by the members of a gene family (or superfamily), sharing sequence similarity, 
and often gene structure, with one another. In almost all cases, each drug me­
tabolizing enzyme is subject to independent regulation. Some of the enzymes 
exhibit marked interindividual variability in activity, levels of expression or 
both. This variability is due to genetic, environmental and pathophysiological 
factors, each acting to a greater or lesser extent depending on the enzyme in 
question. 

Several environmental factors contribute substantially to the variability of 
some drug-metabolizing enzymes. These include the constituents of the diet, 
both micronutrients and macronutrients, environmental inducers2 such as to­
bacco smoke, alcohol and concurrent drug ingestion and inhibition, which 
again could arise from compounds present in the diet, the environment or from 
concurrently ingested therapy. In addition, many pathophysiological factors are 
now recognized to influence some drug-metabolizing enzymes relatively selec­
tively and hence contribute to interindividual variation in biotransformation ca­
pacity. Such factors include: the extremes of age, particularly early age in that 
the various enzymes mature at different rates; pregnancy where hormonal and 
other influences can alter the activity of some enzymes; other hormonal factors 

2 Induction is a regulatory process resulting in increased levels of the enzyme protein. It 
usually involves de novo transcription via the interaction of induction receptors (transcrip­
tion factors) with specific upstream response elements (enhancers). In a few instances, tran­
scription is not increased but rather there is mRNA or protein stabilization. 
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such as thyroid hormone, growth hormone and insulin, all of which have been 
shown to differentially affect some drug-metabolizing enzymes; organ dysfunc­
tion, particularly diseases of the liver, but also of the kidney and perhaps the 
eNS and other organs, where again the effects are not universal but confined to 
only some biotransformation enzymes; and finally infection and inflammation 
where cytokines and other mediators have been shown to alter the expression 
or activity of some drug-metabolizing enzymes more than others. Finally, it 
should be borne in mind that several of the environmental and pathophysiologi­
cal factors that contribute to variability in these enzymes act through altering 
the levels of transcription and hence there may be indirect genetic influences on 
this variability; for example, in the nature of the upstream regulatory sequences 
or in the structure or amount of transcriptional factors mediating the effect. 

A major source of variability in the expression of some drug-metabolizing 
enzymes is polymorphism in expression due to relatively subtle mutations in 
the structural gene. These result in an almost complete absence of enzyme and 
hence associated activity in affected individuals. An additional genetic factor 
contributing to variability in enzyme activity is the allele frequency found in 
different ethnic populations. It is becoming increasingly apparent that the dom­
inant allele in one population may differ from that in another and hence pro­
duce differences in activity of the respective enzyme. 

3 
Enzymes of Drug Metabolism 

3.1 
The P450 Superfamily 

Whilst numerous families of enzymes are involved in the metabolism of drugs, 
by far the most important of these in determining the effect of drugs are the 
members of the P450 superfamily. All P450 enzymes are products of a single su­
perfamily of genes derived from the same ancestral gene estimated to be at least 
3 billion years old. P450 enzymes are haem-thiolate proteins containing proto­
porphyrin IX at their active site. They are organized into families and sub-fami­
lies based on primary sequence similarity. In general, members of one family 
are less than or equal to 36% similar to members of other families whilst mem­
bers of one sub-family are 40%-60% similar to members of other sub-families. 
Members of the same sub-family share more than 60% identity (Nebert and 
Russell 2002). 

Humans have 18 families of P450, within which a total of approximately 60 
genes have been identified, and with the availability of the complete sequence of 
the human genome it is now apparent that at most, only one or two new mem­
bers will be added to these. Each P450 enzyme is the product of a discrete genet­
ic locus and is subject to independent genetic regulation. Hence, the various 
forms of P450 are differentially affected by genetic, environmental, physiological 
and pathological factors. Only the products of the first three P450 families 
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(CYP1, CYP2 and CYP3) are involved, to a significant extent, in the metabolism 
of drugs (and other foreign compounds). Products of the remaining families are 
involved in the biosynthesis and degradation of key endogenous compounds, 
such as steroids, fatty acids and eicosanoids (Nebert and Russell 2002). 

P450 enzymes are found in every tissue of the body but those responsible for 
the metabolism of drugs are located primarily in the liver and to a lesser extent 
in the so-called portals of entry, in particular the small intestine. P450 enzymes 
involved in the synthesis or degradation of endogenous compounds are located 
in those tissues or cells most appropriate to their function. For example, certain 
forms of P450 are found at particularly high levels in the heart, the platelet, the 
adrenal gland and vascular endothelial cells. 

3.1.1 
CYP1 Family 

The CYPI family comprises CYPIA1, CYPIA2 and CYPIBI. Amongst these, 
only CYPIA2 is expressed constitutively to any extent (Hines and McCarver 
2002). Expression is restricted mainly to the liver (Pelkonen and Raunio 1997). 
CYPIA2 contributes to the metabolism of a range of environmental and dietary 
chemicals. In addition, this enzyme contributes to the oxidative metabolism of 
the antiarrhythmic drugs mexiletine and propafenone (depropylation), the beta­
blocker propranolol (hydroxylation and deisopropylation), the inotrope pi­
mobendan, the antiplatelet drug cilostazol and the anticoagulant R-warfarin. 
The calcium channel blocker verapamil is an inhibitor of CYPIA2, but is not 
metabolized by this enzyme to an extent that is clinically significant (Fuhr et al. 
1992). Expression of all members of the CYPI family is inducible via the aryl 
hydrocarbon (Ah) receptor. 

3.1.2 
CYP2 Family 

CYP2 is the largest of the CYP families in humans (Nebert and Russell 2002). A 
number of members of this family are expressed both in the liver and in extra­
hepatic tissues, e.g. CYP2El, although there is tissue-specific expression of sev­
eral forms. CYP2A6 plays a role in the metabolism of a number of environmen­
tal chemicals, particularly when they are inhaled (Hines and McCarver 2002; Liu 
et al. 1996). This enzyme is also known to metabolize the anticoagulant cou­
marin (hydroxylation). As yet, the function of CYP2B6 has not been well studied 
(Hollenberg 2002), although it is known to playa significant role in the metabo­
lism of some anti-cancer drugs such as cyclophosphamide. 

The CYP2C sub-family comprises four members in humans, CYP2C8, 
CYP2C9, CYP2C18 and CYP2CI9, amongst which CYP2C9 is the most highly ex­
pressed in liver. CYP2C18 is either expressed at very low levels or not at all. 
CYP2C9 metabolizes a wide range of drugs of clinical significance, including the 
diabetic drug tolbutamide, the anticonvulsant phenytoin and numerous anti-in-
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flammatory drugs such as ibuprofen and diclofenac (Goldstein and De Morais 
1994). It also plays a role in the metabolism of several cardiovascular drugs such 
as the HMG-CoA reductase inhibitor fluvastatin and the diuretic torsemide. 
CYP2C9 oxidizes the angiotensin-II receptor blocker losartan to an active me­
tabolite, and contributes to the metabolism of irbesartan and candesartan al­
though not to a clinically significant extent (Kazierad et al. 1997; Taavitsainen et 
al. 2000). The S-enantiomer of warfarin, which is a more potent anticoagulant 
than the R-enantiomer, is metabolized mainly by CYP2C9. CYP2C9 is inhibited 
by several drugs, including sulphaphenazole and desethylamiodarone, the active 
metabolite of the antiarrhythmic amiodarone (Ohyama et al. 2000). CYP2C19 
metabolizes proton pump inhibitors, such as omeprazole, the benzodiazepine 
diazepam and the anti-malarial proguanil to its active form cycloguanil. Some 
cardiovascular drugs such as propranolol (side-chain oxidation to naphthoxy­
lactic acid) and R-warfarin are metabolized to a minor extent by CYP2C19. The 
anti-platelet drug, ticlopidine, is an inhibitor of this enzyme. CYP2C8 has not 
been as well studied as CYP2C9 or CYP2C19. It is known to metabolize both 
enantiomers of the calcium channel blocker, verapamil, and its metabolite 
norverapamil. However, this does not represent a very significant clearance 
mechanism in vivo, as other enzymes such as CYP3A4, although catalytically 
less active, playa much more important role because of their much higher levels 
of expression (Tracy et al. 1999; Shimada et al. 1994). 

CYP2D6 is involved in the metabolism of a large number of drugs, often play­
ing a dominant role. With respect to cardiovascular drugs, CYP2D6 is important 
because of its contribution to the elimination of many antiarrhythmic drugs and 
beta-blockers (Eichelbaum et al. 1997). It also plays a role in the oxidation of 
some calcium channel blockers and HMG-CoA reductase inhibitors. A number 
of drugs are known to inhibit CYP2D6, either competitively or non-competitive­
ly, such as quinidine. CYP2D6 does not appear to be inducible. 

CYP2E1, together with alcohol dehydrogenase and aldehyde dehydrogenase, 
plays a role in the oxidation of ethanol (Lieber 1997). Substrates tend to be low­
molecular-weight solvents, such as benzene and halothane. Although some car­
diovascular drugs are metabolized by CYP2E1, this is a minor reaction, unlikely 
to be of any clinical significance. CYP2E1 is inhibited by disulfiram (Antabuse), 
which also inhibits aldehyde dehydrogenase (Frye and Branch 2002). CYP2E1 is 
inducible by solvents such as ethanol. 

The mechanism of induction of members of the CYP2 family is less well un­
derstood than that of the CYP1 and CYP3 families, although significant progress 
has been made on some of the members such as CYP2E1. Some members such 
as CYP2B6 and some of the CYP2C sub-family can be induced via the constitu­
tive androstane receptor (CAR), although there is significant cross-talk with the 
PXR receptor (see Sect. 3.4.1.3). 
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3.1.3 
CYP3 Family 

The CYP3A subfamily, the only sub-family in family 3 in humans, comprises 
four members: CYP3A4, CYP3AS, CYP3A7 and CYP3A43. CYP3A4 is expressed 
at high, but variable, levels in liver and small intestine. CYP3AS is expressed at 
lower levels in liver, but exhibits a wider tissue distribution than CYP3A4. 
CYP3A7 is a fetal form that is not expressed at appreciable levels in the adult. 
CYP3A43 is expressed only at extremely low levels in liver and other tissues. 

CYP3A4 is the most abundantly expressed P4S0 enzyme in human liver and 
gastrointestinal tract and is known to metabolize more than 120 frequently pre­
scribed drugs (Nebert and Russell 2002), as well as many endogenous com­
pounds, such as steroids and bile acids. CYP3AS is present at lower levels than 
CYP3A4 and appears to share considerable specificity with CYP3AS, although it 
is often catalytically less active. Hence, for the majority of compounds metabo­
lized by CYP3A, it is CYP3A4 that plays the dominant role. CYP3A4 and 
CYP3AS have a very broad substrate specificity and can metabolize a diverse 
range of structures, often of a multi-ring nature. Indeed, there appears to be 
some overlap in those physicochemical properties favouring desirable absorp­
tion characteristics and those supporting CYP3A metabolism. However, the 
same characteristics favour ligand occupancy of P-glycoprotein, which tends to 
reduce intestinal absorption. 

Classic substrates for CYP3A4 include erythromycin, midazolam and cyclo­
sporine. Amongst cardiovascular drugs, CYP3A4 is responsible for the metabo­
lism of numerous calcium channel blockers, particularly those possessing a di­
hydropyridine ring, some antiarrhythmic drugs such as amiodarone, and lipid­
lowering drugs including HMG Co-A reductase inhibitors. The specificity of 
CYP3AS has not been as thoroughly characterized as that of CYP3A4, but it has 
been shown to metabolize the calcium channel blocker verapamil, the HMG 
CoA reductase inhibitor lovastatin and the benzodiazepines diazepam and mi­
dazolam. 

The location of CYP3A4 in both the liver and the small intestine means that 
the enzyme contributes to both presystemic and systemic elimination of drugs, 
with potential consequences for both bioavailability (e.g. terfenadine) and half­
life (e.g. midazolam). CYP3A4 is potently inhibited by a number of azole anti­
fungal drugs such as ketoconazole and itraconazole. Other inhibitors include ci­
metidine and diltiazem. 

CYP3A4 is highly inducible by ligand-activated transcription via a steroid 
family receptor, the pregnane X receptor (PXR). The PXR response element, lo­
cated in the upstream region of the CYP3A4 gene, is activated by dexametha­
sone and rifampicin-type of agents. CYP3A4 is also responsive to phenobarbi­
tal-like compounds, which act through the CAR receptor (Sueyoshi and Negishi 
2001; Rushmore and Kong 2002). CYP3AS is much less inducible than CYP3A4. 
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3.1.4 
CYP4 Family 

Members of the CYP4 family, CYP4All, CYP4Bl, CYP4F2 and CYP4F3, are in­
volved primarily in the metabolism of fatty acids and arachidonic acids, al­
though they can metabolize some drugs (Nebert and Russell 2002). Some 
CYP4A and CYP4B forms are expressed in the distal convoluted tubules of the 
kidney, and defects in some CYP4A cause alterations in salt metabolism and 
water balance (Simpson 1997). 

3.2 
P4S0 and Eicosanoid Metabolism 

Members of all four families, CYPl, CYP2, CYP3 and CYP4, can metabolize ara­
chidonic acid to epoxyeicosatrienoic acids (EETs), hydroxyeicosatetraenoic ac­
ids (HPETEs) and hydroperoxyeicosatetraenoic acids (HPETTs), and can also 
catalyse the oxidation of prostaglandin H2 to prostaglandins D2, F2a and E2. 
These eicosanoids play an important role in the cardiovascular system, the res­
piratory system, platelet aggregation and several other key endogenous process­
es. However, the relevance of most of these forms to the overall regulation of 
end-product levels is not yet known, but in many cases is likely to be trivial. In 
contrast, specific forms of P450 are uniquely responsible for both thromboxane 
A2 synthase activity, i.e. CYP5Al and for prostacyclin synthase activity, i.e. 
CYP8Al. The respective products of these enzymes have opposing roles in plate­
let aggregation and on the cardiovascular system (Funk 2001). 

3.3 
Flavin-Containing Monooxygenase 

Flavin-containing monooxygenses (FMOs) are a family of FAD, NADPH- and 
Ordependent enzymes that playa role in the oxygenation of nucleophilic com­
pounds, include nitrogen-, sulphur-, phosphorous- and selenium-heteroatom­
containing drugs, xenobiotics and endogenous substrates. To date, six different 
FMO genes have been identified. FM03 is prominent in adult liver and is associ­
ated with the majority of FMO-mediated metabolism (Cashman and Zhang 
2002). FMOI is expressed in the kidney and intestine (Yeung et al. 2000) and 
FM02 is dominantly expressed in lung (Krueger 2002). The roles of these forms 
in the metabolism of drugs, if any, are not yet known. Substrates for FM03 in­
clude (S)-nicotine, trimethylamine, clozapine, cimetidine and ranitidine. FM03 
is not inducible (Cashman and Zhang 2002). 
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3.4 
Monoamine Oxidase 

Monoamine oxidase (MAO), which oxidizes amines such as tyramine and cate­
cholamines from endogenous and exogenous sources, is present as two forms, 
MAO A and MAO B. These are located in the outer mitochondrial membrane of 
neuronal and other cells in the brain and the periphery, although there is tissue 
variability in the expression of the two forms. MAO enzymes are encoded by 
separate genes on the X chromosome. MAO has been a therapeutic target for 
many years, e.g. for the treatment of Parkinson's disease and depression (Cesura 
and Pletscher 1992), and hence a number of form-specific inhibitors are avail­
able, acting either reversibly or irreversibly. These i.nclude clorgyline (MAO A) 
and L-deprenyl (MAO B). There is considerable overlap in substrate specifici­
ties. This extends to the biogenic amines serving as neurotransmitters, dopa­
mine, norepinephrine and serotonin (Binda et al. 2002). However, MAO A pref­
erentially deaminates adrenaline, noradrenaline and serotonin, whilst MAO B 
preferentially deaminates phenylethylamine and benzylamine. Dopamine and 
tyramine serve as substrates for both forms of MAO. Apart from neuronal cells, 
in which MAO A is the predominant form, and circulating platelets, in which 
MAO B predominates, the two forms show a similar widespread tissue and cel­
lular distribution, with particular expression in placenta, heart, liver, kidney, 
lung and small intestine. MAO B in the peripheral tissues may playa role in the 
oxidation of exogenous catecholamines such as intravenous dopamine (Yan et 
al. 2002). 

3.5 
Alcohol Dehydrogenase and Aldehyde Dehydrogenase 

Alcohol dehydrogenases (ADHs) are NADH-dependent enzymes involved in the 
elimination of endogenous and exogenous ethanol and other alcohols, aldehy­
des, including acetaldehyde, products of lipid peroxidation, other xenobiotics 
and products of their metabolism (Ashmarin et al. 2000). The conversion of al­
cohols to aldehydes is a reversible reaction, and ADH can catalyse the reaction 
in either direction, depending on reactant concentrations. There are five classes 
of ADH, each with a characteristic tissue-specific expression. Class I enzymes 
(ADH1A, B, C) are abundant in liver. These all possess substantial ethanol-oxi­
dizing activity and a wide substrate specificity. Substrates include bile acids, tes­
tosterone, neurotransmitters, retinol, peroxidatic aldehydes and mevalonate 
(Holmes 1994). Class IV (ADH4) has high activity in stomach and cornea, and 
is involved in the metabolism of alcohols and retinoids. ADH4 is the only form 
other than ADH1 that plays an important role in the metabolism of ingested 
ethanol (Jornvall et al. 2000). Class II (ADH2) is involved in the metabolism of 
peroxidatic aldehydes, norepinephrine, mevalonate and congeners. Class III 
(ADH3) functions in formaldehyde and omega-hydroxyfatty acid metabolism. 
Class V (ADHS) has been less well studied. 
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Aldehyde dehydrogenases (ALDHs) comprise a large family of NADH(P)-de­
pendent enzymes and catalyse the oxidation of a wide range of endogenous and 
exogenous aliphatic and aromatic aldehydes. ALDH2 plays a role in acetalde­
hyde oxidation (Vasiliou and Pappa 2000). Several forms of ADH (e.g. ADHl, 
ADH2, ADH3) and of ALDH are inducible by alcohol and other low-molecular­
weight solvents. ADH is capacity limited at the range of doses of ethanol that 
are ingested, which gives rise to the potential for competitive inhibition by alter­
nate substrates. 

3.6 
Hydrolases 

Hydrolases catalyse the addition of water to a wide range of compounds and 
most exhibit a very broad substrate specificity, restricted often more by func­
tional group (e.g. epoxide, amide, ester) than overall chemical structure. Hydro­
lytic enzymes are widely distributed throughout the body, including plasma, al­
though expression does vary with cell and tissue type. Such enzymes, particu­
larly in the liver, small intestine and sometimes plasma, play an important role 
in the hydrolysis of several cardiovascular drugs including acetylsalicylic acid, 
clofibrate and the angiotensin-converting enzyme inhibitor ester-prodrugs, 
enalapril, benazepril, delapril and temocapril. There are at least three different 
carboxylesterases that participate in the hydrolysis of esters and/or amides. In 
addition, there are several cholinesterases and at least two epoxide hydrolases 
(EPHXs) that can participate in the metabolism of drugs. 

3.6.1 
Epoxide Hydrolase 

Oxidation by one or more enzymes often results in the formation of reactive, 
xenobiotic epoxides. Epoxide hydrolases (EPHXs) are important for the ultimate 
detoxication of these intermediates and are a subcategory of a broad group of 
hydrolytic enzymes that include esterases, proteases, dehalogenases, and lipases. 
Substrates of microsomal EPHX (EPHXl) include toxic and procarcinogenic 
compounds, as well as commonly used anticonvulsant drugs, phenytoin and 
carbamazepine. Cytosolic EPHX (EPHX2) is a xenobiotic metabolizing enzyme 
that also participates in the metabolism of endogenously derived fatty acid 
epoxides (Fretland and Omiecinski 2000). 
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3.7 
Phase II Metabolism 

3.7.1 
UDP-Glucuronosyltransferase 

Glucuronidation is a major pre-excretory metabolic pathway leading to conju­
gates that are more water soluble than the unconjugated substrates, resulting in 
their more ready excretion from the body. Glucuronidation is catalysed by UDP­
GA-dependent, endoplasmic reticular UDP-glucuronosyltransferases (UGTs). 
Although exhibiting wide tissue distribution, they are most active in the liver. 
UGTs comprise two multi-member families, and vary in their substrate specific­
ity and regulation. UGTs play an important role in the deactivation and elimina­
tion of a large number of endogenous compounds such as bilirubin, steroids 
and bile acids (McGurk et al. 1998). They also metabolize a wide variety of 
drugs, and more particularly the products of their phase I metabolism. Drugs 
conjugated directly by UGTs include nonsteroidal anti-inflammatory agents, 
morphine and tocainide. Many drugs, for example mexiletine, have to be oxi­
dized before conjugation with glucuronide and final elimination from the body. 
The drug most commonly involved in inhibitory interactions is probenecid, al­
though furosemide, salicylic acid and oxazepam have also been reported to in­
hibit glucuronidation (Grancharov et al. 2001; Irshaid et al. 1990). Some of the 
UGTs are inducible, but generally not to the same extent as P4S0 enzymes. 

3.7.2 
Sulphotransferase 

Sulphotransferases (SULTs) catalyse the transfer of the sulphate moiety from 
the cofactor 3' -phosphoadenosine-S' -phosphosulphate (PAPS) to nucleophilic 
groups of suitable substrates, which include drugs and endogenous small mole­
cules such as hormones and neurotransmitters. Nine SULTs in three families 
(SULTl, 2, 4) have been described in humans. There is very broad and overlap­
ping substrate specificity, together with wide tissue distribution, although there 
are important differences amongst the forms. There is considerable overlap be­
tween SULTs and UGTs in their substrate specificity, many compounds acting as 
substrates equally well for the two enzyme systems. Like UGTs, the SULTs con­
jugate a range of both endogenous and exogenous compounds, often products 
of phase I metabolism. The sulphate conjugates are much more water soluble 
and are readily excreted. SULTlAI expression is very high in liver, although 
there is some expression in most other tissues including brain. Substrates in­
clude 4-nitrophenol, minoxidil, dopamine and epinephrine. SULTlA3 is highly 
expressed in the jejunum and colon, but again there is some expression in other 
tissues including brain and platelets. However, expression of this form in adult 
liver is negligible. Substrates include catecholamines, such as dopamine, norepi­
nephrine and isoprenaline. SULTlBI is expressed particularly in colon, liver 
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and intestine. It is involved in the conjugation of iodothyronines. SULT2A1 is 
expressed in liver and adrenal gland. Substrates include dehydroepiandroster­
one and minoxidil (Glatt et al. 2001). In general, SULTs do not appear to be in­
ducible, although there are reports that expression of some forms can be in­
creased by glucocorticoids. 

3.7.3 
N-Acetyltransferase 

Two forms of arylamine N-acetyltransferase (NAT) have been well characterized, 
NATl and NAT2, which are localized to chromosome 8. Recently, another two 
NAT genes have been reported, NAT5 and NAT8 but nothing is known about the 
function of these two genes. NATl and NAT2 catalyse the acetylation of amino-, 
hyrazino- and N-hydroxy moieties present in hydrazine and arylamine drugs. 
NATl is widely distributed in the body, whereas NAT2 expression is confined 
largely to the liver. NATl acetylates simple arylamines, such as 4-aminobenzoic 
acid. It also conjugates a catabolite of folic acid (Grant et al. 2000). Substrates 
for NAT2 include isoniazid, hydralazine, procainamide and a metabolite of caf­
feine. The acetylation product of procainamide, N-acetylprocainamide is a bio­
logically active metabolite and has antiarrhythmic properties. Both NATl and 
NAT2 play an important role in the metabolism of environmental chemicals, in­
cluding aromatic and heterocyclic amines. For example, the NAT2 slow acetyla­
tor phenotype has been associated with higher risk of bladder cancer, whilst the 
NAT2 fast acetylator phenotype has been reported to be at higher risk of colon 
cancer in many studies (Grant et al. 2000; Hein 2002). 

3.7.4 
Glutathione-S-transferase 

Glutathione is the major non-protein thiol in cells, comprising the tri-peptide 
gamma-glutamyl-cysteinyl-glycine, and has many roles in cellular defence and 
metabolism, including protecting the cell from oxidative stress, detoxication of 
electrophilic species, and maintenance of thioldisulphide status of cellular pro­
teins (Meister 1995). Glutathione-S-transferases (GSTs) are a superfamily of at 
least eight different enzyme families. The active enzyme is a dimer, often but 
not always, of identical sub-units. Gene families are designated by a letter A, K, 
M, 0, P, S, T and Z, to give GSTA, etc. Individual members are indicated by an 
Arabic numeral, e.g. GSTA1. The gene products are referred to as alpha, kappa, 
mu, omega, pi, sigma, theta and zeta, respectively. These enzymes catalyse the 
conjugation of electrophilic, often cytotoxic agents, to glutathione, producing 
less reactive chemical species. Resistance to cancer chemotherapeutic drugs, 
such as the alkylating agents, has been directly correlated with the overexpres­
sion of GSTs. In particular, overexpression of GST n has been linked to a num­
ber of different human cancers, and this enzyme plays a non-catalytic role in 
cellular pathways of proliferation, stress response and apoptosis (Tew and Ronai 
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1999). GST a and GST (J synthesize PGD2 and PGE2, and microsomal GSTs me­
tabolize arachidonic acids (Hayes and Strange 2000). 

Ethacrynic acid is both an inhibitor and a substrate for GSTs, and its gluta­
thione conjugate is also an enzyme inhibitor (Pleomen et a1. 1990). Clofibrate 
also inhibits GSTs (Foliot et a1. 1984). GST inhibitors would be expected to alter 
the efficacy of alkylating agents by interfering with GST-mediated conjugation. 

3.8 
Thiopurine Methyltransferase 

Thiopurine methyltransferase (TPMT) is a cytoplasmic enzyme that catalyses 
the S-methylation of a variety of toxic thiopurine drugs such as 6-mercaptopu­
rine, 6-thioguanine and azathioprine, mainly in liver. There have been reports 
that low TPMT activity is associated with an increased risk of toxicity of these 
drugs used to treat acute lymphocytic leukaemia, autoimmune disorders, in­
flammatory bowel disease and transplantation rejection (Weinshilboum 2001). 
It was also reported that a TPMT-deficient heart transplant recipient died of 
sepsis with leukopenia after treatment with a conventional dose of azathioprine 
(Schutz et a1. 1993). Benzoic acid derivatives, such as salicylic acid, are potent 
inhibitors of TPMT. After a therapeutic dose of aspirin, plasma concentrations 
of salicylic acid are within the range for TPMT inhibition. Sulfasalazine and its 
metabolite 5-aminosalicylic acid inhibit TPMT, and concurrent furosemide ther­
apy could influence the S-methylation of thiopurines (Lennard 1998). 

3.9 
Catechol-O-Methyltransferase 

Catechol-O-methyltransferase (COMT) is an intracellular enzyme widely dis­
tributed in the body and probably best known for its activity in methylating cat­
echolamines (Evans 1993). The substrates of COMT include L-DOPA, norepi­
nephrine, epinephrine, dopamine, dobutamine, isoprenaline, and a-methyldo­
pa. The function of COMT is generally the elimination of active or toxic cate­
chols and some other hydroxylated metabolites. COMT also acts as an enzymat­
ic detoxication barrier between the blood and other tissues such as the intestinal 
mucosa and the kidney. COMT may also modulate the dopaminergic tone in 
brain, kidney and intestine (Mannisto and Kaakkola 1999). The role of COMT 
in the brain has been well studied. The relative importance of the enzymes in­
volved in the metabolism and the uptake of endogenous catecholamine are clear, 
but their role in extraneuronal transport is less clear (Mannisto and Kaakkola 
1999). Inhibition of COMT failed to show a significant alteration of the elimina­
tion of infused catecholamines (Friedgen et a1. 1996). 
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3.10 
Histamine N-Methyltransferase 

This enzyme catalyses the N-methylation of histamine, and is the major pathway 
for histamine metabolism. It may constitute an important modulating factor in 
some histamine-related diseases such as allergy and asthma (Evans 1993). 

4 
Drug Transporters 

In addition to the enzymes of xenobiotic metabolism, the disposition of drugs 
can be affected by the activity of drug transporters. This superfamily comprises 
almost 50 members, organized into seven families. All are membrane-spanning 
ATP-binding cassettes (ABC transporters). Some members, such as ABCBl 
(MDRI gene product, P-glycoprotein), are involved in the translocation of drugs 
and other foreign compounds across cell membranes, with appreciable expres­
sion in the small intestine, placenta, blood-brain and blood-testis barrier. Sub­
strates include anticancer agents, cardiac drugs (e.g. digoxin, quinidine), HIV 
protease inhibitors, immunosuppressants (e.g. cyclosporine), and ,B-adrenocep­
tor antagonists (Borst et al. 2000). The presence of P-glycoprotein in the small 
intestine limits the oral bioavailability of substrates, whilst that in the blood­
brain barrier reduces penetration to the CNS. There is substantial overlap in 
substrate specificity between P-glycoprotein and CYP3A4. Like CYP3A4, P-gly­
coprotein is inducible by compounds such as rifampicin, with similar conse­
quences for the oral bioavailability of substrates. Some ligands act as inhibitors 
of P-glycoprotein, for example quinidine, leading to increased bioavailability of 
substrates such as digoxin. 

5 
Polymorphisms of Enzymes of Drug Metabolism 

5.1 
Genotype and Phenotype 

The possibility that enzymes of drug metabolism might be subject to genetic 
variation was first suggested by Garrod almost a century ago (Garrod 1914). 
However, it was not until the late 1950s that specific examples of genetic varia­
tion in enzymes of drug metabolism were identified, with the discovery of 
anomalous succinylcholine hydrolysis and the polymorphic acetylation of isoni­
azid. Despite the interest raised by such observations, and increasing interest in 
the genetic basis of disease and drug response, it was not until the mid 1970s 
that the modern era of pharmacogenetics was born, with the simultaneous and 
independent discovery of the debrisoquine/sparteine oxidation polymorphism 
by groups in the UK and Germany, respectively. It was subsequently demonstra­
ted that this is due to genetic heterogeneity of a specific form of P450, later 
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identified as CYP2D6. In the years subsequent to the first published report of 
the CYP2D6 polymorphism in 1977, there has been an ever increasing number 
of reports of polymorphisms of enzymes of drug metabolism, with CYP2C19 in 
1984, glutathione S-transferase is 1986, FM03 in 1990 and CYP2C9 in 1995, al­
though evidence for genetic variation in this enzyme was reported as early as 
1964 (Kutt et al. 1964). 

In each of these cases, the polymorphism was identified phenotypically, i.e. 
from a functional change in the gene product such that it was reflected in either 
a response to the drug (e.g. succinylcholine-induced paralysis, debrisoquine-in­
duced orthostatic hypotension) or in its metabolic fate (e.g. acetylation of isoni­
azid, hydrolysis of paraoxon). Enzyme activity and drug response may vary for 
anyone of a number of reasons, not always genetic, but once a genetic basis for 
such variation has been established, for example by family and population stud­
ies, it is axiomatic that the genotype has a functional consequence. 

With the output of the human genome project, there is considerable interest 
in identifying the nature and extent of genetic variation between individuals 
and populations. This increasingly relies on intensive sequencing efforts, to 
identify differences in single nucleotides in the genomes from different individ­
uals. Where these occur with a frequency greater than 1 % within the popula­
tion, they are termed polymorphisms (single nucleotide polymorphisms, 
SNPs3). The total number of such SNPs within the population is estimated to be 
several million, with a density of up to approximately 1 per 300 nucleotide pairs. 
Both broad range SNP mapping exercises and specific candidate gene analysis 
are being performed, resulting in the publication of large numbers of polymor­
phisms for almost any gene of interest. One of the challenges facing biomedical 
science in the coming years is to determine the functional significance, if any, of 
polymorphisms in such genes. Whilst identification of SNPs is now relatively 
rapid, establishing their consequences is often much more time-consuming (see 
Fig. 3). 

SNPs can occur anywhere in the genome. With respect to specific genes, SNPs 
may occur in upstream regulatory regions (affecting transcription), introns and 
downstream regions (affecting mRNA processing) or in exons (affecting amino 
acid sequence). Hence, the consequences of a SNP may be altered expression or 
function of the gene product. Where a gene itself codes for a DNA or RNA regu­
latory protein, functional changes can lead indirectly to altered expression of 
drug metabolizing enzymes. Whilst changes in amino acid coding or in tran­
scription binding sites raise suspicion that they will give rise to a phenotype, 
current knowledge is such that this is not yet routinely predictable. In addition, 
not all DNA regulatory sequences have yet been identified, so that some SNPs in 

3 The information on SNPs described here has been obtained from the following databases 
http://www.ncbi.nlm.nih.gov/SNP/, http://www.genome.utah.edu/genesnps/, and http:// 
snp.cshl.org/ and is correct at the time of writing. However, as these databases are updated 
regularly, it is highly likely that there will be changes in these SNP databases over time. 
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Fig. 3 The importance of genetic polymorphisms in the outcome of therapeutic intervention. The hu­
man genome is very polymorphic. Throughout the entire genome, there are several million different 
polymorph isms within the population. Only some of these will occur in either regulatory regions or in 
the coding region of a protein. Of these, only a sub-set will affect the activity of the enzyme, either 
because expression is not significantly affected, the mutation is such that the new codon codes for the 
same amino acid, the substituted amino acid is in a non-functional domain of the protein or the substi­
tution is for an amino acid sufficiently similar to the wild-type that it has no effect on protein function. 
Of those polymorph isms affecting enzyme activity, only some will alter the kinetics of a drug, often 
because of competing pathways in the elimination of the compound. Only some pharmacokinetic poly­
morphisms will affect the pharmacological response to the compound, perhaps because of the shape of 
the concentration-effect curve, or because there is no direct relationship between plasma concentra­
tion and effect. Even when the pharmacological response exhibits a difference between phenotypes, 
this does not always translate into a demonstrable difference in therapeutic outcome, because of the 
importance of other factors as determinants of outcome. Hence, the impact of any given polymorphism 
at the molecular level can be determined only by consideration of the functional and clinical conse­
quences of that polymorphism 

inter-genic regions, whilst less likely to lead to a phenotype, may still have func­
tional consequences. 

It is important to distinguish between population-based genetic analysis of a 
disease or drug response and that of the individual patient. Whilst linkage anal­
ysis and SNP mapping may be extremely useful in identifying subtle and/or 
multi-genic factors in modulating response, individualization of patient therapy 
requires more careful consideration of the likely impact of a specific genotype 
(or cluster of genotypes, i.e. haplotype) on therapeutic outcome, in terms of pa­
tient benefit. This may only become apparent after appropriate clinical studies 
(Fig. 3) . 

As indicated in the introduction, drug effect depends on target tissue concen­
tration, and this often parallels plasma concentration. Hence, for drugs relying 
on metabolism for a significant component of their elimination, changes in the 
activity of the enzyme(s) involved will lead to a corresponding change in effect. 
Where that enzyme is subject to genetic polymorphism, this may be reflected in 
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Fig. 4 The importance of the shape of the concentration-effect curve in determining the conse­
quences of a pharmacogenetic polymorphism. Two drugs (A and B) both exhibit a good relationship 
between drug concentration in plasma and pharmacological response. However, the nature of this rela­
tionship differs for the two compounds, with B showing a much flatter response. A polymorphism re­
sulting in a tenfold increase in plasma concentration would result in an increase in response shown by 
the vertical arrows. Whereas this is appreciable for A, for B the increase in response in trivial, and as 
such often would not translate into a discernible difference between the phenotypes 

a genetically determined difference in effect. The magnitude of this effect, if any, 
will depend on the steepness of the concentration-effect curve (Fig. 4) and on 
the width of the therapeutic window (Fig. 2). Hence, polymorphisms of drug­
metabolizing enzymes may lead to under- or over-dosing, with decreased or in­
creased primary pharmacology, or to increased adverse effects due to secondary 
pharmacology or toxicology. 

Until the start of the last decade (early 1990s), genetic analysis of enzymes of 
drug metabolism was largely on the basis of phenotype, using suitable probe 
substrates for the purpose. As the molecular basis of many polymorphisms was 
determined, and molecular biological techniques became more widely dissemi­
nated, phenotyping gave way to genotyping. For most genes, a relatively small 
number of mutations are responsible for the majority of affected alleles. Usually, 
genotyping strategies analyse for all of these. In large-scale studies, such as pop­
ulation screening, a range of high-throughput methods is becoming available, 
often based on mass spectrometry. There are advantages and disadvantages to 
both phenotyping and genotyping. Phenotype assesses function, which may be 
regarded as a major advantage, but this can be affected by factors other than ge­
netics, and is sometimes not stable over time, even within an individual. Geno­
type overcomes this difficulty, but does depend on assessment of relevant alle­
les. Whilst studies to date have focused on alleles implicated in phenotypic ex­
pression, increasingly SNPs are being investigated where the phenotypic conse­
quence, if any, is not known. As indicated earlier, SNPs can affect either expres­
sion or function. However, this is not necessarily an absolute effect, so that 
whilst for some alleles the result is the complete absence of functional protein, 
due to non-expression, instability of product or to critical changes in protein 
structure, for other alleles the result is altered (increased or decreased) expres­
sion or function (increased or decreased). Changes can be quite subtle, with a 
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change in specificity or differential changes in activity, depending on substrate, 
as exemplified in some of the polymorphisms of the esterase PONI (Fig. 3). 

When assessing phenotype with a probe drug (a substrate specific for the 
polymorphic enzyme or one that produces a metabolite specific to that en­
zyme), the drug is often administered a few hours before collecting a plasma 
and/or urinary sample. The exact details of the protocol should be determined 
in optimization studies to establish the most robust conditions for the test. The 
parameter used to define phenotype should be established in population studies 
designed for that purpose, preferably including subjects of defined genotype. 
The most suitable parameter will vary with the probe. Parameters that have 
been used include clearance of parent drug, plasma or metabolite/parent or par­
ent/metabolite ratio, urinary metabolite levels, urinary metabolite/parent or 
parent/metabolite ratio and even the enantiomeric ratio of racemic compounds 
subject to stereos elective metabolism by the polymorphic enzyme. There are 
usually sound pharmacokinetic and/or logistical reasons for the choice of a spe­
cific parameter, and these have been discussed in detail elsewhere (e.g. see 
Streetman et al. 2000). One of the most widely used parameters is the metabolic 
ratio (MR), which is the ratio of parent drug to metabolite in urine over a de­
fined period of time. This ratio varies inversely with metabolic activity, as the 
metabolite is in the denominator. Whilst the ratio is widely used as an inverse 
measure of metabolic activity, it is important to recognize that the numerator 
reflects the renal clearance of parent compound. Although this generally shows 
much less variation than metabolism, there are of course factors that can selec­
tively alter this parameter, and hence the MR, independent of genetics. 

5.2 
CYP2D6 

CYP2D6 is probably the polymorphic enzyme with the greatest impact on the 
metabolism of drugs. It is responsible for the metabolism of more than 50 fre­
quently prescribed drugs, including many used to treat cardiovascular condi­
tions (Eichelbaum et al. 1997). Often CYP2D6 is one of several CYP enzymes re­
sponsible for the metabolism of a drug, such as is the case for mexiletine and 
propranolol. However, there are also many drugs that are metabolized almost 
exclusively by CYP2D6, including a number of those used as beta-adrenoceptor 
antagonists, antiarrhythmics, and sodium channel blockers (Table 1). In these 
cases, the effect of the CYP2D6 polymorphism may have important clinical con­
sequences. 

The activity of CYP2D6 can be determined in vivo using debrisoquine or dex­
tromethorphan (or other suitable compounds) as a probe drug. A number of 
studies using this method have shown a distinct bimodal distribution of meta­
bolic ratios in Caucasians, with 5%-10% being poor metabolizers (PMs) of 
CYP2D6 substrates (Eichelbaum and Gross 1990; Meyer 1994). In contrast, the 
PM phenotype in Orientals is rare (0%-1%) (Sohn et al. 1991). The phenotype 
in Africans has been reported to vary widely (0%-19%) between different coun-
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Table 1 Examples of cardiovascular drugs subject to polymorphic metabolism 

Drug Pharmacological action Metabolism Enzyme(s) 

Alprenolol Beta-blocker 
Amiodarone Antiarrhythmic 
Amlodipine (a channel blocker 
Aprindine Antiarrhythmic 
Dihydropyridine (a channel blocker 
(arvedilol Beta-blocker 
Debrisoquine Antihypertensive 
(withdrawn) 
Diltiazem (a channel blocker 
Encainide Antiarrhythmic 
Felodipine (a channel blocker 
Flecainide Na channel blocker 
Isradipine (a channel blocker 
losartan Angiotensin II inhibitor 
Metoprolol Beta-blocker 

Mexiletine Na channel blocker 
Mibefradil Selective T -type (a 
(now withdrawn) blocker 
Nicardipine (a channel blocker 
Nifedipine (a channel blocker 
Nisoldipine Beta-blocker 
Propafenone 

N-propylajmaline Antiarrhythmic 
Procainamide Na channel blocker 
Propafenone Antiarrhythmic 
Propranolol Beta-blocker 

Quinidine Antiarrhythmic 
Sparteine Antiarrhythmic 
Ticlopidine Platelet aggregation 

inhibitor 
Timolol Beta-blocker 
Verapamil (a channel blocker 
(S)-warfarin Anticoagulant 
(R)-warfarin Anticoagulant 

Aromatic hydroxylation 
De-ethylation 
Dihydropyridine ring oxidation 
Aromatic hydroxylation 

Hydroxylation 
4-Hydroxylation 

Demethylation 
O-demethylation to active metabolite 
Dihydropyridine ring oxidation 
O-dealkylation 
Dihydropyridine ring oxidation 
Oxidation to active metabolite 
Aliphatic hydroxylation and 
O-dealkylation 

2D6 
2(9, 3M, 1A2 
3M 
2D6 
3M, 2D6, 2(9 
2D6 
2D6 

3M 
2D6 
3M 
2D6 
3M 
2(9 (activation) 
2D6 

Hydroxylation 2D6, 1 A2 
Hydroxylation, demethylation, 3M, 
depropylation P-glycoprotein 
Dihydropyridine ring oxidation 3M 
Dehydrogenation 3A4 
Dihydropyridine ring oxidation 3M 
Aromatic hydroxylation, N-dealkylation, 2D6, 3M, UGT 
glucuronidation 
Benzylic hydroxylation 
N-hydroxylation, N-de-ethylation 
Depropylation 
4-Hydroxylation, N-dealkylation, 
side chain oxidation, gluronidation 
3-Hydroxylation, N-oxidation 
Oxidation 
Hydroxylation 

Dealkylation 
N-demethylation, O-demethylation 
Hydroxylation 
Hydroxylation 

2D6 
2D6 
1A2 
2D6, 2D6, 1A2, 
2(19, UGT 
3M,3AS 
2D6 
2(19 

2D6 
3M, 1A2, 2(9 
2(9 
1A2,2(19 

Note that under "Enzyme(s)" the number/letter combinations refer to P4S0 enzymes and should be 
preceded by (YP. 

tries (Eichelbaum and Gross 1990), although most recent studies suggest that 
in the majority of black Africans the occurrence is relatively low (0%-2%) 
(Gaedigk et al. 1991). Inter-ethnic differences have also been observed for exten­
sive metabolizers (EMs). Caucasians have a mean MR of 0.6, whereas Orientals 
have a mean value of 1.0, reflecting a slower rate of metabolism of CYP2D6 sub­
strates (Fig. 5). Overall, Africans also metabolize CYP2D6 substrates more slow­
ly than Caucasians, with a mean MR of 1.0. However, studies performed in dif-
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Fig. 5 Interethnic differences in the population distribution curve for CYP2D6-dependent metabolism. 
Data have been taken from Bertilsson et al. (1992). Several hundred Caucasian and Chinese subjects 
were administered debrisoquine to determine their CYP2D6 phenotype. Data have been expressed as 
the urinary debrisoquine metabolic ratio (MR), the ratio of parent compound to 4-hydroxydebrisoquine. 
This parameter is inversely related to the metabolic activity of CYP2D6, so that subjects towards the 
right of the distribution curves have low activity. The distribution in Caucasians is clearly bimodal, with 
an anti mode at an MR of 12 (black vertical arrow). Subjects with an MR above 12 are classified as PMs 
whilst those with MRs below 12 are classified as EMs. This phenotypic classification has been verified in 
other studies by genotyping. Subjects with MRs around 12 cannot be classified by phenotyping. Note 
the presence of a small number of ultra-rapid metabolizers with MRs less than 0.1. In the Chinese pop­
ulation, there are far fewer subjects with MRs above 12, and the relative absence of PM subjects in 
oriental populations has been confirmed by genotyping in other studies. The grey vertical arrows indi­
cate the median values for the two populations. It is apparent that whilst there are very few PM sub­
jects in the Chinese population, the median MR in EM subjects is greater than that in Caucasian EM 
subjects. It is now apparent that this is due to the high prevalence of an allele in Chinese populations 
(CYP2D6*10) with reduced activity compared with the wild-type protein (encoded by CYP2D6*1), which 
is prevalent in EMs in the Caucasian population (see Table 2) 

ferent countries showed marked variations (0.6-1.5) underlining the extent of 
ethnic heterogeneity in African populations (Masimirembwa and Hasler 1997). 
In addition to this overall trend, there is also a subgroup of subjects that have a 
very low MR «0.2) known as ultrarapid metabolizers (Dahl et al. 1995). This 
phenotype is found in Caucasians, but not in Orientals or most black Africans, 
although it does occur in Ethiopians and Egyptians (Mahgoub et al. 1979; Aklil­
lu et al. 1996). 
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Table 2 Inter-ethnic differences in frequencies of some common alleles for P450 genes 

Allele Caucasians Orientals Africans Ethiopians/Saudis 

Allele frequency (%) 

CYP2C9*2 8- 13 0 2- 3 4 
CYP2C9*3 4--9 2- 3 1 2 
CYP2C79*2 13 23- 32 13-18 14-15 
CYP2C79*3 0 6- 10 0-1 0- 2 
CYP2D6*2xn 1-5 0- 2 2 10-1 6 
CYP2D6*4 12-21 1 2 1- 4 
CYP2D6*5 2-7 6 4 1-3 
CYP2D6* 1O 1- 2 Sl 6 3- 9 
CYP206*17 0 ND 34 3- 9 

Data in this table have been compiled from Aklilliu et at. 2002; Dickmann et at. 2001; Goldstein et at. 
1997; Ingelman-Sundberg 2001; Masimirembwa et at. 1996; Persson et at. 1996; Scordo et al. 2001; Xie 
et at. 1999. 
The low frequency of inactivating alleles of CYP2D6 (*4 and *5) in Chinese and African populations 
is reflected in the small number of PM subjects in these populations. Similarly, there are fewer 
CYP2C9 alleles coding for enzyme with reduced activity in Chinese and Black populations, with cor­
respondingly fewer PMs for this for of P4S0. The high frequency of alleles coding for CYP2D6 enzyme 
with reduced activity (*10 and *17, respectively) in Chinese and African populations results in a shift 
in the median activity of CYP2D6 in EM subjects in these populations to lower values than in Cau­
casians (higher metabolic ratios). The frequency of inactivating alleles of CYP2C19 in Chinese subjects 
is greater than in Caucasians, resulting in more PM subjects for this enzyme in this population. 

The molecular genetic basis of the CYP2D6 polymorphism has been studied 
extensively. At present, well over 50 allelic variants of the CYP2D6 gene have 
been identified, although many of these occur in only a very small number of 
individuals. SNP analysis of the CYP2D6 gene has revealed at least 135 polymor­
phic sites, the consequences of many of which are unknown. From the alleles 
identified in PM subjects, it has been shown that the PM phenotype arises main­
ly because of inheritance of the CYP2D6*4 allele (Table 2). This allele contains a 
splice-site mutation and as a consequence does not produce a functional en­
zyme (Kagimoto et al. 1990). In addition, the CYP2D6*3 allele, which contains a 
frame shift mutation, also produces a PM phenotype (Kagimoto et al. 1990). 
Both of these alleles occur in Caucasians, but not in Orientals or black Africans 
(Table 2). However, a third allele, CYP2D6*5, which is a gene deletion mutant 
(Gaedigk et al. 1991; Steen et al. 1995), occurs at a similar frequency in Cau­
casians, Orientals and black Africans (Table 2). Hence, the low occurrence of 
the PM phenotype in Orientals and black Africans is a result of inheritance of 
only the CYP2D6*5 allele amongst these ethnic populations and the higher rate 
amongst Caucasians is due to inheritance of CYP2D6*3, CYP2D6*4 and 
CYP2D6*5 alleles. 

The higher MR in Orientals compared with Caucasians is due to the 
CYP2D6*1O allele (Table 2). This allele contains a mutation at codon 34 resulting 
in a single amino acid change Pro--->Ser and as a consequence produces an un­
stable enzyme with a lower activity (Yokota et al. 1993). This allele is present at 
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a frequency of 50% in Oriental populations, but only 5% in Caucasians and Afri­
cans (Armstrong et al. 1994). The slower rate of metabolism in Africans is due 
to the CYP2D6*17 allele (Table 2). This allele contains three mutations causing 
amino acid changes, i.e. 107Ser--4 Thr, 206Arg--4Cys and 486Ser--4 Thr and pro­
duces an enzyme with a lower affinity for CYP2D6 substrates (Oscarson et al. 
1997). This allele is present in 15%-34% of Africans, but is essentially absent in 
both Caucasians and Orientals (Masimirembwa et a11996; Droll et al. 1998). 

Ultrarapid metabolizers occur as a result of duplication of the CYP2D6*2 al­
lele. The enzyme produced by the CYP2D6*2 allele has a similar activity to that 
produced by the wild-type CYP2D6*1 allele. However, certain individual may 
inherit 2, 3, 4, 5 or as many as 13 gene copies arranged in tandem and thus pro­
duce proportionately higher amounts of enzyme (Johansson et al. 1993). 

There is a 2- to 5-fold difference between PM and EM individuals in their ca­
pacity to metabolize drugs that are substrates for CYP2D6. Therefore, for drugs 
such as debrisoquine and sparteine that are oxidized by CYP2D6 and not to any 
great extent by other CYP enzymes, the drug serum concentration is highly de­
pendent on this activity. So, individuals that have a PM phenotype will require 
50%-80% less drug to achieve the same serum levels as individuals with an EM 
phenotype. By the same token, if the dose administered to PM subjects is not 
reduced then they are more likely to risk severe side-effects or drug toxicity. 
Several such drugs, including debrisoquine, have been withdrawn from the mar­
ket or had their use restricted as a result of such complications. At the other ex­
treme, ultrarapid metabolizers are likely to metabolize drugs that are CYP2D6 
substrates so rapidly that therapeutic serum concentrations can be reached only 
with difficulty. Conversely, for compounds such as encainide where pharmaco­
logical activity resides mainly in the metabolite (in this case O-desmethylen­
cainide), it is EM subjects that might have an increased risk of pro arrhythmic 
events and this may be particularly so for ultrarapid metabolizers. Even 
amongst EMs, a range of activities is found, with Orientals and Africans having 
lower activities than Caucasians. This suggests that the doses given to individu­
als from different ethnic backgrounds might need to be adjusted appropriately. 

5.3 
CVP2C19 

CYP2C19 catalyses the 4-hydroxylation of S-mephenytoin, but not R-mepheny­
toin (Goldstein and de Morais 1994). The activity of CYP2C19 in vivo can be de­
termined following the administration of a dose of the racemic drug and mea­
surement of the urinary ratio of the S- and R-enantiomers or measurement of 
the level of 4-hydroxy-S-mephenytoin compared to S-mephenytoin (Wedlund et 
al. 1984). Such determinations have shown that a polymorphism in CYP2C19 
activity exists, with 2%-6% of Caucasians (Kupfer and Preisig 1984; Wedlund et 
al. 1984), 14%-22% of Orientals (Wilkinson et al. 1989) and 4%-8% of black 
Africans (Herrlin et al. 1998; Bathum et al. 1999) having a PM phenotype. 
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Molecular genetic analysis has shown that the PM phenotype is due mostly 
to two mutated alleles, although at least fifteen alleles for this gene are now 
known (approx. 80 SNPs). The CYP2C19*2 allele contains an aberrant splice site 
mutation resulting in a defective CYP2C19 protein with no enzymatic activity. 
This allele accounts for the PM phenotype in 83% of Caucasians, 75% of Orien­
tals and 75% of black Africans (de Morais et al. 1994). The CYP2C19*3 allele 
contains a premature stop codon and consequently no functional CYP2C19 pro­
tein. This allele is present in most Japanese PM subjects who do not carry the 
CYP2C19*2 allele (Table 2). Therefore, the PM phenotype in Orientals is due to 
inheritance of either of these two alleles. However, CYP2C19*3 is not found in 
Caucasians or black Africans and other CYP2C19 alleles identified so far are 
quite rare (Table 2). Therefore, it appears that other alleles of functional signifi­
cance remain to be discovered. 

The clinical significance of polymorphisms in CYP2C19 for cardiovascular 
drugs is limited as few are substrates for this enzyme. Although propranolol is 
metabolized by CYP2C19, other CYP enzymes, including CYP2D6, are also in­
volved. Consequently, propranolol metabolism is likely to be reduced only in 
those individuals who are PMs of both CYP2C19 and CYP2D6. 

5.4 
CYP2C9 

Two major allelic variants (from a total of 12 described to date; 60 SNPs) of the 
CYP2C9 gene that affect enzyme activity have been identified in the Caucasian 
population. CYP2C19*2 contains a point mutation resulting in 144Arg---+Cys and 
CYP2C19*3 contains a different point mutation resulting in 359Ile---+Leu (Rettie 
et al. 1994; Sullivan-Klose et al. 1996). The enzymes produced by these allelic 
variants have approximately 12% and 5%, respectively, of the activity of the 
wild-type enzyme produced by the CYP2C9*1 allele (Rettie et al. 1994; Haining 
et al. 1996). The CYP2C9*2 allele is present in 8%-12% of Caucasians but is rare 
amongst Orientals, and the CYP2C9*3 allele occurs in 6%-10% of Caucasians 
and approximately 3% of Orientals (Table 2). 

The most notable significance of this polymorphism is the reduced ability of 
subjects that have the CYP2C9*2 and/or CYP2C9*3 alleles to metabolize the an­
ticoagulant warfarin. Warfarin is a racemic mixture of the S- and R- enan­
tiomers, but S-warfarin is three to five times more potent than R-warfarin as an 
anticoagulant. S-warfarin is metabolized to 7-hydroxywarfarin by CYP2C9, 
whereas R-warfarin is metabolized by several other CYP enzymes, including 
CYP2C19. It has been shown that patients that are homozygous for the 
CYP2C9*3 genotype have extreme sensitivity to S-warfarin, but also a reduced 
rate of metabolism is found in heterozygotes. Patients carrying the CYP2C9*2 
genotype exhibit a milder reduction in activity (Scordo et al. 2002). 

Losartan, which is used as an angiotensin II receptor antagonist, has to be 
oxidized to its carboxylic acid metabolite, known as E-3174, before it is active. 
This reaction is catalysed by CYP2C9. It has been shown that in patients homo-
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zygous for the CYP2C9*3 genotype the rate of conversation of losartan to E-
3174 is much reduced and is also somewhat lower in patients with CYP2C9*1/*3 
and CYP2C9*2/*3 genotypes (Yasar et al. 2002). As a consequence, the levels of 
the bioactive metabolite are reduced in such patients. 

5.5 
Polymorph isms of Other evps 

CYP2A6 characteristically catalyses the oxidation of coumarin to 7-hydroxy­
coumarin (Yun et al. 1991) and is also subject to polymorphism. Two main mu­
tated alleles (of 16 alleles reported to date; 80 SNPs) that result in loss of 
CYP2A6 activity have been found. These are CYP2A6*2, which contains a point 
mutation leading to 160Leu-+His in the enzyme. This form of CYP2A6 is inac­
tive (Yamano et al. 1990). The other is CYP2A6*3, which contains several alter­
ations as a result of gene conversion between CYP2A6 and CYP2A7, and the en­
zyme is also catalytically inactive (Fernandez-Salguero et al. 1995). However, 
few drugs and none that are commonly used in cardiovascular medicine are 
known substrates for CYP2A6. 

The CYP2B6 enzyme is expressed at detectable levels in the liver of about 
20% of individuals, suggesting that expression may be due to polymorphism. A 
number of alleles of CYP2B6 have been described (nine to date), and those 
(CYP2B6*3 and CYP2B6*5) carrying a 487 Arg-+Cys mutation appear to result 
in reduced expression levels of the enzyme. Other alleles have been reported to 
code for enzyme with reduced activity. As yet there is insufficient information 
to draw any definite conclusions concerning the impact of the various polymor­
phisms reported for this enzyme. Furthermore, CYP2B6 has not been implicat­
ed as a key enzyme in the metabolism of any pharmaceutical drug. 

CYP3AS is expressed at high levels in a minority (approximately 10%-30%) 
of Caucasians. Such individuals carry at least one CYP3A5*1 allele. Single-nucle­
otide polymorphisms in the CYP3A5*3 and CYP3A5*6 alleles have been shown 
to cause alternative splicing and protein truncation and loss of CYP3A5 expres­
sion (Kuehl et al. 2001; Hustert et al. 2001). CYP3A5 catalyses the metabolism of 
the same drugs as CYP3A4; CYP3A4 is often the predominant form in liver and 
its expression does not appear to be subject to any major functional polymor­
phisms. This suggests that CYP3A5 polymorphisms are of little relevance. 

5.6 
Other Genetic Variants of CYPs 

There are a large number of other known genetic variants of CYP genes, includ­
ing the genes mentioned above and others that have not been mentioned such 
as CYP1Al, CYP1A2 and CYP2El. Most of the variants, although polymorphic, 
have no obvious effect on the level of expression or activity of the enzymes that 
they encode. Hence these changes are considered as non-functional polymor­
phisms. 
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5.7 
Polymorph isms of Other Phase I Enzymes 

Alcohol dehydrogenase (ADH) is a dimeric enzyme that catalyses the conver­
sion of alcohol into acetaldehyde. Seven ADH genes have been reported, three 
of which (class I ADH) encode alpha, beta and gamma subunits, respectively, 
which dimerize in various combinations. These genes (ADH1A, ADH1B and 
ADH1C) were previously designated ADH1, ADH2 and ADH3, respectively. 
Three alleles of the ADH1B gene (formerly ADH2) have been well characterized. 
These were previously designated /31, /32, and /33 and are now known as 
ADH1B*1, ADH1B*2 and ADH1B*3, respectively (Osier et al. 2002). The *2 allele 
encodes for a high activity subunit that is the product of a single mutation 
(47Arg-+His). Individuals inheriting at least one *2 allele have a high enzyme 
activity (Osier et al. 2002). Whereas only 5%-20% of Caucasians carry the *2 
allele, it is present in approximately 85% of Asians, who therefore metabolize 
alcohol more rapidly (Goedde et al. 1992). Acetaldehyde is further metabolized 
to acetic acid by another polymorphic enzyme, acetaldehyde dehydrogenase 2 
(ALDH2), a member of a family of at least three similar enzymes. A point muta­
tion in a mutant allele for ALDH2 (ALDH2*2) leading to 487Glu-+Lys produces 
an enzyme with reduced activity (Yoshida et al. 1984). Approximately 50% of 
Asians are homozygous for the mutant allele (Goedde et al. 1992). If such indi­
viduals (especially those with an ADH1B*2 genotype) consume ethanol this will 
be converted into acetaldehyde, which, not being cleared rapidly, will cause 
flushing due to dilatation of facial blood vessels and in extreme cases may cause 
acetaldehyde toxicity. 

A polymorphism in flavin monooxygenase was first identified in chickens 
that produced bad smelling eggs. This defect was found to be due to a deficiency 
in the FM03 gene (one of at least six genes in this family) and causes trimethy­
laminuria or fish odour syndrome (Treacy et al. 1998; Krueger et al. 2002). How­
ever, in humans this condition is very rare. Nevertheless, a number of other alle­
les resulting in a less dramatic phenotype have been described (Fumes et al. 
2002). Substrates for which FM03 plays a significant role in their metabolism 
include nicotine, cimetidine, ranitidine and clozapine. 

Catchol-O-methyltransferase (COMT) is responsible for the biotransforma­
tion of neurotransmitters such as norepinephrine and drugs such as L-DOPA. A 
mutant allele, COMT*2, which is due to a point mutation (58Val-+Met), results 
in an enzyme with lower activity and reduced stability. The allele frequency is 
about 50% and the resultant polymorphism is thought to be related to a number 
of neuropsychiatric conditions (Lachman et al. 1996). 

Thiopurine methyl transferase (TPMT) catalyses the conjugation of the meth­
yl group of S-adenosyl methionine to aromatic and heterocyclic sulphydryl sub­
strates, for example, to the antihypertensive drug captopril. It has been reported 
that 11 % of Caucasians are heterozygous and 0.3% are homozygous with respect 
to TPMT deficiency (McLeod and Siva 2002). This is due to at least two mutant 
alleles. The TPMT*2 allele encodes for a point mutation (80Ala-+Pro) that re-
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sults in an enzyme with lower catalytic activity (Krynetski et al. 1996). The 
TPMT*3 allele encodes for a variant enzyme with 1 54Ala---'> Thr and 
240Tyr---'>Cys, which is unstable and rapidly degraded resulting in levels 100-fold 
lower than those found for the wild type enzyme (Tai et al. 1996). 

5.8 
Polymorph isms of Phase II Enzymes 

UDP-Glucuronosyltransferases (UGTs) catalyse the glucuronidation of a wide 
variety of substrates. Genetic polymorphisms have been described for six of the 
16 UGT genes, i.e. UGTlAl, lA6, lA7, 2B4, 2B7 and 2B15. However, of these 
only that affecting UGTlAl has been demonstrated to be of functional signifi­
cance (Miners et al. 2002). 

Members of the sulphotransferase (-SULT) superfamily catalyse the sulphation 
of a multitude of xenobiotics, hormones and neurotransmitters. Humans have 
at least ten functional SULT genes, and genetic polymorphisms have been de­
scribed for three of them. Several allelic variants have been described that differ 
in their functional properties, but at present little is known about SULT allele 
frequencies in different population groups or their relevance for the clinical use 
of drugs subject to metabolism by sulphation (Coughtrie and Johnston 2001). 

Glutathione S-transferases (GSTs) catalyse the addition of a glutathione moi­
ety onto a variety of drugs. Population studies have shown that both the GSTMl 
and GSTTl genes are frequently deleted to produce null genotypes. The allele 
frequencies for GSTM1-null and GSTTl-null are 74% and 38%, respectively. The 
GSTPl gene also has several allelic variants containing single amino acid chang­
es that affect both protein stability and substrate specificity (Daly 1995; Hayes 
and Pulford 1995). Whilst of considerable importance for environmental chemi­
cals, conjugation with glutathione is much less important in the disposition of 
therapeutic drugs and there are no good examples of a clinically relevant conse­
quence of such a polymorphism. 

N-Acetyltransferase (NAT) enzymes are responsible for the acetylation of a 
large number of drugs. A polymorphism in acetylation activity was first discov­
ered from use of the anti-tuberculosis antibiotic isoniazid when it was found 
that 60% of patients excreted the drug unchanged in the urine and 25% excreted 
inactive metabolites (Vatsis et al. 1995). It is now known that there are at least 
two NAT genes, NATl and NAT2, and it is multiple alleles at the NAT2 gene locus 
that are responsible for the acetylation phenotype. The wild-type gene is 
NAT2*4 and mutant NAT2 alleles are named as NAT2*5-19 (Hein 2002). Exam­
ples of cardiovascular drugs subject to polymorphic acetylation include pro­
cainamide and hydralazine. Slow acetylators are at increased risk of developing 
anti-nuclear antibodies on treatment with hydralazine and procainamide, and 
some subjects may develop drug-induced lupus. The evidence for a link between 
lupus and acetylator phenotype is stronger with hydralazine than with procain­
amide. 
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6 
Polymorph isms in P-Glycoprotein 

Amongst the ABC transporters, P-glycoprotein appears to be that most involved 
in the transport of xenobiotic compounds. It has been the most extensively 
studied for polymorphisms, and to date almost 30 SNPs have been described. 
Several of the mutations are thought to be silent but some are predicted to have 
functional consequences by coding for a different amino acid in an important 
domain of the protein. One of the silent mutations, C3435T results in reduced 
expression of P-glycoprotein, possibly through linkage disequilibrium with a 
functional polymorphism. There is a prevalence of 25%-30% for subjects ho­
mozygous for the C3435T polymorphism in Caucasian populations. Prevalence 
in Asians may be slightly lower, at 20%-25%, whereas in black Africans, in both 
Africa and America, it is much reduced, at 0%-5% (Ameyaw et al. 2002). 

Digoxin plasma concentration is increased by approximately 40% and clear­
ance is reduced by approximately 25% in subjects homozygous for the C3435T 
allele (Hoffmeyer et al. 2000). However, not all substrates for P-glycoprotein 
were affected by this polymorphism, e.g. cyclosporine, talinolol. Hence, the 
overall clinical significance of this polymorphism of P-glycoprotein has yet to 
be determined. 

7 
Impact of Genetic Polymorphisms of Drug Metabolism 
on Overall Variability in Drug Effect 

Genetic polymorphism is just one of several sources of variability in the metab­
olism and kinetics of drugs used to treat cardiovascular diseases (see Fig. 6). As 
such, care should be taken in interpreting its implications for patient therapy. 
As indicated in Sect. 3.6.1, the magnitude of the impact will depend on a num­
ber of different factors. 

1. The penetrance of the polymorphism: i.e. the magnitude of the difference 
in metabolism between phenotypes. Whilst some polymorphisms result in 
a complete absence of activity in the PM phenotype, others result in a more 
modest reduction in activity or even a change in specificity. The impact that 
this will have on drug effect will depend on the factors discussed below. 

2. The frequency of the poor metabolizer phenotype: the fewer the number of 
PMs the less the overall impact of phenotypic variation on population re­
sponse. The issue of whether identifying such individuals would be advan­
tageous would then depend on the other factors discussed here such as the 
magnitude of any benefit and the risk (if any) of treating blindly. 

3. The steepness of the concentration-effect curve: where this is shallow, even 
an appreciable change in concentration, for example such as might occur 
between genotypes, would be associated with only a very modest change in 
effect. 
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Fig. 6 Factors contributing to variability in drug response. Many factors can influence variability in drug 
response through an effect on the pharmacokinetics, pharmacodynamics, drug use or subtle psycholog­
ical factors. Sometimes, one factor can dominate, but often, random variability in other factors will tend 
to reduce the clear separation between sub-groups classified on the basis of a single variable 

4. The width of the therapeutic window: this is related to the preceding item, 
the shape of the concentration-effect curve. When the therapeutic window 
is wide, even relatively large changes in drug concentration can be tolerated 
without any toxicity. 

5. The contribution of the polymorphic pathway to the elimination of the 
drug: it is almost axiomatic that for a polymorphism to playa significant 
role in the effect of a drug, that pathway must make a significant contribu­
tion to the fate of the drug. Where it represents a more modest fate of the 
compound, say not more than 50%, even the complete absence of the path­
way would result in, at most, a twofold decrease in clearance. Where a drug 
is subject to extensive presystemic elimination, this might result in a more 
than doubling of bioavailability. However, in most cases, there will be little 
impact on the effects of the compound. Exceptions would be when elimina­
tion is normally close to saturation, or when there is a very narrow margin 
between acceptable and toxic levels. 

6. The pharmacodynamics of the drug: even a dramatic difference in metabo­
lism between phenotypes may not be of clinical importance when the af­
fected pathway is responsible for the generation of a pharmacologically ac­
tive metabolite. The extent to which this is the case will depend upon the 
efficacy of the metabolite and its kinetics. If it is much more short-lived 
than the parent, the polymorphism could well have an effect on outcome. 
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7. Other sources of variability in either the kinetics or dynamics of the com­
pound: polymorphic drug metabolism is only one possible source of vari­
ability that might influence effect. However, there are numerous other pos­
sible sources, including the influence of the disease process itself. When try­
ing to individualize patient therapy, an obvious consideration is the extent 
to which accounting for genotype will influence therapeutic outcome. If 
substantial variability remains after allowing for genotype, then the benefit 
to the patient will be minimal, and some other strategy needs to be consid­
ered such as plasma level monitoring. 

8. The extent to which the effect of the drug can be monitored: where the end 
point of concern can be readily assessed and the kinetics of the drug are 
such that dose adjustments are rapidly effective, it may be argued that to 
some extent genetic heterogeneity in drug metabolism is not relevant, as 
the pharmacological effect is more proximal to clinical outcome than plas­
ma concentration or indeed the alleles coding for even the major pathway 
of elimination. 

Whilst there are certainly examples where a genetic polymorphism in drug 
metabolism can be shown to result in an appreciable difference in response be­
tween phenotypes, this is often in healthy volunteers (see Figs. 1 and 6). The ex­
tent to which this translates into a similar difference in patients needs to be es­
tablished in adequate investigations before any therapeutic strategy incorpo­
rates dose adjustment on the basis of genotype. In a number of instances, other 
sources of variability may be such that there will be no benefit to the patient by 
stratifying on the basis of genotype for a drug-metabolizing enzyme. 

It is important to distinguish between population and individual impact of 
polymorphisms in drug metabolism. For example, it might be possible to 
demonstrate that a significantly greater number of PM subjects exhibit side ef­
fects of a drug in a population study of perhaps 100 patients in each phenotype. 
Perhaps 20% of EM subjects and 30% of PM subjects experience side effects, 
with a p-value of 0.001, i.e. the difference is certainly real. However, these data 
clearly demonstrate a) not all (or even the majority) of PM subjects experience 
side effects and b) even an appreciable number of EM subjects experience side 
effects. The question then arises as to whether there is any benefit to the indi­
vidual patient in genotyping, and this can only really be answered in adequate 
clinical trials. 

8 
Conclusions 

It is now apparent that the genes for essentially all of the enzymes of drug me­
tabolism exhibit genetic heterogeneity. To date, most of the polymorphisms 
identified have been in the coding region of the gene, but increasingly polymor­
phisms in regulatory regions are being identified, and this will increase as the 
various SNP projects mature. However, the presence of a single nucleotide poly-
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morphism does not necessarily mean that there will be a functional conse­
quence. Even when a polymorphism is functional, it does not necessarily result 
in a significant change in the kinetics of a drug, much less in the response to it. 
This will depend on several factors, including the extent to which enzyme activ­
ity is affected, the proportion of the clearance of the drug for which the poly­
morphic enzyme is responsible, the steepness of the concentration-effect curve 
and the width of the therapeutic window. Careful consideration of each of these 
issues often allows rational prediction of clinical relevance. Ultimately, this can 
be evaluated in focused clinical trials. It is important for the physician not to 
labour under the misconception that all drugs subject to metabolism by a poly­
morphic enzyme will necessarily exhibit marked variability between genotypes. 
Indeed, sometimes intra-genotype variability can be considerable and pose sig­
nificant therapeutic challenges. 

When the metabolism of a drug relies to such an extent on a single enzyme 
that genetic polymorphism of that enzyme results in marked inter-genotypic 
differences, this indicates the potential for drug-drug interactions in EM sub­
jects. This is because clearance in these subjects is heavily reliant on a single en­
zyme and hence modulating the activity of that enzyme by a co-administered 
drug can markedly affect elimination, either by induction or inhibition. In PM 
subjects, no such interaction is anticipated, as the induced/inhibited enzyme is 
not present. 

It is often argued that the availability of extensive information on genetic 
control of drug-metabolizing enzymes will lead to individualization of drug 
therapy. However, there are reasons to question this view as a widespread conse­
quence of such knowledge. The pharmaceutical industry is striving to develop 
drugs with better margins of safety, so that some variation in plasma concentra­
tion could be more readily tolerated. The need to match each patient individual­
ly for genotype, drug and dose schedule will have substantial implications for 
the costs of health care. That is not to say that there would not be some benefit, 
but this needs to be assessed in adequate clinical trials, not just assumed as an 
article of faith. 

Pharmacogenetics has undergone rapid expansion over that last few years. A 
major consequence of this has been an attempt by most pharmaceutical compa­
nies to eliminate any candidate compound that is subject to metabolism by 
polymorphic enzymes as early as possible in drug discovery. The wisdom of this 
is perhaps open to some question. Of course, the information needed to assess 
accurately the likely clinical impact is not available until relatively well into the 
R&D process. However, by eliminating a role for polymorphic enzymes, there 
maya tendency to select for molecules more likely to be substrates for other en­
zymes such as CYP3A4 or indeed for P-glycoprotein transport. Given the in­
terindividual variability that exists in the activity of CYP3A4 and its liability to 
drug-drug interactions, this may still result in attrition, and indeed has claimed 
several recent casualties. Substrates for polymorphic enzymes should probably 
be eliminated only when this is the only enzyme responsible for the major part 
of their elimination (75% or more). 
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Abstract Atherosclerotic cardiovascular disease is the leading cause of morbidi­
ty and mortality in the developed world and is a rapidly growing epidemic in 
less developed countries. Atherosclerosis is a complex disease with both envi­
ronmental and genetic determinants. Genetic susceptibility is governed by an 
unfavorable combination of variants in genes involving multiple pathways, each 
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with small quantitative effects on gene function. However, our understanding of 
the genes and mutations involved is limited. This chapter will use specific exam­
ples from both humans and murine models of atherosclerosis to illustrate the 
utility of genetic analysis to (1) identify polymorphisms in atherosclerotic sus­
ceptibility genes that will enhance our ability to both stratify patients according 
to risk and to develop targeted therapeutics based on an individual genotype 
and (2) identify new genes/pathways that contribute to atherosclerosis that may 
be new targets for drug action. 

Keywords Arteriosclerosis· Pharmacogenetics· Mice· Polymorphism· Heart· 
Cardiac 

1 
Introduction 

Atherosclerotic cardiovascular disease (CVD) is the leading cause of morbidity 
and mortality in the developed world, with 50% of deaths directly attributable 
to atherosclerosis through coronary artery disease (CAD), myocardial infarction 
(MI), or cerebrovascular accident (CVA). Worldwide, CVD causes 17 million 
deaths/year and by the early part of the twenty-first century CVD is projected to 
be the leading cause of death, accounting for an estimated 40% of all deaths 
(Anonymous 1999, 2002a, b). Atherosclerosis also plays a major role in the 
pathogenesis of congestive heart failure, renal failure and severe peripheral vas­
cular disease as well as contributing to some forms of dementia and impotence 
(Ross 1993, 1999). The consequences of atherosclerosis place an enormous bur­
den on health care systems worldwide; in the US alone costs are estimated at an 
annual rate of $250 billion (Anonymous 2002a). 

Atherosclerosis and arteriosclerosis refer to the same process in different ves­
sels (the former refers to large conduit arteries whereas the latter refers to 
smaller resistance vessels within end organs (Turner and Boerwinkle 2000), but 
only the term "atherosclerosis" will be used in this chapter. The pathological 
process of atherosclerosis is continuously progressive, yet the natural history is 
so orderly that discrete stages of lesion development can be defined by the pres­
ence of certain cell types and by other histopathological characteristics (Stary et 
al. 1995). Early atherosclerotic lesions, called fatty streaks, consist of lipid-laden 
macrophages within the intima of the vessel wall and are usually present by ear­
lyadulthood. Intermediate atherosclerotic lesions contain multiple layers of foa­
my macrophages and vascular smooth muscle cells. These lesions progress to 
advanced plaques characterized by necrotic cores, cholesterol clefts and fibrous 
caps (Davies 2001; Glass and Witztum 2001; Lusis 2000; Ross 1993). 

The progression of atherosclerotic lesions over time is highly variable, but 
our current understanding of atherosclerosis, articulated in a landmark review 
in 1993 (Ross 1993), is that atherosclerosis is a self-perpetuating inflammatory 
disease driven by the response to vascular injury. By extension, any stimulus 
that causes vascular injury (such as hypertension or diabetes mellitus) is a po-
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Fig. 1 Factors that influence atherosclerosis. 
Atherosclerosis results from a complex 
amalgam of genetic and environmental 
determinants that initiate or modify the 
response to vascular injury 

Fig. 2 Atherosclerosis through the lens. 
Left panel: Genetic susceptibility to athero­
sclerosis, whether favorable small arrows) 
or unfavorable (heavy dark arrow), which 
can be altered by environmental conditions. 
These environmental conditions can either 
magnify or dissipate the effect of the 
genetic background. Right panel: Environ­
mental susceptibility to atherosclerosis can 
be magnified or dissipated by the genetic 
makeup of the individual 

tential risk factor and any gene that can initiate or alter the response to vascular 
injury is a potential modifier of atherosclerosis (Fig. 1). Injurious stimuli can be 
both extrinsic (as in the case of dietary fat intake or smoking) and intrinsic (as 
in the case of genetically determined hypercholesterolemia). Thus, as illustrated 
in Fig. 2, the susceptibility to atherosclerosis is a complex amalgam of gene/en­
vironment interactions (Boerwinkle et al. 1996; Ellsworth et al. 1999; Glass and 
Witztum 2001; Lusis 2000; Peyser 1997; Ross 1999; Rubin and Tall 2000; Winkel­
mann and Hager 2000; Winkelmann et al. 2000). Through large epidemiological 
studies, we understand some of the risk factors for the progression of athero­
sclerosis such as hypercholesterolemia, hyperlipidemia, smoking, age, obesity, 
male sex, and family history. Although we use these risk factors (as in the Fram­
ingham scheme) to estimate the lifetime relative risk of MI, it is thought that 
only about 50% of the possible risk factors have been identified (Castelli 1996; 
Valdes et al. 2001). Some degree of hypercholesterolemia is required for the de­
velopment of atherosclerosis as shown by studies demonstrating that CVD 
rarely develops in those with total cholesterol in the range of 125-140 mg/dl 
(Castelli 2001). Equally clear is that extreme elevations of cholesterol are univer­
sally associated with early, advanced atherosclerotic disease. However, most MIs 
and CVAs happen in people with normal or moderately elevated cholesterol and 
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at present we have a very limited ability to identify the patients at greatest risk 
(Castelli 2001). 

The purpose of this chapter is to illustrate the utility of genetic analysis to 
provide insight into the pathogenesis and treatment of atherosclerosis. To that 
end, the first major theme of this chapter will be an overview of known genetic 
polymorphisms that may prove useful both for risk stratification and for the de­
velopment of targeted therapeutics based on individual genotype. Emphasis will 
be on the most well-validated polymorphisms that have been evaluated by phar­
macological studies. The second major theme is the utility of parallel experi­
ments in humans and animal models to increase our understanding of the basic 
pathogenesis of atherosclerosis and identify new targets for drug action (Fig. 3). 
The final theme is a discussion of both the future of genetic analyses in humans 
and mice, as well as some of the limitations of these studies. 

2 
Genetic Analysis of Atherosclerosis: Risk Stratification 
and Pharmacogenetics 

2.1 
Rationale 

The importance of genetic susceptibility to atherosclerosis is illustrated by 
familial aggregation of coronary artery disease (CAD), even after controlling for 
established risk factors, and by studies in monozygotic twins which show an 
8- tolS-fold increased risk of death from CAD in the remaining twin when the 
other twin died prematurely from this disease (Colditz et ai. 1991; Marenberg et 
ai. 1994; Nora et ai. 1980; Williams et ai. 1993). The heritability of atherosclero­
sis (the percentage of the disease that can be accounted for by genetics) is esti­
mated at more than SO% (Lusis 2000; Sing and Moll 1989) and is thought to be 
due to an unfavorable combination of variations in multiple genes. However, the 
genes that control this variability in susceptibility are not well defined (Lusis 
2000; Peyser 1997; Winkelmann and Hager 2000; Winkelmann et ai. 2000). 
Therefore, the identification of the genetic mutations that modify the suscepti­
bility to atherosclerosis is of paramount importance for the purposes of risk as­
sessment and pharmacogenetics. 

Traditionally, pharmacogenetics refers to differences in drug metabolism 
caused by genetic variation (see the chapter by Boobis et aI., this volume, and 
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Ellsworth et aI. 1999; Turner et al. 2001 b), but in the postgenomic era the term 
has come to include tailoring drug therapy based on genetic variants in 
atherosclerotic modifiers (Wilkins et aI. 2000). Although pharmacogenetics in 
the latter sense is a field in its infancy, particularly for CVD (Fig. 4), it holds 
considerable interest for both the CVD scientific community and for the lay 
public (Gorman 2001; Kolata 1999). With the cost of sequencing an individual 
human decreasing rapidly, it is reasonable to assume better individualized drug 
therapy for the prevention of disease will become increasingly important. To 
fulfill this promise, however, the identification of specific genetic modifiers of 
atherosclerosis is essential. 

The study of genetic modifiers of atherosclerosis is conducted using associa­
tion and linkage analyses, which are reviewed extensively elsewhere (see the 
chapters by Tate and Goldstein and Winkelmann et aI., this volume, and 
Boerwinkle et al. 1996, 2000; Broeckel et al. 2002; Collins et al. 1997; Hauser and 
Pericak-Vance 2000; Klos et al. 2001; Kraus 2000; Peacock et al. 2001; Pelton en 
and McKusick 2001; Peyser 1997; Risch and Merikangas 1996; Winkelmann and 
Hager 2000; Winkelmann et al. 2000). Through these types of studies, numerous 
genes in humans have been tested for their relationship to atherosclerotic sus­
ceptibility. While dozens of gene polymorphisms have been associated with ath­
erosclerosis, few have been validated with large-scale studies or tested for phar­
macogenetic effects. Thus, although we are beginning to see a tidal wave of ge­
netic information emerging from the genome project and large-scale single nu­
cleotide polymorphism (SNP) mapping projects (Cargill et aI. 1999; Halushka et 
aI. 1999; Lander et aI. 2001; Venter et aI. 2001), this data has not yet been trans­
lated to the clinical setting. Nonetheless, there are several good examples of 
polymorphisms that are well-substantiated by both human and animal research. 
This section of the chapter will focus on a few prototypical examples from path­
ways involved in lipid metabolism or blood pressure (BP) homeostasis (also see 
the chapters by Winkelmann et al. and O'Shaughnessy and Wilkins, this vol­
ume) to illustrate the potential clinical use of genetic analysis for risk stratifica­
tion and pharmacogenetics. 
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2.2 
Lipid Pathways: Apolipoprotein E, Lipoprotein Lipase, 
Cholesterol Ester Transfer Protein 

Apolipoprotein E (apoE) is an amphipathic protein that plays a pivotal role in 
lipoprotein trafficking. ApoE is a constituent of chylomicrons, VLDL, LDL, and 
HDL, and acts as a ligand for the receptor mediated clearance of these particles 
(Mahley 1988; and the chapter by Winkelmann et aI., this volume). The human 
APOE gene is polymorphic at two nucleotides, resulting in three alleles, £2, £3, 
£4, which code for three isoforms E2, E3, E4. Among other things, these iso­
forms differ with respect to their affinity for hepatic lipoprotein receptors 
(E4>E3>E2), and to their effect on plasma cholesterol levels (E2 tends to lower 
and E4 tends to raise cholesterol compared to E3). Experiments in mice that 
have been humanized, in a sense, to express human E2, E3 or E4 instead of the 
native apoE have shown that the small differences in protein structure coded by 
these alleles are functional and they differ markedly in plasma retention of 
lipoproteins and atherosclerosis risk (Knouff et aI. 1999; Sullivan et aI. 1998). In 
humans, the £4 allele is one of the few polymorphisms that has been shown re­
peatedly to be a predictor of CVD/MI (Boerwinkle et aI. 1996; Eichner et aI. 
1993; Stengard et aI. 1995; Wilson et al. 1994; Winkelmann et al. 2000) and thus 
is a potentially important gene for risk stratification. The APOE gene variants 
also differ with respect to the effect of statin therapy: individuals with an £4 al­
lele have a lesser response and those with an £2 allele have a greater response to 
statins versus £3/£3 individuals (Carmena et al. 1993; Ojala et al. 1991; Ordovas 
et al. 1995). 

Another gene with variants that may be important for assessing risk and tai­
loring therapy is the lipoprotein lipase (LPL) gene. LPL is involved in the pro­
duction of HDL through the hydrolysis of triglycerides in chylomicrons and in 
VLDL. The most common polymorphism in the LPL gene (Ser447Ter) has a 
beneficial effect on HDL cholesterol and has been associated with a decreased 
risk of CAD based on both a population study and a meta-analysis of 20,903 
subjects (Galtonet al. 1996; Winkelmann et al. 2000; Wiurup et al. 1999). Thus, 
this relatively common variant (carrier frequency about 20%) may become im­
portant for risk stratification. 

A final example from lipid pathways is the gene for cholesteryl ester transfer 
protein (CETP), which is a key player in the metabolism of high-density lipo­
protein. In one study of 807 patients, those that were homozygous for a TaqI 
polymorphism in intron 1 of this gene not only had more severe coronary dis­
ease, but also had a greater response to statin therapy (Kuivenhoven et al. 1998). 
While these results are somewhat controversial (Winkelmann et al. 2000), fur­
ther studies are needed to demonstrate whether the CETP gene will prove useful 
for risk assessment and pharmacogenetics. 
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2.3 
Blood Pressure Pathways: Angiotensinogen, Angiotensin-Converting Enzyme, 
G-Protein f33 Subunit, a-Adducin 

The renin/angiotensin/aldosterone system (RAAS) plays a crucial role in BP and 
blood volume homeostasis and is one of the most well-characterized pathways 
in human physiology. Angiotensin (AGT) sits at the head of this pathway, and a 
polymorphism in the AGT gene (Met235Thr) has been shown to increase circu­
lating levels of AGT and, through linkage analysis, to be associated with essential 
hypertension (HTN) (Jeunemaitre et al. 1992). The initial linkage of AGT to 
HTN was an important milestone, yet the association of this locus with HTN 
did not prove that quantitative changes in AGT levels could cause changes in 
BP. As will be discussed in more detail later in the chapter, genetic studies in the 
mouse are very effective at testing causation. By using an ingenious gene titra­
tion approach in mice, Kim and Smithies (Kim et al. 1995) were able to demon­
strate that varying the copy number of the Agt gene (from one to four copies of 
the gene) resulted in linear changes in both AGT plasma levels and BP. The rela­
tionship of the AGT polymorphism to human CVD/MI is less certain, with sev­
eral studies reporting a positive association (Katsuya et al. 1995; Winkelmann et 
al. 1999) but others reporting no association (Ludwig et al. 1997; Tiret et al. 
1995). Nevertheless, this variant may have effects on the response to anti-hyper­
tensive therapy, as the Thr235 allele is associated with a greater response to an­
giotensin converting enzyme (ACE) inhibitors (Hingorani et al. 1995). 

Another gene in this pathway that has been extensively investigated is the 
ACE gene, partly because of the clinical efficacy of drugs that interfere with this 
pathway and decrease BP and CVD mortality (Yusuf et al. 2000b). One inser­
tion/deletion (liD) mutation in the ACE gene (defined by either the presence or 
absence of a 250-bp fragment in the coding sequence) has received particular 
attention because of its influence on plasma ACE activity (Rigat et al. 1990). 
While controversy exists as to the contribution of this ACE polymorphism to 
MIICVD, most large-scale studies have been negative (Agerholm-Larsen et al. 
1997; Cambien et al. 1992; Katsuyaet al. 1995; Keavney et al. 2000; Lindpaintner 
et al. 1995; Winkelmann and Hager 2000; Winkelmann et al. 1996), suggesting 
that this polymorphism is not important in risk stratification. In mice, varying 
the copy number of the Ace gene (from one to three copies) results in a change 
in plasma ACE activity but does not affect either BP or atherosclerosis risk 
(Krege et al. 1997a, b; Smithies et al. 2000), suggesting that moderate changes in 
ACE activity, analogous to the situation in humans homozygous for the I allele, 
may not result in an overt clinical phenotype. Nevertheless, the human lID poly­
morphism may play a role in pharmacogenetics. Although some studies have 
not demonstrated a difference in blood pressure response to ACE inhibitors, 
calcium channel blockers or ,B-adrenergic blockade (,B-blockers) (Dudley et al. 
1996; Hingorani et al. 1995; Sasaki et al. 1996; Turner et al. 200lb), a recent 
study of 328 patients with heart failure demonstrated that patients with a D 
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allele of the ACE gene had a worse prognosis, which could be improved by 13-
adrenergic blockade (McNamara et al. 2001). 

Although a link to atherosclerosis has not been established, two further ex­
amples of genetic polymorphisms that may affect the response to drug therapy 
emphasize the expanding role of pharmacogenetics. Recently, a polymorphism 
(Cys825Thr) in the f3rsubunit of G proteins encoded by the gene GNB3 was 
found to influence the response of BP to mono therapy with hydrochlorothiazide 
(HCTZ) in a study of almost 400 subjects: TT homozygotes had a greater re­
sponse (by 6 mmHg) compared to CC homozygotes, with heterozygotes display­
ing an intermediate phenotype (Turner et al. 2001a). Thus, this polymorphism 
may be important in tailoring antihypertensive therapy. Guided by findings in 
Milan hypertensive rats, similar studies involving adducin (a heterodimeric cy­
to skeletal protein involved in renal tubular reabsorption of sodium) have dem­
onstrated that patients that are heterozygotes for a Trp460 variant of the a-ad­
ducin gene have a greater response to diuretic therapy than Gly460 homozy­
gotes (Cusi et al. 1997; Glorioso et al. 1999), although its relationship to essential 
HTN and atherosclerosis remain in question (Bray et al. 2000b). 

3 
The Interplay Between Genetic Analyses of Atherosclerosis in Humans 
and Animal Models: Pathogenic Insights and New Targets for Therapy 

3.1 
Rationale 

Since pioneering epidemiological studies in the 1940s-1960s, major strides have 
been made in the treatment of CVD (Braunwald 199'7). In the last 50 years, mor­
bidity and mortality have decreased in the developed world (Tyroler 2000). Most 
of the early gains were due to the peri-MI rescue of patients with advanced car­
diac disease and paralleled the rise in coronary care units (Braunwald 1997). 
Later gains (especially over the last 20 years) can be partly credited to better 
control of modifiable risk factors and partly to advances in pharmacological 
and interventional therapy (Rosamond et al. 1998). As in all areas, drug therapy 
for CVD has been guided by a better understanding of the pathogenesis of ath­
erosclerosis, and our understanding is increasingly governed by our knowledge 
of the genetic basis of the disease. 

Despite great progress in the development of certain highly effective medica­
tions for the prevention of CVD, our pharmacological armamentarium is still 
limited to medications in a handful of classes that work though a relatively small 
number of pathways. For instance, treatment of hyperlipidemia is mostly limit­
ed to the use of statins, niacin (or niacin derivatives), bile acid sequestrants, 
and fib rates (such as fenofibrate and gemfibrozil). Similarly, chronic HTN is 
managed with drugs acting principally through four major mechanisms: block­
ade of the RAAS with ACE-I or angiotensin receptor blockers (ARBs); calcium 
channel blockade; induction of diuresis (with thiazide or loop diuretics); and 
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Fig. 5 The dynamic relationship between human and mouse studies. Genetic analysis of atherosclerosis 
benefits from going back and forth between humans and mice. This approach is useful both for testing 
hypotheses, finding new targets, and reaching a better understanding of pathogenesis 

blockade of adrenergic signaling. The use of genetic analysis to identify new 
players and pathways in the pathogenesis of atherosclerosis is of crucial impor­
tance in developing new therapeutic options (Fig. 3). 

The pathogenesis of atherosclerosis is complex, polygenic, and multifactorial. 
These factors, along with the difficulties inherent with human investigation, 
have made the study of atherosclerosis in humans costly and laborious. Even 
with these obstacles, human studies have yielded remarkable results. The most 
famous example is the elucidation of cholesterol homeostasis pathways based 
on studies in patients with familial hypercholesterolemia and the subsequent de­
velopment of HMG-CoA reductase inhibitors (statins) as therapy for hypercho­
lesterolemia (Brown and Goldstein 1986). 

Nevertheless, most advances in the identification of the genetic and environ­
mental determinants of atherosclerosis have been greatly facilitated by the inter­
play between studies in humans and in various animal models including mon­
keys, rabbits, and rats. Even the studies of familial hypercholesterolemia were 
helped by concomitant studies in Watanabe hyperlipidemic rabbits (Brown and 
Goldstein 1986). In terms of genetic studies, recent efforts at sequencing the rat 
genome along with the comprehensive use of phenotyping with linkage analysis 
have yielded promising data (Jacob and Kwitek 2002; Stoll et al. 2001). However, 
the unique ability to modify genes through the use of gene targeting has made 
the mouse the most important model organism for the study of the genetics of 
atherosclerosis. In particular, mice deficient for either apolipoprotein E (Apoe­
deficient) or the LDL receptor (Ldlr-deficient) have been used extensively in the 
study of atherosclerosis (Piedrahita et al. 1992; Plump et al. 1992; Zhang et al. 
1992). These mutated mice have proven especially valuable in two areas: (1) 
identification and characterization of genes and pathways involved in the dis­
ease process and (2) evaluating genes for causation rather than just association 
(Fig. 5). 

For considerations of space, it is not possible to review all the genetic poly­
morphisms that have been associated with atherosclerosis, which have been re­
viewed extensively in other places (see the chapters by Winkelmann et 
aI., O'Shaughnessy and Wilkins, Vidal-Puig and Abel, Huang, Tuddenham, 
Haskard, and Henney, this volume; Glass and Witztum 2001; Kadowaki 2000; 
Knowles and Maeda 2000; Lusis 2000; Moller 2001; Plump 1997; Rader and Pure 
2000; Reardon and Getz 2001; Saltiel and Kahn 2001; Smith and Breslow 1997; 
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Winkelmann et al. 2000). Very few polymorphisms initially associated with ath­
erosclerosis in humans have been definitively validated by later studies with 
large-scale databases. Moreover, most of the polymorphisms associated with 
atherosclerosis have not been proven to play a causative role in the disease 
(Winkelmann and Hager 2000; Winkelmann et al. 2000). However, parallel and 
iterative work in humans and animal models, particularly mice, has begun to 
shed light on the molecular mechanisms of atherosclerosis. Several prototypical 
examples from the areas of lipid metabolism, HTN, and inflammation serve to 
illustrate the utility of human and murine studies in evaluating potentially im­
portant genes and the importance of the dynamic relationship between human 
and animal studies for providing novel pathogenic insights as well as new tar­
gets for therapy. 

3.2 
Lipid Pathways: Adenosine Triphosphate-Binding Cassette Transporter A 1, 
Cholesterol 7a-hydroxylase, Sterol Regulatory Element-Binding Proteins, 
Apolipoprotein AV, Fatty-Add-Binding Protein aP2, Plasma Phospholipid-Transfer 
Protein 

Perhaps the most spectacular story in the genetic analysis of atherosclerosis in 
the last several years is the discovery of the gene responsible for Tangier disease, 
because of the implications both for understanding pathogenesis and for thera­
peutic options. Tangier disease is a rare condition of defective reverse cholester­
ol transport, and characterized in the homozygous state by the virtual absence 
of HDL, decreased LDL levels, and moderate elevations in triglycerides (TG). 
The abnormal lipid metabolism results in cholesterol deposition in multiple or­
gans, peripheral neuropathy and early CVD (Hobbs and Rader 1999; Serfaty­
Lacrosniere et al. 1994). In 1999, three independent groups identified the under­
lying cause as a defect in the adenosine triphosphate-binding cassette trans­
porter Al (ABCAl, also called ABC-I) gene (Bodzioch et al. 1999; Brooks­
Wilson et al. 1999; Rust et al. 1999). While homozygous Tangier disease is rare, 
heterozygote defects in ABCAl have also been linked to a more common disor­
der, familial HDL deficiency (FHA) (Marcil et al. 1999; Owen 1999). Importantly, 
heterozygotes for ABCAl-null defects also have both a biochemical (decreased 
HDL, increased TG) and clinical phenotype (increased CAD) (Clee et al. 2000). 
Subsequent studies in vitro and in mice (Lawn et al. 1999; Singaraja et al. 2002) 
have demonstrated the key role that ABCA1 plays in reverse cholesterol efflux 
and atherosclerosis. Pharmacological interventions in this pathway to increase 
HDL levels may provide a new strategy for the treatment of CVD (Schmitz and 
Langmann 2001). 

Mice have been integral in the study of ABCAl, since the cloning of the gene 
by Luciani and colleagues in 1994 (Luciani et al. 1994). The discovery that mu­
tations in the ABCAl gene were responsible for Tangier disease opened up a 
new direction in lipid research that has benefited from parallel work in mice, 
which focused on the mechanisms of action of this protein. Mice deficient in 
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ABCAI have a phenotype that mimics the Tangier disease phenotype in humans, 
including absence of HDL, decreased total cholesterol, decreased cholesterol ef­
flux from cells and lipid deposition in several tissues (Christiansen-Weber et al. 
2000; Orso et al. 2000). Apoe-deficient mice crossed with mice that overexpress 
human ABCAI develop much smaller lesions than Apoe-deficient control mice 
and have greater cholesterol efflux from isolated macrophages (Singaraja et al. 
2002). 

Pullinger and colleagues used a candidate gene approach in a cohort of pa­
tients with known hyperlipidemia and discovered that mutations in CYP7 A J, a 
gene critical in bile acid synthesis, is associated with hypercholesterolemia, 
markedly decreased bile acid excretion and premature gallbladder disease. Het­
erozygotes for the mutation are also hyperlipidemic. This gene also has poten­
tial implications for pharmacogenetics, as the nature of this defect makes these 
patients relatively insensitive to statin therapy (Pullinger et al. 2002). The phe­
notype of mice deficient in Cyp7aJ does not exactly mirror that of humans; the 
mice are not universally hyperlipidemic and Cyp7aJ appears to be more critical 
in the postnatal period for mice than for humans (Beigneux et al. 2002). Never­
theless, it will be interesting to test this mutant as a potential modifier of athero­
sclerosis. 

Pathways that surround the sterol regulatory element-binding proteins 
(SREBPs) show great promise for the development of anti-atherosclerotic thera­
peutics. As reviewed by Horton and colleagues, SREBPs are transcription factors 
that activate the expression of multiple genes involved in lipid metabolism 
(Horton et al. 2002). To exert their effects in the nucleus, SREBPs must be re­
leased from the endoplasmic reticulum membrane, and the proteins involved in 
this processing include two proteases designated Site-l and Site-2 proteases (or 
SIP and S2P), as well as SREBP cleavage-activating protein (SCAP). SCAP also 
serves as a sensor of sterol levels, and SCAP ligands have recently been shown 
to be potent lipid-lowering drugs (Grand-Perret et al. 2001; Rader 2001). Knock­
out and transgenic mouse studies have been crucial in the elucidation of the 
mechanisms of this intricate pathway (ten different mouse models of this path­
way have been generated and characterized (Horton et al. 2002). Although there 
is no data in humans that directly links mutations in these genes to atheroscle­
rosis, further work using these models will be important in the development of 
new therapeutic options. 

Comparative sequencing of the human and mouse genomes is another useful 
approach in identifying new candidate genes and pathways. This type of analy­
sis by Pennacchio and colleagues serendipitously revealed a new apolipoprotein 
gene, APOAV, that may playa role in atherosclerosis (Pennacchio et al. 2001). 
Subsequent studies in transgenic mice expressing human APOAV demonstrated 
that these mice have a decrease in TG levels compared to controls, while mice 
deficient in Apoav have TG levels four times that of control mice. Follow-up 
studies in humans demonstrated that SNPs across this locus are significantly as­
sociated with TG levels in two independent studies. The authors suggest that 
modulation of APOAV is a potential strategy for reducing TG levels. 
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Finally, studies in mice have also revealed other potential modifiers of ath­
erosclerosis. Adipocyte fatty-acid-binding protein, aP2 (encoded by Ap2), is 
primarily expressed in adipose tissue and has a crucial role in glucose and lip­
id metabolism. Mice deficient in Ap2 have protection against hyperinsuline­
mia and insulin resistance in the setting of obesity (Hotamisligil et ai. 1996). 
Apoe-deficient mice also deficient for Ap2 are protected from atherosclerosis, 
and macrophages from these mice have a reduced ability to accumulate cho­
lesterol esters. Thus, this gene is a potential therapeutic target for the preven­
tion of metabolic syndrome and atherosclerosis (Makowski et ai. 2001). Simi­
lar studies with mice deficient for plasma phospholipid-transfer protein 
(PLTP), a protein involved in the transfer of excess phospholipids from chy­
lomicrons and VLDL to HDL, have demonstrated that this protein is another 
potential target for drug development. Apoe-deficient mice that lack PLTP had 
a marked decrease in both apoB-containing lipoproteins, as well as in athero­
sclerosis (Jiang et ai. 2001). 

3.3 
Blood Pressure Pathways: Endothelial Nitric Oxide Synthase, Neuropeptide V, 
Ill-Adrenergic Receptor 

A considerable body of evidence suggests that HTN (defined at a BP > 140/ 
90 mmHg) contributes to the development and progression of atherosclerosis. 
Atherosclerosis occurs in high-pressure arteries, but not lower pressure veins, 
with lesions localized at areas of high wall stress. Patients with HTN are three 
times more likely to develop atherosclerosis, and treatment with antihyperten­
sive medications decreases the risk of death from atherosclerotically mediated 
cardiovascular events (Chobanian and Alexander 1996; Doyle 1990; Gimbrone 
1999; Group 1991; Yusuf et ai. 2000b). Rare forms of HTN are inherited in a 
mendelian fashion (Lifton et ai. 2001), but the genetic basis of essential HTN 
(which affects >90% of hypertensive patients) is largely undefined although, like 
atherosclerosis, is likely to be a complex disease caused by the cumulative ef­
fects of small quantitative changes in the function of numerous susceptibility 
genes (Smithies et ai. 2000). It has proven difficult to isolate genes that con­
tribute to the burden of essential HTN (see the chapter by O'Shaughnessy et aI., 
this volume). Nevertheless, besides AGT and ACE, which are discussed above, 
there are several genes that have recently been implicated from human and mu­
rine studies. A more comprehensive list of mouse models of HTN has recently 
been published (Smithies et ai. 2000). 

One gene that has received considerable attention as a candidate for human 
HTN and atherosclerosis is the gene for endothelial nitric oxide synthase (eNOS 
or NOS III) (see the chapter by Huang, this volume). eNOS serves important 
basal regulatory functions in the vasculature. In response to stimuli such as 
sheer stress or acetylcholine, eNOS catalyzes the production of NO, which dif­
fuses across the endothelial cell membrane to smooth muscle cells to induce 
vasodilation. It also acts locally to prevent platelet and leukocyte adhesion 
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(Moncada and Higgs 1993). Direct evidence that lack of eNOS could cause HTN 
was provided by Huang et al. and Shesely et al. (Huang et al. 1995; Shesely et al. 
1996). However, evidence that a deficit of eNOS could contribute to enhanced 
atherosclerosis was missing until mice were developed that lacked both apoE 
and eNOS. Mice deficient in both of these genes develop much larger lesions 
than Apoe-deficient control mice (including coronary vessel atherosclerosis), 
have aortic aneurysms, and have evidence of renal damage, both of which can 
be prevented by treatment with an ACE-I and to a lesser extent by a diuretic 
(Knowles and Maeda 2001; Knowles et al. 2000). This work has been extended 
to show that these double knockout mice develop evidence of myocardial isch­
emia iffed an atherosclerotic diet (Kuhlencordt et al. 2001). Recently, a common 
variant of eNOS (Glu298Asp) has been shown to be a major risk factor for CAD 
(Hingorani et al. 1999). Thus, parallel experiments in humans and mice have re­
inforced the notion that eNOS may play an important role in human HTN and 
atherosclerosis. 

In a population-based sample of 966 men in Finland, a polymorphism (Leu7-
Pro) in the neuropeptide Y (NPY) gene was significantly associated with slightly 
increased BPs and an increase in atherosclerosis. NPY is a neurotransmitter 
with multiple actions including regulating appetite, insulin release, vasocon­
striction, and vascular smooth muscle cell mitogenesis (Karvonen et al. 2001). 
Although NPY-null mice are remarkably normal, neither this gene, nor the 
genes for NPY receptors, have yet been tested for effects on atherosclerosis in 
mice (Naveilhan et al. 1999; Palmiter et al. 1998). The pleiotropic nature of this 
gene makes it an attractive candidate for moderating parameters associated 
with the metabolic syndrome including HTN, thereby potentially affecting ath­
erosclerosis. 

Using genome-wide linkage analysis followed by sequencing of positional 
candidate genes, Bray et al. found that two variations, Arg16Gly and Gln27Glu, 
in the ,Bradrenergic receptor gene (ADRB2) were significantly associated with 
HTN (Bray et al. 2000a). These polymorphisms are estimated to only account 
for about 2% of the variation in BP in this sample population, once again 
demonstrating the polygenic nature of essential HTN and highlighting the diffi­
culties of identifying genetic effectors. Mice deficient in the ,B2-adrenergic recep­
tor have normal resting BP but an enhanced hypertensive response to exercise 
or epinephrine challenge and a blunted hypotensive response to isoproterenol 
challenge (Chruscinski et al. 1999), suggesting that this gene may moderate BP 
under stressful circumstances. It will be important to ascertain whether these 
polymorphisms contribute to atherosclerosis. 
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3.4 
Inflammatory Pathways: Macrophage Colony-Stimulating Factor, 
Monocyte Chemoattractant Protein-l, A2a Adenosine Receptor, Myeloperoxidase, 
12/15 Lipoxygenase, p47phox 

The final common pathway in the development and progression of atherosclero­
sis is the inflammatory response to vascular damage. Inflammatory cells are 
found in every stage of lesion development and inflammatory markers in plas­
ma such as C-reactive protein (CRP), fibrinogen, and leukocyte count are also 
elevated in patients with atherosclerosis (Blake and Ridker 2001; Danesh et al. 
1998; Rodker et al. 2000a; Tracyet al. 1997). It is therefore not surprising that 
there has been considerable interest in the search for polymorphisms in inflam­
matory genes in atherosclerotic populations. While levels of some of these in­
flammatory markers are highly heritable (Pankow et al. 2001), it has proven dif­
ficult to isolate the genes responsible. Data from association studies are prelimi­
nary and partly conflicting (reviewed in Andreotti et al. 2002). Nevertheless, 
some intriguing results such as polymorphisms in toll-like receptor 4 (TLR4), E 
selectin, and high levels of CRP and interleukin-6 (IL-6) being associated with 
atherosclerosis (Blake and Ridker 2001; Kiechl et al. 2002; Ridker et al. 2000a,b; 
Taubes 2002; Zee and Ridker 2002) should be the basis of further exploration. 

Finding a specific cell type or cytokine in an atherosclerotic lesion does not 
reveal whether this cell/molecule plays a role in the disease or is just an inno­
cent bystander. By using genetic manipulations in Apae- and Ldlr-deficient 
mice, it has been possible to prove the causal role of certain inflammatory genes 
in the modification of atherosclerosis. Many of these experiments have been re­
viewed (Knowles and Maeda 2000), and others are extensively covered in the 
chapters by Winkelmann et al. and Haskard in the present volume. However, 
some past and recent examples of this approach may provide insight. 

The critical role of macrophages in the development of atherosclerosis has 
been buttressed by experiments in mice. Osteopetrotic mice (ap) have a defect 
in macrophage colony stimulating factor (MCSF) that causes a severe deficiency 
in macrophages and monocytes. Apae-deficient mice crossed with ap mice have 
much smaller atherosclerotic lesions (one-fifth as large) than control animals 
(Smith et al. 1995). The role of the monocyte chemoattractant protein-1 (MCP-
1) signaling pathway in atherosclerosis has been repeatedly shown in murine 
systems. MCP-1 is a cytokine that acts through its receptor (CC chemokine re­
ceptor 2 or CCR2) on monocytes, macrophages and T lymphocytes. Irradiated 
Apae-deficient mice in which the marrow has been replaced with cells that over­
express MCP-1 have an increase in lesion size (Aiello et al. 1999). In the opposite 
direction, the absence of MCP-1 decreases the lesion size five times in LDLR-de­
ficient mice (GU et al. 1998), and the absence of CCR2 also acts to decrease le­
sion size in Apae-deficient mice (Boring et al. 1998; Dawson et al. 1999). 

Murine experiments have also identified a novel class of anti-inflammatory 
molecules that may function as modifiers of atherosclerosis. Agonists for cell 
surface purinergic receptors act by increasing levels of cAMP in immune cells. 
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It was thought that this mechanism could decrease inflammation in vivo, but it 
was unproven until mice deficient in A2a adenosine receptors gene (Adora2a) 
were generated and characterized. Adora2a-deficient mice had a runaway im­
mune response to several inflammatory challenges, including extensive tissue 
damage and death (Ohta and Sitkovsky 2001). This type of research has already 
stimulated interest into drugs that interact with this system. 

Experiments in mice can also yield unexpected results that can change our 
way of thinking about the disease process. Myeloperoxidase (MPO) generates 
oxidants critical to host defense and local tissue damage. MPO is present in 
atherosclerotic plaques and is an attractive candidate for modification of pla­
ques through oxidant damage. However, the causal role of MPO had not been 
investigated until Brennan et al. irradiated Ldlr-deficient mice to remove their 
native bone marrow and repopulated the marrow with MPO-deficient or wild­
type cells. Unexpectedly, Ldlr-deficient mice with MPO-deficient marrow devel­
oped lesions 50% larger than control mice (Brennan et al. 2001). The authors 
suggest a protective role for MPO-generated intermediates in atherosclerosis. 
Further investigation of this paradoxical result will be intriguing, especially in 
light of recent work from Eiserich and colleagues demonstrating that MPO can 
directly modulate vascular inflammatory responses by regulating NO bioavail­
ability (Eiserich et al. 2002). 

Since it was discovered that oxidization of LDL is atherogenic, oxidative 
stress has been hypothesized to be an important contributor to the pathophysi­
ology of atherosclerosis, perhaps as a common effector of many pro-atheroscle­
rotic pathways (Heinecke 1998). Inflammatory and hypertensive pathways as 
well as hyperglycemia have been shown to increase oxidative stress through the 
generation of reactive oxygen species (ROS) (Berliner et al. 1995; Navab et al. 
1996). However, proving a causal role for oxidation in atherosclerosis has been 
difficult. Studies of antioxidant drugs in animal models have been conflicting 
(Heinecke 1998; Steinberg 1997; Witting et al. 1999; Zhang et al. 1997), as have 
studies in humans (Rimm et al. 1993; Stephens et al. 1996; Yusuf et al. 2000a). 
The fact that oxidation has been so closely linked to atherogenesis yet large scale 
trials have not shown a benefit to antioxidant therapy has been referred to as 
the oxidative paradox (Patterson et al. 2000). 

Recent work in animal models has begun to help decipher this paradox, with 
several genes involved in inflammation/oxidation tested for atherosclerotic 
causality in mice. For instance, 12115-lipoxygensase is involved in the formation 
of the inflammatory mediators 12-HETE and 15-HETE from arachidonic acid. It 
can also act to oxidize cholesterol esters and phospholipids. Because LDL oxida­
tion plays a role in atherosclerosis and because 12115-lipoxygenase colocalizes 
in atherosclerotic plaques, this gene was an attractive (but unproven) candidate 
for modifying atherosclerosis. Apoe-deficient mice also deficient in 12115 li­
poxygenase had much smaller lesions than control animals. The authors suggest 
that inhibition of this enzyme may decrease atherosclerosis, although the mech­
anism of action remains uncertain (Cyrus et al. 1999). 
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Along this same line are experiments in mice lacking p47phox, a subunit of 
NADPH oxidase which is responsible for generation of reactive oxidation spe­
cies (ROS) in vascular cells. Smooth muscle cells from mice deficient in p47phox 
produce less ROS in response to growth factor stimulation and mice doubly de­
ficient in p47phox and Apoe have smaller atherosclerotic lesions than Apoe-defi­
cient mice (Barry-Lane et al. 2001). Thus, in this area work in mice is opening 
new avenues of exploration for study in humans. 

4 
The Future of Genetic Analyses in Human and Animal Models 
of Atherosclerosis 

Genetic analysis of complex diseases such as atherosclerosis is entering a new 
era. Large scale sequencing efforts in humans and mice are expected to lead to 
the identification of new genes and pathways that modify atherosclerosis, and 
by extension, to the identification of unique targets for drug action (Charron 
and Komajda 2001; Komajda and Charron 2001a,b; Rubin and Tall 2000; Turner 
and Boerwinkle 2000; Turner et al. 2001b). In addition, with the cost of sequenc­
ing the entire genome of an individual expected to be in the thousands of dollars 
in the next 10 years, it will be possible to pursue a different approach to genetic 
epidemiology. Dense SNP analysis on a large scale, augmented by haplotype 
analysis, will identify patterns of SNPs within populations that are associated 
with atherosclerosis (see the chapter by Tate and Goldstein, this volume). This 
kind of pattern recognition may be especially fruitful for several reasons (Daly 
et al. 2001; Goldstein 2001; Johnson et al. 2001; Nickerson et al. 2000; Olivier et 
al. 2001; Patil et al. 2001). First, these studies may yield important clues about 
combinations of alleles that increase susceptibility to atherosclerosis. Second, 
these studies may reveal elements of noncoding DNA that have effects on ath­
erosclerosis; the relevance of these noncoding regions is emphasized by recent 
studies showing a high degree of conservation between humans and mice in 
some chromosomal areas (Copeland et al. 2002; Mural et al. 2002; Pennisi 2002). 
Third, if these kinds of large scale SNP analyses are undertaken in populations 
that have already been well-characterized in terms of environmental exposure, 
we will learn a great deal about gene/environment interactions (Boerwinkle et 
al. 2000; Hauser and Pericak-Vance 2000; Kraus 2000; Turner et al. 2001b). For 
example, association between the null polymorphism of glutathione S-transfer­
ase and cigarette smoking in relation to CAD has been recently described (Li et 
al. 2000). 

Efforts could yield great progress if the problem is attacked with rigor. How­
ever, failure to design adequate studies will be costly in terms of time, effort, 
and money. The pitfalls of this type of analysis as by Winkelmann et al. 
(Winkelmann and Hager 2000; Winkelmann et al. 2000) include underpowered 
studies and poorly controlled studies (Dahlman et al. 2002). In addition, genes 
associated with atherosclerosis must be validated for causation in humans, in 
vitro, or more commonly in animal models. 
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Genetic mouse models of atherosclerosis have been incredibly powerful in 
helping to dissect the nature of the disease, and the pathogenesis of the disease 
is remarkably similar across species (Rubin and Smith 1994). Nevertheless, like 
human studies, murine studies must be pursued with rigor. Although humans 
and mice share many similarities, it is important to recognize that there are 
some differences between murine and human physiology that may have impor­
tant consequences for certain types of atherosclerotic studies. For instance, 
while human males are more affected by atherosclerosis, neither Apoe- nor 
Ldlr-deficient mice have this same gender predilection. There are also differ­
ences in lipid metabolism between mice and humans, resulting in somewhat dif­
ferent lipid profiles. For example, mice lack cholesterol ester transfer protein 
(CETP) and apolipoprotein(a), and the plasma cholesterol levels in both Apoe­
and Ldlr-deficient mice are greater than those of a typical human population 
(especially if atherogenic diets are used), with marked elevations in VLDL and 
remnant cholesterol (Rader and Fitzgerald 1998). 

There are also well-characterized differences between various strains of mice 
which can have profound effects on atherosclerotic susceptibility, thus these ex­
periments must be rigorously controlled (Dansky et al. 1999; Knowles and Mae­
da 2000; Krege 1996; Shi et al. 2000; Smithies and Maeda 1995). Finally, while 
the general progression of atherosclerosis in mice and humans is very similar, 
plaque rupture and subsequent thrombosis in mice is very rare and only seen in 
extreme circumstances (Caligiuri et al. 1999), making it difficult to analyze this 
stage of atherosclerosis in mice. However, a recently reported double knockout 
mouse of Apoe and the SR-BI receptor does develop coronary artery occlusion 
and MI (Braun et al. 2002) and may be a major advance in this arena. 

It is also important to emphasize that mouse knockout experiments are the 
genetic equivalent of recessively inherited mutations in humans caused by a loss 
of gene function. This type of mutation makes only a small contribution to ath­
erosclerosis in humans (which is more likely due to the total burden of a combi­
nation of small quantitative changes in gene function). The polygenic nature of 
atherosclerosis in humans has several important implications for studies in 
mice. First, it is important to study the effects of quantitative changes in gene 
function in mice, analogous to the effect of a heterozygous knockout as well as 
overproduction at physiological levels. Common allelic variants that cause 
quantitative alterations in gene expression are more likely to playa larger role 
in complex human disease because they affect a large number of people. Com­
bining numerous mutations, each with small quantitative effects, will remain a 
major challenge (Knowles and Maeda 2000; Smithies et al. 2000). Finally, the 
identification of polymorphisms that have small quantitative effects in mouse 
genes that may playa role in CVD also remains a challenge, and ethyl-nitroso­
urea (ENU) mutagenesis screens with proper phenotyping are likely to be help­
ful (Chen et al. 2000; Hrabe De Angelis et al. 2000; Nolan et al. 2000). 
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5 
Conclusions 

The next few years are potentially a period of great advancement in our under­
standing and treatment of CVD. Getting a handle on the massive amounts of ge­
netic information and putting this information to use is going to be the great 
scientific challenge of the early twenty-first century. In the meantime, it is abso­
lutely imperative to use all currently available means to treat CVD. It is a terrible 
tragedy that 50% of individuals with CVD, HTN, and DM are not being treated 
adequately with currently available regimens (Braunwald 1997; Waters 2001). It 
is also critically important to note that simply understanding the genetics of 
atherosclerosis will never fully enable us to stop the epidemic of disease. Envi­
ronmental risk factors, such as low socioeconomic status and smoking, also play 
an important role and must be addressed in order to have the greatest impact 
on CVD. A balanced approach of addressing life-style changes along with genet­
ically based therapies will be the most effective in disease prevention (Willett 
2002). By extension, less direct pharmacological intervention, such as treat­
ments that decrease smoking, could have considerable influence on CVD. Final­
ly, the new era of genetic discovery also has its own unique problems. The ad­
verse ethical implications of being able to identify susceptibility genes for ath­
erosclerosis cannot be overestimated, especially in a time when discrimination 
based on genetics has not been outlawed (Reilly 2000). Nevertheless, our rapidly 
expanding knowledge of the genetic determinants of atherosclerosis is likely to 
lead to an enhanced ability to identify disease-prone individuals and design spe­
cific preventative measures and tailored therapies. 
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Abstract Elevated cholesterol and other dyslipidaemias are major risk factors 
for atherosclerotic cardiovascular disease-the major cause of death in North 
America and Europe. Correction of dyslipidaemia with diet or lipid-lowering 
agents has been shown to reduce the risk of future coronary events. However, 
the response to diet or lipid-lowering drugs is not uniform within any popula­
tion. Even among carefully selected patients in clinical trials, individual respons­
es to a lipid-modifying intervention vary greatly. On the one hand, factors such 
as gender, age, concomitant disease and concomitant medication may modify 
the pharmacokinetics or pharmacodynamics of lipid-lowering therapy. On the 
other hand, genetic factors are also important. Polymorphisms in genes regulat­
ing the metabolism of lipoproteins (e.g. apolipoprotein E, lipoprotein lipase, 
cholesteryl ester transfer protein) are associated with differences in plasma lipo­
protein concentrations and can explain a substantial fraction of their variance 
in the general population, as demonstrated in measurements of low-density li­
poprotein (LDL) or high-density lipoprotein (HDL). With the widespread avail­
ability of molecular genetic testing, the focus has shifted to the study of genetic 
determinants of drug response and their role in optimizing the choice of agent 
with regard to efficacy and tolerability. At present, despite several positive, but 
in general isolated examples, the overall impact of such gene variants in predict­
ing individual response to a lipid-lowering intervention still needs clarification 
in well-designed confirmatory studies. Advances in pharmacogenomics will help 
to deepen our understanding of lipid and lipoprotein metabolism and the con­
sideration that needs to be give to genetic factors in prescribing lipid-lowering 
therapy. 

Keywords Lipids· Statins . Fibrates . Polymorphisms . Candidate genes· 
Pharmacogenetics 

1 
Introduction 

Changes in circulating plasma lipoproteins, in particular increases in low-densi­
ty lipoproteins (LDL) and triglyceride-rich lipoproteins and decreases in high­
density lipoproteins (HDL), are among the most important causes of atheroscle­
rosis. Although the benefits of lipid-lowering therapy have been shown in many 
patient populations, the individual variation in response is large. In the case of 
LDL lowering by statins, responses in individuals may vary from decreases by 
10%-70% (Aguilar-Salinas et al. 1998). It is reasonable to assume that these dif­
ferences, at least in part, relate to the genetic diversity among individuals. 

The genes that modify the response to lipid-lowering response to drugs or 
dietary components may be grouped into two classes: 

a. Genes involved in the pharmacokinetics of a drug (or dietary component), 
that is, in the ADME (absorption, distribution, metabolism and excretion) 
process, that will modulate the availability of the active compound (the 
mother drug or a metabolite or a dietary component) in the body. 
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b. Genes involved in the pharmacodynamics of drug (diet) action, i.e. genes 
regulating the biosynthesis, transport, processing and catabolism of 
lipoproteins. Variants of these genes have been scrutinized extensively dur­
ing the last 2 decades, mainly in order to identify genetic factors affecting 
atherogenesis. This has unravelled the molecular mechanisms of mono­
genetic disorders that severely affect lipoprotein metabolism, for example, 
familial hypercholesterolaemia (due to mutations in the LDL receptor gene) 
or Tangier disease (due to mutations in the ABCAl gene). These inborn er­
rors of metabolism are too rare (well below 1 % in the population) to make 
a significant contribution to the variance of LDL or HDL cholesterol con­
centrations observed in the general population. In contrast, gene polymor­
phisms (i.e. the prevalence of the mutation is above 1 % in the population) 
involved in lipoprotein metabolism may determine a substantial fraction of 
the variance in the concentration of circulating lipoproteins and may thus 
provide good candidates for the investigation of the impact of gene variants 
on the pharmacodynamics oflipid-Iowering intervention. 

2 
Pharmacogenetics, Pharmacogenomics and Methodological Issues 

2.1 
Definition of Pharmacogenetics and Pharmacogenomics 

Pharmacogenetics is the study of the variability in drug response among hu­
mans due to inheritable factors. The term "pharmacogenetics" was coined in 
the 1950s (Vogel 1959), although research in this area commenced before that 
time (for further historical details, see Vesell 2000). To begin with, the research 
effort focused on drug metabolizing enzymes, especially cytochrome P450 iso­
enzymes. The study of variation in genes involved in the pharmacodynamic ef­
fect of a drug has emerged as a major focus in academia and in the pharmaceu­
tical industry relatively recently (Anonymous 2000). 

Pharmacogenomics is a relatively new field that has expanded from pharma­
cogenetics (Vesell 2000; Wieczorek et al. 2001). Pharmacogenomics studies the 
effects of small molecules, in general using genomic techniques such as microar­
rays, for gene expression in humans, animals or model organisms. Thus, phar­
macogenomics represents a more global analysis of drug effects in biological 
systems with the study of entire pathways or even of all expressed genes in cells 
or tissue (Altman and Klein 2002), seeking to predict drug efficacy and safety 
(Murphy 2000). Pharmacogenetics, in contrast, copes with the study of drug re­
sponse in relation to genetic diversity, and historically typically dealt with one 
or a few candidate genes per investigation. In this sense, pharmacogenetics may 
be considered a subspecialty within pharmacogenomics (Bailey et al. 1998; 
Rusnak et al. 200 1; for a detailed discussion of both terms see the chapter by 
Lindpaintner, this volume). 
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Traditionally in drug development and registration, the emphasis has been 
placed on mean values of quantitative measures or responder rates. However, 
optimum dose requirements for many drugs are known to vary among individ­
uals; for example, the daily required dose varies 40-fold for propranolol and 20-
fold for warfarin (Lu 1998). Similarly, genetic predisposition for adverse drug 
reactions is a major concern. Thus, pharmacogenomics/pharmacogenetics rep­
resents the research effort directed at elucidating the genomic basis of drug ac­
tion and identifying individual genetic patterns in order to understand and pre­
dict differences in responses to drugs between individuals. Ultimately, such in­
formation could be used to tailor drug prescriptions to individual genotypes 
(McLeod et al. 2001). 

Lately, Kalow, a key researcher instrumental in the development of the field 
of pharmacogenetics, suggested yet another term, "pharmacobiology", to de­
scribe the concept that drug effects are the result of an interaction of genetic 
predisposition with the environment (Kalow 2001). The inherent beauty of the 
current research focus on DNA markers (individual genotypes) is, of course, the 
stability of such markers over an individual's life time, when compared to envi­
ronmental factors that may change and are often difficult, if not impossible, to 
quantify. Nevertheless, one should always keep in mind that although knowledge 
of the particular genotype with respect to candidate genes may help to optimize 
drug dose and improve the chances of a better response and lessen the risk of 
side effects, the response to drugs involves a complex sequence of events regu­
lated by many genes and that in many instances environmental factors may be 
more decisive than the genotypic influence. 

2.2 
Methodological Issues 

2.2.1 
Family and Association Studies 

Pharmacogenetic studies emerged from the investigation of abnormal drug re­
sponses that tracked in families, such as an adverse response to suxamethonium 
due to an inherited deficiency of plasma cholinesterase (Kalow 1956) or haemo­
lysis after antimalarial therapy due to inherited differences in erythrocyte glu­
cose-6-phosphate activity (Carson et al. 1956). But while family studies have 
been instrumental in the beginning of pharmacogenetic research, their impact 
in today's pharmacogenetic and pharmacogenomic research has declined and 
been largely replaced by association studies. There are two major reasons for 
this. First, it is rather cumbersome, if not impossible, to study drug response in 
families since virtually all clinical trials studying the pharmacokinetics and 
pharmacodynamics of drugs are carried out in unrelated individuals. Secondly, 
with the annotation of almost all genes in the human genome, an unsurpassed 
pool of candidate genes is accessible in databases and these genes provide new 
candidates for any association with drug response. With the availability of single 
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nucleotide polymorphism (SNP) maps, genome-wide association studies may 
even be possible in the future to identify chromosomal loci without any prior 
knowledge of the genetic pathway involved. The latter has always been a major 
advantage of family studies in which genome-wide linkage studies based on dif­
ferences in microsatellite repeat markers in affected/non-affected (responders/ 
non-responders) are possible. SNPs have the added advantage that they occur 
more frequently throughout the human genome than micro satellites, roughly 
every 500-1,000 base pairs (bp) or 3-6 million SNPs in total, and are less prone 
to germline mutations, and so their inheritance is more stable (Destenaves et al. 
2000). 

2.2.2 
Candidate Genes, SNPs and Complexity of Drug Response 

The selection of candidate genes for study, based on a priori knowledge, is still 
hampered by a limited knowledge of drug pharmacokinetics and mechanisms 
of action. Once a candidate gene has been selected, genetic association studies 
involve the analysis of either a continuous trait (i.e. change in cholesterol level) 
or of groups (responder, non-responder derived from the application of a pre­
specified cutoff for drug efficacy). 

The individual response to a drug is a complex trait. Thus, the concept of 
studying one allelic variant in one candidate gene at time will ultimately be of 
limited value. Nevertheless, previous research has shown that rare mutations ex­
plaining a major proportion of the variability of drug response exist. With re­
finements in phenotyping study subjects and in searching relevant genetic vari­
ants (i.e. SNPs or other allelic variants that have an impact on gene function, be 
it by changing the amino acid sequence, or by having an impact on gene expres­
sion) more common mutations in the population (i.e. polymorphisms with a 
frequency "2: 10% of the rare variant) will be identified that contribute to the in­
terindividual variability of drug response. 

The concept is emerging that ordered arrays of SNPs along the gene as inher­
ited from father and mother, that is haplotypes, will be better markers of drug 
response than an individual SNP alone (see the chapter by Tate and Goldstein, 
this volume, for an in-depth discussion). Currently, the availability of clinical 
studies on haplotypes for drug response is low. However, it is well known that 
although allelic variation may be an essential determinant of gene function, it is 
not the only one. Regulation of gene expression and post-translational modifica­
tion modulates or supersedes the functional impact of a genetic variation. In or­
der to disentangle the impact of variation in the genome (i.e. individual geno­
type), the armamentarium of molecular genomic tools in pharmacogenomics 
needs to include gene expression and proteomics besides genotyping (Kafatos 
2001) plus the knowledge of major other environmental factors (concomitant 
drugs, non-drug factors). 
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2.2.3 
Sample Size Issues 

Clinical trials investigating endpoints of drug efficacy or adverse drug reactions, 
both intermediate (biochemical or physiological traits) and clinical endpoints 
(clinical event rates), typically base sample size estimates on adequate power 
(Le. generally 80%-95%) for a given prespecified error rate to miss an effect 
(Le. generally 1 % or 5%). In contrast, many of the early trials investigating the 
association of certain genotypes with drug response parameters were retrospec­
tive analyses from phase II or III clinical trials, where in general only a subset of 
the entire study population has given consent and participated in the respective 
genetics substudy. Most such studies are underpowered to detect such effects 
and the chance of false-positive findings is high. 

In order to provide a sound basis for the interpretation of the results of such 
genotype-drug response association studies, a sample size estimate of the power 
of the study for a given allelic frequency of the gene variant to be studied is 
mandatory. Cardon et al. (2000) calculated that for a fixed twofold response rate 
of the gene variant compared to the wild type (common) genotype, and a given 
alpha error of 5% and a power of 90%, the group size will require a sample in 
excess of 1,000 individuals for relatively rare alleles «10%), and about 200-400 
individuals if the frequency of the susceptibility allele is 30% or greater (Fig. 1). 
Thus, confirmatory candidate gene studies are feasible if the investigator has 
prior knowledge about allelic frequency and the magnitude of genotypic effects. 
However, studies involving a large number of loci of unknown frequency may 
suffer decisively from a lack of statistical power to detect any effects once results 
are available. Interestingly, if more than one genetic marker is tested, as would 
be the case in genome-wide SNP association screening studies, the increase in 
sample size due to adjustment for multiple testing with the number of SNPs 
tested is not nearly as dramatic as one might expect. Typically testing 10-100 
SNPs requires samples 1.5-2 times larger than those estimated for a single SNP 
association study, and testing 100,000 markers would increase the sample size 
about threefold, based on assumptions of an allele frequency of 50% and a gen­
otype relative risk of sixfold (Fig. 2) (Cardon et al. 2000). 

3 
Lipid Metabolism Pathways and Lipid-Lowering Drugs 

3.1 
Brief Overview of Lipid Metabolism Pathways 

There are three major pathways of lipid transport in humans that are tightly in­
terrelated, the exogenous, the endogenous and the reverse cholesterol transport 
pathway: (a) transport of dietary (exogenous fat) with uptake in the intestine 
and transport in chylomicrons via the lymph to the liver, (b) transport of hepat­
ic (endogenous) fat via triglyceride-rich very-low-density lipoproteins (VLDL), 
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Fig. 1 Sample sizes required in a clinical trial under genetic stratification. Sampling requirements under 
dominant, additive (co-dominant), and recessive gene action are shown. Sample sizes have been trun­
cated at a maximum of 5,000 to show the variability in sampling at feasible levels of ascertainment. All 
sample size calculations were performed using a significance level of 0.05 with power 0.90. (From 
Cardon et al. 2000, with permission) 
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Fig. 2 The effect of testing multiple loci in a pharmacogenomic study. Bars represent the expected rel­
ative sample sizes required when 1, 10, 1,000, 10,000 and 100,000 loci are tested. The significance level 
desired after approximate Bonferroni correction for multiple tests is a 0.025 corresponding to a single 
di-allelic locus. The relative increases are shown using an allele frequency of 0.5 and a genotype relative 
risk (GRR) of 6. Other models of gene action, allele frequency and GRR yield similar results (Witte et al. 
1999). (From Cardon et al. 2000, with permission) 
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Fig. 3 Lipoprotein metabolism. ABe, adenosine triphosphate binding cassette; ABCG, adenosinetriphos­
phate binding cassette protein G1 transport; Apo AI, apolipoprotein A1; CE, cholesterol ester; CETp, cho­
lesterol ester transfer protein; Fe, free cholesterol; HOi, high-density lipoprotein; HL, hepatic lipase; 
HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; IBAT. ileal bile acid transport; LCAT. lecithin choles­
terol acyl transferase; LDi, low-density lipoprotein; MTP, microsomal transfer protein; SR-A, scavenger 
receptor A; SR-B7, scavenger receptor B1 ; VLDL, very-low-density lipoprotein. (From Davidson 2001, 
with permission) 

intermediate-density lipoproteins (IDL) and LDL, and (c) reverse cholesterol 
transport pathway, the transfer and uptake of free cholesterol from the peripher­
al tissues such as the arterial wall and its subsequent delivery to the liver 
(Brown, 2001; Shah et al. 2001). The two endogenous pathways are depicted in 
Fig. 3. 

3.2 
The Exogenous Pathway 

This pathway transports dietary lipids absorbed from the gut and incorporated 
into chylomicrons into the intestinal lymph. Chylomicrons enter the blood­
stream via the thoracic duct and bypass the liver. The triglyceride moiety of the 
chylomicrons is hydrolysed by lipoprotein lipase (LPL), which resides on the lu­
minal surface of the capillary endothelium. The liberated free fatty acids are tak­
en up by muscle cells for oxidation (energy delivery) and by adipose tissue for 
energy storage. The rate of intravascular lipolysis is regulated by peroxisome 
proliferator-activated receptors (PPAR), which belong to the family of nuclear 
hormone receptors. Both PPAR alpha (predominantly expressed in the liver, 
muscle, kidney, and heart) and PPAR gamma (mainly found in adipose tissues) 
stimulate the expression of LPL. PPAR alpha down-regulates the synthesis of 
apolipoprotein C-III (apoC3) which is an inhibitor ofLPL. 
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During the hydrolysis of chylomicrons, smaller remnant particles evolve and 
the excess surface components (phospholipids and apolipoproteins) are trans­
ferred to HDL particles. Subsequently, the remnant particles become enriched 
in cholesterol and acquire apolipoprotein E (apoE) from HDL. ApoE is needed 
as ligand for lipoprotein receptors in the liver, because apolipoprotein B-48, the 
major apolipoprotein of chylomicrons, lacks the receptor binding domain of 
apolipoprotein B-IOO. The three major steps in the exogenous pathway are thus 
fat absorption from the intestine, hydrolysis of triglycerides in the circulation 
and receptor-mediated catabolism of cholesterol in the liver. 

3.3 
The Endogenous Pathway 

In the endogenous pathway, the liver secretes triglycerides and cholesterol via 
VLDL particles into the circulation. Like chylomicrons, VLDL particles undergo 
lipolysis and turn into intermediate-density lipoproteins (IDL). There is a size­
able reuptake of IDL particles in the liver, with the remainder undergoing fur­
ther lipolysis by LPL and hepatic lipase (HL), also known as hepatic triglyceride 
lipase (HTGL), to form LDL. The majority of circulating cholesterol is trans­
ported in the LDL fraction, which has apolipoprotein B (apoB) as the only sur­
face protein for receptor docking. Cholesterol is delivered to peripheral cells for 
the synthesis of cell membranes and steroid hormones via the LDL receptor. 
However, it should be noted that reuptake of cholesterol by the liver catabolizes 
roughly two-thirds of the circulating LDL (not shown in Fig. 3). 

The reverse cholesterol transport pathway is mediated by HDL-particles, 
which are formed from apolipoprotein A-I (apoAl) containing precursor parti­
cles originating from the intestine and the liver, and from surface components 
derived from the catabolism of chylomicrons. Nascent HDL particles mobilize 
free cholesterol from peripheral cells. A major step forward in the understand­
ing of the reverse cholesterol transport pathway was the discovery of mutations 
in the ABCAl gene (ATP binding cassette transporter AI), leading to low HDL 
states (Rust et al. 1999). Along with other transporters, such as the scavenger 
receptor (SR) class B type 1 (SR-BlfCIA-l), ABCAl is involved in the transfer of 
un esterified (free) cholesterol from peripheral cells to nascent HDL. Cholesteryl 
esters are formed by HDL-associated enzyme lecithin:cholesterol acyltransferase 
(LCAT) and apoAI serving as co-factor (Fig. 3). Cholesteryl ester transfer pro­
tein (CETP) is responsible for the transfer of esterified cholesterol to apolipo­
protein B-lOO containing lipoproteins (LDL, IDL, VLDL), while phospholipids 
are moved from apolipoprotein B-lOO containing lipoproteins to HDL by phos­
pholipid transfer protein (PLTP). Cholesteryl esters associated with HDL can 
also be delivered into hepatocytes by selective transfer. This process is mediated 
by the HDL scavenger-receptor class B type 1 (SRBl) and its human homologue 
(CLA-I). Finally, cholesterol is excreted from the body via the bile, either direct­
ly or after conversion into bile acids. Many genes involved in reverse cholesterol 
transport are directly or indirectly regulated by PPARs: apoAI and apolipopro-
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tein A-II (apoA2), PLTP, LCAT and cholesterol 7a-hydroxylase (CYP7 AI) by 
PPAR alpha, SRBI/CLA-l, and ABCAI by both PPAR alpha and gamma (Tall 
1990; Staels et al. 1998a, b; Barbier et al. 2002). 

3.4 
Statins: The Most Potent Class of Lipid-Lowering Agents 

Hydroxymethylglutaryl coenzyme A (HMGCoA) reductase inhibitors, better 
known as statins, are the most potent lipid-lowering agents currently available 
and have emerged as first-line therapy for hypercholesterolaemia. Statins inhibit 
HMGCoA reductase, the rate-limiting enzyme in cholesterol synthesis in the liv­
er. By reducing cellular cholesterol synthesis, statins lead to an enhanced cellu­
lar uptake of LDL via the LDL receptor, thus ultimately lowering circulating 
LDL cholesterol in plasma. However, statins appear to affect other pathways as 
well. Although the exact mechanism needs to be clarified, statins may reduce 
VLDL production (and thus total triglycerides) by reducing apoB and apoC3 
synthesis, which are both required for the assembly ofVLDL particles (Ginsberg 
1998). Further, statins modestly increase HDL cholesterol, possibly by indirectly 
stimulating PPAR alpha (Fruchart 2001) or by down-regulating hepatic lipase 
activity (Hoogerbrugge and Jansen 1999). 

A wealth of prospective clinical trials consistently demonstrate that statins 
prevent or reduce cardiovascular events in primary and secondary prevention 
(LaRosa et al. 1999; Heart Protection Study Collaborative Group 2002; Serruys 
et al. 2002; Shepherd et al. 2002). It was only recently that the British Heart Pro­
tection study in 20,000 adults demonstrated that prevention of morbidity and 
mortality from ischaemic events can be achieved at a broad range of baseline 
LDL cholesterol levels and across all patient risk-subgroups (Heart Protection 
Study Collaborative Group 2002). Treatment with statins reduces lifetime risk 
(Ulrich et al. 2000), though at a cost of about 18,000 euros per year oflife gained 
(van Hout et al. 2000). 

The therapeutic potential of this drug class is probably far greater than previ­
ously anticipated (Ichihara and Satoh 2002). Many of the so-called pleiotropic 
(non-lipid-lowering) effects of statins could be of major relevance to a variety of 
disease processes. For example, statins enhance nitric oxide production and im­
prove endothelial function, display anti-inflammatory potency, inhibit integrins 
and lower circulating adhesion molecules (Frenette 2001; Marz and Winkelmann 
2002). 

3.S 
Fibrates: Cellular Mode of Action and Candidate Genes 
for Pharmacodynamic Effect 

Although generally not as potent as statins in lowering LDL cholesterol, fib rates 
are more effective in lowering triglycerides and increasing HDL cholesterol. The 
HDL-raising effect is particularly pronounced in cases of very low pre-treatment 
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levels (Despres 2001). In mixed type lIB hyperlipidaemia, fenofibrate reduced 
the number of circulating triglyceride-rich VLDL-l and VLDL-2 particles, which 
subsequently results in a marked decrease in cellular lipid loading (Milosavjevic 
et al. 2001). Even though LDL cholesterol is only moderately affected, fibrates 
profoundly decrease atherogenic dense LDL. Hence, fib rates are particularly 
suited for the treatment of the atherogenic lipid triad (high triglycerides, low 
HDL and dense LDL), the hallmark of patients with the metabolic syndrome or 
type 2 diabetes. 

The molecular mode of action of fib rates is complex. Fibrates act by binding 
to PPARa (Staels et al. 1998a, b; Fruchart et al. 1998, 1999; Corton et al. 2000). 
PPARa is predominantly expressed in tissues that metabolize high amounts of 
fatty acids and mediates the action of fib rates on genes involved in lipid metab­
olism. Lipoprotein lipase is up-regulated (Schoonjans et al. 1996; Desager et al. 
1996), whereas apolipoprotein cm, an inhibitor of LPL, is down-regulated 
(Staels et al. 1995). Fibrates thus promote the hydrolysis of triglycerides in the 
plasma. Moreover, fib rates decrease the hepatic synthesis of triglycerides, apo B 
and VLDL (Lamb et al. 1993). In humans, the expression of apo A-I, apo All, 
ABC-AI (Desager et al. 1996; Chinetti et al. 2001) and SRBI/CLA-l is stimulated, 
explaining the rise in HDL cholesterol and the activation of reverse cholesterol 
transport. However, the HDL effects of fib rates may also be due, partially, to a 
drug-induced reduction of CETP activity (Guerin et al. 1996) and an increase of 
PLPT activity (Tu et al. 1999; Bouly et al. 2001). In addition, fib rates increase re­
ceptor-mediated clearance of LDL, most likely due to changes in the composi­
tion of LDL towards more receptor-active particles rather than by up-regulation 
of the LDL receptor itself (Caslake et al. 1993). In a study of mRNA expression 
in animals, fenofibrate down-regulated hepatic lipase gene expression (Staels et 
al. 1992). However, in normolipidaemic healthy volunteers, hepatic lipase activi­
ty was only marginally affected (Desager et al. 1996). 

Hypertriglyceridaemia plays an important role in atherogenesis (Hodis 
1999). It is therefore likely, but not entirely clear, that the effects of fib rates on 
circulating lipoproteins translate into clinical benefit, as defined by a reduction 
in cardiovascular events. Twelve placebo-controlled trials of fib rate therapy pub­
lished between 1966 and 1996 indicated no benefit in terms of reduction in risk 
of coronary deaths (Bucher et al. 1999). The period since 1996, however, has 
seen the publication of four additional trials (LOCAT, VA-HIT and BIP) in which 
6,144 patients were treated with fibrates or placebo: bezafibrate in BECAIT (Er­
icsson et al. 1996), gemfibrozil in LOCAT (Frick et al. 1997), gemfibrozil in VA­
HIT (Rubins et al. 1999), and bezafibrate in BIP (The BIP Study Group, 2000). 
Two of them were major trials. In VA-HIT, a secondary prevention trial in indi­
viduals with low HDL cholesterol and only mildly elevated LDL cholesterol, 
gemfibrozil produced a significant reduction in the incidence of fatal or nonfatal 
coronary events and in stroke (Rubins et al. 1999). BIP, a secondary prevention 
trial as well, demonstrated no significant overall effect of treatment with bezafi­
brate. Intriguingly, however, a significant reduction by almost 40% in the prima­
ry endpoint (fatal or nonfatal myocardial infarction or sudden death) was seen 
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in a subgroup of individuals presenting with triglycerides 2:200 mg/dl at base­
line (The BIP Study Group, 2000). In the Diabetes Atherosclerosis Intervention 
Study (DAIS), progression of atherosclerosis was significantly delayed by fenofi­
brate in patients with type 2 diabetes (DAIS 2001). The impact of micronized 
fenofibrate is being evaluated further in two large ongoing trials in patients with 
type 2 diabetes. The Fenofibrate Intervention and Event Lowering in Diabetes 
(FIELD) study has enrolled 9,795 patients to receive either placebo or fenofi­
brate 200 mg per day for at least 5 years. The Action to Control Cardiovascular 
Risk in Diabetes (ACCORD) will evaluate fenofibrate on top of statin treatment 
in approximately 10,000 patients with type 2 diabetes. 

As with statins, fibrates have other potentially beneficial non-lipid effects 
with respect to atherosclerosis prevention, including antithrombotic effects 
(decrease in fibrinogen and PAl-I), anti-inflammatory activity (inhibition of 
TNFa-induced endothelial expression ofVCAM-l and interleukin-6, decrease in 
plasma uric acid) (De la Serna and Cadarso 1999). 

4 
Candidate Genes and Pharmacokinetic Pathways 

Current knowledge about the impact of genetic variants of cytochrome P450s 
on the pharmacokinetics of statins is rather limited. Atorvastatin, cerivastatin, 
lovastatin, and simvastatin are all substrates of cytochrome P450 (CYP) 3A4 
(Hermann 1999). Given the low bioavailability of statins, ranging from less than 
5% for lovastatin and simvastatin to about 10%-20% for atorvastatin, CYP3A4 
inhibition in the gastrointestinal tract may be of major importance (Sica and 
Gehr 2001; Ucar et al. 2000). No major functionally relevant mutations have 
been described for CYP3A4 (Evans and Johnson 2001), but it is an important 
site of interaction for environmental factors, including other pharmacological 
substrates for CYP3A4. Cerivastatin, withdrawn from the market in 2001 due to 
an increased rate of rhabdomyolysis (Staffa JA et al. 2002), is in addition metab­
olized by CYP2C8, while pravastatin is not significantly metabolized by any of 
the CYPs (Knopp 1999). Fluvastatin is metabolized by CYP2C9, which to a mi­
nor degree also contributes to the metabolism of lovastatin and simvastatin 
(Hermann 1999). CYP2D6, a monooxygenase displaying several genetic variants 
with important functional consequences on its metabolizing activity plays a mi­
nor role in the metabolism of statins (Linder et al. 1997; Tanaka 1999). 

In the clinic, information about the effect of genetic factors on the pharmaco­
kinetics of statins may be helpful in the identification of patients susceptible to 
rare but potentially life-threatening adverse events of statin therapy, such as my­
opathy and rhabdomyolysis. However, although these adverse events are related 
to higher doses and generally associated with very high plasma concentrations 
(i.e. 5-10 times the normal range), there is no evidence at the moment of an as­
sociation with any genetic variation of candidate genes involved in the pharma­
cokinetic pathway of the statins. More important in this regard are interactions 
with drugs that inhibit or induce CYPs. Antibiotics, such as erythromycin and 
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cyclosporine inhibit CYP3A4 and thus retard statin metabolism, while inducers 
of CYP3A4 such as barbiturates or carbamazepine will reduce the plasma con­
centration of the mother compound (Beaird 2000). The overall effect of inhibit­
ing or inducing metabolizing enzymes will depend on whether the statin is a 
prodrug and/or in the case of most statins (i.e. lovastatin, simvastatin, atorvas­
tatin and cerivastatin) whether these agents have active metabolites which may 
or may not (i.e. fluvastatin) be metabolized (Bottorff et al. 2000; Ucar et al. 
2000). 

5 
Candidate Genes and Lipid Pathways 

5.1 
HMG-CoA Reductase 

To our knowledge there have been no reports of variants of the HMG-CoA re­
ductase gene itself that influence the efficacy of treatment with statins. 

5.2 
LOL Receptor 

Up-regulation of the hepatic LDL receptor is the major therapeutic consequence 
of inhibiting HMG-CoA reductase in liver cells. It leads to an increased hepatic 
uptake of cholesterol and a decrease in circulating LDL cholesterol levels. Famil­
ial hypercholesterolaemia (FH) is autosomal dominant and caused by mutations 
in the gene for the LDL receptor. Until now, more than 680 distinct mutations 
distributed over the entire gene have been described (Heath et al. 2001). Hetero­
zygous FH individuals express only half the number of functional LDL recep­
tors, have a markedly raised plasma cholesterol and usually present with prema­
ture coronary artery disease. Homozygous FH individuals are more severely af­
fected and may succumb before the age of maturity. The prevalence of homozy­
gous FH is rare (-1:1,000,000), whereas heterozygous FH is relatively common 
(1:500 in Caucasians). Heterozygous FH subjects have been treated successfully 
with stat ins (Karayan et al. 1994; Vuorio et al. 1995; Heath et al. 1999), and cho­
Ie sterol lowering has also been observed in LDL-receptor-negative, homozygous 
carriers (Feher et al. 1993). 

The type of mutation has been shown to influence the cholesterol-lowering 
effect of statins in some studies (Leitersdorf et al. 1993; Couture P et al. 1998; 
Vohl et al. 2002; Heath et al. 1999; Chaves et al. 2001), though not consistently 
(Sijbrands et al. 1998; BrorhoIt-Petersen et al. 2001). LDL receptor mutations 
leading to the complete absence or truncation of the protein (null mutations) 
have been associated with higher baseline cholesterol levels, a poor response to 
statins and a higher risk of CHD. For example, carriers of LDL receptor muta­
tions predicted to be severe (such as null mutations or mutations that affect 
exon 4 repeat 5) will poorly respond to statins compared to carriers of mild mu-
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tations. As much as 13% and 20% of the LDL cholesterol response to a stat in 
was explained by the variation at the mutant LDL receptor locus in the study of 
Couture et al. (1998) and Leitersdorf and co-workers (1993), respectively. How­
ever, the observed differences in the LDL cholesterol response to statin therapy 
are not completely understood (Vergopoulus et al. 2002). 

The sample size of such studies was small and only a few were randomized 
double-blind placebo-controlled trials (Table 1). Another problem is the multi­
tude of mutations present in the LDL-receptor gene in an outbred population, so 
that only a few FH patients included in a study share identical mutations. In 
conclusion, whether the characterization of the molecular defect in FH is rele­
vant to the immediate clinical management and whether particular mutations 
may need more aggressive lipid-lowering treatment in order to reach achieve a 
level of LDL-cholesterollowering adequate for a sufficient reduction in coronary 
heart disease mortality remains unanswered. Furthermore, the mortality risk of 
FH subjects seems to be heavily modulated by environmental factors (Sijbrands 
et al. 2001). 

5.3 
SREBP: Regulator of LDL Receptor Activity 

The expression of the LDL receptor gene is regulated by the intracellular choles­
terol pool through sterol responsive element binding proteins (SREBPs) 1 and 2 
(Brown and Goldstein 1997; Osborne 2000). Precursors of SREBPs are anchored 
in the membrane of the endoplasmic reticulum. When the sterol content of a cell 
decreases, SREBP processing proteins including SREBP cleavage activating pro­
tein (SCAP), site 1 protease (SIP) and site 2 protease (S2P) act synergistically to 
release the amino-terminal domain of SREBP by proteolysis. These active do­
mains are transferred into the nucleus to activate the transcription of the genes 
of the LDL receptor and of enzymes involved in the biosynthesis of cholesterol. 
Furthermore, SREBPs up-regulate genes involved in the production of free fatty 
acids, including acetyl-CoA carboxylase and fatty acid synthase (Bennett et al. 
1995; Lopez et al. 1996). 

Mutations within the SREBPs and the SREBP processing proteins (SCAP, SIP, 
S2P) have been sought intensively, especially in patients with familial hyperc­
holesterolaemia. Four polymorphic sites within SCAP (Nakajima et al. 1999; 
Iwaki et al. 1999), one within the promoter of SREBP-la (Vedie et al. 2001) and 
five mutations in SREBP-2 (Muller et al. 2001; Miserez et al. 2002) have been 
published. The SCAP gene has an exonic polymorphism (A---+G transition) lead­
ing to isoleucine (A) to valine (G) substitution at codon 796 (Iwaki et al. 1999). 
The lipid-lowering response to 40 mg pravastatin was independent of the Ile796-
Val polymorphism in a placebo-controlled 6-month study of 51 hypercholes­
terolaemic men (Fan et al. 2001). In the 372 participants of the Lipoprotein Cor­
onary Atherosclerosis Study (LCAS), Salek and co-workers (Salek et al. 2002) 
detected no difference in lipid-lowering response relating to SCAP Ile796Val 
(A2386G) genotype, but found a strongly graded interaction between SREBP-la 
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-36deliG genotype and response of apoAI and apoC3 to fluvastatin and a mod­
est interaction with HDL cholesterol. However, the authors rightly emphasized 
the possibility of a false positive finding, since the a error of p<0.05 needs to be 
adjusted in this study for multiple testing due to the variety of lipid parameters 
and endpoints assessed. Thus, their findings will need replication in other stud­
ies. 

5.4 
Apolipoprotein A-I 

Apolipoprotein A-I (apoAl) is the major apolipoprotein of HDL and plays an 
important role in the formation of mature HDL and in reverse cholesterol trans­
port. HDL concentrations are largely determined by the rate of synthesis of apo 
AI in the liver. As a consequence, deficiency of apo AI results in an almost com­
plete absence of HDL and in accelerated atherosclerosis. A G----+A substitution at 
position -75 in the promoter of the apo AI gene is common in the general pop­
ulation. A recent meta-analysis has shown that the minor allele A is associated 
with mildly elevated apoAI levels in healthy individuals (Juo et al. 1999). Or­
dovas and co-workers (2002a) found a significant gene-diet interaction associ­
ated with the APOAI G-75A polymorphism in women. In female carriers of the 
A allele, higher dietary polyunsaturated fatty acid (PUFA) intakes were associat­
ed with higher HDL cholesterol concentrations (Ordovas et al. 2002a). In men 
the situation was more complex because of interactions with smoking and alco­
hol drinking. 

In a small study of 58 male subjects with atorvastatin (40 mg/day) or placebo 
in a crossover design, atorvastatin was less effective in carriers of the apoAl -
75A allele (n=15) in lowering triglycerides, both in the fasting and in the post­
prandial state (Ordovas et al. 1999). Larger studies are needed to confirm these 
results. 

5.5 
Apolipoprotein A-IV 

Apolipoprotein A-IV (apoA4) is a 46-kDa glycoprotein synthesized by intestinal 
enterocytes and incorporated into the surface of chylomicrons, VLDL and HDL. 
Presumably apoA4 plays a role in intestinal lipid absorption, modulates en­
zymes involved in lipoprotein metabolism and serves as a saturation signal (Tso 
et al. 1999). Polymorphisms of apoA4 may modulate the physical properties of 
chylomicrons and, ultimately, the intestinal dietary lipid absorption (Weinberg 
2002). The apoA4 His360Glu polymorphism has been associated with increased 
postprandial hypertriglyceridaemia and a reduced low-density lipoprotein re­
sponse to dietary cholesterol. However, this response is modulated depending 
on total fat intake and its qualitative composition (MUFA/PUFA ratio). Again it 
should be noted that study findings are far from conclusive and appear to be at 
odds at times, because most of these studies were underpowered for detection 
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of subtle gene effects. Furthermore, study protocols varied with respect to the 
populations and dietary modification and only a few have addressed the poten­
tially complex interactions of apoA4 alleles with gender and life-style (evidence 
summarized by Weinberg 2002). In a study with 144 participants, the apoA4 
His360Glu polymorphism had no significant effect on cholesterol lowering with 
statin therapy (Ordovas et al. 1995). 

5.6 
Apolipoprotein B 

Apolipoprotein B (apoB) is the only apolipoprotein of LDL and is responsible 
for receptor-mediated LDL uptake. Thus, mutations and polymorphisms of the 
apoB gene may modulate the lipid response to statins. Familial defective apoli­
poprotein B-100 (FDB) is a group of autosomal dominantly inherited disorders 
in which the cellular uptake of LDL from the blood is diminished due to muta­
tions within the apolipoprotein B-100 (apoB-lOO) receptor binding domain 
(Fischer et al. 1999). Out of several point mutations of the putative receptor 
binding domain of apoB-100, only three have so far been proven to produce 
binding-defective apoB-lOO. The most frequent one is apoB-lOO (arg3500----'tgln) 
(Soria et al. 1989). Hypercholesterolaemia is in general less severe in FDB com­
pared to LDL receptor deficiency (Marz et al. 1993; Myant et al. 1993). We found 
that the residence time of LDL apoB-100 was prolonged fourfold in homozygous 
FDB, but the production rate of LDL apoB-100 was approximately half of nor­
mal. This resulted from an enhanced removal of apo E-containing LDL precur­
sors by LDL receptors, which may be up-regulated as a consequence of the de­
creased flux of LDL-derived cholesterol into hepatocytes (Schaefer et al. 1997). 
The availability of apo E for the receptor-mediated removal of remnant particles 
may also explain why FDB patients, homozygous or heterozygous, respond to 
statins as well as individuals with other types of hypercholesterolaemia. 

Numerous polymorphisms have been identified at the apo B locus and many 
of them are associated with differences in baseline lipids levels (Bentzen et al. 
2002). Among these, a (silent) polymorphic XbaI site has been examined exten­
sively. The physiological role of the apo B XbaI polymorphism in codon 2488 in 
exon 26 is still unclear. In most studies, carriers of the XbaI cutting site had 
moderately increased LDL cholesterol. The polymorphism alters plasma lipid 
concentrations and LDL catabolism even though it does not alter the amino acid 
sequence of apoB. In one controlled dietary low- and high-fat intervention study 
in 44 healthy middle-aged subjects, absence of the apoB XbaI restriction site 
(X-/X-) was associated with a greater increase in LDL cholesterol during the 
high-fat diet phase of the study (Rantala et al. 2000). The same authors also in­
vestigated the apo B BeaRI polymorphism in exon 29, which changes the amino 
acid sequence of apoB, but whose functional role is unclear. The R- allele has 
been associated with high plasma total cholesterol concentrations and coronary 
heart disease in some studies, but not in all. In their dietary intervention study, 
plasma LDL cholesterol concentrations increased during the high-fat diet by as 
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much as 59±10% in R-/R- subjects, compared to 39±6% in R+/R- and 26±2% 
in R+/R+ subjects. 

The apoB MspI polymorphism is located in the same exon as the XbaI re­
striction site, but causing a substitution of arginine by glutamine. In the same 
study, the M+/M+ genotype (homozygous presence of the MspI restriction site 
in codon 3611) was also more responsive (41±3% increase in LDL cholesterol) 
than the M+/M- genotype (27±10% increase) (Rantala et al. 2000). In their 
meta-analysis of other published studies, the authors found a significant effect 
of the EcoRI and MspI polymorphisms, but not of the XbaI polymorphism, in 
dietary intervention (Rantala et al. 2000). The final conclusion was that determi­
nation of apoB gene polymorphisms does not now add much clinical value to 
dietary counselling at present. 

One study addressing the impact of this polymorphism on the response to 
lovastatin treatment (20 or 40 mg/day; n=211) was negative (Ojala et al. 1991). 
There are a few studies investigating the role of polymorphisms of the apoB 
gene in modulating the response to fib rates. Although the apoB XbaI and signal 
peptide insertion/deletion polymorphisms were associated with different base­
line levels of LDL cholesterol, they did not influence the response to fib rate ther­
apy (Aalto-Setala et al. 1991; Hayashi et al. 1998). 

5.7 
Apolipoprotein E 

The apolipoprotein E (apoE) polymorphism determines the greatest fraction 
(around 5%) of the population variance of LDL cholesterol among known vari­
ants of genes related to lipoprotein metabolism. In humans, there are three com­
mon alleles designated 102, E3, 104, giving rise to three homozygous (designated 
22,33,44) and three heterozygous genotypes (designated 32, 42, 43) (for review 
see Mahley and Huang 1999; Mahley and Rall 2000). This polymorphism of 
apoE affects the concentration of LDL by modifying the expression of hepatic 
LDL receptors. ApoE4 enhances the catabolism of remnants by virtue of its pref­
erential association with triglyceride-rich lipoproteins and stronger binding to 
lipoprotein receptors. Consequently, hepatic LDL receptors are down-regulated 
and LDL levels increase. For this reason, apo E4 is associated with increased 
LDL cholesterol and atherosclerosis. The 102 allele exerts an opposite effect on 
lipoprotein levels. ApoE2 is defective in binding to lipoprotein receptors. This 
decreases the flux of remnant-derived cholesterol into the liver, up-regulates he­
patic LDL receptor and lowers LDL cholesterol. Ultimately, apoE2 may confer 
protection against the development of vascular disease. For yet unknown rea­
sons, however, one out of 20 apoE22 homo zygotes develops type III hyper­
lipoproteinaemia, a highly atherogenic disorder characterized by accumulation 
of excessive amounts of cholesterol-rich remnant lipoproteins derived from the 
partial catabolism of chylomicrons and very-low-density lipoproteins. 

There are many studies coping with the impact of apoE genotypes on lipid 
response to diet, but their results are far from conclusive. Although the baseline 
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total and LDL cholesterol levels were higher among apoE4 carriers and lower 
among apoE2 carriers compared with apoE3 homo zygotes, the plasma lipid re­
sponse to dietary intervention did not differ significantly across apoE genotypes 
in most of these studies (see study summary by Rubin and Berglund 2002). 
Most were post hoc studies involving small numbers of subjects in which mod­
est effects might be difficult to detect in the presence of confounders. In the 
Quebec Heart Health survey, a gene-nutrient interaction was reported for alco­
hol intake and apoE polymorphism in women. In women with an E43 genotype, 
alcohol consumption intensified the expected increase in LDL cholesterol and, 
paradoxically, the decrease in HDL cholesterol, associated with increasing body 
mass index (Lussier-Cacan et al. 2002). 

Studies with a metabolic challenge have generally been more successful in 
replicating effects across apoE genotypes. In the largest study of the effect of 
apoE polymorphism on the response of plasma cholesterol to various dietary in­
terventions, involving 395 mostly normolipidaemic subjects, the authors con­
cluded that apoE genotype may affect the cholesterol response to dietary satu­
rated fat and cafestol, but that the effects were small. Thus, knowledge of the 
apoE genotype by itself may be of little use in the identification of subjects who 
respond to diet (Weggemans et al. 2001). 

Similarly, reports on the effects of the apoE polymorphism on the efficacy of 
hypolipidaemic drugs are conflicting (Table 2). Despite a majority of publica­
tions describing a lower cholesterol reduction in apoE4 carriers (Korhonen et 
al. 1999; Ordovas et al. 1995; Kuivenhoven et al. 1998; Ordovas et al. 2000; 
Ballantyne et al. 2000; Pedro-Botet et al. 2001), there are several negative reports 
(Sanllehyet al. 1998; Ojala et al. 1991; Gerdes et al. 2000). In view of the fact that 
the apoE polymorphism is a strong predictor of baseline LDL cholesterol, it is 
surprising that there is such a weak interaction, if any at all, between the apoE 
genotype and the change in the LDL cholesterol concentration with statin treat­
ment. In the early 1990s, the interaction of the apoE polymorphism with the ef­
ficacy of statin treatment in familial hypercholesterolaemia was investigated in 
at least nine studies (reviewed by Thompson et al. 2002). Again, of those early 
studies, only about half confirmed that statins were less efficacious in apoE4 
carriers. 

ApoE genotype was determined in 328 out of 730 patients in the atorvastatin 
arm of a multicentre study (Pedro-Botet et al. 2001). There was considerable in­
terindividual variability for the change in LDL lowering, ranging from almost 
0% to 60% in men and women. Men carrying the apoE2 allele had a significantly 
higher mean LDL cholesterol response (-44%) than apoE3 homozygotes 
(-37%) and apoE4 carriers (-34%); p=O.OI for apoE group by treatment inter­
action. No such gene-treatment interaction was noted in women with average 
decreases in LDL cholesterol of 34%,39% and 34%, respectively (Pedro-Botet et 
al. 2001). The mechanisms responsible for these effects have not been elucidat­
ed. In a subgroup of the Scandinavian Simvastatin Survival Study (4S), patients 
with coronary disease with high absorption (high basal cholestanol:cholesterol 
ratio) and low synthesis of cholesterol respond less to HMGCoA reductase inhi-
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bition by statins (Miettinen et al. 1998). Presumably intestinal cholesterol ab­
sorption is also related to apoE phenotype, as it is related to bile acid and cho­
lesterol synthesis (Gylling et al. 1992; Kesaniemi et al. 1987); so that the apo E 
polymorphism may exert its effect on the response to statins via modulating in­
testinal cholesterol absorption. Supportive data have been reported in study of 
19 patients with refractory heterozygous familial hypercholesterolaemia. Again, 
apoE4 was more common in poor responders to atorvastatin. The authors con­
cluded that poor responders to statins have a low basal rate of cholesterol syn­
thesis that may be secondary to a genetically determined increase in cholesterol 
absorption, possibly mediated by apoE4. If so, statin responsiveness could be 
enhanced by reducing dietary cholesterol or inhibiting cholesterol absorption 
(O'Neill et al. 2001). 

In a substudy of Scandinavian Simvastatin Survival Study (4S), Gerdes et al. 
(2000) found that the risk of death or a major coronary event in survivors of 
myocardial infarction (MI) was related to the apoE genotype. They analysed 
5.5 years of follow-up data of 966 Danish and Finish myocardial infarction sur­
vivors enrolled in 4S and found that MI survivors with the apoE4 allele were at 
nearly twice the risk of death, and that treatment with simvastatin abolished the 
excess mortality. They concluded that the effect of apoE4 may involve mecha­
nisms unrelated to serum lipoproteins because (a) baseline lipid levels did not 
differ between apoE genotypes, and (b) apoE4 carriers and patients with other 
genotypes were equally responsive to simvastatin treatment in terms of LDL 
cholesterol lowering (Gerdes et al. 2000), which contrasts with the differential 
effect of apoE genotype observed in men receiving atorvastatin (Petro-Botet et 
al. 2001). It should be noted that both reports are retrospective subgroup find­
ings and not prespecified analyses in the study protocols of the respective trials. 
In a subgroup analysis of the Lipoprotein and Coronary Atherosclerosis Study 
(LCAS), apoE4 carriers were less responsive in LDL cholesterol lowering to flu­
vastatin. However, neither baseline lipids nor clinical outcome differed between 
apoE genotype (Ballantyne et al. 2000). 

The apoE genotype, which has shown to influence plasma cholesterol level 
(see statins), had no effect on the hypolipidaemic efficacy of colestipol 
(Korhonen et al. 1999). The reports of response to fib rates in relation to the 
apoE locus are conflicting (Manttari et al. 1991; Nemeth et al. 1994 and 1995; 
Yamada et al. 1997; Sanllehy et al. 1998). It is important to note that all of these 
studies are very small (n= 63-230) and therefore their power to detect an effect 
of the apoE genotype was low. In a larger study, Brisson and co-workers (2002) 
investigated the interaction of several genetic variants, including apoE polymor­
phism, with the lipid response to fenofibrate in 292 hypertriglyceridaemic sub­
jects. Overall apoE2 carriers were most responsive in lowering non-HDL choles­
terol (defined as total cholesterol minus HDL cholesterol, reflecting the choles­
terol fraction associated with apoB containing lipoproteins). 

Two apoE promoter polymorphisms (among other variants of genes involved 
in lipid metabolism) have been examined in subjects randomized to treatment 
with atorvastatin (n=56) or bezafibrate (n=60) (Garcia-Otin et al. 2002). Sub-
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jects on atorvastatin showed greater reductions in total cholesterol, LDL choles­
terol and non-HDL cholesterol if carriers of a T at position -491 of the apo E 
promoter (T+ subjects) compared to those homozygous for A at that position 
(T- subjects). In contrast, T+ subjects treated with bezafibrate were less respon­
sive to reductions in triglyceride concentrations. No effect was observed for the 
apoC3 C3238G 3'utr and the LPL D9N and N29IS gene variants. 

Taken together it appears that the apoE4 allele is associated with an enhanced 
response (of LDL lowering) to dietary interventions, but a reduced response to 
statin-induced LDL cholesterol lowering (Ordovas and Mooser 2002). However, 
at most, the effect of apoE on the LDL response to statins is clinically modest 
and not observed in a large outpatient study of 400 hypercholesterolaemic pa­
tients treated with pravastatin (Pena et al. 2002). 

5.8 
Cholesteryl Ester Transfer Protein 

Cholesteryl ester transfer protein (CETP) is involved in reverse cholesterol 
transport and several polymorphisms with a functional impact on plasma HDL 
cholesterol and triglycerides have been identified (Yamashita et al. 2000a). CETP 
mediates the transfer of neutral lipids between lipoproteins and plays a central 
role in HDL metabolism. CETP transfers cholesteryl esters associated with HDL 
to triglyceride-rich lipoproteins, facilitating the clearance of cholesteryl esters 
from plasma (Vaughan et al. 2000). Although the potential contribution of CETP 
to reverse cholesterol transport suggests an anti-atherogenic mode of action, 
knowledge of the physiological role of CETP in lipoprotein metabolism remains 
incomplete. The overall effect of CETP on atherogenesis may vary depending on 
both metabolic context and molecular variation in the CETP gene (Tall 1995). 
Interestingly, CETP deficiency is associated with elevated HDL-C, but may, 
paradoxically, increase the risk for CHD (Yamashita et al. 2000b). 

The B2 allele of the TaqlB polymorphism of the CETP gene, a silent base ex­
change in nucleotide 277 of the first intron, has been associated with decreased 
CETP activity and increased HDL cholesterol (Kuivenhoven et al. 1998; Ordovas 
et al. 2000). Several other single nucleotide polymorphisms (SNPs) in the CETP 
gene have been associated with interindividual variation in CETP plasma con­
centrations, HDL cholesterol levels and risk of cardiovascular disease (Agellon 
et al. 1990; Agerholm-Larsen et al. 2000a, b). The Taq1B polymorphism has also 
been shown to serve as a marker of lipoprotein response to dietary intervention 
(Dullaart et al. 1997; Wallace et al. 2000). Other studies have demonstrated a link 
between the CETP I405V gene polymorphism and HDL-C but not with response 
to diet (Gudnason et al. 1999; Friedlander et al. 2000). Sample size and known 
confounders influencing HDL-C (i.e. smoking status, level of exercise, alcohol 
consumption) are the most probable explanation for such conflicting data. 

In the REGRESS study, pravastatin therapy slowed the progression of coro­
nary atherosclerosis in BIBI CETP TaqIB carriers, but not in B2B2 carriers who 
represented 16% of the patients (Kuivenhoven et al. 1998). This effect was inde-
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pendent of the degree of lipid lowering, which was not significantly different 
across all three CETP TaqIB genotypes (BiBi, BiB2, B2B2) (Kuivenhoven et al. 
1998). Since this finding was the result of a retrospective analysis, it awaits rep­
lication in other studies. It was not observed in WOSCOPS (West of Scotland 
Coronary Prevention Study) (Freeman et al. 2000). REGRESS was an angiogra­
phy-based trial in men with pre-existing coronary disease, whereas WOSCOPS 
was a primary prevention study in men with elevated LDL cholesterol. The dif­
ferent populations and primary endpoints of these studies are possible reasons 
for the inconsistent results. 

SNP haplotypes are more informative than SNPs considered separately 
(Knoblauch et al. 2002). We investigated the impact of several genetic variants 
and haplotypes of CETP on lipid-lowering response in 103 dyslipidaemic pa­
tients treated with several statin agents for primary and secondary prevention. 
Statin doses were titrated according to current guidelines to reach LDL choles­
terol levels of 130 mgldl and 100 mg/dl, respectively. Nine single nucleotide 
polymorphisms (SNPs) were identified from the literature or by sequencing the 
CETP gene in a reference population of ethnic diversity. Strong associations be­
tween variants in the CETP gene and baseline CETP mass and activity were 
found. Furthermore, most of the nine SNPs showed a significant association 
with baseline levels of HDL cholesterol and triglycerides. No significant associa­
tion was observed between individual CETP SNPs and the response to statin 
treatment. However, when the SNPs were organized into haplotypes, we not only 
confirmed the associations with CETP mass and activity and baseline lipid lev­
els, but also identified CETP haplotypes that significantly predicted the lipid re­
sponse to treatment with a statin (even after adjusting for multiple compar­
isons): patients with two copies of a particular CETP haplotype showed the lar­
gest increase in HDL-C levels, those without this haplotype the lowest increase 
in HDL-C levels, and patients with one copy had an intermediate response. A 
similar inverse relationship was observed for the decrease in triglycerides. There 
was no significant interaction between any of the CETP gene variants with base­
line LDL cholesterol or cholesterol response after statin therapy (Winkelmann 
et al. 2002). In conclusion, in our study haplotypes were better predictors of the 
individual response to treatment with a statin than a single SNP. 

5.9 
Hepatic Triglyceride Lipase 

Hepatic triglyceride lipase (HTGL) or hepatic lipase (HL, the HL gene symbol is 
LIPC) catalyses the hydrolysis of triglycerides of HDL and remnant lipoproteins 
like IDL. Further, it is involved in their uptake in the liver. Whether HL is pro­
or antiatherogenic is still a matter of debate (Santamarina-Fojo et al. 1998). Re­
cently, a C---+ T polymorphism at position -514 (-480) in the promoter of the 
HL gene has been described which is in complete linkage disequilibrium with 
three other polymorphic sites within the promoter (G-250A, T-710C, A-763G) 
(Guerra et al. 1997) and is associated with HDL particle size (Couture et al. 
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2000). The common C allele is associated with higher HL activity and an athero­
genic lipid profile, characterized by lower levels of HDL2 cholesterol and dense 
LDL particles (Zambon et al. 1999). A gene-nutrient interaction of the C-514T 
HL gene polymorphism was observed in the Framingham study. Carriers of a 
TT genotype had the highest baseline HDL levels, but showed an impaired ad­
aptation to higher animal fat intake (Ordovas et al. 2002b). 

Zambon et al. (2001) treated 49 dyslipidaemic men with elevated (;:::125 mg/ 
dl) apoB levels and established CAD with 40 mg daily of lovastatin and colesti­
pol and analysed their lipid response depending on the HL C-514T genotype. 
Subjects with a HL -514 CC genotype had the highest baseline HL activity and 
the largest absolute and relative decrease in HL activity (18% decrease com­
pared to 9% and 5% in CT and TT carriers). They also showed the largest in­
crease in HDL cholesterol, particularly in HDL2 cholesterol, and in LDL buoyan­
cy as a measure of LDL particle size (Zambon et al. 2001). Parallel to the chang­
es in lipid profile, the CC homozygous subjects had a significantly better angio­
graphic outcome. To our knowledge the angiographic findings of that study 
have not yet been replicated by other studies. Other polymorphisms within the 
coding region of the HL gene are known to influence the activity of the lipase 
(Nie et al. 1998) and should be investigated for functional and clinical effects 
during lipid-lowering intervention. 

One study in 198 type 2 diabetics replicated the baseline associations between 
HL C-514T gene polymorphism and HL activity, but did not find any interaction 
of this gene variant and the lipid lowering potency of 10 mg and 80 mg atorvas­
tatin in a randomized double-blind placebo-controlled parallel group protocol. 
A daily dose of 10 mg atorvastatin lowered HL activity to a similar degree in 
male and female CC and CTcarriers (10%-13%). The higher dose of 80 mg re­
sulted in an even greater reduction. Thus, atorvastatin treatment resulted in a 
dose-dependent decrease in HL activity, regardless of sex or the HL gene pro­
moter variant (Berk-Planken et al. 2003). 

S.10 
Lipoprotein Lipase 

Lipoprotein lipase (LPL) is the rate-limiting enzyme in the hydrolysis of trigly­
ceride-rich lipoproteins, i.e. chylomicrons and VLDL. The genetic variants of 
LPL associated with elevated triglycerides and low HDL include the Asn291Ser 
(or N291S) and Asp9Asn (or D9N) polymorphisms, and the Ser447Stop (or 
S447X) polymorphism, a C---+G nucleotide exchange at position 1595 that results 
in a stop codon and truncation of the LPL protein by two amino acids (Zhang 
et al. 1995; Wittrup et al. 1999). Another intronic polymorphism of LPL, the in­
tron 8 HindIII LPL polymorphism, has been associated with differences in LDL 
cholesterol, but not with triglycerides and HDL in females (Larson et al. 1999). 
There is strong evidence that the latter two polymorphisms, S447X and HindIII, 
are in significant linkage disequilibrium (Humphries et al. 1998a). 
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The LPL Asp9Asn polymorphism was associated with lower HDL, a signifi­
cantly lower decrease in total and LDL cholesterol upon treatment with pravas­
tatin and a significantly higher rate of angiographic progression (in the placebo 
group only) in the REGRESS trial. Although the lipid-lowering effect of pravas­
tatin was attenuated in patients carrying the Asp9Asn variant, angiographic pro­
gression of coronary atherosclerosis was prevented in the pravastatin group re­
gardless of the presence or absence of the Asp9Asn polymorphism (Jukema et 
al. 1996). The LPL HindII! polymorphism predicted non-responsiveness to sta­
tin treatment (lovastatin, plus cholestyramine, if needed for aggressive LDL low­
ering to levels <100 mg/dl) in the Post-CABG trial, both in the moderate and ag­
gressive treatment arm (as evidenced by a significantly higher rate of saphenous 
graft worsening in LPL Hind III 2/2 homozygotes), while no such association 
was observed for the Asn291Ser and Asp9Asn polymorphisms (Taylor et al. 
1999). Finally, the REGRESS study group has published a gene-environment in­
teraction between the Ser447Stop variant of LPL and the use of beta-blockers. In 
presence of the 447 stop codon, LPL activity and HDL cholesterol were signifi­
cantly lower in users of beta-blockers, while such associations were absent in 
the patients not taking beta-blockers (Groenemeijer et al. 1997). 

As always, caution should be used when assessing such findings. These re­
sults were obtained in subgroups of large placebo-controlled randomized trials 
studying the lipid-lowering response of statins. The genetic analysis was not a 
prespecified endpoint, but a retrospective analysis. None of the reports correct­
ed for multiple testing. Therefore, these studies should be taken as exploratory 
hypothesis-generating studies that need to be replicated. 

5.11 
Lipoprotein (a) 

Lipoprotein (a) (Lp(a) consists of two components: a LDL particle and apolipo­
protein (a) which are linked by a disulfide bridge. Apo(a} reveals a genetically 
determined size polymorphism resulting from a variable number of plasmino­
gen kringle IV-type repeats (Utermann 1999; Hobbs and White 1999). Lp(a} lev­
els are amazingly stable over the lifetime of an individual, indicating a strong 
genetic component. Lp(a) is considered an independent risk factor for coronary 
artery disease (Marcovina et al. 1998). However, Lp(a} was not an independent 
predictor of CHD risk in the Quebec Cardiovascular study (Cantin et al. 2002) 
or in the Strong Heart study (Wang et al. 2002). 

Diets rich in saturated fatty acids consistently lower plasma Lp(a} concentra­
tion. However, any benefit of lowering elevated Lp(a} is counteracted by the 
ability of saturated fats to raise LDL levels. Subjects with low to moderate alco­
hol intake have been shown to have lower Lp(a} concentrations than teetotallers 
(Puckey and Knight 1999). 

The effect of statins on Lp(a} is controversial (Klausen et al. 1993; Maerz et 
al. 1994). In a study of 51 FH patients treated with 40 mg pravastatin daily, an 
increase in Lp(a} was observed which was greatest in patients with the low-mo-
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lecular-weight apo(a) phenotypes (Klausen et al. 1993). In another double­
blinded study of 391 hypercholesterolaemic subjects treated with atorvastatin 
(10 mg daily) or simvastatin (20 mg daily), plasma levels of apo(a) fragments 
were not modified by either statin. A minor reduction in Lp(a) plasma levels 
was observed on treatment with atorvastatin (6% variation; p<O.OO1) and sim­
vastatin (0.02% variation; p=0.048) (Gonbert et al. 2002). Such marginal find­
ings have most probably no clinical relevance, especially since they were not 
replicated in other large statin intervention studies. 

S.12 
Cholesterol-7 a-Hydroxylase 

Cholesterol-7a-hydroxylase (CYP7) activity seems to be inversely correlated 
with plasma cholesterol levels (Cohen et al. 1999) and bile acids in the intestine 
seem to activate the pregnane X nuclear receptor (PXR), which subsequently re­
presses CYP7Al gene expression (Goodwin et al. 2002). Resins such as 
cholestyramine and colestipol impede the recycling of bile acids by trapping 
them in the lumen of the intestine (Grundy et al. 1971). As a consequence, the 
hepatic conversion of cholesterol to bile acid is increased by up-regulation of 
CYP7 (Reihner et al. 1989), the rate-limiting enzyme of bile acid synthesis. 

There exists at least one common polymorphism within the regulatory region 
of the CYP7 gene (C-27BA [Wang et al. 1998] or A-204C [Couture et al. 1999]). 
Depending on the population studied, the C-27BA polymorphism accounted for 
1 %-15% of the variation of LDL cholesterol (Wang et al. 1998; Couture et al. 
1999). The effect of this SNP on the regulation of CYP7 has not been evaluated 
in detail. It is, therefore, difficult to predict whether it will influence the lipid­
lowering effect of bile acid sequestrants or HMG-CoA reductase inhibitors. 

S.13 
Peroxisome Proliferator-Activated Receptors 

Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors acti­
vated by fatty acids and derivatives (Berger and Moller 2002; see also the chap­
ter by Vidal-Puig and Abel, this volume). PPARa is predominantly expressed in 
tissues that metabolize high amounts of fatty acids (liver, kidney, heart, and 
muscle), where it stimulates their oxidative degradation (Auboeuf et al. 1997). 
PPARy is mainly found in adipose tissues, where it promotes adipocyte differ­
entiation and lipid storage (Auwerx 1999). PPARj3/8 is expressed ubiquitously 
and seems to playa role in the control of adipogenesis. PPARa mediates the hy­
polipidaemic action of fib rates, and PPARy is the molecular target of glitazone 
antidiabetics (Corton et al. 2000; Barbier et al. 2002). 

Several SNPs in the PPARa gene have been published recently: a G/A trans­
version in intron 3, R131Q, and L162V (Vohl et al. 2000; Flavell et al. 2000; 
Sapone et al. 2000). In all studies, the frequency of the minor allele was lower 
than 10%. There was no evidence that the mutations within the coding region of 
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PPARa have a major role in type 2 diabetes, although they might have a border­
line impact on LDL cholesterol levels (Vohl et al. 2000; Flavell et al. 2000). 

No polymorphisms have been described within the PPAR responsive ele­
ments (PPRE) of the promoters of LPL, apo CIII, apo AI and apo All that might 
directly influence the binding of these transcription factors. On the other hand, 
there are several possible polymorphisms in the target genes of PPARa that 
might interact with the action of fibrates, e.g. LPL D9N, N291S and S447X. Car­
riers of the truncated LPL variant, S447X, which is associated with higher plas­
ma LPL activity, might have greater benefit, whereas carriers of LPL 9N and 
291S, who have lower plasma LPL activity, might have a smaller benefit from fi­
brate therapy, but this has not yet been proven experimentally. 

In a study of 71 dyslipidaemic subjects randomized to gemfibrozil (600 mg 
daily) or placebo, the HDL2 response to gemfibrozil was modulated by the 
PPARa L162V gene polymorphism. PPARa 162L homozygotes showed a 5% in­
crease in HDL2 cholesterol compared to a 50% increase in 162V carriers 
(p=0.03) (Bosse et al. 2002). 

In the SENDCAP study, bezafibrate-treated V162 allele carriers (13 patients) 
showed a twice as much lowering of total cholesterol (-0.90 vs -0.42 mmo1!l, 
p=0.04) and non-HDL-C (-1.01 vs -0.50 mmo1!l, p=0.04) than L162 allele ho­
mozygotes (109 patients) (Flavell et al. 2000). As bezafibrate is not PPARa spe­
cific but also interacts with PPARy and PPAR /3//5, the effects of the V162 varia­
tion might even be greater in the case of other, more specific fibrates. However, 
the Leu to Val change at position 162 of the PPARa gene was not associated with 
a difference in lipid-lowering effectiveness in a study of 96 lipid clinic subjects 
prescribed fibrates (Puckey and Knight 2001) and in another study with fenofi­
brate described below (Brisson et al. 2002). 

Brisson et al. (2002) observed in 292 hypertriglyceridaemic subjects treated 
with fenofibrate that the LPL D9N (= low LPL) and PPARy P12A mutations did 
not affect fenofibrate lipid-lowering action. Neither was the PPARa L162V poly­
morphism associated with any significant difference in lipid-lowering efficacy 
of fenofibrate in this study. In contrast, only the LPL P20lL (LPL-null) variant 
was significantly associated with residual post-treatment hypertriglyceridaemia. 
Furthermore, apoE2 carrier status was most strongly associated non-HDL cho­
lesterol response to fenofibrate, both in the entire cohort and in the subgroups 
with the simultaneous presence of the PPARa 162V or LPL 20lL mutations 
(Brisson et al., 2002) 

6 
Non-lipid Pathway Genes 

6.1 
Stromelysin-l 

Recently, a functional 5A/6A polymorphism has been described within the stro­
melysin-1 promoter (Ye et al. 1995). Stromelysin-1 is a member of the metallo-
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proteinases that degrade extracellular matrix (see the chapter by Henney, this 
volume). In situ hybridization and histopathological studies suggest that stro­
melysin-1 activity is important in connective tissue remodelling associated with 
atherogenesis and plaque rupture. Patients homozygous for the 6A allele showed 
greater progression of angiographic disease than those with other genotypes (Ye 
et al. 1995). In the REGRESS study (Regression Growth Evaluation Study), pa­
tients within the placebo group with the 5A6A or 6A6A genotype had more clin­
ical events than patients with the 5A5A genotype. In the pravastatin group, the 
risk of clinical events in patients with 5A6A or 6A6A genotypes was lower com­
pared with placebo (deMaat et al. 1999). Similar data were obtained for the inci­
dence of repeat angioplasty. These beneficial changes were independent of the 
effects of pravastatin on lipid levels, raising the possibility that pravastatin ex­
erts pleiotropic effects on stromelysin-1 expression or activity. Until now there 
have been two studies, one with gemfibrozil (LOCAT) (Humphries et al. 1998) 
and the REGRESS study conducted with pravastatin (deMaat et al. 1999), sug­
gesting that the stromelysin-l promoter polymorphism confers a genotype-spe­
cific response to medication. 

7 
Limitations and Conclusions 

Today, a physician's selection of drug treatment and dosage is usually based 
upon empirical averages obtained from clinical trials, but not upon the individ­
ual who will take the drug. This practice of undifferentiated treatment leads to a 
lesser degree of efficacy and increased toxicity (Lazarou et al. 1998). Thus, the 
promise of the post-genomic era is that fast and inexpensive gene-measurement 
technologies will allow variation at the DNA level to be incorporated into algo­
rithms designed to identify populations and individuals at risk and tailor drug 
dosing for an optimal drug response. However, according to a recent study of 
the apoE polymorphism and its contribution to the variability in quantitative 
measures of lipid metabolism, such expectations may be unrealistic (Stengard 
JH et al. 2002). Another study of genetic variants known to affect HDL cholester­
ol (TaqIB CETP polymorphism, C-514T polymorphism of hepatic lipase, and 
S447X polymorphism of lipoprotein lipase) concluded that only 2.5% of the 
variance in HDL cholesterol could be explained by those variants (Talmud et al. 
2002). The same may apply to predictability of individual drug response: It may 
not be possible to identify either a particular genetic variant or a particular sub­
set of variants (haplotypes, SNP patterns across genes located on different chro­
mosomes) that are specific or sensitive enough to identify an individual at risk. 
Complexity research has shown that it is extremely difficult to explain an indi­
vidual outcome of a highly interactive system in terms of the behaviour of a par­
ticular state or certain subsets (Sole et al. 2000): it may even be theoretically im­
possible (Axelrod et al. 2000). Although the functional effects of polymorphic 
drug targets are under study by many groups through the world, this area is 
plainly not yet mature enough to provide clear-cut recommendations for the 
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choice of drug and the drug dosage in the individual (Ingelman-Sundberg 
2001). We would like to close with a citation from Maitland-van der Zee et al. 
(2002), who summarized their own review concerning the impact of genetic 
polymorphisms on the response to HMG-CoA reductase inhibitors as follows: 
«At present, no single polymorphism has been identified that renders statin 
treatment ineffective, based on clinical outcomes. Therefore, results from large­
scale population studies are needed to complement results from clinical trials 
and small-scale studies in selected populations". 
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Abstract Hypertension is an asymptomatic condition but a major risk factor 
for cardiovascular events and stroke. Blood pressure exhibits a skewed normal 
distribution in the general population with no natural hypertensive threshold. 
Decisions regarding who to treat and with what drugs are based upon morbidity 
and mortality data in large population studies, the presence/absence of co-exist­
ing disease and cost. Because of variation between individuals in their response 
to antihypertensive drugs, patients are frequently exposed to a number of differ­
ent drugs before a suitable agent (or combination of agents) is found. This in­
creases the potential for adverse drug reactions and/or poor compliance. A few 
patient characteristics can be used to help predict their blood pressure response 
to a drug such as age, race and perhaps renin levels. Genetic factors also influ­
ence the level of blood pressure in an individual, susceptibility to target organ 
damage and the response to antihypertensive drugs. Genes with a large influ­
ence on blood pressure have been identified for rare familial forms of hyperten­
sion, but these account for a very small fraction of the general hypertensive pop­
ulation. Their elucidation has helped define pathophysiological pathways and 
suggests new biochemical factors for further genetic studies or drug targeting. 
The hunt is on for genes which influence blood pressure in a much larger pro­
portion of the population. The broader vision is that knowledge of a patient's 
genotype coupled with epidemiological and clinical data can help in tailoring 
therapy to the individual patient. How useful it turns out to be will ultimately 
depend upon whether blood pressure is regulated by a relatively small number 
of genes with significant effects or a large number of genes with very small ef­
fects. 

Keywords Hypertension· Candidate genes· Animal models· Target organ 
damage 
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It is widely accepted that Pickering won the debate with Robert Platt over the 
inheritance of high blood pressure. By the middle-half of the twentieth century, 
it was confidently assumed that many genes involved in the regulation of blood 
pressure would be identified: perhaps as many as 20 or 30. Yet, half a century 
on, we have made relatively poor progress towards identifying any genes that 
influence blood pressure variation in any significant proportion of the popula­
tion. In fact, it is an irony that Platt's single-gene hypothesis has been proved 
right for a very small number of rare familial hypertension syndromes, and an 
understanding of the molecular basis of these syndromes has thus far been the 
real success of research in this area. 

Nonetheless it remains a firm belief that essential hypertension is a genetical­
ly heterogenous condition and that elucidating the genes involved will allow the 
subdivision of the condition into distinct molecular subtypes and identify new 
therapeutic targets. It is also recognized that patients with hypertension vary in 
their tolerance of the condition - that some have significant hypertension with­
out much evidence of target organ damage. Rather than relying solely on popu­
lation risk factor scores to assess an individual's need for medicines, it is hoped 
that genetic information will provide valuable insight into the type of hyperten­
sion and risk of complications for each patient and permit a more individually 
tailored approach to treatment. 

2 
Insight from Single Genes with Large Effects on Blood Pressure 

Linkage analysis in families with an extreme phenotype (e.g. severe hyperten­
sion or hypotension evident at an early age) coupled to sequence analysis of 
candidate genes within the regions of linkage has identified over a dozen genes 
with a large effect on blood pressure (Lifton et al. 2001). In most cases the genes 
encode known drug targets or proteins already implicated in the pathogenesis 
of hypertension; indeed, this knowledge was instructive in choosing the candi­
dates to sequence. In practically all cases to date, the mutated gene products dis­
rupt, directly or indirectly, sodium homeostasis by the kidney (Fig. 1). 

2.1 
Genetic Mutations Altering Renal Ion Channels and Transporters 

2.1.1 
Liddle's Syndrome 

This is an autosomal dominant condition in which hypertension is associated 
with hypokalaemic alkalosis and suppressed plasma renin and aldosterone lev­
els. Linkage analysis in Liddle's original kindred identified a mutation in the 
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Fig. 1 Summary of known single gene mutations with major effects on blood pressure. (Adapted from 
Karet 2003) 

gene encoding the f3 subunit of the epithelial sodium channel (ENaC) of the cor­
tical collecting tubule of the kidney (Shimkets et al. 1994). This is a site of action 
of amiloride, an effective treatment for the condition. Subsequently, mutations 
have been found elsewhere in this gene and in the gene for the y subunit of this 
channel (Hansson et al. 1995a, b). The mutations all result in a gain-of-function. 
It seems that the clearance of the normal channel from the membrane is depen­
dent upon the PPPXY sequence in the cytoplasmic tail. The mutations affect the 
motif either as missense mutations within it or by the introduction of premature 
stop codons that delete the entire C-terminus (containing the PPPXY motif). 
Channels lacking an intact PPPXY motif show reduced interaction with, and en­
docytosis by, clathrin-coated pits, thus prolonging their half-life at the cell sur­
face. The increased abundance of these channels leads to avid sodium reabsorp­
tion independent of aldosterone. 

2.1.2 
Recessive Pseudohypoaldosteronism Type 1 (PHA1) 

Loss-of-function mutations in any of the three subunits making up ENaC lead 
to a neonatal salt wasting condition with hyperkalaemia and metabolic acidosis 
that requires life-long sodium supplementation and treatment of hyperkalaemia 
(Chang et al. 1996, Strautnieks et al. 1996). 
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2.1.3 
Gitelman's and Bartter's Syndromes 

These are normotensive-hypotensive, autosomal recessive conditions character­
ized by hypokalaemic alkalosis that result from mutations in four different 
genes, two of which encode protein targets for commonly used diuretics. Gitel­
man's syndrome is caused by loss-of-function mutations in the gene for the thi­
azide-sensitive Na-Cl co-transporter of the distal convoluted tubule (Simon et 
al. 1996a). The characteristics of the condition are typical of thiazide use in that 
in addition to hypokalaemia, serum magnesium is low and urinary calcium ex­
cretion reduced. One variant of Bartter's syndrome is due to loss-of-function 
mutations in the apical Na-K-2CI co-transporter of the ascending limb (TAL) of 
Henle, the site of action offurosemide (Simon et al. 1996b). Two other molecu­
lar variants of Bartter's syndrome have been reported: one due to loss-of-func­
tion mutations in the ATP-sensitive K+ channel, ROMK, and the other due to 
mutations in CLCNKB, which impairs the function of a CI- channel in TAL 
(Simon et al. 1996c, 1997). Given the phenotype of patients with mutations in 
ROMK and CLCNKB, it has been suggested that pharmacological antagonism of 
these channels may offer a novel approach to the treatment of hypertension. 

2.2 
Genetic Mutations in the Mineralocorticoid Receptor 

2.2.1 
Hypertension Exacerbated by Pregnancy 

A missense mutation, MR S81OL, in the ligand binding domain of the mineralo­
corticoid receptor has been identified in a family in which hypertension was ev­
ident below the age of 20 and exacerbated by pregnancy (Geller et al. 2000). The 
mutation alters the steric requirements for activation of the receptor such that 
steroids lacking 21-hydroxl groups, such as progesterone, which normally bind 
but do not activate the receptor and the antagonist spironolactone become po­
tent agonists. 

2.2.2 
Autosomal Dominant Pseudohypoaldosteronism Type 1 

Heterozygous loss-of-function mutations in the mineralocorticoid receptor re­
sult in severe neonatal salt wasting with hypotension, hyperkalaemia and meta­
bolic acidosis, despite markedly elevated aldosterone levels (Hanukoglu 1991; 
Geller et al. 1998). Interestingly, once through the neonatal period, heterozygous 
patients are able to survive on a normal salt-rich diet. 
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2.3 
Genetic Mutations That Affect Mineralocorticoid Hormone Levels 

2.3.1 
Glucocorticoid-Remediable Aldosteronism 

Glucocorticoid-remediable aldosteronism (GRA) is an autosomal dominant trait 
arising from the inheritance of a chimeric gene formed from the 5' end of IIf3 
hydroxylase and the 3' end of aldosterone synthase (Lifton et al. 1992a, b). This 
causes ectopic expression of the aldosterone synthase gene in the adrenal zona 
fasciculata, where it is regulated by adrenocorticotropic hormone (ACTH) 
rather than angiotensin II. The synthesis of aldosterone, therefore, becomes 
linked to cortisol secretion and is maintained at higher than normal levels, lead­
ing to hypertension, hypokalaemia and metabolic alkalosis. It responds to treat­
ment with low-dose dexamethasone, which suppresses ACTH levels. 

2.3.2 
Apparent Mineralocorticoid Excess 

Apparent mineralocorticoid excess (AME) arises when corticosteroids other 
than aldosterone activate the mineralocorticoid receptor. One of these is cortisol 
itself, which has similar affinity to aldosterone at the mineralocorticoid recep­
tor. Cortisol circulates in concentrations lOOO-fold higher than aldosterone but 
is prevented from accessing the receptor in the kidney by llf3-hydroxysteroid 
dehydrogenase-2 (1lf3-HSD2). This enzyme converts cortisol to cortisone, 
which does not activate the mineralocorticoid receptor. Homozygous loss-of­
function mutations in llf3-HSD2 permits cortisol to access and stimulate the 
mineralocorticoid receptor, leading to hypertension and hypokalaemia (Mune 
et al. 1995). The same phenotype can be produced by over-production of corti­
sol and by inhibition of the enzyme, e.g. by glycyrrhetinic acid, a metabolite of 
liquorice. Inherited deficiencies in llf3-hydroxylase and 17a-hydroxylase impair 
cortisol production and divert steroid synthesis into the over-production of 21-
hydroxylated steroids, which exhibit a high affinity for the mineralocorticoid re­
ceptor (Kagimoto et al. 1988; White et al. 1991). 

2.3.3 
Defective Aldosterone Synthesis 

Mutations resulting in the loss of aldosterone synthase and deficiencies in 21-
hydroxylase impair aldosterone synthesis, resulting in salt wasting and hypoten­
sion. 
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2.4 
Other Mendelian Forms of Hypertension 

2.4.1 
Pseudohypoaldosteronism Type II 

Pseudohypoaldosteronism type II (PHAII) is hypertension associated with hy­
perkalaemia and as a heritable trait has been mapped to at least three genetic 
loci. Mutations in two genes encoding serine-threonine kinases have been re­
ported (Wilson et al. 2001). Those in WNKI are large deletions in intron 1 that 
increase expression of the enzyme while those in WNK4 are missense mutations 
in two highly conserved domains. Both kinases localize to distal nephron seg­
ments and are thought to be involved in Na and CI transport. A recent study 
suggests that the normal function of WNK4 is to inhibit expression of the thia­
zide-sensitive Na-CI co-transporter; missense mutations that abrogate the ki­
nase function prevent this action, leading to gain-of-function (Wilson et al. 
2002). The responsible gene on chromosome lq31-42 has not been identified 
and a fourth genetic locus has also been suggested (Mansfield et al. 1997). 

2.4.2 
PPARy Mutations 

Dominant-negative missense mutations in the peroxisome-proliferator activated 
receptor subtype gamma (PPARy) have been identified in three patients with di­
abetes, acanthosis nigricans and hypertension (Barroso et al. 1999). The mecha­
nism by which disruption of PPARy function can cause hypertension is unclear 
but one intriguing possibility is through regulation of serum- and glucocorti­
coid kinase activity (sgk) (Pearce 2001). This enzyme is a major transcriptional 
target for aldosterone and stimulates ENaC membrane expression and activity 
in response to the mineralocorticoid. It also lies in the insulin signalling path­
way, providing a biochemical link between insulin signalling, aldosterone and 
sodium homeostasis. 

2.4.3 
Hypertension with Brachydactyly 

There is a familial condition in which hypertension is associated with abnormal 
skeletal development in the hand and wrist. It has been mapped to chromosome 
12p12.2-1l.2 (Schuster et al. 1996), but the gene has not been identified. Howev­
er, the pathophysiology of the hypertension is unusual in that it appears to be 
neurogenic in origin and possibly associated with abnormal vascular loops 
abutting the brainstem. 
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3 
Genome-Wide Studies in Human Hypertension 

A number of genome-wide linkage studies have been published in the last few 
years and the largest of these are summarized in Table 1. These are difficult 
studies and there is much debate over the best study design, sample size and 
statistical approach. Other complicating factors include ethnic mix and the 
availability of pre-treatment blood pressures. It is not surprising perhaps that 
the reproducibility of loci between study populations is poor. 

There are statistical problems with most if not all the published studies. Of 
concern is the issue of repetitive testing. A p value of <0.05 is not appropriate 
when several hundred tests are being performed for a typical genome-wide set 
of markers. The appropriate level is still debated, although Lander and Kruglyak 
in 1995 provided stringent definitions: they set suggestive and significant link­
age log of the odds ratio (LOD) thresholds at 2.2 and 3.6, corresponding to a 
p<0.0007 and p<0.00002 respectively. In a study of over 30 such genome scans, 
Altmuller and colleagues found that the majority did not achieve the Lander 
and Kruglyak threshold for genome-wide significance (Altmuller et al. 2001). 
The single most important useful factor that emerged from this analysis was the 
use of a large sample size drawn from a single ethnic group. The problems of 
combining data across ethnic groupings is exemplified by the recent meta-anal­
ysis from the Family Blood Pressure Program (Province et al. 2003). 

To date, just two published hypertension scans have reported a locus that 
achieved genome-wide significance. The first is the chromosome 17q locus from 
the Framingham Heart Study (see Fig. 2) and the second is on chromosome 18q 
in the deCode study population from Iceland. The final analysis of the UK 
BRIGHT study has not been published, although it is reported to show a locus 
that reaches genome-wide significance on chromosome 6q, with three further 
loci on 2q, 5q and 9q (Caulfield et al. 2002). 

3.1 
Framingham Heart Study 

The discovery of one of the disease genes for Gordon's syndrome (WNK4) un­
der the chromosome 17q locus is interesting, although it must be pointed out 
that 17q is actually very gene-rich. Further refinement may be possible with fine 
mapping, but the suggestion of WNK4 as an explanation for the association 
raises an important issue of how liberal one needs to be in identifying candidate 
genes. If the WNK4 kinase had not been highlighted by work on a rare mono­
genic form of hypertension it is likely to have remained an orphan kinase for 
some time. In fact, we still know so little about how the WNK kinases function 
that it seems unlikely that WNK4 would have been identified as a candidate gene 
by most researchers. 
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Fig.2 Multipoint LOD score map for chromosome 17, taken from the genome-wide scan of the 
Framingham Heart Study. (From Levy et al. 2000, with permission) 

3.2 
Icelandic deCode study 

The putative locus on chromosome 18 represents one of a number of positive 
genome-wide scans that have been reported from the Icelandic deCode data­
base. This island population is unusual for being geographically isolated until 
relatively recently and subject to several bottlenecks in its millennium-long his­
tory. Founder populations such as this have been widely heralded as being more 
useful than outbred ones in linkage-disequilibrium mapping, but both mod­
elling and recent haplotype analysis within Finnish and Sardinian populations 
suggests that this is not the case (Eaves et al. 2000). Founder effects also imply 
that the disease mutations identified may be distinct from those operating in 
other populations. We should be partly reassured that this locus coincides with 
one reported for human familial orthostatic hypotension (DeStefano et al. 1998) 
and quantitative trait loci (see the chapter by Winkelmann et aI., this volume) 
reported from both mouse and rat models (Stoll et al. 2000; Wright et al. 1999). 

3.3 
UK BRIGHT Study 

The UK BRIGHT Study of White Northern Europeans, using over 1500 sib pairs, 
has reported a LOD score of 2.2 for chromosome 6q, with smaller effects from 
three further loci on 2q, 5q and 9q (Caulfield et al. 2002). The 5q locus is a po­
tentially interesting locus containing several obvious candidate genes including 
the [32 (ADRB2) and alb (ADRAIB) adrenoceptor genes. The ADRB2 gene has 
attracted a lot of attention, since its common variants, R16G and Q27E, clearly 
impact [32-adrenoceptor function (Liggett 1997) and it may be a susceptibility 
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gene for other polygenic diseases such as asthma. But the current literature on 
whether the ADRB2 locus is the explanation for the hypertension locus in this 
region is divided (Bray et al. 2000; Tomaszewski et al. 2002). 

4 
Candidate Gene Studies in Human Hypertensive Populations 

Genome-wide searches represent a huge commitment in terms of time and re­
sources. Not surprisingly, other simpler approaches have been very popular. In 
fact, association studies are the most published type of genetic study and the ac­
celerated discovery program for single nucleotide polymorphisms (SNPs) and 
availability of high throughput chip-based genotyping will probably see this in­
crease further in the next few years. However, their popularity does disguise ma­
jor shortcomings with much of the published literature (Anonymous 1999). The 
power of many studies is a frequent concern, as is the risk of admixing (popula­
tion stratification) within the samples chosen, which probably explain the poor 
reproducibility of many association studies (Dahlman et al. 2002). 

In fact, given the reality that the influence of any single polymorphism is 
likely to be small in a complex disease such as hypertension, sample sizes of 
many thousands of patients are needed to reliably isolate them. Consider, for 
example, that the association of the P12A PPARy polymorphism in another 
complex disease, type 2 diabetes, was finally confirmed using a sample over 
3,000 subjects (Altshuler et al. 2000). The individual risk was just 1.25, which 
compares closely to the influence of the angiotensinogen M23ST polymorphism 
in hypertension (see below). But it should be emphasized that these small effects 
can have large attributable risks for a population as a whole if the particular 
polymorphism and disease are common. In the case of P12A PPARy, some 25% 
of the population risk of type 2 diabetes can be attributed to it (Altshuler et al. 
2000). The following reviews the better-tested candidate genes in hypertension. 

4.1 
Angiotensin-Converting Enzyme 

The importance of angiotensin-converting enzyme (ACE) to many areas of car­
diovascular biology has made it the focus for a considerable effort to document 
the extent and functional importance of polymorphisms within the gene. The 
strongest and most consistent association has been between an Alu repeat in in­
tron 16 (referred to as I when present and D when absent) and the levels of cir­
culating serum ACE; in fact, some 50% of the population variance in serum ACE 
levels has been attributed to it (Rigat et al. 1990). DD homo zygotes have higher 
levels that those with the II genotype. However, moving from this intermediate 
phenotype to the complex one of blood pressure or essential hypertension has 
been much more problematic. Association and linkage has been claimed and re­
futed extensively (Jeunemaitre et al. 1992), although significantly the two largest 
studies including the Framingham cohort have reported positive associations or 
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linkage (O'Donnell et al. 1998; Fornage et al. 1998). Curiously both studies could 
only detect significant effects for men and the nature of this sex-specific effect 
of the ACE gene is, so far, unexplained. Follow-up analysis of the Rochester 
heart Study Cohort showed just how much the effect of ACE was dependent on 
other variables such as age, height and weight as well as sex (Turner et al. 1999). 
This highlights the importance of gene-gene and gene-environment interac­
tions in regulating (and minimizing) the influence of putative hypertensive alle­
les. Besides the Alu variant, a further 78 SNPs have been identified within the 
ACE gene (Rieder et al. 1999). Seventeen of these are in linkage disequilibrium 
with the Alu variant, and no less than 13 haplotypes were identified. Bearing in 
mind this was based on just 22 individuals, the level of genomic diversity that 
might be expected at the population level is daunting but in keeping with exten­
sive SNP analyses that have been carried out in other genes (Nickerson et al. 
1998). 

4.2 
Angiotensinogen 

After the ACE gene, angiotensinogen (AGT) is amongst the most extensively 
studied of the candidate genes. The first genetic data implicating angiotensino­
gen in essential hypertension appeared from a combined study cohort of French 
and Mid-Western American Caucasians (Jeunemaitre et al. 1992b). This provid­
ed evidence of linkage in a total of 379 sib pairs, and association was subse­
quently found amongst just 2 of the 15 SNPs reported: M235T and T174M. 
These two SNPs were actually in complete linkage disequilibrium, so it was not 
clear which (if either) of these alleles actually conferred the risk. It is clear, how­
ever, that angiotensinogen levels are affected by the M235T polymorphism and 
the results of Winkelman et al. (1999) are typical, showing a stepwise rise ac­
cording to the number of T235 alleles present (l4.8±3.9, 15.7±5.1 and 
17.3±4.7 nmo1!1 with 0, 1 or 2 alleles, respectively). 

The association and linkage of the angiotensinogen gene with essential hy­
pertension has been replicated in a number of populations including Hutterites 
(Hegele et al. 1994), African Caribbeans (Caulfield et al. 1994, 1995) and Japa­
nese (Hata et al. 1994). The association with the M235T and T174M polymor­
phisms has proved to be less robust, and studies on rural Chinese populations 
have consistently failed to replicate linkage to AGT or association with M235T or 
other SNPs (Niu et al. 1999a, b, c). There are substantial differences in the popu­
lation frequencies of the incriminating angiotensinogen SNPs that may partly 
explain the contradictory findings, although the highest frequencies are ironi­
cally in Canadian aborigines where essential hypertension is rare (Hegele et al. 
1998). 

It is also clear that M235T is in tight linkage to a promoter polymorphism, 
G(-6)A, which suggests that the increased tissue expression of AGT seen with 
the 235T allele reflects increased gene transcription (Hegele et al. 1994). How­
ever, a recent study using human AGT transgenes expressed in the mouse has 
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caste doubt on this explanation (Cvetkovic et al. 2002). Nevertheless, it is likely 
that the 235T and -6A alleles actually represent the haplotype of the ancestral 
AGT gene whose effects are now being reported in essential hypertension. Its 
contribution is very modest with - 3% of the total variation in systolic pressure 
attributable to it (Hegele et al. 1994). Put another way, the odds ratio for the 
235Tallele was put at 1.22 in a Japanese meta-analysis (Kato et al. 1999), which 
although small is slightly higher than the estimate from the NHLBI Family Pro­
gram Study (Province et al. 2000). This should be a sobering finding if (as seems 
likely) this represents the largest single gene contribution in essential hyperten­
sion, and puts into stark relief the scale of the task ahead for studying other mi­
nority gene effects. 

4.3 
The Epithelial Sodium Channel 

The amiloride-sensitive epithelial sodium channel (ENaC) is an obvious candi­
date gene, especially for salt-sensitive hypertension. A number of polymor­
phisms have been identified within the f3 and y subunits of this channel, and 
some of these cause amino acid substitutions, although their effects on channel 
activity are marginal when the variants are expressed in Xenopus oocytes (Persu 
et al. 1998). However, these effects on basal channel activity are misleading, 
since there is evidence that ENaC is regulated in vivo by protein kinase C-de­
pendent phosphorylation of the T594 site. This probably explains why the strik­
ing effects of the T594M substitution are only obvious in EBV-transformed lym­
phocytes when they are stimulated with cAMP (Cui et al. 1997). 

The T549M variant has been studied in several cohorts and in the largest, a 
UK cohort of African descent, was present in 8% of hypertensives vs 2% in 
matched normotensives (Baker et al. 1998). Work in other African-descent pop­
ulations has not confirmed the association, but was almost certainly underpow­
ered to do so (Tiago et al. 2001). Subsequent work with the UK South London 
cohort has also shown that the blood pressure of hypertensive T594M carriers 
were particularly sensitive to amiloride, although the study was unblinded 
(Baker et al. 2002). Further work is needed on the quantitative importance of 
this variant, but since its expression is restricted to populations of African de­
scent, it cannot contribute to salt-sensitive hypertension in other populations, 
such as the Japanese (Matsubara et al. 2002). 

4.4 
Adducin 

Adducin, a cytoskeletal protein, first emerged as a candidate from work on the 
Milan strain of hypertensive rat (Bianchi et al. 1994). However, a plausible 
mechanism to explain how adducins might alter Na reabsorption within the 
nephron only emerged with the discovery of their effect on Na-K-ATPase activi­
ty, to which they bind with high affinity (Ferrandi et al. 1999). Linkage to hyper-
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tension was initially reported in an Italian cohort of sib pairs and supported by 
positive association with the G460W polymorphism in a-adducin (Cusi et al. 
1997). Yet even within Italian cohorts, subsequent association studies have been 
inconsistent, with the same polymorphism appearing to be a more robust pre­
dictor of response to diuretic therapy rather than hypertension itself (Glorioso 
et al. 1999). A comprehensive series of association and linkage studies carried 
out on US-based White, African-American and Asian cohorts have also failed to 
replicate the Italian findings, casting serious doubt over the importance of a-ad­
ducin and its G460W polymorphism in particular (Schork et al. 2000; Bray et al. 
2000; Ranade et al. 2000). 

4.5 
The G-Coupling Protein GN,83 

Studies on lymphocytes and fibroblasts from hypertensive patients highlighted 
enhanced signal transduction through Gi-coupled proteins (Siffert et al. 1995), 
which led to the identification of a novel variation, C825T, in exon 10 of the 
GN,83 gene (Siffert et al. 1998). It was novel because C825T did not affect the 
donor or acceptor sites, yet was able to cause splice variation from an in-frame 
deletion within the adjacent exon 9. The resulting propeller structure is thought 
to confer a dominant gain-of-function on the mutated protein. A positive asso­
ciation of hypertension with the 825T allele has been reported in a large Cau­
casian European cohort (Siffert et al. 1998). This has been verified in other pop­
ulations (Schunkert et al. 1998; Benjafield et al. 1998), although there are notably 
exceptions such as the Japanese (Ishikawa et al. 2000). This may be relevant, 
since markers of obesity and fat distribution show stronger associations with 
the 825T allele than hypertension itself (Siffert et al. 1999; Hegele et al. 1999). 
This suggests that any impact on hypertension of the 825T allele may be indi­
rect. 

4.6 
Nitric Oxide Synthase 

The role of endothelial nitric oxide synthase (eNOS or NOS3), and its product 
nitric oxide, in regulating blood vessel tone has made this gene an obvious tar­
get for investigation (see the chapter by Huang, this volume). This was strength­
ened by the discovery that its targeted disruption in the mouse elevated blood 
pressure (Huang et al. 1995), but initial attempts to link the eNOS locus to hy­
pertension were not successful in either European (Bonnardeaux et al. 1995) or 
Australian sib pair collections (Takami et al. 1999). The discovery of potentially 
functional variants within exon 7 (R298G) (Tesauro et al. 2000) and the 5' flank­
ing region of eNOS (T-758C) has lead to subsequent reports of positive associa­
tion with these SNPs in both essential hypertension (Miyamoto et al. 1998; Hyd­
man et al. 2002) and pregnancy-induced hypertension (Arngrimsson et al. 
1997). Once again, these findings are by no means universal {Kajiyama et al. 



The Genetic Basis of Essential Hypertension and Its Implications for Treatment 163 

2000) or apparently reproducible within the same study population (Arngrimsson 
et al. 1999). It is relevant that a large population study in the UK has recently 
found no evidence that plasma (NO)x levels are influenced by either the exon 7 
or promoter SNPs; neither was the systolic or diastolic BP correlated to plasma 
(NO)x (Jeerooburkhan et al. 2001). 

5 
Animal Genetic Models of Hypertension 

The use of animal models of hypertension to define genes influencing blood 
pressure has developed in parallel with the human studies, and their attractions 
are very persuasive. They are employed to identify genetic loci, test the biologi­
cal importance of candidate genes, explore the effects of genetic background 
and investigate therapeutic strategies. The vast majority of work in this area has 
used inbred rat strains, although the more complete genomic map for the mouse 
as well as the opportunity to knock out genes in this species has prompted the 
appearance of studies in mice as well (Sugiyama et al. 2001). 

The ten most widely used laboratory rat strains have been comprehensively 
reviewed recently by Rapp (2000). There is striking heterogeneity in the hyper­
tensive phenotype across the various strains, especially with regards their salt 
sensitivity and propensity for end-organ damage. This has afforded the oppor­
tunity to explore the genetic basis of susceptibility to morbidity from elevated 
blood pressure as part of the hypertensive phenotype. 

5.1 
Quantitative Trait Loci for Blood Pressure 

The paradigm for dissecting the genetic basis for hypertension in these rodent 
strains follows a well-trodden path. The first step involves crossing the strain 
with a normotensive reference strain then crossing the Fl offspring either as a 
backcross [(AXB)Fl X B] or an intercross [(AXB)FIX (AXB)Fl]. The F2 off­
spring are then genotyped for a panel of markers scattered throughout the ro­
dent genome with the object of identifying markers that co-segregate with blood 
pressure (or some other hypertension marker) in the F2 offspring (Lander and 
Botstein 1989). The result is the identification of genomic regions that may car­
ry the genes responsible for the hypertensive phenotype, quantitative trait loci 
(QTLs). 

Using this approach, blood pressure QTLs have been identified on virtually 
every rodent chromosome, except chromosomes 6, 11 and 15 (Rapp 2000). The 
locus is usually referred to by the chromosome number, so that the locus on 
chromosome 1, for example, is designated BPI. Many of these loci are actually 
shared across strains, and the ones that are most robust in this respect map to 
chromosome 2, 10 and 18 (Dominiczak et al. 2000). 

Candidate genes for blood pressure have been identified within each locus 
but at present no blood pressure QTL, let alone gene, has met stringent criteria 
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for identification. The fact that several of the QTLs have regions of conserved 
synteny on human chromosomes is intriguing, in particular the recent work on 
the rodent BPlO locus (Rapp et al. 1998; Jacob et al. 1991), and the homologous 
segment of human chromosome 17 that is now known to contain the monogenic 
hypertension gene WNK4. 

5.2 
Strategies for Refining QTLs 

5.2.1 
(ongenic Strains 

It is important to realize, however, that QTLs are defined statistically and often 
cover large areas of a chromosome; a typical size of tens of centiMorgans might 
encompass -1,000 genes. It is, in fact, simply not feasible to genotype enough 
F2 offspring with a dense enough marker set to refine these QTLs to regions that 
would make positional cloning possible. This is the first technical impasse in 
moving from co-segregation studies to a QTL and eventually a candidate gene 
(Mackay 2001). One solution has been to create congenic rat strains, in which 
the polygenic host strain is essentially converted to a monogenic model of hy­
pertension (Nadeau and Frankel 2000). In practice, Fl offspring are successively 
backcrossed onto the recipient strain, so as to achieve offspring that differ from 
the recipient genome only in the region of the QTL of interest (Jeffs et al. 2000). 
Congenic strains have been generated for nearly all the blood pressure QTLs to 
demonstrate transfer of the phenotype with the QTL. In some cases, this has re­
fined the locus and excluded a candidate gene. In other cases the accompanying 
flanking DNA may include more than one QTL. Continuing the backcross may 
refine the congenic interval further and confine it to region small enough to po­
sitionally clone (-1 eM or about a megabase of DNA). There are examples where 
the phenotype disappears; such results highlight the importance of the back­
ground (recipient) genome, which may even completely suppress any measur­
able effect of the congenic on blood pressure. 

5.2.2 
(onsomic Strains 

Another approach to the problems of mapping QTLs has been the use of chro­
mosome substitution strains of animals or consomics (Nadeau et al. 2000). 
These provide panels of animals with a common recipient genetic background 
that differ at a single chromosome. It is a simple matter to compare the consom­
ic strain with its background strain to identify whether a particular chromo­
some carries QTLs for a give phenotype. In fact, the consomic approach has 
been successfully used to demonstrate the pressor effects of chromosome 13 
from the Dahl rat (Cowley et al. 200 1) as well as the pressor effect of the Y chro­
mosome in the SHRSP strain (Negrin et al. 2001). The consomic strains are use-
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ful in backcrosses to localize a QTL within a chromosome without the con­
founding effects of other co-segregating QTLs. Consomics are also a valuable re­
source for rapidly generating congenic strains, but they are currently being em­
ployed for a much more ambitious exercise in functional cardiovascular geno­
mlCS. 

The Physgen program (http://pga.mcw.edu) has been initiated to study the 
functional impact of single chromosome substitution of a number of standard 
hypertensive rat strains. Currently, a half-dozen or so chromosomes in the salt­
sensitive Dahl strain have been individually replaced with chromosomes from 
the Brown-Norway strain. It is expected that up to 15 new strains will follow an­
nually for the duration of the program. The animals are being exposed to one of 
several physiological challenges including salt-loading and their responses 
quantified using a panel of more than 200 phenotypic variables. This project 
should give a much better understanding of the functional genomics of the 
QTLs carried on each chromosome. They may not necessarily help identify the 
hypertension genes themselves, but could identify genes that modulate their ef­
fect. Some of these genes could potentially represent novel antihypertensive 
drug targets. 

5.3 
Strategies for Defining Causative Genes 

5.3.1 
Gene Expression Profiling 

Expression profiling using high -density microarrays can be used to detect dif­
ferences in the abundance of transcribed genes from tissues of congenic vs re­
cipient animals. These differences (ignoring of course gene-gene interactions) 
must reflect the small genomic differences between the animals (i.e. the congen­
ic segment), allowing candidate genes to be rapidly identified. The proof of con­
cept for this was first shown for the Cd36 gene product in the SHR rat, although 
this was actually an insulin-resistance not a blood pressure QTL (Pravenec et al. 
1999; Aitman et al. 1999; Collison et al. 2000). This strategy using tissues that 
have small but well-defined genomic differences bypasses the laborious conven­
tional approach to positional cloning using YAC or BAC contigs. Nevertheless, it 
is not a quick fix and success with expression profiling is still limited. It has 
been successfully applied to a number of other phenotypes, but often in non­
mammalian genomes (Wayne and McIntyre 2002). None of the blood pressure 
QTLs themselves have been dissected to date by profiling, although advances 
seem certain in the next few years (Pravenec et al. 2002). 
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5.3.2 
Knockouts 

Mice in which specific genes have been genetically engineered to disrupt or en­
hance their expression are powerful tools for testing the role of candidate genes 
on blood pressure (and target-organ response) and new therapeutic strategies. 
These models can reveal the importance of genes in development, gene-gene 
and gene-environment interactions and novel phenotypes. For example, recent 
studies of the sgkl knock-out mouse have unmasked the importance of sgkl in 
the regulation of sodium balance and blood pressure in sodium-depleted states 
and has raised its profile as a potential causal gene in some forms of pseudohy­
poaldosteronism (Wulff et al. 2002). 

5.3.3 
Mouse Mutagenesis Studies 

Other strategies are also available in animals for dissecting complex disease 
traits that could be applied in future to hypertension, such as ENU mutagenesis 
to provide artificial allelic variation (Nadeau and Frankel 2000). These provide 
single-gene models that avoid the difficult dissection of the QTLs in inbred ani­
mal strains. 

5.4 
Rodent Versus Human Loci 

It is clear that localization of candidate loci within the human genome is in its 
early stages compared to the mapping success of QTLs in rodents. But advances 
in comparative genomics may alter this balance rapidly in the very near future, 
because, despite large-scale chromosomal differences between humans and ro­
dents, they often conserve the order of their genes over substantial genomic dis­
tances. With the arrival of good draft sequences for the rat and mouse genomes, 
it will be relatively easy to map refined rodent QTLs onto the human genome 
(Stoll and Jacob 2001). These candidate regions could then be subjected to LD 
mapping using an appropriate high-density SNP map. This approach is likely to 
be especially important for mapping more modest gene effects, which will be 
too small to reach significance in a genome-wide scan without enormous sam­
ple sizes being available. 

6 
The Genetics of Target Organ Damage 

As intriguing as the genetic basis of hypertension are the genes that influence 
cardiac hypertrophy and failure, renal failure and stroke. These represent the 
end-organ processes that cause the mortality and morbidity associated with hy­
pertension, and underlying genetic factors can operate independently and co-
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operatively with genes that regulate blood pressure to cause cardiovascular dis­
ease. Identifying these susceptibility genes could have immense clinical impor­
tance in predicting the types of end-organ damage a hypertensive patient will 
be at risk of developing (Turner and Boerwinkle 2000). 

6.1 
Cardiac Hypertrophy 

In rodent studies, QTLs on chromosomes 2, 14, 17 and X have been reported to 
influence heart weight independent of blood pressure (Rapp 2000). Several 
genes are now known to influence cardiac mass in humans (see the chapter by 
Marian, this volume), but their interaction with blood pressure is not well un­
derstood. 

There is interest in the role of the renin-angiotensin system and cardiac hy­
pertrophy, and several studies have investigated the role of ACE genotype in the 
pathogenesis of cardiac hypertrophy and its response to inhibition of angioten­
sin II activity. Two small studies have reported a greater reduction in cardiac 
mass with ACE inhibition in hypertensive patients homozygous for deletion of 
the Alu repeat (DD genotype) compared to the ID and II variants (Sasaki et al. 
1996; Khono et al. 1999). One study found no effect of genotype on the response 
of cardiac hypertrophy to angiotensin II receptor (ATl) blockade given during a 
fitness training program (Myerson et al. 2001). 

6.2 
Stroke 

Genetic susceptibility to stroke has been explored in rodent models and hu­
mans. Stroke has been reported to be influenced by genomic regions on chro­
mosomes I, 4 and 5 (Rapp 2002). A candidate for the chromosome 5 locus is 
the Nppa gene, which encodes the precursor for atrial natriuretic factor 
(Shimkets et al. 1999). A number of molecular variants of this gene have been 
identified in SHR and SHRSP rats, one of which may be functionally relevant 
(Rubattu et al. 1999a). However, the ANP gene has been excluded in another 
study of SHRs. Similarly, a G664A polymorphism in exon 1 of the human ANP 
gene has been associated with an increased risk of stroke in one study in Cau­
casian subjects (Rubattu et al. 1999b), but there was no association with another 
polymorphism of this gene in Japanese (Kato et al. 2002). Among other candi­
dates that have been investigated in detail in animal models are genes encoding 
the NOS isoforms (see the chapter by Huang, this volume). 

A number of conditions in which stroke occurs are inherited in a classical 
mendelian pattern (Hassan and Markus 2000). One of the best examples is cere­
bral autosomal dominant arteriopathy with subcortical infarcts and leukoen­
cephalopathy (CADASIL), which is associated with the NOTCH3 gene Ooutel et 
al. 1996). Although hypertension is not a feature of this disorder, it shares a sim­
ilar vascular pathology. A genome-wide scan of Icelandic pedigrees with two or 
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more members who have suffered an ischaemic or haemorrhagic stroke has re­
ported significant linkage to chromosome 5 (Sq12), suggesting the presence of 
an as yet unidentified stroke-susceptibility gene. A number of candidate genes 
have also be reported, alone or in combination, to be associated with an in­
creased risk of stroke; among them, the Alu variant of the ACE gene, the C677T 

polymorphism of the methylenetetrahydrofolate reductase gene, the M23ST al­
lele of angiotensinogen, the A 1166C allele of the angiotensin 1 receptor gene, 
the APOE4 allele and the Leiden V variant (Seinio et a1.1998; Takami et al. 2001; 
Szolnoki et al. 2002; Sierra et al. 2002). Interestingly, the study with the largest 
subject number found no association with the ACE gene polymorphism, empha­
sizing the importance of large subject numbers for association studies (Zee et 
al. 1999). 

6.3 
Renal Disease 

African-Americans are more likely to develop end-stage renal disease than Cau­
casian Americans, even allowing for socio-economic factors. Linkage between 
markers on chromosome 10 and non-diabetic renal disease in this population 
has attracted attention, particularly because a human homologue of the rodent 
renal failure gene, Rfl, is located on this chromosome (Freedman et al. 2002). 
Rfl is one of two genes linked to renal disease in genetic studies of the fawn­
hooded rat (Brown et al. 1996). Located on rat chromosome 1, it explains 40% 
of the genetic variance of renal impairment in this strain, independent of blood 
pressure. The second gene, Rf2, maps to a locus that also influences blood pres­
sure in several rat populations. Data to date suggest that a region near marker 
DI0S677 contributes to susceptibility to renal failure in African-Americans; this 
marker does not align precisely with the human homolog of Rfl and it is not 
clear if this gene or one nearby accounts for the linkage at present (Freedman et 
al. 2002). 

7 
Genotype Versus Phenotype 

The rational use of antihypertensive drugs is currently based upon clinical out­
come data in large populations, the presence or absence of other diseases and 
cost considerations. The level of hypertension together with data on co-existing 
cardiovascular risk factors is used to generate a risk score, an estimate of the 
lO-year risk of myocardial infarction and stroke, for each patient. Allowances 
are made for pre-existing target organ damage and providing the risk reaches 
an agreed level (e.g. 20% over 10 years), the patient receives treatment. Calculat­
ing individual risk scores based solely on these clinical phenotype criteria has 
its limitations. First, the algorithm used to generate the risk score is based upon 
data from a large Caucasian population (Framingham) and attempts to modify 
it for other ethnic groups (for example, to take into account the greater propen-
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sity of African-Americans for stroke rather than myocardial infarction) have so 
far been disappointing. Second, the calculation is not applicable to patients al­
ready on treatment for hypertension or hyperlipidaemia. Third, it is much more 
valuable to be able to predict the development of complications rather than wait 
for their appearance before making the decision to treat. 

Until recently, there was little evidence that anyone class of antihypertensive 
drug offered benefit in terms of reduction in myocardial infarction and stroke 
over any other. So the choice of drug for each patient is based on a clinical as­
sessment of the risk of the drug causing an adverse event in that patient (e.g. 
gout with a thiazide, asthma with a beta-blocker, etc.) and the cost of the drug. 
This is unsatisfactory. It is well known that patients vary in their response to 
drugs, not only in terms of adverse effects but also therapeutic effect. The pres­
ent practice is little better than a best guess approach to treatment; patients may 
end up rotated through several different treatments in an attempt to bring blood 
pressure under control and in an asymptomatic condition, this can contribute 
to poor compliance. It is recognized that African-Americans are more respon­
sive to diuretics and calcium channel blockers and less responsive to beta­
blockers and angiotensin-converting enzyme inhibitors than Caucasians. There 
is also support for the idea that older patients respond better to diuretic and 
calcium antagonists than younger patients. Some advocate the measurement of 
plasma renin activity to assist the choice of treatment, but others argue that this 
is simply a surrogate for age and race. 

Incorporating genetic information into the risk factor calculation has the po­
tential to improve its predictive power and can assist in the choice and dose of 
therapeutic agent with a view to maximizing the possibility of response and 
minimizing adverse effects. However, the present application of genotype data is 
restricted. No one would dispute the value of recognizing patients with Liddle's 
syndrome or GRA with respect to finding the most appropriate treatment. How­
ever, single gene mutations account for only a small fraction of patients with hy­
pertension and genetic screening for these disorders is not indicated at present; 
rather it is reserved for patients for whom there is a high index of suspicion of 
the diagnosis (e.g. early onset, hypokalaemia, family history of premature 
stroke). It is too early to advocate screening for the T594M variant in the ENaC 
in African-Americans to select out patients who might benefit from amiloride 
or to use ACE genotype to predict the response of hypertensive patients with 
cardiac hypertrophy to ACE inhibitors. 

The Genetics of Hypertension Associated Treatment (GenHAT) study is an at­
tempt to address this (Arnett et al. 2002). It is a genetic study coupled to the 
Antihypertensive and Lipid Lowering Treatment to Prevent Heart Attack Trial 
(ALLHAT) (The ALLHAT Officers and Coordinators for the ALLHAT Collabora­
tive Research Group 2002). A total of 42,411 high-risk hypertensive subjects 
aged 55 years and above have been randomized to chlorthalidone (a diuretic), 
lisinopril (and ACE inhibitor), doxazosin (an alpha-blocker) or amlodipine (a 
calcium antagonist), with a view to reducing blood pressure below 140/90 and 
the combination of coronary heart disease death and non-fatal myocardial in-
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Table 2 Polymorphisms that will be examined for association with response to treatment in the 
Genetics of Hypertension Associated Treatment (GenHAT) study (Arnett et al. 2002) 

Genetic vari- Genotypes Assumption 
ant 

AGT-6 AA, AG, GG Lowest relative risk of CHD associated with AA homozygotes 
treated with an ACE inhibitor 

ACE I/D 11,10, DD Lowest relative risk of CHD associated with DD homozygotes 
treated with an ACE inhibitor 

AT-l AA, AC, (( lowest relative risk of CHD associated with AU(( genotypes 
treated with an ACE inhibitor 

[32 Receptor 3.713.7, 3.713.4, lowest relative risk of CHD associated with 3.413.4 homozygotes 
3.413.4 treated with chlorthalidone 

a-Adducin GlyIG/y, Gly/Trp, lowest relative risk of CHD associated with G/y/Trp 
Trp/Trp and Trp/Trp genotypes treated with chlorthalidone 

lPl H1Hl, H1H2, lowest relative risk of CHD associated with H1HI 
H2H2 and HI H2 genotypes treated with doxazosin 

farction. Patients will be genotyped for polymorphisms in six genes (Table 2) to 
test the possibility that certain variations are associated with a better response 
to one of the study drugs. It is the largest study of its kind and expects to report 
in 2003 or 2004. 

Whether or not the genetic screening of hypertensive patients will become 
more widespread will depend upon the genetic model of the disease. If there are 
relatively few genes with significant effects, be it on blood pressure or suscepti­
bility to complications such as stroke, then early recognition will be important. 
If there are a number of genes, each with a very small effect, then genetic screen­
ing will be much less useful. Moreover, with progressive lowering of the ideal 
blood pressure for patients, i.e. stricter treatment target blood pressure goals, it 
becomes less likely that identifying a single gene will obfuscate the need for sev­
eral drugs to achieve an acceptable reduction. 

8 
Conclusion 

To summarize, the current state of knowledge on the genes involved in essential 
hypertension, one simply needs to update the remarks made by Pierre Corvol 
and his group in 1999 in relation to the AGT and ENaC genes (Corvol et al. 
1999). Thus: 

1. The majority (if not all) linkage or association studies still lack adequate 
statistical power. 

2. The results are still heavily influenced by ethnicity. 
3. The definition of the hypertensive phenotype frequently lacks precision. 
4. Proving a causal link between a molecular variant and hypertension re­

mains as difficult and elusive - and without a yardstick. 
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5. Rodent genetic studies have still not come of age. 
6. Most molecular variants will probably carry low attributable risks at the 

population level or a low individual effect at the individual level. 
7. It is still impossible to predict with any certainty individual responses to 

salt restriction or specific classes of antihypertensive agent based on a pa­
tient's genotype. 

Despondent as this may seem, this field is in good company and this critique 
could be equally made against any of the other complex diseases. On a positive 
note, large hypertensive cohorts are being recruited and the use of more infor­
mative intermediate phenotypes, particularly amongst patients with low-renin 
hypertension, may address some of these concerns in the coming years. 
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Abstract Cardiac hypertrophy is the common response of the heart to a num­
ber of physiological and pathological stimuli. Regardless of the etiology, the 
magnitude and nature of the response is influenced by both genetic and non­
genetic factors. Mutations in single genes underlie hypertrophic cardiomyopa­
thy (HCM) but there is remarkable variability in the phenotypic expression of 
HCM. Both the genetic background, referred to as the modifier genes, and prob­
ably the environmental factors affect the severity of the phenotype. Cardiac hy­
pertrophy is also a common feature of a variety of other mendelian and non­
mendelian genetic disorders, including trinucleotide repeat syndromes, Noonan 
and leopard syndromes, inherited metabolic disorders and mitochondrial my­
opathies. Furthermore, single nucleotide polymorphisms also affect cardiac hy­
pertrophic response and modulate regression of cardiac hypertrophy in re-



178 A. J. Marian 

sponse to pharmacological and nonpharmacological interventions. Deciphering 
the molecular pathogenesis of cardiac hypertrophic response could provide for 
the opportunity to identify new therapeutic targets. Moreover, it may permit 
early genetic diagnosis and risk stratification, independent of and prior to de­
velopment of the clinical phenotypes, and so the implementation of preventive 
and therapeutic measures in those at risk and ultimately individualization of 
pharmacological (pharmacogenetics) and nonpharmacological therapy. 

Keywords Genetics· Hypertrophy· Cardiomyopathy· Polymorphism· 
Mutations 

1 
Introduction 

Cardiac hypertrophy is the ubiquitous response of the heart to all forms of stim­
uli. Adult cardiac myocytes are considered terminally differentiated and unable 
to proliferate. Therefore, the cardiac response to a stimulus is restricted primar­
ily to an increase in the size of myocytes but not their number. Cardiac and 
myocyte hypertrophy develop as a consequence of physiological as well as 
pathological stimuli, regardless of whether the stimulus is intrinsic, such as a 
defect in a structural protein, or extrinsic, such as an increased load. The prima­
ry purpose of cardiac and myocyte hypertrophy is adaptive, aimed at reducing 
stress applied per unit of the working myofibril. The ensuing gross phenotype 
is increased cardiac muscle mass; however, there are differences in the morpho­
logical, molecular, structural and functional phenotypes between cardiac hyper­
trophy secondary to physiological stimuli and that are caused by pathological 
stimuli. 

Similarly, the clinical consequences of cardiac hypertrophy also depend upon 
the underlying cause. As such, cardiac hypertrophy resulting from physiological 
stimuli such as exercise is an adaptive response that has beneficial effects. The 
so-called athlete's heart is characterized by an increase in left ventricular di­
mension, wall thickness and cardiac mass and has a normal function. In con­
trast, hypertrophy caused by pathological stimuli such as hypertension or muta­
tions in contractile proteins is considered maladaptive and is associated with in­
creased cardiovascular mortality and morbidity (Levy et al. 1990). In addition 
to myocyte hypertrophy, the hypertrophic process often encompasses an in­
crease in the number of cardiac fibroblasts and extracellular matrix protein con­
tent, which could contribute to the undesirable consequences of cardiac hyper­
trophy. 

Regardless of whether the primary stimulus is an acquired condition or a ge­
netic defect, expression of the hypertrophic phenotype is determined by the 
complex interactions of genetic and nongenetic factors. In acquired forms of 
cardiac hypertrophy such as in valvular disease or in physiological states such 
as in athletes' heart genetic factors are important determinants of the magnitude 
of hypertrophic response. Similarly, in genetic forms of cardiac hypertrophy 
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such as in hypertrophic cardiomyopathy (HCM), which is considered a classic 
single-gene disorder, expression of cardiac hypertrophy is affected not only by 
the causal mutation but also by the non-causal genetic and nongenetic factors 
(Marian 2001a). Thus, cardiac hypertrophy is neither strictly genetic nor entire­
ly acquired or environmental but is rather a consequence of complex interplay 
between genetic and nongenetic factors. 

Epidemiological studies in monozygotic and dizygotic twins provided the ini­
tial evidence for the role of genetic factors in determining cardiac size (Adams 
et al. 1985; Verhaaren et al. 1991; Landryet al. 1985; Harshfield et al. 1990; Bie­
len et al. 1990). The results showed cardiac size and left ventricular mass were 
less variable in subjects with an identical genetic background. A significant part 
of the influence of the genetic background on cardiac size is indirect because of 
shared genetic factors influencing body size, blood pressure and gender (Adams 
et al. 1985; Bielen et al. 1990; Post et al. 1997), which are themselves major deter­
minants of cardiac size. Nevertheless, genetic factors impose a direct and inde­
pendent influence on cardiac mass corrected for age, gender, body size and 
blood pressure (Post et a1.l997; Bielen et a1.l990; Schunkert et al. 1999). Genetic 
factors accounted for a discernible, albeit small part of the variability ofleft ven­
tricular mass in the Framingham Heart and Framingham Offspring Studies, 
which comprise relatively homogenous Caucasian populations and which are 
expected to have less variance than a nonhomogenous population (Post et al. 
1997). Genetic factors not only contribute to cardiac size in the general popula­
tion but also contribute significantly to the development of cardiac hypertrophy, 
independent of known risk factors for cardiac hypertrophy (Schunkert et al. 
1999). In this chapter, the impact of genetic factors on the development of cardi­
ac hypertrophy in conditions with simple mendelian and non-mendelian inher­
itance will be discussed. 

2 

Cardiac Hypertrophy in Mendelian Genetic Disorders 

Cardiac hypertrophy is the predominant phenotype in several genetic disorders 
with simple mendelian inheritance. Hypertrophic cardiomyopathy (HCM) is the 
prototype of this group, which has been studied extensively during the last dec­
ade, resulting in the unraveling of its molecular genetic basis. 

2.1 
Hypertrophic Cardiomyopathy as a Genetic Model 
of the Cardiac Hypertrophic Response 

HCM is a primary disease of the myocardium characterized by left ventricular 
hypertrophy in the absence of an increased external load, i.e., unexplained car­
diac hypertrophy. HCM is a relatively common disease with an estimated preva­
lence of approximately 1:500 in young individuals (Maron et al. 1995). The prev-
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alence may be higher in older subjects because of age-dependent penetrance of 
the causal mutations (Niimura et al. 1998). 

Cardiac hypertrophy is asymmetric in approximately two-thirds of cases and 
the interventricular septum is the predominant site of involvement; hence the 
term asymmetric septal hypertrophy. In the remainder, cardiac hypertrophy is 
symmetric, and rarely hypertrophy is restricted to apex of the heart (apical 
HCM). Morphologically, the left ventricular cavity is small and left ventricular 
ejection fraction, a measure of global systolic function, is preserved. However, 
more sensitive indices of myocardial function show impaired contraction and 
relaxation (Nagueh et al. 2001). Diastolic function is commonly impaired, lead­
ing to increased left ventricular end diastolic pressure and thus symptoms of 
heart failure. 

Myocyte hypertrophy, myocyte disarray and interstitial fibrosis are the most 
common pathological phenotypes, and disarray is considered the pathological 
hallmark (Maron and Roberts, 1979; Maron et al. 1981). Disarray often compris­
es more than 20%-0% of the myocardium as opposed to less than 5% in normal 
hearts. Myocyte disarray is more prominent in the interventricular septum, but 
scattered myocyte disarray is often present throughout the myocardium (Maron 
et al. 1981). Cardiac hypertrophy, interstitial fibrosis and myocyte disarray are 
considered major determinants of risk of sudden cardiac death (SCD), mortality 
and morbidity in patients with HCM (Shirani et al. 2000; Spirito et al. 2000; Var­
nava et al. 2001a, b). 

The clinical manifestations of HCM are variable. Overall, HCM is considered 
a relatively benign disease with an annual mortality rate of less than 1 % in 
adults (Cannan et al. 1995; Maron et al. 2000). The majority of patients are 
asymptomatic or mildly symptomatic. The main symptoms comprise those of 
heart failure, secondary to an elevated ventricular filling pressure, along with 
chest pain, palpitations and infrequently syncope. Cardiac arrhythmias, in par­
ticular atrial fibrillation and non sustained ventricular tachycardia, are relatively 
common but Wolff-Parkinson-White syndrome is uncommon. SCD is the most 
dreadful presentation of HCM and is tragic since it often occurs as the first 
manifestation of HCM in young, asymptomatic and apparently healthy individ­
uals (Maron et al. 1996; McKenna et al. 1981). HCM is the most common cause 
of SCD in young competitive athletes (Maron et al. 1996). 

2.1.1 
Genetic Basis of HCM 

HCM is a genetic disease with an autosomal dominant mode of inheritance. It is 
caused primarily by mutations in contractile sarcomeric proteins (Marian and 
Roberts 2001). It is a familial disease in approximately two-thirds of the cases 
and in the remainder it is considered sporadic, but these also have a genetic basis 
and are caused by de novo mutations in sarcomeric proteins. A de novo muta­
tion will be transmitted to the offspring of the index case with sporadic HCM. A 
founder effect in HCM is uncommon, which suggests the majority of mutations 
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have occurred independently (Watkins et al. 1992a; Watkins et al. 1993, 1995a). 
The morphological phenotype of HCM, defined as cardiac hypertrophy in the 
absence of an external load, can also develop as a consequence of mutations in 
mitochondrial genes. In such cases, the mode of inheritance is matrilinear. 

2.1 .2 
Causal Genes and Mutations 

Approximately 12 years ago, Dr. Seidman's group made the seminal discovery of 
an R403Q mutation in the p-myosin heavy chain (MyHC) in a family with HCM 
(Geisterfer-Lowrance et al. 1990), which led to elucidation of the molecular ge­
netic basis of HCM. Since then, a large number of mutations in 11 different 
genes, all encoding contractile sarcomeric proteins (Table I), have been identi­
fied (Marian and Roberts 2001). This has led to the notion that HCM is primarily 
a disease of contractile sarcomeric proteins (Thierfelder et al. 1994). Overall, the 
identified causal genes and mutations account for approximately two-thirds of 
all HCM cases (Arad et al. 2002; Marian and Roberts 2001). Mutations in genes 
encoding P-MyHC (MYH7), myosin binding protein-C (MYBPC3) and cardiac 
troponin T (TNNT2) account for the vast majority of known mutations (Marian 
and Roberts 2001). MYH7 mutations account for approximately 35%-50% of all 
HCM cases (Seidman 2000). Over 100 different mutations in MYH7 have been 
identified, and the vast majority are missense mutations. Co dons 403 and 719 
are considered hot spots for mutations (Anan et al. 1994; Dausse et al. 1993). 
There is a propensity for mutations to be localized to the globular head of the 

Table 1 Genetic causes of hypertrophic cardiomyopathy caused by mutant sarcomeric proteins 

Gene Symbol Locus Frequency Mutations 

P-Myosin heavy chain MYHl 14q12 -35% Most common, predominantly 
missense mutations 

Myosin binding protein-C MYBPO l1pl1.2 -20% Probably 2nd most common, 
predominantly splice junction 
and insertion/deletion mutations 

Cardiac troponin T TNNT2 lq32 - 20% Probably 3rd most common, 
mostly missense 

a-Tropomyosin TPM1 1Sq22.1 -5% Missense mutations 
Cardiac troponin I TNNI3 19p13.2 - 5% Missense and deletion mutations 
Essential myosin light MYLJ 3p27.3 <5% Missense mutations 
chain 
Regulatory myosin light MYL2 12q23- 24.3 <5% Missense and truncation 
chain mutations 
Cardiac a-actin AUC 1Sql1 <5% Missense mutations 
Titin TTN 2q24.1 <5% Missense mutation 
a-Myosin heavy chain MYH6 14ql Rare Missense and rearrangement 

mutations 
Cardiac troponin C TNNC1 3p27.3- Rare Missense mutation 

3p14.3 
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myosin molecule. However, missense, deletion and insertion/deletion mutations 
in the rod and tail regions have also been described (Tesson et al. 1998; Nakajima­
Taniguchi et al. 1995; Marian et al. 1992; Cuda et al. 1996). The frequency of each 
MYH7 mutation is relatively low and a founder effect is uncommon. 

Mutations in MYBPC3 and TNNT2 account for approximately 20% and 15% 
of all HCM cases, respectively (Niimura et al. 1998; Erdmann et al. 2001; Marian, 
2001b; Seidman and Seidman 1998). More than 40 different mutations in the 
MYBPC3 have been identified and again the frequency of each mutation is rela­
tively low (Bonne et al. 1995; Niimura et al. 1998; Carrier et al. 1997; Watkins et 
al. 1995b; Erdmann et al. 2001). However, unlike mutations in MYH7, which are 
mostly missense mutations, the majority of mutations in MYBPC3 are deletion/ 
insertion or splice junction mutations (Erdmann et al. 2001). Deletion/insertion 
mutations are expected to result in a frame shift or truncation of the MyBP-C 
protein, leading either to severe structural and functional defects in the protein 
or immediate degradation of the expressed mutant proteins. 

Mutations in TNNT2 are also a relatively common cause of HCM and over 20 
mutations have been identified (Marian and Roberts 2001). The vast majority of 
the mutations are missense mutations and codon 92 is considered a hot spot for 
mutations (Thierfelder et al. 1994; Forissier et al. 1996). Deletion mutations in­
volving splice donor sites have been described that could lead to truncated pro­
teins (Thierfelder et al. 1994). Collectively, mutations in MYH7, MYBPC3, and 
TNNT2 account for approximately two-thirds of all known HCM mutations. 
The remainder can be explained by mutations in a-tropomyosin (TPMl) 
(Thierfelder et al. 1994; Coviello et al. 1997; Karibe et al. 2001; Watkins et al. 
1995a), cardiac troponin I (TNNI3) (Kimura et al. 1997; Kokado et al. 2000), car­
diac troponin C (TNNCl) (Hoffmann et al. 2001), titin (TTN) (Satoh et al. 
1999), cardiac a-actin (ACTC) (Mogensen et al. 1999; Olson et al. 2000) and 
essential and regulatory light chains (MYL3 and MYL2, respectively) (Poetter et 
al. 1996; Flavigny et al. 1998) 

2.1.3 
Impact of Causal Mutations on Cardiac Hypertrophy 

Collective data indicate that the causal mutations exhibit highly variable clinical, 
electrocardiographic and echo cardiographic manifestations and no particular 
phenotype is mutation-specific (Marian 2001b). Nonetheless, genotype-pheno­
type correlation studies suggest that different mutations affect the magnitude of 
cardiac hypertrophy, an important determinant of risk of SCD, to different de­
grees (Spirito et al. 2000). A theme emerges from the comparison of the pheno­
types of the three most common genes for HCM. In general, mutations in 
MYH7 are associated with an earlier onset, more extensive hypertrophy and a 
high incidence of SCD (Charron et al. 1998b) . In contrast, MYBPC3 mutations 
are generally associated with a late onset and relatively mild hypertrophy and a 
low incidence of SCD (Niimura et al. 1998; Charron et al. 1998b; Erdmann et al. 
2001). Mild cardiac hypertrophy, a high incidence of SCD and more extensive 
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disarray characterize the phenotype of HCM caused by mutations in TNNT2 
(Varnava et al. 2001b; Watkins et al. 1995c). 

These are, however, generalizations. Despite the overall benign nature of mu­
tations in the myosin-binding protein C (MyBP-C) protein, significant variabili­
ty exists and malignant mutations in the MYBPC3 gene have been described 
(Erdmann et al. 2001). This is also the case for other causal genes for HCM. Mu­
tations in the a-tropomyosin gene, which are generally associated with a benign 
phenotype and mild left ventricular hypertrophy, also have been associated with 
a high incidence of SCD (Karibe et al. 2001). Mutations in essential and regula­
tory myosin light chains have been associated with mid-cavity obstruction in 
HCM and skeletal myopathy in some patients (Poetter et al. 1996) but not in 
others (Flavigny et al. 1998). Mutations in tit in (Satoh et al. 1999) and a-actin 
(Mogensen et al. 1999; Olson et al. 2000) are uncommon and have been ob­
served in a small number of families and so here it is difficult to comment on 
any particular pattern of effect. 

A fundamental tenet of all genetic disorders, including HCM, regardless of 
the causal genes and mutations and regardless of the degree of variability of 
clinical phenotypes, is the age dependence of penetrance. Causal mutations are 
present from the formation of the single-cell embryo; however, the clinical phe­
notype is often absent until the third or fourth decade of life. The reasons for 
age-dependent penetrance of causal mutations in HCM remain unknown. The 
clinical implication of the age dependence of penetrance is that a normal physi­
cal examination and clinical testing at an early age do not effectively exclude the 
presence of the disease-causing mutation. This is particularly the case for HCM 
caused by mutations in MyBP-C protein, since the phenotype often develops in 
the fifth or sixth decade oflife (Maron et aI. 2001). 

2.1.4 
Modifier Genes 

The phenotypic expression of HCM, whether it is the magnitude of hypertrophy 
or the risk of SCD, varies significantly among affected individuals, including 
family members who share identical mutations. Such variability indicates that 
factors other than the causal mutation contribute to the phenotype. These fac­
tors include the genetic background of the individual on which the mutation is 
expressed and nongenetic factors. 

The genetic background will include modifier genes that are not in them­
selves causative but influence the development of the phenotype. The identity of 
modifier genes for HCM and the magnitude of their effects remain largely un­
known. Given the complexity of molecular genetics and biology of cardiac hy­
pertrophy, a large number of genes and their functional variants are expected to 
be involved, each exerting only a modest effect. The ensuing phenotype is the 
result of complex genotype-genotype and genotype-environment interactions. 
Table 2 lists several SNPs and genes that have been implicated as modifiers in 
HCM. 
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Table 2 Selected SNPs associated with cardiac hypertrophy 

Gene Symbol Locus Polymor- Results 
phism 

Angiotensin-I ACE 77q23 liD DD is associated with higher risk 
converting of SeD in HeM (Marian et al. 1993) 
enzyme-1 DD is associated with severity 

of hypertrophy in HeM 
(Lechin et al. 1995; Tesson et al. 1997) 
DD is more common in HeM patients 
(pfeufer et al. 1996; Yoneya et al. 1995) 
Frequency of DD genotype unchanged 
in HeM (Yamada et al. 1997) 
No association with indices 
of hypertrophy in HeM 
(Osterop et al. 1998; Yamada et al. 1997) 
No association between liD genotypes 
and cardiac mass in Framingham Heart 
Study subjects (Lindpaintner et al. 1996) 
DO is associated with left ventricular 
mass in athletes (Diet et al. 2001; 
Montgomery et al. 1997) 

Angio- AGT 7q42 -6G/A No association with indices 
tensinogen of hypertrophy in HeM 

(Brugada et al. 1997; Yamada et al. 1997) 
T174M 235T allele more common in HCM 

(lshanov et al. 1997) 
M23ST Frequency of T774M and M235T 

unchanged in HeM (Yamada et al. 1997) 
235T allele is associated with left 
ventricular hypertrophy in endurance 
athletes (Karjalainen et al. 1999) 

Angio- AGTR7 3q27-q25 1166NC No association with indices 
tensin-II of hypertrophy I HCM 
receptor 1 (Brugada et al. 1997) 

C allele is associated is associated 
with severity of hypertrophy in HCM 
(Brugada et al. 1997) 

Chymase CMAI 74q77. 7 1625NG No changes in frequency in HCM 
(Brugada et al 1997) 

Bradykinin 8DKR82 74q32.7-q32.2 -412UG T27M was found in HCM cases but 
B2 receptor T21M not in controls (Erdmann et al. 1998) 
Aldosterone CYP7782 8q21-q22 -344T1C No association with indices 
synthase of hypertrophy (Patel et al. 2000) 
Endothelin-1 EON7 6p24.7 8002G/A A allele is associated with severity 

of hypertrophy (Brugada et al. 1997) 
G protein {33 GNB3 12p13 825UT 825T is associated with left 
subunit ventricular mass in hypertensives 

(Semplicini et al. 2001; Poch et al. 2000) 
Tumor necrosis TNF 6p27.3 -308G/A A allele is associated with severity 
factor a of hypertrophy in HeM (Patel et al. 2000) 
Insulin-like IGF2 Ilpl5.5 820G/A No association with indices 
growth factor 2 of hypertrophy in HCM (Patel et al. 2000) 
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Table 2 (continued) 

Gene Symbol Locus Polymor- Results 
phism 

Transforming TGFBI 19p13.2 -S09C/T No association with indices 
growth of hypertrophy in HCM (Patel et al. 2000) 
factor f31 
Interleukin-6 IL6 lp27 -174G/C No association with indices 

of hypertrophy in HCM (Patel et al. 2000) 
Peroxisome PPARA 22q73.31 Intron 7 C allele is associated with left 
proliferator- G/C ventricular mass in hypertensives 
activated (Jamshidi et al. 2002) 
receptor a 
Platelet PLA2Gl 6p27.2-p72 994GfT T allele is more common in HCM 
activating (V279T) and is associated with increased left 
factor ventricular dimension and decreased 
acetylhydrolase function (Yamada et al. 2001) 

2.1.5 
Impact of Modifier Genes on Cardiac Hypertrophy 

The ACE-1 gene was the first gene implicated as a potential modifier of human 
HCM (Marian et al. 1993). ACE-1 is a transmembrane-ectopeptidase that cat­
alyzes the conversion of angiotensin-l to angiotensin-II and inactivates bradyki­
nin. Angiotensin-II and bradykinin are potent agents with opposing effects on 
cardiac growth and cellular hyperplasia (Yamazaki et al. 1999). ACE-1 is up-reg­
ulated in pressure overload-induced cardiac hypertrophy and in heart failure 
(Schunkert et al. 1993). Furthermore, inhibition of ACE-1 induces regression of 
cardiac hypertrophy independent of load and prevents dilatation and remodel­
ing of the ventricle after myocardial infarction (Mathew et al. 2001). Plasma lev­
els of ACE-1 are under tight genetic control and vary significantly among indi­
viduals. ACE-1 gene has over 28 different polymorphisms including an insertion 
(1)/deletion (D) polymorphism, due to the presence or absence of a 287-base 
pair Alu repeat in intron 16. The IID polymorphism has been associated with 
variation in plasma, cellular and tissue levels of ACE-1 and has been studied ex­
tensively (Rigat et al. 1990). The influence of the lID genotype on plasma ACE-1 
levels is co-dominant, so that subjects with the DD genotype have the highest, 
those with the ID an intermediary, and those with the II genotype the lowest 
plasma and tissue levels (Rigat et al. 1990). 

Several studies have explored a potential modifier role for the ACE-1 lID 
polymorphism on expression of cardiac phenotypes, particularly cardiac hyper­
trophy, in HCM (Marian et al. 1993; Lechin et al. 1995; Tesson et al. 1997; Pfeufer 
et al. 1996; Yoneya et al. 1995; Yamada et al. 1997; Osterop et al. 1998). The ini­
tial report suggested an association between the ACE-1 IID genotypes and the 
risk of SCD (Marian et al. 1993). The DD genotype was found to be more com-
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mon in HCM families with a high incidence of SCD, compared to those with a 
low incidence of this outcome (Marian et al. 1993). Subsequent studies showed 
an association between the liD genotype and the severity of cardiac hypertrophy 
(Tesson et al. 1997; Lechin et al. 1995). Indices of cardiac hypertrophy, such as 
interventricular septal thickness, left ventricular mass index (indexed to body 
surface area) and a semi-quantitative index of left ventricular hypertrophy, re­
ferred to as the Wigle score, were greater in HCM patients with the DD genotype 
(Tesson et al. 1997; Lechin et al. 1995). The observed association followed a gra­
dient consistent with the biological effect of the liD variants on plasma and tis­
sue levels of ACE (DD>ID>II) (Lechin et al. 1995). However, the overall impact 
of ACE-l lID genotype on expression of cardiac hypertrophy was relatively 
small, accounting for 3%-5% of the variability. The impact of the lID genotype 
on expression of cardiac hypertrophy was greater in affected members of a sin­
gle family, accounting for approximately 10%-15% of the variability (Lechin et 
al. 1995). These results have been corroborated in several additional studies 
(Tesson et al. 1997; Osterop et al. 1998; Yamada et al. 1997). In addition, an in­
teraction between the modifying effect of the ACE-l liD genotype and the un­
derlying causal mutation has been reported, suggesting the presence of a signif­
icant modifying effect in those with the R403Q mutation in the ,B-MyHC protein 
but not in others (Tesson et al. 1997). 

Variants of several other genes have been implicated as having modifying ef­
fects on cardiac phenotypes in HCM (Table 2). For example, variants of endo­
thelin-l and tumor necrosis factor-a have been associated with severity of car­
diac hypertrophy (Brugada et al. 1997; Patel et al. 2000). However, the results of 
association studies have been inconsistent, perhaps because of the small sample 
size of studies, differences in population characteristics and the presence of con­
founders that are frequently encountered in SNP-association studies (discussed 
in Sect. 7.4.2). 

2.1.6 
Gene Expression in HeM 

The heart is a complex organ with a number of cellular components involved in 
the hypertrophic process. Accordingly, the cardiac hypertrophic response entails 
changes in expression of a large number of genes. Expression profiling studies 
have identified changes in the abundance of a variety of genes including those 
encoding contractile sarcomeric proteins, cytoskeletal proteins, ion channels, 
intracellular signaling transducers, proteins maintaining the redox state of the 
myocardium, as well as genes involved in transcriptional and translation ma­
chinery (Lim et al. 2001a; Hwang et al. 2002). The best-known and perhaps the 
most common up-regulated genes in HCM are the markers of secondary cardiac 
hypertrophy such as skeletal a-actin, isoforms of myosin light chain, and brain 
natriuretic factor, which are activated in pressure overload-induced (secondary) 
cardiac hypertrophy. Significant up-regulation of expression of heat shock 70-
kD protein 8 (HSPA8), also known as HSP73, is also notable. This gene is a 
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member of HSP70 multigene family that encode for proteins with chaperoning 
roles for nascent polypeptides, facilitating their correct folding, translocation, 
and degradation (Tavaria et al. 1995). The expression of several other genes en­
coding proteins with unknown functions such as sarcosin (Taylor et al. 1998) 
and slimmer (Brown et al. 1999), are also up-regulated in HCM. Up-regulation 
of NDUFB10, which encodes for the first enzyme complex in the electron trans­
port chain of mitochondria (Loeffen et al. 1998), and HSPA8, together with in­
creased levels of many ribosomal proteins is consistent with the increase in pro­
tein synthesis and mitochondria function in hypertrophic states and signifies 
their role as potential modulators of cardiac phenotype in HCM. The diversity 
of molecular phenotype in HCM is in accord with the diversity of pathological 
and clinical phenotypes that encompass not only myocyte hypertrophy and dis­
array, but also interstitial fibrosis, thickening of the media of intramural coro­
nary arteries, and arrhythmias. Increased expression of the markers of second­
ary cardiac hypertrophy supports the hypothesis that hypertrophy in HCM is a 
secondary phenotype and common pathways are involved in induction of cardi­
ac hypertrophy in genetic and nongenetic forms. 

2.1.7 
Pathogenesis of HCM 

The broad view of the pathogenesis of HCM is that the genetic mutation leads 
to a dysfunctional protein, which impairs myocyte contractile function. The hy­
pertrophy, disarray and fibrosis are secondary changes, arising out of an at­
tempt by the heart to overcome the contractile impairment and reduce myocyte 
stress. 

The majority of causal mutations in HCM are missense mutations coding 
mutant proteins that incorporate and assemble into myofibrils and sarcomeres, 
albeit sometimes inefficiently. Once incorporated into myofibrils, mutant sar­
comeric proteins induce a diverse array of functional defects including altered 
Ca+2 sensitivity of myofibrils, reduced ATPase activity and on occasions, sarco­
mere dysgenesis (Marian and Roberts 2000). In addition, impaired calcium traf­
ficking in myofibrils has been implicated as a major initial defect (Fatkin et al. 
2000). Identification of deletion or truncation mutations that abolish the stop 
codon and/or the polyadenylation signal or encode truncated proteins that are 
likely to degrade immediately after translation (Marian et al. 1992; Rottbauer et 
al. 1997) have raised the possibility of haplo-insufficiency. Such mutations could 
function as so-called null-alleles altering the stoichiometry of the sarcomeric 
proteins. 

These initial defects would each be expected to impair cardiac myocyte func­
tion, resulting in increased mechanical and biochemical stress on these cells. 
The final common pathway would include the activation of stress-responsive in­
tracellular signaling kinases, which activate the transcription machinery leading 
to cardiac hypertrophy, interstitial fibrosis and other histological and clinical 
phenotypes of HCM (Marian 2000a). 
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The greater hypertrophy of the left ventricle (high-pressure chamber) and its 
absence in the right ventricle (low-pressure chamber), despite equal expression 
of mutant MyHC protein in both ventricles, supports the idea that the hypertro­
phy is compensatory. Furthermore, functional abnormalities occur early and 
prior to structural changes and cardiac hypertrophy. Accordingly, tissue Dopp­
ler velocities of myocardial contraction and relaxation are reduced in human 
subjects with HCM, causing mutations in the absence of discernible cardiac hy­
pertrophy (Nagueh et al. 2001). Similarly, myocardial contraction and relaxation 
velocities are reduced in ,8-MyHC-Q403 transgenic rabbits prior to the develop­
ment of cardiac hypertrophy or interstitial fibrosis (Nagueh et al. 2000). Studies 
in adult cardiac myocytes also show impairment of function prior to the devel­
opment of discernible sarcomere or myofibrillar disarray (Marian et al. 1997; 
Rust et al. 1999). Skeletal myotubes and muscle fibers, isolated from the skeletal 
muscles of patients with HCM, show reduced force generation in the absence of 
structural abnormality (Lankford et al. 1995; Malinchik et al. 1997). Myocytes 
isolated from the hearts of transgenic mice expressing a mutant a-MyHC pro­
tein show impaired mechanical performance (Kim et al. 1999). Collectively 
these results suggest the functional impairment precedes the structural changes 
and development of cardiac hypertrophy in HCM. This is an important concept 
since potentially these secondary phenotypes are reversible. 

2.1.8 
Reversal and Attenuation of Cardiac Phenotypes in HCM 

It must be noted that the current pharmacological interventions in human pa­
tients are empirical and none have been shown to induce regression of cardiac 
hypertrophy, fibrosis or disarray, major predictors of mortality and morbidity 
in HCM (Shirani et al. 2000; Spirito et al. 2000). Understanding the molecular 
pathogenesis of HCM and the development of several genetically engineered an­
imal models have provided the opportunity to test the effects of pharmacologi­
cal interventions targeted to specific pathways involved in the pathogenesis of 
HCM. Current technology, however, does not permit correction of the causal 
mutations; therefore, the emphasis of pharmacological interventions has been 
on blockade of the intermediary phenotypes such as signaling kinases and the 
products of the modifier genes. 

Two recent studies have shown significant attenuation of cardiac phenotypes 
in transgenic animal models expressing mutant sarcomeric proteins known to 
cause HCM in humans (Lim et al. 2001b; Patel et al. 2001). The first study exam­
ined blockade of angiotensin-II receptor 1 in cardiac troponin T-Q92 transgenic 
mice that exhibit myocyte disarray and interstitial fibrosis; the result was a re­
duction in interstitial collagen volume by approximately 50% to normal levels 
(Lim et al. 2001b). Expression levels of collagen al (I) mRNA and TGF-,81 pro­
tein, a known mediator of pro-fibrotic effects of angiotensin II, were also re­
duced significantly (Lim et al. 2001b). Normalization of interstitial collagen con­
tent, a major predictor of SCD in HCM (Shirani et al. 2000), through blockade 
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of angiotensin-II supports a modifying role of the renal-angiotensin system 
(RAAS) in HCM. The results also raise the possible use of inhibitors of the 
RAAS in treatment of patients with HCM, a proposal that merits testing in hu­
man patients. 

Recent data suggest HMG-CoA reductase inhibitors could block signaling ki­
nases involved in the pathogenesis of cardiac hypertrophy and thus become at­
tractive agents for the treatment of cardiac hypertrophy and fibrosis in the 
pathological states (Oi et al. 1999; Park and Galper 1999; Su et al. 2000). The ef­
fects of simvastatin, a pleiotropic HMG-CoA reductase inhibitor, have been test­
ed on cardiac structure and function in ,B-MyHC-Q403 transgenic rabbits. These 
transgenic rabbits exhibit significant cardiac hypertrophy, increased interstitial 
fibrosis and cardiac myocyte disarray and fully recapitulate the phenotype of 
human HCM (Marian et al. 1999). A 37% reduction in left ventricular mass, a 
20% reduction in septal and posterior wall thickness and - 50% in collagen vol­
ume fraction were recorded. In addition, indices of left ventricular filling pres­
sure were improved significantly. 

There has been significant controversy regarding the utility of calcineurin in­
hibitors in treatment and prevention of cardiac hypertrophy in a variety of 
pathological conditions. Pre-treatment with diltiazem, an L-type Ca+2 channel 
blocker, prevented the exaggerated cardiac hypertrophic response to inhibitors 
of calcineurin. The results suggest altered calcium handling in the hearts of a­
MyHC-Q403+1- mice (Fatkin et al. 2000). 

2.2 
Cardiac Hypertrophy in Trinucleotide Repeat Syndromes 

Trinucleotide repeat syndromes are a group of genetic disorders caused byex­
pansion of naturally occurring GC-rich triplet repeats in genes (Table 3). The 
group comprises more than ten different diseases, including myotonic muscular 
dystrophy (DM), several neurodegenerative disorders such as Huntington's dis­
ease, and fragile site syndromes (Cummings and Zoghbi 2000). In several triplet 
repeat syndromes, such as DM, cardiac involvement is common and is a major 

Table 3 Genetic causes of cardiac hypertrophy in triplet repeats syndromes and Noonan syndrome 

Gene Symbol locus Frequency Mutations 

Frataxin (Fried reich ataxia) FROA 9q73 Rare Expansion of GAA repeats 
in intron 1 

Myotonin protein kinase OMPK 79q13 Uncommon Expansion of GG repeats 
(Myotonic dystrophy) in 3'-UTR 

OMWO 79q73 Uncommon Probably loss of function 
mutations 

Protein tyrosine phosphatase, PTPN77 12q24 Rare Noonan or leopard syndrome 
non-receptor type 11 Most missense mutations 

in N-SH2 and PTP domains 
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determinant of morbidity and mortality (Marian 2000b; Cummings and Zoghbi 
2000). The phenotype includes cardiac hypertrophy as a primary phenotype, 
i.e., in the absence of an increased external load, but dilated cardiomyopathy 
may also occur. 

DM is an autosomal dominant disorder and the most common form of mus­
cular dystrophy in adults (approximately 1:8,000 in the North American popula­
tion). It commonly manifests as progressive degeneration of muscles and myo­
tonia, cardiomyopathy, conduction defects, male pattern baldness, infertility, 
premature cataracts, mental retardation and endocrine abnormalities (Korade­
Mirnics et al. 1998). Cardiac involvement is common, usually apparent as cardi­
ac conduction abnormalities and less frequently as cardiomyopathy (Phillips 
and Harper 1997). Mutations in two genes have been associated with DM. Ex­
pansion of GCT trinucleotide repeats in the 3' untranslated region of dystrophia 
myotonica protein kinase (DMPK) is one recognized association. The number 
of CTG repeats in normal individuals varies between 5 and 37 repeats. It ex­
pands from 50 to more than several thousands in patients with DM (Korade­
Mirnics et al. 1998). Expansion of the repeats could interfere with DMPK tran­
scription, RNA processing, and/or translation resulting in decreased levels of 
DMPK protein. The length of CTG repeats often correlates with severity of clini­
cal (including cardiac) phenotype. The second gene implicated in DM is gene 59 
or DMWD, which is located immediately upstream of DMPK (Cummings and 
Zoghbi 2000). The mechanisms by which mutations in DMWD could cause DM 
remain unknown but loss of function has been implicated (Cummings and 
Zoghbi 2000). 

Friedreich ataxia (FRDA) is an autosomal recessive neurodegenerative dis­
ease caused by expansion of GAA repeat sequences in the intron of FRDA (Palau 
200l). FRDA is a multi-system disorder that primarily involves central and pe­
ripheral nervous system and less frequently manifests as cardiomyopathy and 
occasionally as diabetes mellitus. The encoded protein is frataxin, which is a 
soluble mitochondrial protein with 210 amino acids. (Palau 200l). Cardiac in­
volvement could manifest as either dilated or hypertrophic cardiomyopathy. 
The severity of clinical manifestations of Friedreich ataxia also correlates with 
the size of the repeats (Bit-Avragim et al. 2001). 

2.3 
Cardiac Hypertrophy in Noonan and Leopard Syndromes 

Noonan syndrome is an uncommon autosomal dominant disorder characterized 
by dysmorphic facial features, hypertrophic cardiomyopathy, pulmonic stenosis, 
mental retardation and bleeding disorders. Leopard syndrome (lentigines, elec­
trocardiographic conduction abnormalities, ocular hypertelorism, pulmonic ste­
nosis, abnormal genitalia, retardation of growth, and deafness) is an allelic vari­
ant of the Noonan syndrome. Pulmonic stenosis and HCM are the primary car­
diac phenotypes and endocardial and myocardial fibroelastosis have also been 
reported. The responsible gene for Noonan and Leopard syndromes, in approxi-
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mately half of the cases, is protein-tyrosine phosphatase, the non-receptor type 
11 (PTPN11) gene (Tartaglia et a1. 2001, 2002), located on chromosome 12q24.1. 
Mutations in PTPNll are missense mutations located in interacting portions of 
the amino-terminal src-homology 2 (N-SH2) and protein tyrosine phosphatase 
(PTP) domains (Tartaglia et a1. 2001, 2002). The proposed mechanism for the 
pathogenesis of Noonan syndrome is a gain-of-function effect on the phospho­
tyrosine phosphatase domains. The other genes responsible for Noonan syn­
drome remain unknown. 

2.4 

Cardiac Hypertrophy in Genetic Metabolic Disorders 

A phenotype grossly similar to that of HCM has been observed in a variety of 
metabolic diseases (Table 4). Metabolic diseases in which cardiac involvement is 
not a primary phenotype will be mentioned and those with predominance of 
hypertrophic response will be briefly discussed. 

Refsum disease is an autosomal recessive disorder characterized clinically by 
a tetrad of retinitis pigmentosa, peripheral neuropathy, cerebellar ataxia, and el­
evated protein levels in the cerebrospinal fluid. Electrocardiographic abnormali­
ties are common but cardiac hypertrophy and heart failure are uncommon. Ref­
sum disease is caused by mutations in the gene encoding phytanoyl-CoA hy­
droxylase (PAHX or PHYH) (Mihalik et a1. 1997), which leads to enzymatically 
inactive protein (Jansen et a1. 1997). Consequently, phytanic acid, an unusual 
branched-chain fatty acid, accumulates in tissues and body fluids. 

Glycogen storage disease type II (Pompe disease) is an autosomal recessive 
disorder caused by deficiency of alpha -1 A-glucosidase (acid maltase) in the liver 
and muscles, leading to storage of glycogen in lysosomal membranes. Its clinical 
manifestations are remarkable for hypertrophic cardiomyopathy with heart fail­
ure, conduction defects and muscular hypotonia (Raben et a1. 2002). The causal 
gene encodes acid maltase, which when mutated leads to a deficiency of acid al-

Table 4 Genetic causes of selected mitochondrial and metabolic cardiac hypertrophy 

Gene Symbol Locus Frequency Mutations 

Phytanoyl-Co A PAHX IOpter-p 17.2 Rare Refsum disease 
hydroxylase (PHYH) 
a-l,4 Galactosidase GLA Xq22 Rare Mutations lead to deficiency 

of acid a-galactosidase 
AMP-activated protein PRKAG2 lq35-q36 Uncommon Missense and insertion 
kinase, r 2 regulatory mutations 
subunit 
Acyl-CoA Dehydrogenase ACADL 2q34-q45 Rare Fatty acid beta oxidation 
Mitochondrial DNA MTTI Mitochondrial Rare tRNA Isoleucine and tRNA 

glycine 
Mitochondrial DNA MTTI Mitochondrial Rare Kearns-Sayre Syndrome 
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pha-glucosidase. High-protein diet and recombinant acid alpha-glucosidase 
have been used effectively for treatment of this disorder (Amalfitano et al. 
1999). 

A form of glycogen-storage disease is caused by mutations in the PRKAG2 
gene, which encodes the y2 regulatory subunit of AMP-activated protein kinase 
(AMPK). Mutations in PRKAG2lead to a phenotype ofHCM, conduction defects 
and Wolff-Parkins on-White syndrome (Gollob et al. 2001; Blair et al. 2001). 
There is significant variability in expression of the disease as in some families 
the predominant phenotype is pre-excitation and conduction abnormalities 
(Gollob et al. 2001), and cardiac hypertrophy is present in a minority of patients 
(Gollob et al. 2001). In others, early cardiac hypertrophy predominates and pre­
excitation may be present (Blair et al. 2001). 

Cardiac hypertrophy also has been described in patients with mucopolysac­
charidosis, Niemann-Pick disease, Gaucher disease, hereditary hemochromato­
sis and CD36 deficiency. A comprehensive review of metabolic cardiomy­
opathies, including mitochondrial cardiomyopathies can be found in Guertl et 
al. (2000). 

3 
Cardiac Hypertrophy in Non-Mendelian Genetic Disorders 

Cardiac hypertrophy also has been observed in a variety of genetic disorders 
with a non-mendelian inheritance, such as mitochondrial myopathies, which ex­
hibit a matrilineal transmission. In addition, SNPs are important determinants 
of the cardiac hypertrophic response to external stimuli, such as pressure over­
load, and internal stimuli such as causal mutations. 

3.1 
Cardiac Hypertrophy in Mitochondrial Disorders 

Mitochondrial DNA is a circular double-stranded genome of approximately 
16.5 kb, which codes for 13 polypeptides of the respiratory chain complexes I, 
III, IV, and V subunits, 28 ribosomal RNAs, and 22 tRNAs. Mutations in mito­
chondrial oxidative phosphorylation pathways often result in a complex pheno­
type involving multiple organs, including the heart (Simon and Johns 1999). 
Cardiac involvement can lead to hypertrophy as well as dilatation. Each mito­
chondrion has multiple copies of its own DNA and each cell contains thousands 
of mitochondrial DNA. Therefore, mutations result in a significant degree of 
heteroplasmy, which increases over time as mitochondria multiply. In general, 
approximately 80%-90% of mitochondrial DNA need to mutate in order to af­
fect mitochondrial function and lead to a clinical phenotype (Williams 2000). 

Kearns-Sayre syndrome (KSS) is a mitochondrial disease caused by sporadi­
cally occurring mutations in mitochondrial DNA (Ashizawa and Subramony 
2001). It is characterized by a triad of progressive external ophthalmoplegia, 
pigmentary retinopathy and cardiac conduction defects (Ashizawa and Subra-
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mony 2001). The classic cardiac abnormality in KSS is conduction defects, how­
ever, dilated and hypertrophic cardiomyopathies are also often observed, but a 
lower frequency. 

An example of mitochondrial disease caused by mutations in nuclear DNA is 
L-carnitine deficiency, which can lead to hypertrophic cardiomyopathy, and 
more commonly, to heart failure due to dilated cardiomyopathy (Guertl et al. 
2000). Carnitine is an important component of fatty acid metabolism and neces­
sary for the entry of long-chain fatty acids into mitochondria. Systemic carni­
tine deficiency can arise by inadequate dietary intake or defective synthesis, up­
take and transport or decreased tubular reabsorption. Mutations in chromo­
somal genes encoding solute carrier family 22, member 5 (SLC22A5) or OCTN2 
transporter impair transport of carnitine to mitochondria and cause systemic 
carnitine deficiency. Several other enzymes are involved in the transfer and me­
tabolism of carnitine, including carnitine mitochondrial carnitine palmitoyl­
transferase I (CATI), located in the outer mitochondrial membrane and translo­
case (SLC25A20), located in the inner membrane. They mediate the process of 
esterification and transfer of long-chain fatty acids into mitochondria. Muta­
tions in CATl and translocase lead to defective carnitine uptake and decreased 
tissue levels of carnitine. The phenotype is characterized by skeletal myopathy, 
congestive heart failure, as well as abnormalities of the central nervous system 
and liver. It rarely causes hypertrophic cardiomyopathy (Guertl et al. 2000). 
Treatment with high doses of oral carnitine alleviates the symptoms. 

Mutations in acyl-CoA dehydrogenase also impair mitochondrial fatty acid 
oxidation and could lead to hypertrophic cardiomyopathy (Guertl et al. 2000; 
Kelly and Strauss 1994). The clinical manifestations are remarkable for hyper­
trophic cardiomyopathy with diminished systolic function, fasting hypoglyce­
mia, inadequate ketotic response to hypoglycemia, hepatic dysfunction, skeletal 
myopathy and sudden death (Guertl et al. 2000; Kelly and Strauss 1994). The 
majority of medium-chain acyl-CoA dehydrogenase deficiency is caused by sub­
stitution of glutamic acid for lysine in the mutant protein, while the molecular 
genetic basis of short-chain acyl-CoA dehydrogenase deficiency is more hetero­
geneous. 

3.2 
Single-Nucleotide Polymorphisms and Cardiac Hypertrophy 

Single-nucleotide polymorphisms (SNPs) are major determinants of interindi­
vidual variations in disease susceptibility and clinical phenotypes such as varia­
tion in cardiac hypertrophic response. Indeed, the influence of genetic back­
ground, i.e., SNPs, on cardiac hypertrophic response has been shown previously 
through epidemiological and family studies in humans (Adams et al. 1985; 
Schunkert et al. 1999) and experimental data in animals (Sebkhi et al. 1999; In­
nes et al. 1998). However, individual SNPs that affect clinical phenotype are 
largely unknown. Completion of the final sequence of the human genome along 
with the development of SNP and haplotype maps is expected to accelerate the 
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pace of discoveries of genetic determinants of quantitative traits such as cardiac 
size and the hypertrophic response to stimuli. 

Unlike monogenic disorders such as HCM, whereby application of genetic 
linkage techniques have led to the successful identification of a large number of 
causal genes and mutations, conventional linkage techniques have limited utility 
in mapping susceptibility SNPs for complex traits. The strength of linkage dis­
equilibrium studies, as opposed to conventional linkage analysis, is in their abil­
ity to detect modest effects from modifier genes and SNPs on clinical pheno­
type. Each gene contains multiple SNPs that cooperatively regulate its expres­
sion and affect the function of the encoded protein. Multiple potentially func­
tional SNPs and variable linkage disequilibrium across the genome (Dawson et 
al. 2002) means that large numbers of SNPs and haplotypes have to be typed. 
For example, the human gene encoding the ACE-l has a large number of SNPs 
that collectively affect ACE-1 levels and its function (Zhu et al. 2001). Given that 
several SNPs in each gene are in linkage disequilibrium, genotyping for a frac­
tion of all of the SNPs of a gene may be sufficient to construct the main haplo­
types of a gene (Daly et al. 2001; Reich et al. 2001). Nevertheless, comprehensive 
analysis of SNPs in each candidate susceptibility gene is often necessary. In ad­
dition, given the diversity of factors that contribute to a complex trait, the im­
pact of each SNP on biological and clinical phenotype is modest and decreases 
further for more distant phenotypes. Furthermore, the effects of SNPs on the 
phenotype of interest may be additive, synergistic, or subtractive. Epistatic in­
teractions between SNPs or genes, epigenetic regulation and environmental fac­
tors can also affect the impact of SNPs on gene expression and protein function. 
Given these complexities, the results of association studies should be interpreted 
in the context of population characteristics, the design of the study, sample size, 
exploratory hypothesis testing, the biological plausibility of the association, the 
functional significance of the SNPs, the strength of the association and the pres­
ence of genetic and biological gradients (Marian 2001c). Because of the inherent 
weaknesses of association studies with SNPs, results must be considered provi­
sional until confirmed in repeat studies and through experimentation (Lander 
and Schork 1994). 

SNPs in multiple genes have been associated with cardiac size and indices of 
cardiac hypertrophy in a variety of pathological states. While none have yet 
been validated and the results have been inconsistent, several SNPs that are con­
sidered to have biologically plausible effects on cardiac hypertrophy have been 
listed in Table 2. 

4 
Conclusions 

Cardiac hypertrophy is a common response of the heart to all forms of stimuli. 
Advances in molecular genetic studies have elucidated the genetic basis of cardi­
ac hypertrophy arising from genetic defects with simple mendelian inheritance, 
such as HCM. Similarly, it has also become evident that genetic variations, pri-
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marily SNPs, affect cardiac hypertrophic response not only in complex traits 
and acquired conditions but also in single-gene disorders. Regardless of the un­
derlying causes, cardiac hypertrophy is a complex phenotype, which results 
from intricate interactions between genetics, epigenetic and nongenetic factors. 
Understanding the genetic basis of the cardiac hypertrophic response could pro­
vide for better diagnosis, risk stratification and treatment of this ubiquitous car­
diac phenotype, which is a major predictor of morbidity and mortality. 
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Abstract Heart failure is a major burden on public health resources and the 
prevalence of the condition is rising as the population ages and with the increas­
ing success of salvage strategies for myocardial infarction. The emphasis in 
management has changed over the last 20 years from the use of predominantly 
inotropic agents to drugs that regulate neurohumoral activity. This has reaped 
rewards in terms of improving reducing mortality but much remains to be 
done. Now, in common with the approach taken to other cardiovascular dis­
eases, there is considerable interest in the use of genetic information to refine 
and personalize the treatment of heart failure, in the expectation that this will 
bring about further benefits to the patient and a more rational use of resources. 
The genetic information that may be of use in this respect is very wide ranging, 
encompassing factors that predispose to the disease (through atheroma, hyper­
tension, resistance to oxidative damage, etc.), and genetic traits that influence 
prognosis, the ability to metabolize drugs and drug targets. This review will fo­
cus on studies in humans that have investigated the relationship between geno­
types in candidate genes and susceptibility to heart failure, prognosis and re­
sponse to treatment. In general these studies have been conducted on relatively 
small patient groups and as such have not yielded conclusive results which have 
changed clinical practice. Nonetheless, the studies provide encouragement and 
a basis for further investigations in larger, well-characterized populations. 

Keywords Heart failure· Polymorphisms . Candidate genes 

1 
Heart Failure Incidence and Prevalence 

Heart failure is a worldwide public health problem associated with high morbid­
ity and mortality. The overall prevalence of clinically identified heart failure is 
estimated to be 3-20 cases per 1,000 of the population, rising with age to greater 
than 100 cases per 1,000 of the population in those over 65 years of age. The 
overall annual incidence of clinically overt heart failure in middle-aged men and 
women is approximately 0.1 %-0.2%, again rising with age to 2%-3% in those 
over 85 years. Following diagnosis, the 5-year mortality rate is approximately 
60% (in comparison, average 5-year survival for men and women with all can­
cers in the US at time of sampling was 50%). In industrialized countries, heart 
failure admission rates are rising steadily and in the early 1990s the cost of man­
aging heart failure was estimated at 1 %-2% of the total health care budget. This 
is almost certain to continue to rise as increased survival after acute myocardial 
infarction and increased longevity in the Western world leads to an increase in 
the overall prevalence of heart failure (McMurray and Stewart 2000). 

Given the medical and socioeconomic importance of heart failure, there has 
been a great deal of effort expended on defining the factors involved in both the 
development and progression of the disease. Genetic factors have been found to 
play an important part. This review will aim to summarize the major genetic 
variations associated with heart failure and how they may provide an insight 
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into a patient's prognosis. We will also discuss how genetics may affect response 
to treatment and the opportunities for newer treatments such as gene therapy. 

2 
Types of Heart Failure 

Heart failure has been defined as "a complex pathophysiologic condition that 
arises when myocardial performance is insufficient to adequately supply blood 
to other organs" (Fig. O. This chapter will focus primarily on heart failure due 
to left ventricular systolic dysfunction, the most common and best understood 
form of heart failure. It is estimated that roughly 80%-90% of heart failure is 
due either to coronary artery disease, hypertension, valvular heart disease or di­
abetes (Fig. 2). The remaining 10%-20% is due to idiopathic dilated cardiomy­
opathy, which can be subdivided into familial and non-familial forms (Seidman 
and Seidman et al 2001). 

2.1 
Familial Idiopathic Dilated Cardiomyopathy 

It is thought familial idiopathic dilated cardiomyopathy (IDeM) may represent 
20%-30% of the total number of cases of idiopathic dilated cardiomyopathy 
(Komajda et al. 1999). As in familial hypertrophic cardiomyopathy, autosomal 
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dominant transmission predominates but other modes of inheritance have also 
been reported, such as X-linked cardiomyopathy. Genetic abnormalities in the 
cardiac actin, dystrophin (X-linked cardiomyopathy), lam in A/C and delta­
sarcoglycan genes (Charron and Komajda 2001) have been identified, all of 
which encode structural proteins in the cytoskeleton or sarcomere. In total and 
to date, five different genes and ten other loci have been identified as being re­
sponsible for IDCM. Often in any single family, a unique genetic alteration caus­
ing IDCM within one of the genes mentioned above is responsible. 

2.2 
Non-familial Idiopathic Dilated Cardiomyopathy 

Non-familial IDCM is thought to be the result of a complex interaction between 
genetic factors and viral, immunological, toxic and other stimuli. It is more 
common than familial IDCM and has thus far been the focus of research aimed 
at identifying possible biological triggers for disease expression. Investigators 
have selected candidate genes on the basis of their plausible biological impact 
(e.g. angiotensin-converting enzyme, beta-1 adrenoceptor). The major studies 
reporting an association between these genes and IDCM susceptibility and 
prognosis are summarized below. 

3 
Negative Studies and Result Interpretation 

The use of genetics to define heart failure susceptibility and prognosis is a rela­
tively new exercise. The first reports of an association between a common poly­
morphism and a cardiovascular disease was in 1992 when the D allele of the an­
giotensin-converting enzyme (ACE) gene was identified as a risk factor for myo­
cardial infarction (Cambien et al. 1992). Since then there has been a raft of stud­
ies reporting associations between polymorphisms of candidate genes and car-
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diovascular disease, including heart failure. Most of the studies discussed in this 
review demonstrate a positive association between a candidate gene and heart 
failure. 

There are reasons, however, why each report has to be critically reviewed. 
Many of the studies involved small numbers of patients, in racially homogenous 
populations, and contain little or no information on the cause or severity of 
heart failure. Given the relative paucity of negative association studies reported, 
it is evident that there is a publication bias for positive studies. 

One of the few negative association studies to be published was conducted by 
Tiret et al. (2000). These investigators screened 403 patients with IDCM and 401 
controls for polymorphisms in the ACE, angiotensinogen, angiotensin-II type 1 
receptor (ATRG), aldosterone synthase (CYP 11 B2), tumour necrosis factor 
(TNF), transforming growth factor betal (TGF-f:H), endothelial nitric oxide syn­
thase (NOS3) and brain natriuretic peptide (BNP) genes. No association with 
IDCM was found. While the association between genetic variation and heart 
failure seems intuitive, it is important to remain sceptical until larger studies 
are undertaken. 

Almost all of the studies detailed below investigate a survivor cohort of CHF 
patients at a fixed point in time. Most are candidate gene studies which aim to 
detect a change in genotype frequency compared to a control population. If a 
particular genotype is of increased frequency (e.g. ACE DD) compared to a con­
trol population, then the conclusion is often drawn that this genotype is a risk 
factor for CHE Alternatively, it is possible this genotype (e.g. ACE DD) is pro­
tective in CHF populations and patients with CHF and the contrasting genotype 
(e.g. ACE II) die prior to the date of study, thus skewing the results. None of the 
studies detailed below address this concern and the conclusions reported are 
those of the investigators themselves. 

4 
Polymorph isms Affecting Susceptibility to Heart Failure 

4.1 
Angiotensin-Converting Enzyme 

One of the most thoroughly researched genetic variants is the ACE insertion (1) 
I deletion (D) polymorphism. This polymorphism is located in intron 16 of the 
ACE gene (i.e. non-coding), where there is either the presence (1) or absence (D) 
of a 287-base pair sequence. Individuals homozygous for the D allele have been 
shown to have higher serum levels of ACE and of ACE activity (Tiret et al. 1992) 
and an increased frequency of this genotype has been reported in patients with 
coronary artery disease (Cambien et al. 1992). 

The ACE liD polymorphism has been studied in patients with end-stage heart 
failure by Raynolds et al. (1993). Genotype frequency was compared between 
patients with end-stage heart failure due to either coronary heart disease or id­
iopathic dilated cardiomyopathy and controls with normally functioning hearts. 
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The ACE DD genotype comprised 35.7% and 39.2% of the IDCM and ischaemic 
cardiomyopathy groups, respectively, compared to only 24.0% of the normal 
controls (p=0.008 for both groups). This finding suggested that the ACE geno­
type may be of pathological significance in both idiopathic and ischaemic car­
diomyopathy, with the D allele conferring a disadvantage. 

This association has been refuted in three subsequent studies, all of which 
showed no association between ACE genotype and patients with dilated cardio­
myopathy, either idiopathic or ischaemic (Montgomery et al. 1995; Sanderson et 
al. 1996; Vancura et al. 1999). 

4.2 
Beta-l Adrenoceptor 

The beta-1 adrenoceptor (,B1-AR) is a key regulator of myocyte function. It is 
the predominant beta-adrenoreceptor found in the myocardium. The benefits of 
beta-blockers in the treatment of heart failure are now established as a result of 
studies such as CIBIS-II (CIBIS-II investigators 1999), MERIT-HF (MERIT-HF 
Investigators 1999), and COPERNICUS (Packer et al. 2001). Two polymorphisms 
in the coding region of the ,BI-AR have been identified and linked with heart 
failure. The Gly49Ser variation (A for G at nucleotide 145) is located in the ex­
tracellular domain of the receptor but there is no evidence to suggest it alters 
receptor function. In contrast, the Arg389Gly polymorphism (C for G at nucleo­
tide position 1165) is located within the carboxy terminal tail portion of this 
hepta-helical G-protein-coupled receptor, specifically in a highly conserved re­
gion critical for G-protein coupling and so intracellular signalling. In vitro stud­
ies (Mason et al. 1999) have indicated that the Arg389 variant has higher basal 
adenylyl cyclase activity and this effect is greatly magnified when bound by ago­
nist with a subsequent increase in G-protein coupling. 

Podlowski et al. (2000) investigated the prevalence of the Gly49Ser variation 
in 37 patients with IDCM patients and 40 controls. Gly49 allele was found in 6 
(16.2%) patients with IDCM and none of the controls. Although the number of 
patients studied was very small, the investigators suggested that this variation 
may increase susceptibility to IDCM. 

Borjesson et al. (2000) examined the effect of the Gly49Ser polymorphism on 
survival in heart failure. They studied 184 patients with chronic heart failure 
and 77 controls. Each group was followed up for 5 years. Interestingly, these in­
vestigators also found that the allele frequency of the Gly49 variant was more 
common in heart failure patients (p=0.019). However, patients without this vari­
ation had a significantly poorer 5-year survival, (risk ratio, 2.34, p=0.003). This 
was despite the greater use of beta-blockers and ACE inhibitors in these pa­
tients. Thus, while the Gly49 polymorphism may confer susceptibility to heart 
failure, it may also be associated with altered beta-1 adrenoceptor function, re­
sulting in myocardial protection in heart failure patients. 

The prevalence of the Arg389Gly genotype was investigated in 600 patients 
with NYHA II or III heart failure in a substudy of MERIT-HF by White et al. 



Genetic Determinants of Susceptibility, Prognosis and Treatment in Heart Failure 209 

(2002). Genotype frequencies were Arg/Arg 51.3%, Arg/Gly 40.2% and Gly/Gly 
8.5%, which do not significantly differ from that shown in normal populations 
(Mason 1999). The investigators concluded that the Arg389Gly genotype did not 
confer increased susceptibility to heart failure. 

The interaction of the f31-AR Arg389Gly and a2c-adrenoceptor (a2c-AR) 
De1322-325 polymorphisms has also been investigated in patients with cardio­
myopathy. As stated above, the f31-AR Arg389Gly variation affects receptor ac­
tivity when bound by norepinephrine (NE). The a2c-AR Del322-325 is a com­
mon coding polymorphism resulting in the loss of four consecutive amino acids 
in a G-protein-coupling domain. It is associated with interruption of the normal 
auto inhibitory negative feedback loop governing NE release from sympathetic 
nerve endings and so enhanced presynaptic release of NE. Small et al. (2002) 
studied the interaction of these two polymorphisms in a biracial group of pa­
tients who either had IDCM or ischaemic cardiomyopathy. In an African-Ameri­
can population subset, they found that individuals homozygous for both a2C­

DeI322-325IDeI322-325 (I NE release) and f31-Arg389/Arg389 (i response to 
NE) variants were at a substantially increased risk of heart failure (odds ratio, 
10.11). No relationship was found in the larger Caucasian subset. While the 
study contains relatively small numbers, the fact that this finding has a bio­
chemical basis strengthens its validity. It also highlights the value of studying 
haplotypes rather than isolated SNPs. 

4.3 
Endothelin Type-A Receptor 

Plasma endothelin-1 (ET-1) concentrations and left ventricular endothelin-A 
(ETA) receptor densities are increased in patients with dilated cardiomyopathy 
suggesting that the endothelin system is involved in the pathophysiology of 
heart failure (Zolk 0 et al. 1999). ET-1 is produced by cardiac myocytes and fi­
broblasts as well as endothelial cells and exerts its main effects through ETA re­
ceptors (Herrmann et al. 2001). It is a potent vasoconstrictor and has both anti­
natriuretic and anti-diuretic properties. ET-1 also augments the vasoconstrictor 
effects of vasopressin, the renin-angiotensin-aldosterone system and the sympa­
thetic nervous system (Petrie 1999). It is of interest, therefore, to know whether 
variation in the genes encoding ET -lor the endothelin type A or type B recep­
tors may affect susceptibility or prognosis in heart failure. 

Charron et al (1999) examined five different polymorphisms in the ET-l, ETA 
receptor and ETR receptor genes in 433 French patients with IDCM and 400 age 
and sex-matched controls. They found that a + 1 ,363 cytosine( C) I thymine (T) 
polymorphism in the non-translated part of exon 8 of the endothelin type-A re­
ceptor had a relationship with IDCM. Although the functional significance of 
this polymorphism is unknown, the authors found that individuals homozygous 
for the T allele (TT) were significantly more frequent in the IDCM group than in 
the control group (13.8% vs. 7.8%, p=O.045). No significant differences between 
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the IDCM and control groups were found for the other polymorphisms. It was 
suggested that this variant was a genetic risk factor for IDCM. 

4.4 
Platelet-Activating Factor acetyl hydrolase 

Plasma platelet-activating factor (PAF) acetylhydrolase acts as a key defence 
against oxidative stress by hydrolysing PAF and oxidized phospholipids. A poly­
morphism of the gene encoding PAF acetylhydolase causes a G (M allele) to T 
(m allele) change at nucleotide 994 in exon 9 which encodes the catalytic do­
main. The m allele has much diminished PAF acetylhydolase activity compared 
to the wild-type M allele (Stafforini et al. 1996). 

Ichihara et al. (1998) proposed that individuals with the m allele may be ex­
posed to more oxidative stress and therefore be more susceptible to dilated car­
diomyopathy. They compared 122 Japanese patients with IDCM and 226 healthy 
controls. The frequency of the m allele was higher in the IDCM group than con­
trols (3.2% vs 1.8%). The investigators suggested that this mutation was a risk 
factor for dilated cardiomyopathy. 

4.5 
Aldosterone Synthase 

The gene encoding aldosterone synthase (CYPllB2) has been linked to hyper­
tension (Davies et al. 1999). Aldosterone controls sodium balance and intravas­
cular volume, which are important in CHE It may also promote changes in the 
cardiac extra-cellular matrix. 

A polymorphism in the CYP llB2 gene (-344 CIT) is associated with in­
creased aldosterone secretion (Hengstenberg et al. 2000). Kupari et al. (1998) ex­
amined the influence of this polymorphism on left ventricular (LV) mass and 
function in a group of 84 healthy individuals. They found that CC homozygotes 
had on average a 28% larger end-diastolic volume (LVEDD) and a 21 % greater 
LV mass than TT homozygotes. These investigators have suggested that this 
polymorphism may well playa part in determining LV structure. 

4.6 
Transforming Growth Factor-pl 

Transforming growth factor-,Bl is a regulatory cytokine which inhibits the pro­
liferation of many cell types, including smooth muscle, epithelial, and endothe­
lial cells (Wang et al. 1997). Elevated TGF-,Bl gene expression has been mea­
sured in ventricular biopsies from patients with IDCM (Li et al.I997). Variations 
in the TGF-,Bl gene alter the plasma concentration of TGF-,Bl and so may be im­
portant in heart failure (Grainger et al. 1999). 

Holweg et al. (2001) investigated two polymorphisms, LeulOPro and Arg2S­
Pro, responsible for changes in the signalling sequence of the TGF-,Bl protein. 
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Individuals homozygous for Arg25 have been shown, both in vitro and in vivo, 
to have higher plasma TGF-,B1 levels. Two hundred and fifty-three heart trans­
plant recipients (109 due to IDeM and 144 due to ischaemic heart disease, IHD) 
and 94 controls were genotyped. The individuals receiving transplants because 
of IDeM had a different TGF-,Bl genotype distribution from the other two 
groups. Patients with IDeM had a higher frequency of the ProiO allele when 
compared to the both those with HF due to IHD (p=0.04) and healthy controls 
(p=0.02). The other two groups (IHD and control) did not differ in their geno­
type frequency. All three groups had a similar genotype frequency for Arg25Pro. 
As a result, these investigators suggested that the LeuiOPro TGF-,Bl variation is 
associated with end-stage heart failure due to IDeM. 

4.7 
Tumour Necrosis Factor a 

Tumour necrosis factor a (TNF-a) is a cytokine with negative inotropic effects. 
Plasma and myocardial TNF concentrations are increased in heart failure (Le­
vine at al. 1990). A change from guanine to adenosine at position -308 in the 
promoter region of the gene causes formation of the TNF2 allele, which is asso­
ciated with a six- to sevenfold increase in inducible TNF-a gene transcription 
(Wilson et al. 1997). 

Densem et al. (2002) investigated the frequency of the TNF2 allele in 175 
heart transplant recipients (69 with non-ischaemic cardiomyopathy and 106 
with ischaemic myocardial dysfunction) and 212 controls. The TNF2 allele was 
more frequent in those with non-ischaemic myocardial dysfunction, suggesting 
that this polymorphism may playa role in susceptibility for IDeM. 

5 
Polymorphisms Affecting Prognosis in Heart Failure 

Genetic changes may affect not only an individual's susceptibility to heart fail­
ure, but also his or her prognosis once heart failure is established. Once again, 
candidate gene studies have been the main method of investigation. 

5.1 
Angiotensin-Converting Enzyme 

The effect of ACE genotype on prognosis was examined by Andersson et al. 
(1996). They followed 193 patients with IDeM for 5 years compared with a 
group of 77 aged-matched, healthy controls. While genotype frequencies did not 
vary between the heart failure and control groups, 5-year survival data showed 
that heart failure patients with the DD genotype fared significantly worse com­
pared to the II/ID genotypes (49% vs 72%, p=O.OOl). The DD genotype was 
therefore suggested to be a marker of poor prognosis in heart failure. 
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5.2 
Angiotensin-II Type 1 Receptor 

Given the importance of the renin-angiotensin-aldosterone system in heart fail­
ure, other genetic variants affecting prognosis have been sought. A polymor­
phism in the 3' untranslated region of the angiotensin-II type 1 receptor gene 
(ATRG) consisting of an A or C variant (Al166C) has been identified. The C mu­
tant allele has been associated with ischaemic heart disease and hypertension 
(Tiret et al. 1994). 

Andersson et al. (1999) studied this polymorphism and the ACE lID polymor­
phism, and their relationship in 194 patients with IDCM. Patients with the DD 
ACE genotype and the C ATRG allele had lower LV ejection fraction, higher LV 
mass and overall higher mortality. This finding suggests that these genotypes 
may interact to confer a worse prognosis in heart failure. 

5.3 
Beta-l Adrenoceptor 

The Arg389Gly polymorphism of the f31-AR is in an area critical for G-protein 
coupling and intracellular signalling. The Arg389 allele has been shown, in vitro, 
to be associated with higher adenylyl cyclase activity and G-protein coupling 
(Mason et al. 1999). As stated above, the other known f31-AR polymorphism, 
Gly49Ser, is not currently known to alter receptor function. 

The role of these polymorphisms has been investigated by Wagoner et al. 
(2002), who examined the response to exercise of 263 patients with CHE Pa­
tients homozygous for the Gly389 genotype had lowest peak V02 and exercise 
times (Arg389, 17.7±OA mllkg per minute and 9.6±0.3, respectively, compared 
to Gly389, 14.5±0.6 mllkg per minute and 7.0 ±0.5, respectively). In a subse­
quent haplotype analysis, two haplotypes displayed the most divergent peak 
V02; homozygous Gly389/Ser49 and homozygous Arg389/Gly49 carriers 
(l4.4±0.5 vs 18.2±0.8 mllkg per minute). No effect of either polymorphism was 
seen on heart rate. 

A substudy of the MERIT-HF trial also examined the Arg389Gly polymor­
phism in CHF (White et al. 2002). Six hundred patients with CHF were geno­
typed and followed for 1 year. Of these 600, 155 (26%) had reached the com­
bined endpoint of death or hospitalization at the end of the year. In contrast to 
Wagoner's study, no effect of genotype was observed. It should be noted that all 
patients were taking the beta-l selective blocker, metoprolol CR/XL, and 
whether this negated any genotype effect is uncertain. 

5.4 
Beta-2 Adrenoceptor 

Both beta-l (f31-AR) and beta-2 adrenoceptors (f32-AR) are involved in cardiac 
inotropy and chronotropy. In the non-failing heart, the f31-AR subtype predom-
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inates, representing 70%-80% of the total beta-adrenoceptor population. As the 
heart fails, there is selective down-regulation of the ,81-AR subtype, such that 
the ,81:,82 ratio comes closer to 50:50 (Port and Bristow 2001). ,82-AR polymor­
phisms affect both blood pressure, (Arg16Gly, Hoit et al. 2000) and resistance 
artery function, (Glu27Gln, Cockcroft et al. 2000) and these effects could be im­
portant in heart failure. 

Liggett et al. (1998) studied 259 patients with NYHA class II-IV heart failure 
(due to ischaemic heart failure or IDCM) and followed them up for 1 year. They 
were genotyped for the Thr164Ile polymorphism in ,82-AR, the Thr to lie switch 
at amino acid 164 in the fourth transmembrane-spanning domain, conferring 
decreased binding affinity for catecholamines and defective G-protein coupling 
(Green at al. 1993). No patients were homozygous for the Ile164 mutation and 
only 4% (n=10) were heterozygous. The I-year survival for these heterozygotes 
was 42%, compared to 76% for the wild type. Despite the small number of 
patients studied, the investigators suggested that this polymorphic variant may 
alter heart failure prognosis. 

In addition to studying ,81-AR, Wagoner et al. (2000) have investigated the 
relationship between polymorphic forms of the ,82-AR and exercise capacity, 
studying 232 patients with either ischaemic heart failure or IDCM in heart fail­
ure. As well as Thr 164Ile, they looked at two other alleles causing abnormal re­
ceptor-effector coupling of the ,82 receptor: Arg16Gly and Gln27Glu. The Ile164 
and Gly16 variant forms are associated with decreased receptor function com­
pared to wild type, while the Glu27 change is associated with enhanced func­
tion. Perhaps not surprisingly, patients with the less active receptor forms 
(Ile164, Gly16 and a combination of Gln27 and Gly16) had depressed exercise 
performance (as determined by peak V02 during cardiopulmonary exercise test­
ing). The authors suggested these polymorphisms exerted a functional effect in 
heart failure. 

5.5 
Endothelin Type-A Receptor 

Herrmann et al. (2001) genotyped 125 patients with IDCM patients for six poly­
morphisms of the ET-l, ETA andETB genes. Unfortunately, the +1,363 CIT poly­
morphism previously shown to be associated with heart failure susceptibility 
was not studied. Herrmann found that a H323H (CIT) polymorphism in exon 6 
of the ETA gene was linked with a shorter 2-year survival time after diagnosis. 
The odds ratio for carriers of the ETA T allele dying within 2 years of diagnosis 
compared to non-carriers was 5.5 (p=0.013). The influence of this change re­
mained significant even when echocardiographic measurements, age and NYHA 
classification were taken into account. This polymorphism may therefore affect 
prognosis in IDeM. 
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5.6 
Adenosine Monophosphate Deaminase 1 

Adenosine monophosphate deaminase (AMPD) is a key enzyme involved in ad­
enine nucleotide catabolism, which produces adenosine. A C---+ T transition in 
codon 12 in exon 2 in the AMPDl gene results in a non-sense mutation predict­
ing a severely truncated AMPD peptide. It is associated with reduced activity of 
the enzyme in skeletal muscle and increased adenosine levels (Morasaki et al. 
1992). Approximately 20% of both African-Americans and Caucasians are het­
erozygous for the variant allele. 

Loh et al. (1999) hypothesized that heart failure patients with variant exon 2 
AMPDl allele may have improved survival compared to the wild type. In a study 
involving 132 heart failure patients and 91 controls, individuals heterozygous 
(n==20) and homozygous (n==l) for the variant allele survived longer (odds ratio, 
8.6) and had delayed progression of symptoms compared to wild type. The 
polymorphism was thus deemed to be cardioprotective in heart failure patients 
is spite of the small numbers involved. 

6 
Polymorph isms Affecting Response to Heart Failure Treatment 

The concept that an individual's response to treatment may vary depending on 
genotype is one which has garnered interest in recent years. The following sec­
tion details some of the genetic polymorphisms that may alter response to some 
of the most common drug treatments for heart failure. Importantly, most of the 
studies listed were not conducted in groups with heart failure and include small 
population numbers. 

6.1 
Diuretics 

Loop diuretics such as furosemide are commonly used in heart failure. They de­
crease intracellular sodium and thus intracellular calcium, causing relaxation of 
arterial and venous vascular smooth muscle, thereby lowering ventricular pre­
load and afterload. 

Manunta et al. (1998) investigated how a polymorphism in the a-adducin 
gene (G460W) affected the response to furosemide. The a-adducin gene variants 
are thought to affect renal tubular sodium reabsorption (Cusi et al. 1997). One 
hundred and eight hypertensive patients were given a single oral dose of furose­
mide 25 mg. Patients carrying one or two copies of the variant W allele had a 
smaller plasma renin and fractional sodium excretion increase after furosemide. 
Patients with the Wallele also had a less steep negative pressure-natriuresis re­
lationship suggesting that the variant allele causes an increased propensity to 
renal tubular sodium reabsorption. 
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Beta-Blockers 
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Beta-blockers are now established as a mainstay of heart failure treatment as a 
result oflarge clinical trials with these agents (CIBIS-II, MERIT-HF, COPERNI­
CUS). Studies to investigate what determines the often varied response to these 
agents are thus of great clinical importance. 

McNamara et al. (2001) studied the influence of the ACE liD polymorphism 
in heart failure. They followed up 328 patients with LV systolic dysfunction to 
assess the impact of the D allele on transplant-free survival. Survival was re­
duced in patients carrying the D allele. The D allele has been previously suggest­
ed to be deleterious in conditions such as myocardial infarction (Cambien 
1992), LV hypertrophy (Schunkert 1994) and hypertrophic cardiomyopathy 
(Marian 1993). The investigators took the opportunity to study the effect of 
treatment with beta-blockers. If patients were not on beta-blockers at the time 
of entry into the trial, the adverse impact of the D allele was increased, whereas 
the deleterious effect of the D allele was abolished if patients were already re­
ceiving beta-blocker therapy. For example, for DD homozygotes, I-year survival 
was 67% if not on a beta-blocker compared to 86% if on beta-blocker therapy. A 
possible pharmacogenetic interaction between the ACE lID polymorphism and 
beta-blocker therapy for heart failure was suggested. The mechanism for this re­
mains unclear and has not, as yet, been replicated in other studies. 

De Groote et al. (2001) investigated the effect of two known ,Bl-adrenoceptor 
polymorphisms (Gly49Ser and Arg389Gly) on the response to beta-blockade in 
heart failure. One hundred and fifty-one patients with the condition underwent 
echo cardiography and cardiopulmonary exercise testing before and after beta­
blockade treatment (bisoprolol or carvedilol). Neither polymorphism had any 
effect on echocardiographic parameters before or after beta-blocker treatment. 
Beta-blockade, however, reduced peak V02 in response to exercise in those car­
rying the G389 allele. It was concluded that exercise capacity was reduced after 
beta-blockade in heart failure patients carrying the G389 variant. 

The Arg389Gly polymorphism and its possible effect on response to beta­
blockade (atenolol and bisoprolol) has also been investigated by O'Shaughnessy 
et al. (2000). They found that heart rate and blood pressure fell by the same 
amount irrespective of genotype after 4 weeks of beta-blocker treatment in 147 
hypertensive patients. 

As beta-adrenoreceptors exert their intracellular effects via G-protein cou­
pling, Jia et al. (1999) examined the effect of a polymorphism (GNASl), deter­
mined by the presence (+) or absence (-) of a FokI restriction enzyme site in 
the G-protein a-subunit, on the response to beta-blockade. Again, hypertensive 
patients (n=1l4) were studied. Patients were given beta-blockers and then clas­
sified into good or poor responders dependent on their fall in mean arterial 
pressure. A good response was defined as a fall greater than 15 mmHg and a 
poor one, a fall less than 11 mmHg. They found that good responders were 
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more likely to carry the FokI+ allele than poor responders (62.5% vs 41.7%). It 
is thus possible that the GNASI locus influences response to beta-blockade. 

6.3 
ACE Inhibitors 

ACE inhibitors improve survival, decrease morbidity, relieve symptoms, and in­
crease exercise capacity in patients with symptomatic heart failure or isolated 
LV systolic dysfunction (Garg and Yusuf 1995). The possibility that variation in 
the ACE gene may alter response and thus benefit is of considerable interest. 

O'Toole et al. (1998) investigated the effect of ACE liD polymorphism in 34 
heart failure patients randomized to 6 weeks of either lisinopril (10 mg once dai­
ly) or captopril (25 mg three times daily) in a double-blind crossover study. The 
change in ambulatory 24-h mean arterial pressure (MAP) and glomerular filtra­
tion rate (GFR) were recorded. DD homozygotes had a significantly smaller fall 
in MAP on captopril treatment than ID or II subjects. There was a significant 
relation between ACE genotype and fall in MAP in patients on lisinopril. Geno­
type did not significantly affect the change in GFR on either drug, but there was 
some evidence for a greater fall in II patients. The authors acknowledge that 
their results are not conclusive but suggest they support the possibility of an in­
teraction between ACE genotype and response to ACE inhibitors in heart fail­
ure. 

Todd et al. (1995) evaluated whether or not ACE genotype affected the fall in 
serum ACE activity after enalapril (10 mg once daily). A total of nine healthy in­
dividuals of each genotype (DD, ID, II) had ACE activity measured before and 
after dosing. Throughout the study, the serum ACE activity of the DD group was 
consistently higher than that of the II group. However, the fall in serum ACE ac­
tivity was significantly greater in the DD group than the II group at 2, 4, and 6 
but not 24 h. Genotype did not appear to influence fall in mean arterial pres­
sure. 

Despite long-term ACE inhibitor therapy, up to 20% of heart failure patients 
still have an elevated serum aldosterone concentration, termed "aldosterone es­
cape" (MacFadyen et al. 1999). Aldosterone levels are an important prognostic 
indicator in heart failure (Pitt et al. 1999) and aldosterone escape seems to have 
important clinical consequences. Cicoira et al. (2001) investigated the relation­
ship between ACE lID genotype and aldosterone escape in 132 patients with 
heart failure receiving long-term (>6 months) ACE inhibitor treatment. Thir­
teen patients out of 132 (10%) were labelled as having aldosterone escape. A sig­
nificantly higher proportion of the escape group had the DD genotype than pa­
tients with suppressed aldosterone (62% vs 24%), again raising the possibility 
that ACE lID genotype may modulate the neurohormonal response to ACE inhi­
bition. 

A polymorphism in the ATRG (A166C) has also been shown to influence re­
sponse to the ACE inhibitor perindopril. Benetos et al. (1996) showed that carri­
ers of the C allele had a threefold greater reduction in carotid-femoral pulse 
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wave velocity (a measure of aortic stiffness) when given perindopril compared 
to AA homozygotes. Once again a genetic influence on the response to ACE in­
hibitor therapy was suggested. 

A more recent study by Tiago et al. (2002) investigated the influence of RAAS 
genotypes on response to medical treatment in a group of 107 NYHA II-IV pa­
tients of African ancestry with IDCM. These patients were newly diagnosed and 
were initiated on medical treatment consisting of furosemide, digoxin and tran­
dolapril. A polymorphism in the aldosterone synthetase gene, CYPllB2 (dis­
cussed above), predicted that those carrying the -344C allele had greater subse­
quent improvement in LV ejection fraction (23±60/0 improved to 35±140/0 for 
CC/CT; 25±70/0 improved to 29±120/0 for TT individuals). ACE and angiotensino­
gen genotypes had no effect. The results of this study, however, fail to make 
clear whether this genotype alters response to therapy or the natural course of 
IDCM. 

6.4 
Angiotensin-II Type I Receptor Blockers 

Both the ELITE II (Pitt et al. 2000) and Val-He FT (Baruch et al. 1999) trials eval­
uated the efficacy of angiotensin II receptor blockers on morbidity and mortali­
ty in patients with symptomatic heart failure. While they have not replaced ACE 
inhibitors as treatment of choice in heart failure, they are a practical alternative 
in patients with ACE inhibitor-induced cough. 

The A1l66C polymorphism in the ATR gene and its effect on response to the 
angiotensin-II type I receptor blocker, losartan, was investigated by Miller et al. 
(1999). In this study of 66 healthy men, those carrying the C allele had lower 
baseline GFRs, renal plasma flow (ERPF) and renal blood flow (RBF) than AA 
homozygotes. Losartan increased GFR and decreased MAP in the AC/CC group 
but not in the AA group. The fall in aldosterone was also less in the AA group 
after losartan. These results suggest that this mutation is important in determin­
ing response to angiotensin-II type I receptor blockers. 

Kurland et al. (2001) investigated what influence the ATRG gene A1l66C, the 
ACE l/D and the angiotensinogen (T174M and M235T) polymorphisms may 
have on response to an angiotensin-II type I receptor blocker (irbesartan) and a 
beta-blocker (atenolol). These investigators found that the greatest reduction in 
diastolic blood pressure with losartan was seen in ACE II patients. No interac­
tion was seen for with the other genotypes or in the response to atenolol. 

6.S 
Digoxin 

The place of digoxin in the treatment of heart failure remains controversial. The 
DIG study (Digitalis Investigation Group 1997) investigated the effect of digoxin 
in patients with heart failure who were in sinus rhythm. While no effect was 
seen on all cause mortality, digoxin decreased the number of hospitalizations 
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for worsening heart failure by 28% and the combined risk of deaths and hospi­
talizations for heart failure by 25%. It probably still has an add-on role in pa­
tients already taking diuretics, ACE inhibitors and beta-blockers. 

Plasma concentrations obtained after orally administered digoxin have been 
shown to be dependent on a polymorphism in the multidrug-resistance (MDR)-
1 gene. This gene encodes an integral membrane protein, P-glycoprotein, which 
is present in organ systems that influence drug absorption (intestine), distribu­
tion (central nervous system and leukocytes), and elimination (liver and kid­
ney). Patients homozygous for the T allele of the C3435T polymorphism in exon 
26 demonstrated significantly lower duodenal MDR-l expression and the high­
est digoxin plasma levels after 5 days of digoxin 0.25 mg o.d. (Hoffmeyer et al. 
2000). 

7 
Summary 

Given the socioeconomic burden of heart failure, a better understanding of the 
factors governing susceptibility, prognosis and response to treatment is neces­
sary. In this regard, the genetic basis of inter-individual variation is poorly un­
derstood. A better appreciation of how key genes interact with the environment 
in determining cardiac function will be important. The studies conducted to 
date have involved small population numbers with heterogeneous types of heart 
failure. While these have given us clues as to possible candidate genes, larger 
and more refined studies are required before any firm conclusions can be 
reached. 

As discussed elsewhere in this book, a considerable effort is being placed in 
mapping genetic variation, in the form of single nucleotide polymorphisms and 
haplotypes across the human genome and this new knowledge will be applied to 
the management of heart failure as with other cardiovascular diseases. This will 
require the development of new technologies to enable high-throughput geno­
typing and the bioinformatics support to interpret the data. There will be no 
substitute for careful and well-designed, hypothesis-driven studies in appropri­
ate patient groups. Nonetheless, the use of genetic information to refine our cur­
rent management of heart failure patients, together with the prospect of gene 
and stem cell therapy, herald an exciting future for the treatment of heart fail­
ure. 
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Abstract Reviews of clinical cases have led to identification of risk factors pre­
disposing individual patients to proarrhythmia. However, in an individual pa­
tient, these risk factor predictions are imperfect and the reaction has been gen­
erally termed unpredictable (or idiosyncratic). As a result, we and others have 
suggested that a variable genetic context may contribute to risk of proarrhyth­
mia on exposure to specific drugs. This research is most advanced in studies of 
drug-induced long QT syndrome, and it is on this area that this review will fo­
cus. 

Keywords Arrhythmias· Long QT syndromes· Ion channels 
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1 
Introduction 

Drugs have been used to control abnormalities of cardiac rhythm for centuries. 
Digitalis entered widespread clinical use for heart failure and arrhythmias in the 
mid-eighteenth century, and quinidine in the early twentieth century. However, 
the mechanisms whereby these derivatives of naturally occurring plant products 
modulate cardiac rhythm remained obscure until the last several decades. Simi­
larly, the idea that drugs might not only control cardiac rhythm but also exacer­
bate them, or create entirely new arrhythmias (the phenomenon of proarrhyth­
mia), is a relatively new one, coinciding with the development of electronic sys­
tems capable of recording cardiac rhythm for long periods of time (hours or 
days). This technological capability, in turn, has lead to delineation of specific 
syndromes of pro arrhythmia, driven by specific electrocardiographic patterns. 
In parallel, molecular mechanisms of drug action have been increasingly well 
understood. Taken together, these clinical and basic electrophysiological data 
have led to the delineation of specific mechanisms underlying the phenomenon 
of drug-induced arrhythmias (Roden 1994, 1998a). 

We and others have suggested that a variable genetic context may contribute 
to risk of proarrhythmia on exposure to specific drugs. This research is most 
advanced in studies of drug-induced long QT syndrome. As outlined in Table 1, 
multiple rare genetic causes of arrhythmias (in the absence of other heart dis­
ease) have now been recognized. These genes have become initial candidates for 
modulators of drug-response phenotype, although the extent to which varia­
tions in these disease genes might contribute to variable responses to drug ther­
apy (or other exogenous stressors) remains unknown. 

2 
Long QT-Related Arrhythmias 

2.1 
Causes of QT Prolongation 

When QT interval on the surface electrocardiogram is markedly prolonged, a 
morphologically distinctive and potentially lethal form of ventricular tachycar­
dia, termed torsades de pointes, can ensue (Schwartz et al. 1999). The common­
est causes of torsades de pointes are the congenital long QT syndromes, therapy 
with certain antiarrhythmic drugs (Fig. 1A), therapy with a range of drugs pre­
scribed for noncardiovascular indications, hypokalemia, and bradycardia. QT 
interval prolongation is also a feature of many forms of heart disease, including 
congestive heart failure and cardiac hypertrophy, although torsades de pointes 
in the absence of a usual precipitator is unusual. However, QT prolongation in 
these settings has been found to be a marker of increased mortality (Barr et al. 
1994; Spargias et al. 1999; Algra et al. 1991), through mechanisms that are not 



Ta
bl

e 
1 

G
en

ot
yp

e-
ph

en
ot

yp
e 

co
rre

la
tio

ns
 in

 c
on

ge
ni

ta
l a

rrh
yt

hm
ia

 s
yn

dr
om

es
 

Ep
on

ym
 

Su
bt

yp
e 

In
he

rit
an

ce
 

Di
se

as
e 

ge
ne

 
Io

ni
c 

Fr
eq

ue
nc

y 
C

on
di

tio
ns

 
C

lin
ic

al
 

EC
G 

cu
rre

nt
 

un
de

r 
w

hi
ch

 
ar

rh
yt

hm
ia

 
ch

ar
ac

te
ris

tic
s 

ch
an

ge
d 

ar
rh

yt
hm

ia
 

oc
cu

rs
 

R
om

an
o 

W
ar

d 
sy

nd
ro

m
e 

LQ
ll 

AD
 

KC
NQ

l 
(K

vL
Q

ll)
 

!iK
s 

40
%

 o
f L

QT
 

Ex
er

cis
e;

 
To

rs
ad

es
 

jT
w

av
e 

(lo
ng

 Q
T 

sy
nd

ro
m

e)
 

sy
nd

ro
m

es
 

em
ot

io
na

l 
de

 p
oi

nt
es

 
am

pl
itu

de
 

fr
ig

ht
; 

---<
 

::
:r

 
sw

im
m

in
g;

 
rD

 

C
'>

 
di

vi
ng

 
rD

 
:::

J 

LQ
T2

 
AD

 
KC

NH
2 

(H
ER

G)
 

1IK
r 

40
%

 o
f 

LQ
T 

Ex
er

cis
e;

 
To

rs
ad

es
 

Lo
w

-a
m

pl
itu

de
 

~
 

B'
 

sy
nd

ro
m

es
 

su
dd

en
 l

ou
d 

de
 p

oi
nt

es
 

no
tc

he
d 

T
 w

av
e 

8
, 

no
is

e 
n '" 

LQ
B 

AD
 

SC
NS

A 
Pl

at
ea

u 
IN

a 
10

%
 o

f L
QT

 
Re

st 
Lo

ng
 i

so
el

ec
tri

c 
"'- ii
i 

sy
nd

ro
m

es
 

ST
 s

eg
m

en
t; 

,.., n 
pe

ak
ed

 T
 w

av
e 

:::
r '" 

LQ
T4

 
AD

 
An

ky
rin

 B
 

::
:J

 
:::

J 
rD

 

LQ
TS

 
AD

 
m

in
K 

(K
CN

E7
) 

11
Ks

 
0

-
-
0

 

LO
T6

 
AD

 
M

iR
Pl

 (
KC

NE
2)

 
11

Kr 
(?

) 
;:;.

 
:::

r 

An
de

rs
en

's
 s

yn
dr

om
e 

LO
T?

 
AD

 
KC

N}
2 

11
KI

 
B

id
ire

ct
io

na
l V

T 
~.

 

Je
rv

el
l-L

an
ge

-N
ei

ls
on

 
JL

N1
 

AR
 

KC
N0

7 
W

K
s 

Ex
er

cis
e;

 
To

rs
ad

es
 

jT
w

av
e 

3 
sy

nd
ro

m
e 

em
ot

io
na

l 
de

 p
oi

nt
es

 
am

pl
itu

de
 

"- ",
. 

(lo
ng

 a
T 

sy
nd

ro
m

e 
fri

gh
t;

 
;:;.

 
o·

 
+

 d
ea

fn
es

s)
 

sw
im

m
in

g
; 

~
 

di
vi

ng
 

§
' 

JL
N2

 
AR

 
KC

NE
I 

W
K

s 
To

rs
ad

es
 

jT
w

av
e 

---<
 

::
:r

 

de
 p

oi
nt

es
 

am
pl

itu
de

 
rD

 
(;

) 
-
0

 

Br
ug

ad
a 

sy
nd

ro
m

e 
BS

l 
AD

 
SC

NS
A 

11
Na

 
Re

st 
VF

 
j 

J p
oi

nt
 V

1-
V3

 
rt>

 
;::.

 
(s

ee
 F

ig.
 1

) 
Q

' 
BS

2 
AD

 
j 

J p
oi

nt
 V

1-
V3

 
(s

ee
 F

ig.
 1

) 
I
N

 
N

 en
 



Ta
bl

e 
1 

(c
on

tin
ue

d)
 

I~
 

Ep
on

ym
 

Su
bt

yp
e 

In
he

rit
an

ce
 

Di
se

as
e 

ge
ne

 
Io

ni
c 

Fr
eq

ue
nc

y 
C

on
di

tio
ns

 
C

lin
ica

l 
EC

G 
cu

rre
nt

 
un

de
r 

w
hi

ch
 

ar
rh

yt
hm

ia
 

ch
ar

ac
te

ris
tic

s 
<::

J 
ch

an
ge

d 
ar

rh
yt

hm
ia

 
~
 

oc
cu

rs
 

= 0 C
l..

 
rt>

 

Fa
m

ilia
l c

on
du

ct
io

n 
AD

 
Se

NS
A 

ll
Na

 
Br

ad
yc

ar
di

a 
'" 

sy
st

em
 d

ise
as

e 
Po

lym
or

ph
ic 

ve
nt

ric
ul

ar
 

AD
 

RY
R2

 
Ex

er
cis

e 
Po

ly
m

or
ph

ic
 V

T 
ta

ch
yc

ar
di

a 
w

ith
 

w
ith

 e
xe

rc
ise

 
sh

or
t Q

T 
in

te
rv

al
 

AR
 

C
al

se
qu

es
tri

n 



The Genetics of Ca rdiac Channelopathies: Implications for Therapeutics 227 

short long short 
cycle cycle cycle 
,...-'--;~~ ( 

T orsades de Pointes 
) 

B baseline 1000 mg 

Fig. 1 Drug-induced ECG changes. A Torsades de pointes due to sotalol therapy. The series of cycle 
length changes (short-long-short) prior to the onset of the arrhythmia is typical, as is a very long OT 
interval, indicated by the arrow. B Brugada syndrome exposed by procainamide challenge. The baseline 
ECG shows slight J point elevation in lead V2, but this is of a saddleback configuration and not diag­
nostic. After drug challenge, the changes in V2 are diagnostic. Note also the long PR interval, indicating 
conduction slowing typical of the Brugada syndrome and evident even at baseline 

yet well understood, and may well include a contribution from torsades de 
pointes. 

2.2 
The Congenital Long QT Syndromes 

One form of the congenital long QT syndrome (LQTS), inherited in an autoso­
mal recessive fashion and associated with deafness, was described in 1957 by 
Jervell and Lange-Neilson Oervell and Lange-Nielsen 1957). In a single kindred, 
four out of six children had congenital deafness, marked QT interval prolonga­
tion, and suffered sudden death. The mechanism underlying the sudden death 
was unknown and asystole was discussed as one possible cause. Parents of chil­
dren with the Jervell-Lange-Neilson OLN) syndrome usually have normal elec­
trocardiograms. In 1963, Ward (Ward 1964) and Romano (Romano et al. 1963) 
separately described the much more common variant of the long QT syndrome, 
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with autosomal dominant inheritance, QT prolongation, normal hearing, and 
an increased risk for syncopal episodes and sudden death. These events general­
ly occurred with adrenergic stimulation, typically diving into cold water, hear­
ing a loud noise (such as an alarm clock or a fire alarm), or with severe emo­
tional stress, although exceptions were recognized. 

2.3 
Acquired Long QT Syndrome, Including Drug-Induced 

Around the same time, the technique of continuous online monitoring was ap­
plied to understand the phenomenon of quinidine syncope. This is an uncom­
mon reaction to quinidine, in which patients abruptly lose consciousness, often 
after receiving only one or two doses of the drug. Since quinidine is a relatively 
potent vasodilator, it was assumed these reactions were vascular in origin. How­
ever, Selzer and Wray (Selzer and Wray 1964) documented an unusual polymor­
phic ventricular tachycardia, later termed torsacles de pointes (Dessertenne 
1966), as the cause of quinidine syncope. Analyses of patients with drug-in­
duced and congenital LQTS frequently reveals other clinical risk factors, includ­
ing hypokalemia, underlying bradycardia, QT prolongation prior to drug ad­
ministration, and underlying heart diseases such as congestive heart failure or 
hypertrophy (Kay et al. 1983; Roden et al. 1986; Houltz et al. 1998). Further, 
women are 2-3 times more commonly represented then men (Makkar et al. 
1993). Interestingly, the same female preponderance of symptoms is seen in 
congenital LQTS families in whom obligate mutation carriers can be identified 
(Locati et al. 1998). The fact that this unusual arrhythmia occurs in both a con­
genital syndrome and a drug-induced form, and the similarities in risk factors 
between the two conditions, support the idea that DNA variants in congenital 
LQTS disease genes are candidates for modulating the drug-induced phenotype. 

2.4 
Basic Electrophysiological Mechanisms in Long QT-Related Arrhythmias 

The duration of the QT interval on the surface electrocardiogram reflects the 
duration of action potentials in the ventricle (Fig. 2). The prolongation of the 
QT interval on the surface electrocardiogram therefore implies prolongation of 
action potential in at least some regions of the ventricle. While ventricular depo­
larization is a rapid event driven by rapid inward movement of sodium through 
sodium channels, the repolarization process is much slower and much more 
complex, reflecting a balance between maintained inward currents that prolong 
repolarization and time-dependent outward currents that promote repolariza­
tion. The major inward currents during tp.e plateau phase are carried by calcium 
and, perhaps, sodium channels, whereas the major outward currents are carried 
by potassium channels. 

Ion currents are generated by pore-forming proteins, termed ion channels, 
which, upon an appropriate stimulus such as a change in voltage or binding of a 
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outward currents (mainly K '): 
~ transient outward current (ITO) 

t rapid delayed rectifier (IK,) 
inward slow delayed rectifier (IKS) 

currents inward rectifier (lKI) 
(mainly Ca2+; 

some Na+) 

+-- QT -----

Fig. 2 Relationship between the surface ECG (bottom) and individual ventricular action potentials, and 
the currents that generate them (top) . At a first approximation, the OT interval is an estimate of action 
potential duration (APD), although in fact there is considerable heterogeneity among APDs. This likely 
arises from heterogeneity in expression or function of the genes underlying the individual currents 

Fig. 3 Basic ion channel structures. The most primitive channel was probably a two-membrane-span­
ning segment potassium channel of the type shown in the upper left. The open arrows indicate the seg­
ment of the protein that generates the ion-conducting pore. Addition of four further membrane span­
ning segments in the course of evolution, including the S4 segment with evenly spaced positive charges, 
resulted in the structure of a voltage-gated potassium channel shown at the upper right. Potassium 
channels assemble as tetramers to generate pore-forming structures. Sodium and calcium channel genes 
generate the structure shown below, which likely arose by reduplication of potassium channel genes; 
Na+ and Ca2+ channel proteins generate a pore-forming structure without a requirement for other pro­
teins. Nevertheless, for all three types of channels (Na+, K+, and Ca2+), ancillary proteins, the products of 
different genes, are often required to generate currents observed in cardiac myocytes 

ligand, open a pore to allow specific ions to move with their electrochemical 
gradients into or out of cells (Fig. 3). Most evidence suggests that these channels 
include not only pore-forming proteins, but also ancillary function-modifying 
subunits, and likely other regulatory proteins. Mutations in one of three genes 
account for the vast majority of congenital LQTS (Table 1): KvLQTI (also termed 
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KCNQl) and HERG (KCNH2), encoding the a-subunits underlying two specific 
potassium currents, I Ks and IKr> respectively, and SCNSA, the gene underlying 
the cardiac sodium channel (Curran et al. 1995; Wang et al. 1995, 1996). The 
two other disease genes are KCNEI (minK) a function modifying subunit for 
KvLQT1 (Splawski et al. 1997b), and perhaps HERG, and KCNE2 (and MiRPl), a 
function modifying subunit for HERG (Abbott et al. 1999). Mutations in 
KvLQT1, HERG, KCNE1, and KCNE2 reduce I Ks and/or IKr> resulting in prolonged 
action potentials (Abbott et al. 1999; Sanguinetti et al. 1995, 1996; Bianchi et al. 
2000; Splawski et al. 1997b; Chouabe et al. 1997). By contrast, mutations in 
SCNSA result in increased sodium current during the plateau phase of the action 
potential, thereby accounting for action potential prolongation (Bennett et al. 
1995). At least one sodium channel LQT3 mutant has been reported to result in 
a secondary increase in inward calcium current as its mechanism of QT prolon­
gation (Wehrens et al. 2000). 

2.5 
Implications of New Genetic Information from the Congenital Syndrome 

The state of the art of the congenital LQTS is an area of rapid scientific evolu­
tion and has been subject of numerous in-depth recent views (Ackerman 1998; 
Ackerman and Clapham 1997; Keating and Sanguinetti 2001; Priori et al. 1999a; 
Roden and Spooner 1999). One area of active research is the emerging associa­
tion between specific genotypes and certain clinical features such as the details 
of the ECG abnormalities, conditions under which syncope occurs, or response 
to exercise stress (Priori et al. 1998; Wilde et al. 1998; Ackerman et al. 1999; 
Locati et al. 1998; Zareba et al. 1998; Moss et al. 2000, 2002; Zhang et al. 2000; 
Schwartz et al. 2001; Kimbrough et al. 2001). This genetic heterogeneity extends 
into the fundamental mechanisms, where multiple functional defects in the en­
coded proteins have now been described. These include protein misfolding with 
altered trafficking (Sanguinetti et al. 1996; Zhou et al. 1998; Ficker et al. 2000; 
Kupershmidt et al. 2002), altered gating of channels that traffic normally 
(Sanguinetti et al. 1996), and altered selectivity of channels that traffic normally 
(Lees-Miller et al. 2000). 

Another important result of the cloning of the LQTS disease genes was the 
recognition that virtually all drugs that cause Torsades de Pointe block IKr> the 
current resulting from expression of HERG (Woosley et al. 1993; Yang et al. 
2001; Roden 2000; Mitcheson et al. 2000). This applies to not only antiarrhyth­
mic agents, the commonest recognized cause of drug-induced arrhythmias, but 
also to a wide range of drugs developed for noncardiovascular indications, in­
cluding certain antihistamines, antibiotics, and antipsychotics (http//:www.tor­
sades.org). Even a small predisposing risk of torsades de pointes may profound­
ly affect the balance between risk and benefit with such agents, and this issue 
has therefore become one of great concern in the drug industry and the drug 
regulatory communities (Haverkamp et al. 2000; Anderson et al. 2002; De Ponti 
et al. 2002). 
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One aspect of this research that is particularly important for drug-associated 
long QT-related arrhythmias is the finding that when genetic diagnostic ap­
proaches have been applied to kindreds with LQTS, incomplete penetrance has 
been observed (Priori et al. 1999b). That is, mutation carriers with entirely nor­
mal phenotypes have now been described, and penetrance as low as 25% (or 
lower) has been reported in specific kindreds. A natural question, then, is 
whether such individuals are at increased risk for QT prolongation during drug 
challenge, a hypothesis whose testing is described further below. 

Along these same lines, a second group of mutation carriers with near-nor­
mal phenotypes are JLN parents. JLN is now recognized to arise when a child 
inherits two abnormal IKs alleles, either KCNQl or KCNEI (Schulze-Bahr et al. 
1997; Splawski et al. 1997a; Neyroud et al. 1997). Because IKs is important in es­
tablishing normal endolymph flow in the inner ear, its complete absence leads 
to congenital deafness. JLN children can inherit two abnormal alleles because of 
consanguinity or compound heterozygosity, and both mechanisms have been 
reported; this mechanistic insight establishes that JLN parents are obligate mu­
tation carriers, and indeed sudden death under emotional stress has been re­
ported (Splawski et al. 1997a). 

2.6 
DNA Variants Associated with Long QT-Related Arrhythmias 

2.6.1 
Mutations 

It is well recognized that the development of torsades de pointes on exposure to 
a QT-prolonging drug may indicate underlying congenital long QT syndrome 
(Roden et al. 1986; Donger et al. 1997). Following cloning of the LQTS disease 
gene, anecdotes began to emerge of individuals or small kindreds with minimal 
QT prolongation in the absence of drug, but who developed torsades de pointes 
on exposure to a QT prolonging agent. Because of the possibility of a genetic 
contributor to risk for drug-induced torsades, we began collecting DNA samples 
from affected individuals in the early 1990s. As in other series, two-thirds of pa­
tients were women. Heart failure was present in 25%, hypokalemia in 18%, and 
no identifiable risk factors in 11 %. Antiarrhythmics, primarily quinidine and 
sotalol, were the culprit drugs in 77%. With the identification of the disease 
genes in the congenital long QT syndrome, we have now been in a position to 
screen these samples for DNA variants that might predispose to the drug-in­
duced form. In a database of 98 patients, nine mutations were identified (Yang 
et al. 2002; Sesti et al. 2000) (Fig. 4). Each mutant cDNA was then transfected 
into tsa-201 or CHO cells, and voltage clamp techniques used to characterize 
mutant channel function. Each of the six potassium channel defects (in KvLQTl, 
HERG, and MiRPl) were found to reduce K+ current (a QT-prolonging effect) or 
to increase sensitivity of the encoded channel to blocking drugs. By contrast, 
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Fig. 4 Hundreds of mutations in anyone of five genes, whose products are shown here, can result in 
the congenital long QT syndrome (LQTS). The solid squares show mutations that have been identified in 
individuals with drug-associated LQTS. The open circles represent nonsynonymous DNA polymorph isms, 
with minor allele frequencies shown 

the channels encoded by three sodium channel mutants behaved near normally, 
and therefore may represent functionally unimportant mutations or rare poly­
morphisms. Thus, we concluded that approximately 6% of patients with the 
drug-associated long QT syndrome carry mutations in congenital LQTS disease 
genes that predispose them to torsades de pointes. Whether these patients truly 
have subclinical congenital long QT syndrome or more simply mutations predis­
posing to drug-induced arrhythmias may be simply a matter of semantics. We 
cannot entirely exclude the sodium channel lesions as causative, but at this 
point we further conclude that in vitro or other functional characterization 
should be undertaken prior to labeling a specific mutation as contributing to a 
drug-induced arrhythmia phenotype. This lesson very likely extends to other 
pharmacogenetic phenotypes. 

2.6.2 
Polymorphisms 

In the course of these studies, we and others have identified nonsynonymous 
coding region polymorphisms in the LQTS disease genes (Fig. 4), with minor al­
lele frequencies from 1.5% to 25% (Iwasa et al. 2001; Yang et al. 2002). The poly­
morphism D85N in KCNEI was present in 8% of our drug-induced cases, and 
2%-4% of a range of controls; we have not yet encountered a homozygote for 
this variant. In vitro characterization of IKs generated by co-expression of 
KCNQl and wild-type or variant KCNEl demonstrated subtle changes in IKs gat­
ing with the variant. Incorporation of these subtle changes into a model in 
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which action potentials are reconstructed by a computer model incorporating 
cardiac ion currents, exchangers, and elements controlling intracellular calcium 
homeostasis, demonstrated an increased susceptibility of N8S KCNEl action po­
tentials to generate arrhythmogenic early after depolarizations, particularly fol­
lowing exposure to an IKr blocking drug (Wei et al. 1999). These in vitro and in 
silico experiments, combined with the clinical association study, have suggested 
to us that N8S is a polymorphism predisposing to drug-induced QT prolonga­
tion and torsades de pointes. More recently, the polymorphism Yll03S in 
SCNSA has been identified in African-American populations only, and the mi­
nor allele (Y) appears to be a risk factor for an arrhythmia phenotype that may 
include sensitivity to dug challenge (Splawski et al. 2002). Prospective studies 
are required to establish the value of these and other polymorphisms in predict­
ing drug responses. 

Two other polymorphisms, K897T in HERG, and T8A in KCNE2 (Abbott et 
al. 1999; Sesti et al. 2000), also alter the magnitude and/or drug sensitivity of the 
encoded channel. However, for K897T we were unable to demonstrate any differ­
ence in allele frequencies among patients with drug-induced arrhythmias and 
controls, although another study has reported that this polymorphisms associ­
ates with longer QT intervals among women (Pietila et al. 2002). The minor al­
lele frequency for T8A is so low that association studies could not be undertak­
en. The polymorphism with the commonest minor allele, HSS8R in SCNSA, also 
does not alter sodium current to prolong action potentials although, as de­
scribed below, it may playa role in mutations that result in loss of sodium chan­
nel function. Other polymorphisms have not yet been characterized in vitro. In 
the course of screening our drug-induced database, we also identified P448R in 
KvLQTl as a mutation associated with drug-induced arrhythmias. However, this 
so-called mutation arose in an individual of Japanese origin, and P448R is in 
fact a relatively common polymorphism in that population, but not in Cau­
casians or African-Americans. Two other polymorphisms have been identified 
in the five LQTS disease genes in Japanese populations only. 

2.6.3 
Other Candidates 

Other genes whose products contribute to control of normal repolarization such 
as other potassium channel genes or calcium channel genes are also candidate 
genes for drug-induced phenotype. Multiple lines of evidence suggest that ab­
normal intracellular calcium homeostasis is a major contributor to arrhythmias, 
so polymorphisms in genes controlling this process such as the ryanodine re­
lease channel (Laitinen et al. 2001) or the calcium-dependent uptake pump are 
also candidate genes. Since sympathetic activation may playa role in the devel­
opment of arrhythmias related to mutations in KvLQT1 and HERG, we screened 
our drug-induced database for recognized polymorphisms in the genes encod­
ing the fJI and fJz adrenergic receptors, and found no frequency differences be­
tween patients and controls (Kanki et al. 2002). 
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In summary, our clinical studies have now identified DNA variants-muta­
tions or polymorphisms-in 10%-15% of patients with drug-associated QT 
prolongation and torsades de pointes. An emerging understanding of the physi­
ology and pathophysiology of action potential control suggests that multiple re­
dundant mechanisms participate in this process. Thus, in ordinary conditions, 
there is considerable reserve in the repolarization process. Individual lesions 
predisposing to torsades de pointes such as hypokalemia, bradycardia, and 
heart failure each reduce this reserve, usually by reducing outward potassium 
current function or expression (Roden 1998b). Subclinical mutations in genes 
encoding cardiac potassium channels can now be considered risk factors in the 
same fashion. In this situation of reduced repolarization reserve, baseline QT in­
terval may be near normal, but superposition of a further challenge such as an 
IKr blocking drug, profound hypokalemia, or profound bradycardia may then 
bring out the full-blown torsades de pointes syndrome. Further studies will be 
required to more fully define the candidate DNA variants that may contribute to 
this reduced repolarization reserve and establish, prospectively, that pre-pre­
scription genotyping might result in a decreased risk for this potentially fatal 
reaction. This framework for considering multiple environmental and genetic 
inputs may obviously apply to other rare drug-associated adverse effects. The 
key to unraveling these will be a clear understanding of the underlying biology 
and of the drug targets. 

3 
Loss of Sodium Channel Function Is Also Arrhythmogenic 

3.1 
A congenital Arrhythmia Syndrome Caused by loss of Sodium Channel Function 

Sodium channel lesions causing LQTS result in increased inward current during 
the plateau phase of the action potential. However, lesions reducing sodium 
channel availability may also be arrhythmogenic. A starting point in consider­
ing this possibility is an unusual electrocardiographic syndrome associated with 
sudden death, described by Brugada and Brugada (Brugada and Brugada 1992). 
The Brugada syndrome has a number of parallels to the long QT syndrome: both 
have an unusual baseline electrocardiographic phenotype, which, in some indi­
viduals, may always be manifest, whereas in other individuals it may come and 
go (Alings and Wilde 1999). In both settings, challenge with drug may elicit the 
full-blown phenotype (Fig. 1B). For the long QT syndrome, drug challenge with 
a QT prolonging drug may produce this effect. For the Brugada syndrome, sodi­
um channel-blocking drugs (such as flecainide, procainamide, and some tricy­
clic antidepressants) may elicit the phenotype. Finally, both the Brugada syn­
drome and the long QT syndrome are associated with potentially life-threaten­
ing ventricular arrhythmias: torsades de pointes in the long QT syndrome and 
ventricular fibrillation in the Brugada syndrome. 
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Because sodium channel blockers can elicit or exacerbate the clinical Brugada 
syndrome phenotype, seNSA (encoding the cardiac sodium channel) became a 
candidate gene and seNSA mutations have now been identified in individuals 
and in kindreds with the Brugada syndrome (Chen et al. 1998). Like the congen­
ital long QT syndrome, these mutations produce multiple functional effects in 
vitro, including abnormal gating (Wang et al. 2000; Viswanathan et al. 2001b; 
Dumaine et al. 1999), abnormal trafficking (Baroudi et al. 2002; Valdivia et al. 
2002), and generation of truncated proteins (Chen et al. 1998), each of which re­
sults in decreased sodium channel availability. In addition, as with the congeni­
tal long QT syndrome, other kindreds have been linked to non-SeNSA regions 
in the genome, although these disease genes have not yet been identified (Weiss 
et al. 2002). Unlike the congenital long QT syndrome, the manifest Brugada syn­
drome appears commoner in men, and indeed until the advent of HIV infection 
was the commonest cause for sudden death syndromes in young men described 
in certain regions of Southeast Asia (Nademanee et al. 1997; Vatta et al. 2002). 
Loss of function mutations in SeNSA not only produce the Brugada phenotype, 
but others as well: isolated conduction system disease (Tan et al. 2001), some 
cases of the sudden infant death syndrome (Ackerman et al. 2001), and mixed 
(e.g. LQT3 + Brugada) phenotypes (Bezzina et al. 1999; Veldkamp et al. 2000). 

3.2 
Other Evidence that Reduced Sodium Current Is Arrhythmogenic 

From a pharmacogenetic context, the development of the Brugada ECG pheno­
type on exposure to sodium channel-blocking agents may suggest an increased 
risk for sudden death during therapy with such drugs. Along these lines, a land­
mark clinical trial, the Cardiac Arrhythmia Suppression Trial (CAST), demon­
strated in the late 1980s that therapy with flecainide and related sodium chan­
nel-blocking drugs unexpectedly (at the time) increased mortality in patients 
convalescing from a myocardial infarction (CAST Investigators 1989). Further 
analysis of the CAST database showed that the subset of patients treated with 
sodium channel-blocking drugs who were at greatest risk for death were those 
with clinical characteristics suggesting ongoing myocardial ischemia (Akiyama 
et al. 1991). Thus, the CAST result suggests that sodium channel-blocking drug 
therapy and recurrent myocardial ischemia together promote the development 
of lethal ventricular arrhythmias, and in vitro studies further support this con­
tention. One major effect of ischemia is to reduce sodium channel availability, 
through mechanisms that are now being worked out (Pu et al. 1998). Thus, tak­
en together, Brugada syndrome genetics and drug response, the CAST result, 
and in vitro and in vivo studies of myocardial ischemia all raise the possibility 
that patients with subclinical reduction-of-function variations in the sodium 
channel gene may be phenotypically entirely ordinary, until challenged with the 
sodium channel-blocking drug, myocardial ischemia or their combination, 
when arrhythmia risk would be enhanced. We have preliminary evidence that 
while the H558R polymorphism in SeNSA does not affect basal sodium current; 
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it may modulate the in vitro phenotype under certain pathophysiological study 
conditions (Viawanathan et al. 2001a). While epidemiological studies do sup­
port the contention that risk factors for sudden death include a family member 
who has died suddenly (Jouven et al. 1999; Friedlander et al. 1998), the ideal 
database in which to test this hypothesis would be the patients who participated 
in CAST. Unfortunately, the study was done at a time when a sensitivity to phar­
macogenetic issues was not well developed, and the opportunity has now been 
lost. As ongoing studies pay more attention to the issue of genetic factors in 
modulating to these phenotypes or drug response, such approaches may prove 
more fruitful in the future. 

4 
Implications for Therapy 

The idiosyncratic nature of many arrhythmias has raised the possibility that the 
complex biological context in which they develop may be modulated by genetic 
factors. An extension of this concept is that individuals who are phenotypically 
unremarkable in the baseline state may nevertheless display an increased sus­
ceptibility to disease or aberrant responses to drugs because of such genetic in­
fluences. Our initial studies with drug-induced long QT syndrome as a model 
support the concept of such an increased susceptibility, and we can identify re­
duced repolarization reserve in 10%-15% of patients. Important lessons that we 
have learned in the course of these studies are that the identification of a non­
synonymous coding region (or any) polymorphism does not, itself, necessarily 
imply that the resulting phenotype will be abnormal, and that there is in ion 
channel genes, as in virtually all other genes, a striking potential for interethnic 
variability in DNA variants. In our studies of drug-induced arrhythmias, we 
have used molecular and genetic results, notably in the congenital long QT syn­
drome, that have implicated specific gene products in the generation of arrhyth­
mias. These genes, then, become initial candidates for modulating drug-re­
sponse phenotype. Nevertheless, as a more complete picture of the complex ge­
netic and cellular biology of arrhythmias is developed, further candidates 
emerge. Importantly, such candidates are not necessarily disease genes for con­
genital arrhythmia or other syndromes. As our identification and functional 
characterization of rare mutations and, more importantly, from a public health 
point of view, common polymorphisms continues, a more complete picture of 
arrhythmia susceptibility may emerge. Although DNA variants appearing to in­
crease risk have been identified, it is important that these results have only been 
obtained in limited populations, examined retrospectively. The concept of pre­
prescription genotyping to establish risk is very appealing, but much more 
work will be required to delineate which DNA variants ought to be included in 
such an evaluation. Importantly, prospective trials will be required to truly es­
tablish the value, in terms of increased efficacy and reduced toxicity of drug 
therapy, as well as in cost-effectiveness terms, of any such intervention. An im­
portant consequence of this work has been the identification of the HERG chan-
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nel as the target for most drugs associated with torsades de pointes and it is 
now becoming routine to screen for HERG activity in all new drug entities. Fi­
nally, as these studies push forward our understanding of basic molecular 
mechanisms in arrhythmias, an important outcome will be the development of 
new and better targets for drug intervention. 
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Abstract We are facing a growing worldwide epidemic of obesity and diabetes. 
The key underlying pathophysiology in these conditions is insulin resistance 
(IR), classically defined as an impaired ability of insulin to mediate its metabolic 
actions such as increasing glucose uptake into skeletal muscle, suppressing he­
patic glucose production and suppressing lipolysis. However, the scope of insu­
lin action is not restricted to the maintenance of glucose homeostasis. Rather it 
also has important roles in lipid and protein homeostasis and is probably the 
link that integrates many of the features of the metabolic syndrome: central obe­
sity, hypertension, dyslipidemia (increased triglyceride, decreased HDL choles­
terol and increase in small dense LDL), glucose intolerance or diabetes and hy­
percoagulability that together comprise the metabolic syndrome. As such, IR 
represents a major risk factor for cardiovascular disease. Monogenic forms of 
severe IR are recognized but these patients are rare. There is growing evidence 
that more common forms of IR also have an important genetic basis and it is 
possible that a few genes exerting a moderate effect over a general polygenic 
background may cause IR. Positional cloning and candidate gene studies have 
been employed to identify and pursue IR susceptibility genes in humans, while 
the genetic manipulation of mice has elucidated key molecules in the insulin­
signaling pathway, suggesting new candidates for genetic studies in patients and 
drug targeting. The use of animal models and candidates gene studies in hu­
mans may also provide new insight into the mechanism underlying the increase 
in cardiovascular risk associated with IR. 

Keywords Insulin resistance· Metabolic syndrome· Insulin signaling· 
Lipid homeostasis 
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1 
Insulin Resistance and the Metabolic Syndrome 

Insulin resistance (IR) is a state of impaired insulin action. In the presence of 
functional pancreatic beta cells, it is usually associated with a compensatory in­
crease in insulin secretion to maintain normal glucose levels. When the compen­
satory pancreatic beta cell response fails, hyperglycemia and type 2 diabetes are 
the result. IR is generally defined in the context of insulin-mediated glucose low­
ering. It has become increasingly clear, however, that defective insulin signaling 
will broadly affect many other diverse important homeostatic functions such as 
vascular endothelial function (Steinberg and Baron 2002) or the regulation of 
appetite and reproduction (Bruning et al. 2000). There is growing evidence that 
IR represents a major risk factor for the development of cardiovascular disease. 
Indeed IR is commonly associated with other features such as central obesity, 
hypertension, dyslipidemia (increased triglyceride, decreased HDL cholesterol 
and increase in small dense LDL), glucose intolerance or diabetes and hyperco­
agulability that together comprise the metabolic syndrome (Zimmet et al. 2001). 
Many of these features are heritable and are enriched in certain populations. 
Thus, the likelihood of genetic predisposition to the metabolic syndrome is 
high, but it is also clear that environmental factors such as diet-induced obesity 
and inactivity, and low birth weight will also contribute to the development of 
IR (Zimmet et al. 2001). 

Rare monogenic forms of severe IR due to genetic defects in the insulin re­
ceptor are recognized (Krook and O'Rahilly 1996). The genetic basis of more 
common forms of IR is less well understood due to a number of confounding 
factors (Fujisawa et al. 2002; Owen et al. 2002; Stern 2000; Vidal-Puig and 
Bjorbaek 1997). 

1.1 
Definition of the Phenotype 

Several factors confound the definition of the IR phenotype in humans. First, 
there is no agreed level of insulinemia that constitutes IR, largely because the 
threshold for insulin action has not been clearly established. However, most 
would agree that a fasting insulin level greater than 150 pmolll and/or insulin 
postglucose tolerance test over 1,500 pmolll are criteria for marked IR. Second, 
IR has a relatively long gestation period. Indeed, the possibility that some genet­
ic forms of IR will only become evident later in life may lead to the misclassifi­
cation of subjects as controls in genetic studies. These confounding factors may 
seriously confound linkage analysis studies. Thus, an important challenge to in­
creasing the power of IR genetic studies is to identify high-risk individuals and/ 
or early stages of IR. In this regard, the possibility of using complete metabolic 
profiles or subphenotypes to better group homogeneous patterns ofIR and met­
abolic syndrome has been suggested. 
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Third, the technology used to evaluate the degree of insulin sensitivity may 
also be a limiting/confounding factor. IR is evaluated directly or indirectly by 
measuring several parameters of carbohydrate metabolism. The complexity of 
these measurements is variable, ranging from simple determinations of plasma 
glucose and insulin levels, specific protocols of oral/intravenous glucose and in­
sulin tolerance tests, derived indexes of insulin sensitivity such as HOMA or 
QUICKY (Katsuki et al. 2002) to the euglycemic hyperinsulinemic clamp tech­
nique, which provides the most accurate measurements of insulin sensitivity 
(Wallace and Matthews 2002). However, this last technique is very sophisticated, 
labor-intensive and clearly unsuitable for a routine clinical use. Thus, the use of 
these methods depends on the specific needs. For instance, while the use of 
clamps should be restricted to research protocols, the use of glucose and/or in­
sulin tolerance tests may be more suitable for routine assessment in established 
clinical departments of endocrinology. 

1.2 
Genetic Heterogeneity 

It is likely that IR may be associated with different genetic defects and metabolic 
alterations. If we consider that IR is a very common trait in type 2 diabetic pa­
tients, and that this disease is highly prevalent, it is conceivable that several ge­
netic defects may run within the same family. Since IR is part of the metabolic 
syndrome, it is not unlikely that mutations in genes directly related to insulin 
sensitivity may act synergistically with other mutations in genes primarily af­
fecting lipid homeostasis and/or blood pressure, with secondary effects on insu­
lin sensitivity. Gene-gene interactions are expected, therefore, to play important 
roles in IR. Moreover, a relatively common observation is that genetic findings 
are not reproducible among different ethnic populations. This indicates a com­
plex interaction between genetic background, specific mutations and sociocul­
tural-environmental factors, implying that such polymorphisms may not be 
very important. In an attempt to exclude this factor, genetic studies will benefit 
from the use of relatively isolated pedigrees such as the Finns or Ashkenazi 
Jews. 

1.3 
Gene-Environment Interactions 

The recent rise in the prevalence of obesity and diabetes is unlikely to be due to 
an "acute" genetic change in the population. It is more likely that environmental 
changes have triggered the epidemic, acting as sensitizing factors to the delete­
rious effects of predisposed genomes. The thrifty genotype theory proposes that 
genetic variants that optimize energy efficiency were selected in times of famine 
(Chukwuma and Tuomilehto 1998). These genetic variants do not pose any ad­
vantage for a new environment characterized by access to hypercaloric diet and 
lifestyle. The energy homeostatic system appears to be highly competent to 
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solve situations where energy is in short supply, but is quite inefficient to deal 
with energy excess. Indeed, the excess of energy tends to be deposited in ectopic 
locations (outside its normal location in fat depots), causing IR. This form of 
lipotoxicity may be a common link between different pathogenic mechanisms 
leading to IR. Thus, the effect of the environment on insulin sensitivity may un­
cover but also confound the identification of primary genetic defects that pre­
dispose to IR. 

2 
Insight into the Molecular Mechanisms of Insulin Resistance 
from Mouse Genetics 

In the past 2 decades, much progress has been made in understanding the mo­
lecular basis of insulin signaling (Fig. 1). It is evident that defects in any of these 
pathways could alter insulin signaling and result in IR. Many components of the 
insulin-signaling pathway have now been genetically modified in transgenic 
mice. The most informative data have come from gene knockout experiments. 
These studies are summarized in Tables 1 and 2. Global knockouts of the insu­
lin receptor are uniformly lethal, with animals dying of ketoacidosis shortly af­
ter birth (Accili et al. 1996). However, many mice with deletions of downstream 
signaling pathways survived and produced important data. 

2.1 
Knock-Out Studies 

Deletion of the insulin receptor substrate-1 (IRS-I) gene leads to IR and growth 
retardation, but glucose homeostasis is relatively preserved, because of compen­
satory islet cell hyperplasia (Araki et al. 1994; Tamemoto et al. 1994). In con­
trast, deletion of IRS-2 results in IR and diabetes (Withers et al. 1998). Diabetes 
occurs because IRS-2 is an important regulator of jJ-cell survival via the regula­
tion of jJ-cell specific transcription factors such as PDX1 (Kushner et al. 2002). 
PI3 kinase is believed to be a major regulatory node through which insulin sig­
naling to metabolic pathways is mediated. PI3 kinase consists of a p8S regulato­
ry subunit that interacts with IRS proteins via SH2 domains. p8S in turn inter­
acts with the catalytic pllO subunit. Eight isoforms of the regulatory subunit of 
PI3 kinase have been described. They are alternatively spliced products of three 
genes (p8Sa, p8SjJ and PSSPIK) that share some redundant and overlapping func­
tions (Saltiel and Kahn 2001). Knockout strategies to analyze their function have 
been difficult to achieve. Whereas complete knockout of all products of the 
p8Sa gene result in early perinatal mortality, heterozygous knockouts exhibit an 
unexpected increase in insulin sensitivity (Fruman et al. 2000; Terauchi et al. 
1999). These observations suggest that the stoichiometry of p8S to pllO also 
plays an important role in the regulation of signal transduction via PI3 kinase. 

An important downstream regulator of the metabolic actions of insulin is 
Akt/PKB. Three isoforms of Akt exist and all have been deleted in mice. Aktl is 
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Fig. 1 Schematic representation of insulin signal transduction pathways. Activation of the insulin re­
ceptor (IR) increases the phosphorylation of the intracellular tyrosine kinase that in turn leads to in­
creased association with and phosphorylation of insulin receptor substrates (IRS 712). The signaling cas­
cade diverges along pathways related to PI3 kinase or those related to mitogen-activated protein ki­
nase (ERK). IRS proteins bind to the regulatory (pBS) subunit of PI3 kinase which then interacts with 
the p 11 0 catalytic subunit. Activation of PI3 kinase results in the generation of PI 3,4-diphosphate 
(PI3,4P2) and PI 3,4,5-triphosphate (PI3,4,SP3). These reactions are antagonized by PTEN. Insulin also ac­
tivates the SH2 domain-containing inositol 5-phosphatase (SHIP2), which converts PI3,4,5P3 to PI3,4P2• 

P13,4P2 and PI3,4,5P3 activate a variety of downstream kinases, including the mammalian target of ra­
pamycin (mTOR), which regulates protein synthesis via PHAS/p70 S6 kinase (plOS6k)/eukaryotic initiation 
factor 4 (eIF4). These lipid products also activate atypical protein kinase ( isoforms (PKCr;/).,) and the 
phosphoinositide-dependent kinase (PDK) isoforms PDKl and PDK2, which activate protein kinase B 
(PKB/Akt). In muscle and adipose tissue, activation of PKB and atypical protein kinases play an impor­
tant role in glucose transporter translocation. PKB also regulates glycogen synthase kinase 3 (GSK-3), 
which may regulate glycogen synthesis and a variety of regulators of cell survival. PKB-mediated phos­
phorylation of the pro-apoptotic protein BAD inhibits apoptosis and phosphorylation of the forkhead 
transcription factors (FOXO-7) results in nuclear exclusion, thereby inhibiting its transcriptional activity. 
Binding of Grb2/son of sevenless (Grb2/S0S) to IRS mediates the activation of p21 ras, thereby activating 
the ras/raf/mitogen-activated protein kinase (ERK) kinase (MEK)/ERK cascade. SHP-2 feeds back to inhib­
it IRS protein phosphorylation by directly dephosphorylating IRSl/2 and may also independently acti­
vate ERK. Activated ERK phosphorylates p90RSK, which in turn phosphorylates c-fos, increasing its tran­
scriptional activity. Similarly, ERK phosphorylates elkl and increases its transcriptional activity 

primarily involved in the regulation of growth and cell size, whereas Akt2 regu­
lates insulin sensitivity in skeletal muscle and liver. Indeed, Akt2-null mice 
eventually develop diabetes, while Akt i -null mice maintain normal glucose ho­
meostasis (Cho et al. 2001a, b). Finally, insulin-mediated phosphorylation of 
forkhead transcription factors (foxol) results in nuclear exclusion of the non-
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Table 1 Phenotypes of mice with single-gene knockouts of insulin signaling pathway components 

Gene 

Insulin 
receptor (lR) 
IRS-I 

IRS-2 
p85a 

Aktl 
Akt2 
Foxol 

PTP18 

SHIP2 
GLUT4 

Syntaxin 4 

Phenotype 

Normal at birth but die shortly thereafter from diabetic 
ketoacidosis 
Insulin and IGF1 resistance, growth retardation, 
impaired glucose tolerance 
Insulin resistance, beta cell failure, type 2 diabetes 
Increased insulin sensitivity and hypoglycemia in 
heterozygotes 
Growth retardation 
Type 2 diabetes, Insulin resistance in liver and muscle 
Haploinsufficiency rescues insulin resistance of heterozygous 
IR KO mice 
Increased insulin sensitivity and resistance to diet-induced 
obesity 
Increased insulin sensitivity 
Insulin resistance and cardiac hypertrophy, diabetes develops 
in heterozygotes but not in homozygotes 
Insulin resistance, impaired GLUT 4 translocation 
in skeletal muscle 

Reference 

Accili et al. 1996 

Araki et al. 1994; 
Tamemoto et al. 1994 
Withers et al. 1998 
Fruman et al. 2000; 
Terauchi et al. 1999 
Cho et al. 2001 b 
Cho et al. 2001 a 
Nakae et al. 2001, 2002 

Elchebly et al. 1999 

Clement et al. 2001 
Katz et al. 1995; 
Stenbit et al. 1997 
Yang et al. 2001a 

Table 2 Tissue specific knockouts of components of the insulin signaling pathway 

Gene Tissue Phenotype Reference 

Insulin Skeletal muscle Normal glucose tolerance, hypertriglyceridemic, Bruning et al. 1998 
receptor increased adiposity 

Heart Reduced heart size with decreased glucose Belke et al. 2002 
and fatty acid oxidation rates 

tHell Impaired glucose stimulated insulin release, Kulkarni et al. 1999 
glucose intolerance, impaired islet growth 

Liver Impaired glucose tolerance hyperinsulinemia Michael et al. 2000 
Brain Obesity, insulin resistance and hypothalamic Bruning et al. 2000 

hypogonadism 
GLUT4 Adipose tissue Impaired glucose tolerance, Abel et al. 2001 

secondary insulin resistance in liver and muscle 
Skeletal muscle Severe insulin resistance. Glucose intolerance lisman et al. 2000 
Heart Cardiac hypertrophy, impaired recovery Abel et al. 1999; 

from ischemia Tian and Abel 2001 
Glucokinase Liver Impaired glucose stimulated insulin release, Postic et al. 1999 

impaired glycogen synthesis, hyperglycemia 
tHell Early demise secondary to severe diabetes Postic et al. 1999 

phosphorylated receptor, which ultimately leads to de-repression of insulin-re­
sponsive genes. Thus, haploinsufficiency of faxal in mice restores insulin sensi­
tivity to heterozygous insulin-receptor-null mice and transgenic expression 
leads to IR (Nakae et a1. 2001, 2002). 
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The insulin-signaling cascade can be modulated by the activity of phospha­
tases or by the serine phosphorylation of IRS proteins. Knockouts of the phos­
phatases PTP1B and SHIP 2 lead to enhanced insulin action (Clement et al. 
2001; Elchebly et al. 1999) and overexpression of the LAR (leukocyte antigen-re­
lated) protein-tyrosine phosphatase in muscle causes IR (Zabolotny et al. 2001). 
Persistent activation of PI3 kinase in vivo or in vitro leads to serine phosphory­
lation of IRS-1, which retards insulin signaling by blocking the interactions be­
tween the insulin receptor, IRS-1 and the p85 subunit of PI3 kinase, which are 
mediated by SH2 domain interactions with phosphorylated tyrosines. Moreover, 
serine phosphorylated IRS-1 is subject to increased proteasomal degradation 
(White 2002). Other serine kinases such as PKC8 and c-Jun N terminal kinase 
(JNK) also catalyze the serine phosphorylation of IRS-1 (Aguirre et al. 2000). 
PKC8-mediated phosphorylation ofIRS-1 represents one potential link between 
increased fatty acid flux into muscle and the development of IR (Yu et al. 2002). 
JNK-mediated serine phosphorylation of IRS-1 represents a potential link be­
tween inflammation (signaling via cytokine receptors) and the development of 
IR (Hirosumi et al. 2002). 

The ability of muscle to take up glucose is a universal defect in insulin resis­
tant states. Deletions of GLUT4 expression or function in mice have recapitulat­
ed IR. Mice with genetic ablation of the GLUT4 gene exhibit surprisingly normal 
ambient blood glucose concentrations despite glucose intolerance and signifi­
cant IR. They are growth retarded and exhibit a diminished life span. They de­
velop cardiac hypertrophy, cardiac dysfunction and severely reduced adipose 
tissue (Katz et al. 1995). This model suggests that GLUT4 is essential for normal 
cardiac function. Mice that are heterozygous (+/-) for the GLUT4 gene deletion 
express reduced levels of GLUT4. They are insulin resistant and 50%-60% of 
them become diabetic. Moreover, these mice develop increased blood pressure 
and cardiac changes that are reminiscent of diabetic cardiomyopathy (cardiac 
hypertrophy and patchy fibrosis). Thus, reduced levels of GLUT4 can contribute 
to the pathogenesis ofIR (Stenbit et al. 1997). 

Impaired docking of GLUT4 vesicles to the plasma membrane can also lead 
to IR, independent of changes in GLUT4 expression. Mice with a heterozygous 
null mutation in the t-SNARE protein, syntaxin 4, develop impaired glucose tol­
erance and 50% reduction in skeletal muscle glucose uptake in vivo and in vitro, 
associated with reduced insulin-stimulated GLUT4 translocation. Intriguingly 
GLUT4 translocation is normal in adipocytes (Yang et al. 2001a). These data 
support the critical role for syntaxin 4 in GLUT4 vesicle docking in vivo, and 
suggest that tissue-specific differences exist in the mechanisms that regulate 
GLUT4 translocation in adipose tissue versus skeletal muscle. 

The ability to engineer mice with gene deletions in selective cellular/tissue 
compartments has shed additional insight into the important cross talk between 
various organs in the pathogenesis of IR. Deletion of insulin receptors in muscle 
is associated with normal glucose tolerance and normal insulin concentrations, 
but these mice develop hypertriglyceridemia and increased concentrations of 
free fatty acids that are reminiscent of the metabolic syndrome (Bruning et al. 
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1998). In contrast, liver-specific knockouts of the insulin receptor develop sig­
nificant hyperinsulinemia and glucose intolerance (Michael et al. 2000). Intrigu­
ingly, deletion of insulin receptors from fJ cells leads to islet cell dysfunction 
and glucose intolerance (Kulkarni et al. 1999). Deletion of GLUT4 glucose trans­
porters from skeletal muscle results in IR, hyperinsulinemia and impaired glu­
cose tolerance (Zisman et al. 2000). Surprisingly, deletion of GLUT4 selectively 
in adipose tissue resulted in a similar phenotype (Abel et al. 2001). Taken to­
gether, these results indicate specific contributions of various tissues/cell types 
to the pathogenesis of IR in vivo. 

While these studies have shed important insight into the roles of various 
members of the insulin-signaling cascade in the pathogenesis ofIR, it is unlikely 
that single gene deletions will account for IR syndromes in humans. However, 
combinations of mice with haploinsufficiency of various components of the in­
sulin signaling pathway such as heterozygous deletions of the insulin receptor 
and IRS-I, combined heterozygous deletions of the insulin receptor, IRS-l and 
IRS-2 or of IRS-l and glucokinase lead to the development of more profound IR 
and ultimately diabetes, despite the absence of diabetes in mice that are hetero­
zygous for single genes (Bruning et al. 1997; Terauchi et al. 1997). These data 
suggest that downregulation of expression of multiple insulin signaling mole­
cules could, in concert, contribute to the pathogenesis of IR and diabetes in hu­
mans. 

2.2 
Transgenic Mice 

Transgenic studies have also shed important insights into the interaction of cel­
lular overnutrition and the development of IR and revealed important interac­
tions between lipid synthesis and partitioning between the adipocyte and the 
liver in the genesis of IR. Increased nutrient flux (glucose or fatty acids) ulti­
mately leads to increased flux via the hexosamine biosynthetic pathway. Trans­
genic mice with overexpression of the rate-limiting enzymatic regulator of hexo­
samine biosynthesis (glutamine fructose amidotransferase, GFA) in muscle and 
adipose tissue (Hebert et al. 1996), fJ cells (Tang et al. 2000) or hepatocytes 
(Veerababu et al. 2000) ultimately develop IR and in the case of hepatocyte over­
expression, they develop obesity and dyslipidemia. Accumulation of triglyc­
erides and increased fatty acid flux into muscle and liver leads to IR. Thus, mus­
cle- or liver-specific overexpression of lipoprotein lipase in transgenic mice 
leads to IR (Ferreira et al. 2001; Kim et al. 2001). Similarly, mouse models ofli­
po dystrophy, in which white adipose tissue is genetically ablated, develop pro­
found IR on the basis of increased lipid accumulation in muscle and liver, which 
can be reversed by transplantation of adipose tissue, or by treatment with adi­
pose tissue-derived secretory proteins such as leptin and adiponectin (Colombo 
et al. 2002; Ebihara et al. 2001; Gavrilova et al. 2000; Yamauchi et al. 2001). 

Sterol-regulatory element binding proteins (SREBP) are important transcrip­
tional regulators of lipogenesis in liver and adipose tissue. Transgenic overex-
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pression of SREBP-l c in adipose tissue produces a mouse model of lipodystro­
phy with severe IR (Shimomura et al. 1998). Interestingly, these mice develop 
fatty livers that are associated with increased hepatic expression of SREBPI-c. 
The hepatic changes are similar to those that develop in leptin-deficient ob/ob 
mice (Shimomura et al. 1999). Both of these models are hyperinsulinemic, and 
the hyperinsulinemia ultimately leads to downregulation of IRS-2 expression, 
thus exacerbating the IR. Despite hepatic IR from decreased IRS-2-mediated in­
sulin signaling, alternative insulin signaling pathways continue to stimulate 
SREBP1-c expression (Shimomura et al. 2000). Similarly, increased expression 
of SREBP-la expression was also observed in the livers of IRS-2-null mice that 
are insulin resistant and that develop hepatic steatosis (Tobe et al. 2001). More­
over, introduction of the SREBP-l-null allele into ob/ob mice reversed hepatic 
steatosis without restoring systemic insulin sensitivity (Yahagi et al. 2002). 
These models indicate potential mechanisms by which excessive nutrient fluxes 
or altered nutrient partitioning can interact to produce IR. These observations 
are of particular relevance to humans given the important role that diet-induced 
obesity plays in the pathogenesis of IR. 

3 
Approaches to the Study of the Genetics of Insulin Resistance in Humans 

3.1 
Positional Cloning 

Positional cloning strategies use a genome-wide linkage analysis approach to 
identify regions of DNA linked with a specific disease, followed by identification 
of genes located in these regions that may cause the disease. This strategy relies 
heavily on technological support to navigate the whole genome efficiently using 
SNP (single nucleotide polymorphisms) markers. Linkage analysis, studying the 
segregation of IR with specific alleles of SNPs, suggests that the gene of interest 
is in linkage disequilibrium with a region close to this marker. This has the ad­
vantage of restricting the search to a smaller area of the genome, thereby de­
creasing the number of potential candidate genes. One of the advantages of this 
approach is that no physiological assumptions influence or bias the identifica­
tion of the gene harboring the genetic variant. 

3.2 
Candidate Gene Studies 

This approach takes advantage of, but also is limited by, the present understand­
ing of the molecular determinants of insulin sensitivity (Elbein et al. 1995; 
Ikegami et al. 1996; Moller et al. 1996). These studies involve screening for vari­
ants followed by examination of their frequency in cases and controls. The list 
of potential candidates for IR is growing in parallel with our knowledge of the 
pathophysiology of this syndrome. An important criterion for a gene to be con-
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sidered a candidate is that it is related to early changes associated with IR and 
not associated with other known phenotypes. But this approach has some limi­
tations. For instance, the lamin A (LMA) gene which has been linked with a 
form oflipodystrophy-associated IR would not have fulfilled the second require­
ment, since some mutations in this gene are known to cause skeletal muscle dys­
function (Hegele et al. 2000; Lelliott et al. 2002; Shackleton et al. 2000). 

The candidate gene approach has not been very successful because of prob­
lems related to age, gender or ethnicity of study populations and the increasing 
number of proposed candidates. Furthermore, the power of this approach to 
identify variants with modest effects is quite limited. In contrast to positional 
cloning approaches, most genetic screenings using the candidate approach have 
not considered regulatory regions that may be of great relevance. A few strate­
gies have clearly improved the outcome of candidate gene studies. These include 
selecting extreme phenotypes (O'Rahilly 2002) combined with stricter criteria 
to select the candidates (such as a strong hypothesis or previous association 
studies) together with increasing genotyping capacity through incorporation of 
powerful high-throughput technology. The combination of these three strategies 
has allowed the identification of PPARy mutants in insulin-resistant patients, 
lending further support to the involvement of this transcription factor in insulin 
sensitivity (Barroso et al. 1999). The focus on extreme phenotypes has been crit­
icized on the grounds that the mutations identified by this strategy do not usu­
ally provide relevant information for the most common forms of IR. However, 
the identification of these mutants has validated the existence of a pathway in­
volving PPARy that controls insulin sensitivity and PPARy as a target for phar­
macological development. Positional cloning and candidate gene approaches are 
not exclusive. For instance, a candidate approach may be used to prioritize the 
study of genes located within the genomic location identified by positional clon­
ing. 

3.3 
New Developments That May Facilitate the Elucidation of the Genetic Basis 
of Insulin Resistance 

To solve such a complex problem, it is necessary to use powerful tools capable 
of integrating the analysis of multiple variables. Several developments have oc­
curred that probably will facilitate tackling the problem of IR (Bennet et al. 
2001). First, several collaborative groups have embarked on the assembly and 
characterization of large populations suitable for genetic studies of IR. However, 
still better-characterized family populations are necessary. Second, technology, 
mostly developed during the human genome project, now allows high-through­
put genotyping strategies to screen these populations and access to powerful 
bioinformatic support can facilitate comprehensive data analysis at competitive 
cost. A major breakthrough in the last 10 years has been the development of 
automatic sequencing technology, which allows large population genotyping 
(Waterston et al. 2002). Also, the availability of the whole human genome se-
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quence and a dense map of single nucleotide polymorphisms (SNPs) is expected 
to have a positive impact on the identification of biomedically important genes 
controlling insulin sensitivity (Sachidanandam et al. 200!). The availability of 
the human genome map has created unique opportunities to establish the genet­
ic basis of complex traits such as IR in the context of the metabolic syndrome. 
However, whether or not the identification of relatively small risk variants will 
be useful for clinical screening and risk identification is still a concern (Willett 
2002). In our opinion, it is more likely that the genomic information will need 
to be integrated with epidemiological studies of environmental factors. 

4 
Genes Involved in Regulating Insulin Sensitivity in Humans Identified 
by the Positional Cloning Approach 

4.1 
(alpain 10 

Positional cloning has recently identified calpain 10 as the first gene involved in 
IR (Baier et al. 2000; Permutt et al. 2000; Yang et al. 2001b). Linkage studies in 
Mexican-Americans had revealed a major locus for type 2 diabetes mellitus 
(NIDDMl) on chromosome 2 and positional cloning identified a common G-----A 
polymorphism (UCSNP-43) within calpain 10. This sequence variant is associat­
ed with decreased calpain 10 gene expression and is associated with IR in Pima 
Indians. The GIG genotype is associated with decreased rate of insulin-mediated 
glucose turnover. However, these findings have not been clearly reproduced in 
the Caucasian population and more conclusive studies are awaited. One com­
mon outcome of positional cloning is that the newly identified gene is relatively 
unexpected. The role that calpain 10 may play in insulin sensitivity remains un­
clear (Elbein et al. 2002). Calpain 10 is a calcium-activated neutral cysteine pro­
tease whose substrates are not well characterized, and the most reasonable spec­
ulation is that proteins cleaved or activated by calpain 10 may have an impor­
tant role in insulin sensitivity. 

4.2 
Lamin A 

Lamin A is another important success of the positional cloning strategy. Muta­
tions in the Lamin A gene are associated with the Duncan-type familial partial 
lipodystrophy-insulin resistance syndrome (FPLD). Since the Lamin A gene en­
codes a nuclear envelope structural protein it was not considered a priori a like­
ly candidate for IR (Hegele et al. 2000; Shackleton et al. 2000). Positional cloning 
not only identified the cause of this disease but also revealed an unexpected role 
for the nuclear envelope in insulin sensitivity and adipogenesis. FPLD is an au­
tosomal dominant disorder characterized by a marked loss of subcutaneous adi­
pose tissue from the trunk, the gluteal region and extremities at puberty with a 
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tendency to gain adipose tissue around the neck. Biochemical abnormalities as­
sociated with this lipodystrophy include IR, hyperlipidemia and altered leptin 
levels. Most of the mutations causing FPLD are located in a hot spot of the gene 
around amino acid 482 (e.g., R482W). Interestingly, mutations in other loca­
tions of this gene are thought to be responsible for three different disorders: 
conduction system disease (CMDIA; OMIM 115200), the autosomal dominant 
form of Emery-Dreifuss muscular dystrophy (EDMD2; OMIM 150330 and 
181350), and limb girdle muscular dystrophy type 1B (LGMD1B; OMIM 
119001). The reason for this tissue/depot specificity is unclear, but may be relat­
ed to interactions with tissue-specific transcription factors as well as gene ex­
pression profile specificity. For instance, it has been shown that R482W inter­
feres with the normal binding of SREBP1 (a transcription factor involved in fat­
ty acid metabolism and insulin sensitivity). 

5 
Genes Involved in Regulating Insulin Sensitivity in Humans Identified 
by the Candidate Gene Approach 

The most obvious candidates for a role in IR are those molecules involved in the 
transduction of the insulin signal (Moller et al. 1996) (Table 3). Patients with IR 
have functional defects in the insulin receptor, insulin receptor substrate pro­
teins (IRSs) and PI-3-kinase signal transduction pathways. Insulin-resistant pa­
tients typically exhibit reduced phosphorylation of the IRS-1-PI-3-K complex, 
which can explain why these patients also have impaired glucose transport and 
glycogen synthesis. However, a reduction in glycogen synthase activity is also 
observed in prediabetic subjects, and importantly, these defects do not regress 
with improved metabolic control, suggesting that primary defects in glycogen 
synthesis may be a cardinal feature of IR. Thus, genetic defects in components 
of the insulin-signaling cascade are plausible mechanisms for IR. Many of the 
genes encoding these proteins such as the insulin receptor or the insulin-regu­
lated glucose transporter 4 (GLUT4), have been studied extensively. The elucida­
tion of new molecules in the insulin-signaling cascade has been followed by mu­
tation fishing expeditions that in the best cases have identified mutations that 
account for a very small percentage of insulin-resistant or diabetic phenotypes. 

In parallel with the increasing knowledge of the pathophysiological mecha­
nisms of IR, the search for new candidates has been extended to molecules in­
volved in lipid metabolism. Indeed, an emerging view suggests that IR may be 
primarily a lipid disorder that results in carbohydrate dysregulation. Carbohy­
drate and lipid metabolism are closely linked; for example, defects in glucose 
oxidation may lead to accumulation of malonyl CoA and intramuscular triglyc­
erides that further impair insulin sensitivity. 

As indicated above, the list of candidate genes for IR is increasing rapidly 
and a compilation of all the genetic studies is beyond the scope of this chapter. 
As a matter of exemplification, we have selected a few candidate genes based in 
our opinion on their importance and/or novelty. 
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Table 3 Insulin resistance candidate genes 

Pathway 

Insulin signaling 

Carbohydrate homeostasis 

Fatty acid homeostasis 

Modulators of insulin sensitivity 

5.1 

Candidates 

Insulin receptor 
Insulin receptor substrates 
IRS proteins (1 ,2,3,4, Gabl, p62) 
Shc proteins (A,B,c) 
Grbl0 
CCbl 
Other docking proteins 
SHIp, Fyn, CAP 
PI3Kinase family 
Catalytic subunit pll0a, (3 
Regulatory subunits p8Sa, pSSa, pSOa, p8Sa, pSSy 
Substrates of PI3 kinase 
Akt/PKB 
PKCs/A 
Glucose transport 
GLUTs 1, 2, 4 
Glycogen synthesis 
Glycogen synthase 
Protein phosphatase PP1 
Glycogen synthase kinase (GSK) 
Hexokinase 2 
Phosphoenolpyruvate carboxykinase 
Hepatic and muscle forms of pyruvate kinase 
Hepatic phosphofructokinase 
(33 Adrenergic receptor 
SREBPlc 
C036 
Carnitine palmitoyl transferase I 
Lipoprotein lipase 
ACRP30, resistin 
TNF-a, TNF-a receptor 
PC1 , 11 (3 HSO, caveolin-3 

Insulin-Signaling Gene Candidates 

5.1.1 
Insulin Receptor Mutants 

Insulin receptor mutants are typically associated with monogenic subtypes of 
IR (Krook and O'Rahilly 1996). The clinical phenotype of these patients tends to 
correlate with the residual function of the mutated insulin receptors, leading to 
a spectrum of diseases with progressively decreasing degrees of severity. These 
include the Donohue syndrome (DS), Rabson Mendenhall syndrome (RMS), 
Kahn's type A insulin resistance, and HAIR AN syndrome (hyperandrogenism, 
IR, acanthosis nigricans) (Moller and Vidal-Puig 1997; Vidal-Puig and Moller 
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1997). Typically DS is produced by homozygous/compound heterozygous muta­
tions in the insulin receptor alpha subunit, which result in complete loss of the 
insulin receptor function. RMS is also produced by mutations in the alpha sub­
unit of the insulin receptor causing partial loss of its function. Some of the pa­
tients with Type A IR or HAIR-AN syndrome also have mutations in the insulin 
receptor, but mainly located in the tyrosine kinase domain of the IR f3 subunit. 
These mutant insulin receptors still possess some residual function. Globally, 
mutations in the insulin receptor represent a small percentage «0.01%) of the 
genetic defects producing IR, but the study of these natural mutations has been 
key to the understanding of the structure and function of the insulin receptor. 

5.1.2 
Insulin Receptor Substrate-1 

Insulin receptor substrate-l (IRS-I) was the first cloned member of a family of 
insulin receptor substrates that activate phosphatidylinositol (PI) 3-kinase and 
promote GLUT4 translocation. The IRS-l gene was considered, therefore, an im­
portant candidate to mediate IR. The most common variant of IRS-l is the 
Gly----tArg972 change, which in in vitro assays was shown to impair insulin-stim­
ulated IRS-I-associated PI3-kinase activity by interfering with the binding of 
IRS-l to the p8S subunit of PI3-kinase (Federici et al. 2001; Hribal et al. 2000; 
Rosskopf et al. 2000). This mutant also decreased basal and insulin-stimulated 
glucose transport, Akt phosphorylation and glycogen synthesis. These data 
strongly suggested that the Arg972 polymorphism of IRS-l may contribute to 
IR. The effect of this mutant on IR may be more prominent in obese individuals 
according to genotype/phenotype studies stratified by body mass index (BMI). 
However, the effects of the IRS-l Arg972 polymorphism are not limited to insu­
lin sensitivity. This mutant also interferes with insulin secretion, suggesting that 
its prodiabetogenic effect may be the result of its combined effects on insulin 
secretion and sensitivity. 

5.1.3 
Other Mutations in the Insulin-Signaling Cascade 

The mutation Met----tIle at codon 236 of the p8S alpha subunit of PI3-kinase sig­
nificantly reduces insulin sensitivity and glucose tolerance in individuals homo­
zygous for the variation. By itself, this mutant does not induce diabetes. Further 
downstream in the insulin-signaling cascade, an Asp----t Tyr polymorphism was 
identified at codon 905 of the regulatory (PPPIR3) subunit of glycogen-associat­
ed protein phosphatase-l (PPIG) (Xia et al. 1998). It has been suggested that 
this variant may be associated with IR, but further studies using adenoviral-me­
diated gene transfer do not support a role in impaired insulin-stimulated glyco­
gen synthesis (Hansen et al. 2000; Wang et al. 2001). Nonetheless, defects in the 
PPPIR3 subunit may cause a syndrome of IR when associated with other minor 
but complementary defects in other pathways controlling insulin sensitivity. It 
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has recently been reported that a heterozygous frameshift/ premature stop mu­
tation in the PPPIR3A can, in association with mutations in PPARy, cause IR 
(Savage et al. 2002) (see Sect. 5.2.1). 

5.2 
Lipid Homeostasis Candidates 

5.2.1 
Peroxisome Proliferator-Activated Receptor Gamma 

Peroxisome proliferator-activated receptor gamma (PPARy) is a key transcrip­
tion factor in adipogenesis and the receptor for some thiazolidinediones, a new 
class of insulin-sensitizing drugs. These observations highlighted PPARy as an 
important candidate in determining insulin sensitivity. A number of variations 
in the PPARy gene have been identified. The most common and probably most 
relevant for the general population is the Pro12Ala polymorphism located at the 
amino terminus of PPARy, in a region not involved in DNA or ligand binding. 
Initial genetic studies produced conflicting results. A recent meta-analysis has 
shown an association between the Pro12Ala variant, increased insulin sensitivity 
and better antilipolytic action of insulin (Altshuler et al. 2000). The marked con­
troversy initially raised by this polymorphism is an example of the difficulties 
and limitations of genetic analyses of multifactorial diseases. In this case it may 
also suggest that the effect of Pro12Ala polymorphism is relatively minor. The 
experience illustrates the need for large population studies in order to have con­
fidence in the results. A recent study showing the interaction between the 
Pro12Ala PPAR y gene variant and specific nutrients (ratio saturated/unsaturat­
ed fatty acids) also illustrates how environmental factors can have a critical in­
fluence on the interpretation ofIR genetic studies (Luan et al. 2001). 

Another PPARy variation has been found at position 115 within the amino 
terminus region. This one is located in the proximity of, and interferes with, the 
phosphorylation of Ser114. Individuals carrying this variant were obese, sug­
gesting that mutations in a gene preferentially expressed in adipose tissue could 
lead to obesity (Ristow et al. 1998). Other rare mutations of PPARy have been 
detected by searching in selected populations characterized by extreme pheno­
types of IR. While this strategy tends to identify rare monogenic forms of the 
disease rather than variants that have more impact in the general population, it 
is extremely useful to confirm the involvement of specific genes in biological 
functions. Patients with the Pro467Leu and Va1290Met variants of PPARy exhibit 
not only insulin resistance but also hypertension and dyslipidemia, suggesting a 
broader role for PPARy outside of regulating insulin sensitivity alone (Barroso 
et al. 1999). The characterization in vitro of the Pro467Leu and Va1290Met 
PPARy variants has provided the basis for two new concepts (Barroso et al. 
1999). First, neither mutant can be activated by thiazolidinediones at low doses, 
and at higher doses the Va1290Met mutant remains inactive. The correlation be­
tween the effects of thiazolidinediones in vitro and the response in vivo suggests 
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that an individual-specific pharmacogenomic approach is feasible. Second, the 
PPARy mutations may exert their effect through a dominant-negative mecha­
nism (i.e., the mutant allele can interfere with the activity of the normal allele). 
It is possible that this dominant-negative effect is not confined to PPARy but 
may also involve PPARa or PPAR8. This may be relevant in tissues where these 
receptors are normally co-expressed (e.g., vascular wall, heart, skeletal muscle) 
or abnormally co-expressed in pathological conditions (e.g., induced expression 
of PPARy2 in fatty liver). 

The study of extreme phenotypes also offers the possibility of identifying in­
dividuals who concentrate several mutations in their genomes (O'Rahilly 2002). 
As isolated genetic defects, some mutants may not be sufficient to produce a 
florid insulin resistant syndrome in vivo, but when associated with other minor 
mutations in a single genome, they may have devastating effects. A recent exam­
ple of this has been the identification of the first di-genic form of IR in a family 
in which only members having double heterozygous mutations in PPARy and in 
the muscle-specific regulatory subunit of PPIR3 had IR. The PPARy mutant 
would be expected to exert its effects mainly in adipose tissue and fatty acid me­
tabolism, while the effects of the PPIR3 mutation should be restricted to the in­
terference of glycogen synthesis in skeletal muscle. The deleterious effects of the 
association of both mutants are an illustration that crosstalk between tissues 
(adipose tissue/muscle) is of great relevance in the maintenance of energy ho­
meostasis and that fatty acid and carbohydrate metabolism are closely regulated 
(Savage et al. 2002). 

IR is a risk factor for atherosclerosis and coronary artery disease. There is 
pharmacological evidence that activation of PPARy by thiazolidinediones im­
proves insulin sensitivity and prevents the development of atherosclerosis. The 
beneficial effects of PPARy activation on cardiovascular risk factors does not ap­
pear to be exclusively mediated by the improvement in insulin sensitivity. In­
deed, PPARy activation affects endothelial function, may modulate blood pres­
sure (e.g., decreased levels of type I angiotensin II receptor gene), activates vas­
cular smooth muscle cells' cholesterol efflux (ABC transporter) (Akiyama et al. 
2002) and fibrinogen lysis (e.g., PAl-I), exerts antithrombotic effects (e.g., sup­
pression of thromboxane receptor gene), and may limit postischemic cardiac in­
jury (Reusch 2002). It is not yet known if mutations in PPARy may account for 
pathologically relevant cardiovascular defects. 

5.2.2 
PPAR Alpha 

This is a member of the PPAR family of nuclear receptors whose main function 
is to activate the genetic program of fatty acid oxidation. PPARa activation 
might improve insulin sensitivity by promoting fatty acid oxidation. PPARa also 
plays an important role in modulating inflammatory responses, which may be 
relevant to its cardiovascular actions. Genetic analysis of PPARa has revealed a 
Leu162Val polymorphism located in the DNA binding domain that is associated 
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with increased numbers of apoB apolipoprotein-rich pro-atherogenic particles 
(Vohl et al. 2000). Paradoxically, in clinical studies, the Leu162Val polymor­
phism retards the progression of atherosclerosis, thereby diminishing the risk 
for heart disease (Flavell et al. 2000, 2002). This observation suggests that the 
protective effect of Leu162Val may be directly exerted at the level of the vascular 
wall. There are no data available about the effect of PPARa mutations on insulin 
sensitivity in humans, but mouse data suggests that PPARa may be necessary 
for the development of IR associated with high-fat diet. The influence of PPARa 
on the heart has emerged from the association of a G.-;C polymorphism in in­
tron 7 with left ventricular growth in response to exercise. 

5.2.3 
CD36 

The Cd36 gene encodes a fatty acid transporter (CD36), which has been linked to 
the transmission of IR, defective fatty acid metabolism and increased blood pres­
sure (Aitman 2001; Miyaoka et al. 2001; Petrie et al. 2001; Tanaka et al. 2001). 
CD36 is a receptor with several functions, including intracellular signaling and 
incorporation oflong-chain fatty acids. Humans deficient in Cd36 are glucose in­
tolerant and more likely to be come diabetic. Glucose clamp studies on a small 
cohort of these patients revealed a significant defect in whole-body insulin-medi­
ated glucose uptake (Miyaoka et al. 2001). Interestingly, CD36 is a target gene of 
PPARy activation and recent studies in Cd36-deficient rodents suggest that it is 
the major mechanism by which currently available PPARy agonists improve fatty 
acid transport and insulin sensitivity (Qi et al. 2002; Seda et al. 2003). 

5.3 
Modulators of Insulin Sensitivity 

Adipose tissue is emerging as an important endocrine gland secreting hormones 
that regulate energy homeostasis. The most obvious example is leptin, which 
controls aspects such as food intake and energy expenditure. Recently other ad­
ipocyte-secreted hormones have been identified that may have important roles 
in insulin sensitivity. In fact, it has been claimed that alterations in ACRP30 
and/or resistin may account for the IR associated with obesity. Thus, these mo­
lecules should be considered a priori candidates that mediate IR. 

5.3.1 
ACRP 30 

Also known as adiponectin or adipo Q, ACRP 30 is an adipocyte-secreted pro­
tein whose absence has been associated with IR. ACRP30 plasma levels are de­
creased in subjects with IR. Furthermore, ACRP30 levels are up-regulated by 
thiazolidinediones (Combs et al. 2002; Yang et al. 2002), suggesting that ACRP30 
may mediate some of the insulin-sensitizing effects of PPARy activation. The 
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ACRP30 gene is located in chromosome 3q27, a region previously identified as a 
diabetes-susceptibility locus using genome-wide scans. Several groups have 
searched the ACRP30 gene for genetic variants linked to the development of IR. 
One group identified two SNPs, at positions 45 and 276 of the ACRP30 gene, 
which may be associated with a higher IR index and increased BMI (Hara et al. 
2002). Based on the same approach, Stumvoll et al. showed that the association 
of a common polymorphism in nucleotide 94 of exon 2 of the ACRP30 gene with 
insulin sensitivity seems to be dependent on BMI (Stumvoll et al. 2002). In gen­
eral, the effect of genetic variations in ACRP30 on insulin sensitivity is probably 
secondarily to changes in body fat mass. 

5.3.2 
Resistin 

Resistin is another protein that antagonizes insulin action and seems to be 
down-regulated by PPARy agonists in rodents. Based on the initial reports that 
resistin may be an important link between obesity and IR, several groups exam­
ined SNPs in noncoding sequences but concluded that genetic defects in resistin 
are unlikely to be a major cause of IR (Engert et al. 2002; Ma et al. 2002; Pizzuti 
et al. 2002; Sentinelli et al. 2002; Wang et al. 2002). 

5.3.3 
PCl 

PC1 is a plasma cell differentiation antigen glycoprotein which inhibits insulin 
receptor signaling and is associated with IR. Several studies have identified a 
polymorphism in exon 4 of the PC-1 gene (Lys121 Glu), which is strongly associ­
ated with IR (Frittitta et al. 2001). This polymorphism was correlated with insu­
lin sensitivity independently of BMI, gender, age and waist circumference. How­
ever, this association has not been confirmed in all ethnic groups (Costanzo et 
al. 2001; Gu et al. 2000; Pizzuti et al. 1999; Rasmussen et al. 2000); for example, 
the Lys121Glu polymorphism is not associated with type 2 diabetes or IR among 
Danish Caucasians. 

6 
Mechanisms for the Increased Risk of Cardiovascular Disease 
in Insulin Resistance 

6.1 
Genetic Studies in Rodents 

A variety of rodent models (naturally occurring mutations or genetically engi­
neered mice) have provided interesting insights into potential links between IR 
and the development of cardiovascular disease. 
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6.1.1 
Spontaneously Hypertensive Rat 

The spontaneously hypertensive rat (SHR) is a rat model of the metabolic syn­
drome. These animals are hypertensive, insulin resistant, glucose intolerant and 
dyslipidemic. Using congenic chromosomal mapping and expression analysis, 
Aitman and colleagues mapped the quantitative trait loci (QTL) for defects in 
glucose and fatty acid metabolism, hypertriglyceridemia and hypertension to a 
single locus on chromosome 4 (Aitman et al. 1999). The defective gene was 
Cd36, or fatty acid translocase, encoding a fatty acid transport protein highly 
expressed in adipose tissue, skeletal and cardiac muscle (Brinkmann et al. 
2002). Transgenic overexpression of Cd36 lowered triglyceride and fatty acid 
levels and increased insulin sensitivity in mice, and transgenic rescue of SHR 
with Cd36 ameliorated the IR and reduced serum levels of fatty acids in this 
strain (Ibrahimi et al. 1999; Pravenec et al. 2001b). Moreover, treatment of apoli­
poprotein E (Apo E) knockout mice (which develop IR and accelerated athero­
sclerosis on a high-fat diet) with a thiazolidinedione (troglitazone) resulted in 
up-regulation of Cd36 expression in foam cells (Chen et al. 2001). In addition to 
amelioration of IR, the up-regulation of CD36, which presumably acts as a scav­
enger receptor for oxidized LDL, was associated with regression of atheroscle­
rotic lesions. These data indicate that altered CD36 expression may represent a 
potentially unifying mechanism for the association of IR, dyslipidemia and ath­
erosclerosis, which is also supported by studies in humans with CD36 deficiency 
(see Sect. 5.2.3). 

It is unlikely, however, that CD36 deficiency can account for hypertension. 
This is based on the fact that transgenic rescue of Cd36-deficient rats did not 
correct hypertension (Pravenec et al. 2001b). Moreover, SHR rats from different 
sources that may have diverged from the founder lines have not been shown 
to have any alterations in Cd36 gene expression and variable degrees of IR 
(Furukawa et al. 1998; Gotoda et al. 1999). A related strain, the stroke prone 
SHR, is also insulin resistant, but has normal expression of CD36 (Collison et al. 
2000). Transgenic overexpression of the renin gene in rats leads to marked 
hypertension without accompanying IR (Vettor et al. 1994). Thus it is likely 
that other genetic defects contribute to hypertension in SHR, and that other ge­
netic loci might also be involved in the insulin-resistant phenotype. This is sup­
ported by the recent discovery of a point mutation in the SREBPlc gene in SHR 
(Pravenec et al. 2001a). 

6.1.2 
Adiponectinl Acrp30 

Adiponectin/ Acrp30 has significant effects on insulin sensitivity in rodents in 
vivo (Berg et al. 2002). Many mouse models of IR and lipodystrophy are associ­
ated with reduced levels of Acrp30, which are reversed by exogenous adminis­
tration of recombinant peptides (Yamauchi et al. 2001). The mechanisms for the 
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insulin-sensitizing action of Acrp30 include enhanced hepatic insulin sensitivity 
and increased fatty acid oxidation in skeletal muscle (Combs et al. 2001; Tomas 
et al. 2002). In vitro studies suggested that Acrp30 is also antiatherogenic based 
on observations that it decreased monocyte adhesion to endothelial cells and re­
duced cytokine production, phagocytosis, lipid accumulation and LDL uptake 
in macrophages (Arita et al. 2002; Matsuda et al. 2002; Okamoto et al. 2002; 
Ouchi et al. 2000, 2001). The recent knockout of the Acrp30 gene in mice pro­
vided direct evidence that supports the hypothesis that Acrp30 may represent 
an important link between IR and atherosclerosis. Acrp30 knockout mice are 
not obese but develop IR (Kubota et al. 2002; Maeda et al. 2002) and a twofold 
increase in neointimal formation in response to external vascular cuff injury 
(Kubota et al. 2002; Matsuda et al. 2002). These data are also supported by data 
in humans, showing that Acrp30 levels were lowest in diabetics with coronary 
artery disease (Hotta et al. 2000). 

6.1.3 
Nitric Oxide 

The generation of nitric oxide from endothelial cells plays an important role in 
cardiovascular homeostasis (see the chapter by Huang, this volume). The activi­
ty of endothelial cell nitric oxide synthase (eNOS/NOSIII) is acutely regulated 
by insulin (Zeng et al. 2000), which also chronically regulates eNOS gene ex­
pression (Kuboki et al. 2000). In insulin resistant states, there is a reduction in 
eNOS content in endothelial cells and the ability of insulin to increase eNOS ac­
tivity and produce nitric oxide. This may represent one mechanism for endothe­
lial dysfunction in IR and diabetes mellitus. Pharmacological blockade of NOS 
by intravenous administration of NG-mono-methyl-L arginine (L-NMMA) leads 
to hypertension and IR in rats (Baron et al. 1995), and intracerebroventricular 
administration of L-NMMA induces peripheral IR and defective insulin secre­
tion (Shankar et al. 1998). Two groups have demonstrated independently that 
mice with targeted disruption of eNOS develop IR in muscle and in liver 
(Duplain et al. 2001; Shankar et al. 2000). Moreover, eNOS knockout mice were 
hypertensive and dyslipidemic. That the syndrome was specific for NO deficien­
cy was demonstrated by the observation that equally hypertensive l-kidney/l­
clip mice (a model of renovascular hypertension) were not insulin resistant. 
These data suggest that defective expression and function of eNOS could be a 
unifying mechanism that links vascular dysfunction and IR. Supportive evi­
dence from human studies will be discussed below. 

Two other genes (neuronal NOS/NOSI, and inducible NOS/NOSH) can also 
modulate nitric oxide availability. nNOS is expressed in the central nervous sys­
tem and peripheral nervous plexi and is complexed with dystrophin in skeletal 
muscle. Deletion of nNOS resulted in a milder phenotype than eNOS knockout 
mice with IR developing only in skeletal muscle but not in the liver (Shankar et 
al. 2000). iNOS is expressed in macrophages and catalyzes NO production as 
part of the inflammatory response. Chronic inflammation has been implicated 
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in the pathogenesis of diabetes and atherosclerosis. Furthermore, inflammatory 
cytokines lead to the development of IR in muscle, liver and adipose tissue. A 
role for iNOS in cytokine-induced IR was suggested by observations that expo­
sure of rat skeletal muscle and cultured muscle and adipocytes to NO in the mi­
cromolar range (as might be expected by iNOS activation that generates much 
larger quantities of NO than eNOS) leads to IR (Kapur et al. 1997). Perreault 
and Marette recently showed that iNOS knockout mice did not become insulin 
resistant when placed on a high-fat diet, despite similar degrees of obesity as 
controls (Perreault and Marette 2001). These data were interpreted to support a 
role for iNOS induction in the pathogenesis of obesity related IR on the basis of 
increased production of inflammatory cytokines such as TNFa and interferon y. 
Taken together these observations indicate that the NO pathway may be in­
volved via multiple mechanisms in insulin-resistant states. 

6.1.4 
Mouse Models with Oyslipidemia and/or Insulin Resistance 

The KK obese mouse is a naturally occurring mouse strain characterized by 
obesity, IR, glucose intolerance and dyslipidemia. A recessive trait in one strain 
(KK/San) is associated with abnormally low plasma lipid levels (Koishi et al. 
2002). Using positional cloning strategies, an angiopoietin-like protein 3, encod­
ed by Angpt13, was identified, which when overexpressed or injected intra­
venously increased plasma lipid levels (Koishi et al. 2002). Angptl3 is a naturally 
occurring inhibitor of lipoprotein lipase (Shimizugawa et al. 2002). Despite hy­
polipidemia, KK/San mice are insulin resistant and diabetic. These data suggest 
that the molecular basis for IR in this model does not occur on the basis of in­
creased fatty acid delivery to skeletal muscle. 

Mice with targeted deletion of the fatty acid-binding protein aP2 do not be­
come insulin resistant when placed in a high-fat diet (Hotamisligil et al. 1996). 
aP2 is also expressed in macrophages, and the introduction of aP2-deficient 
macrophages to irradiated ApoE-null mice or introduction of the aP2-null allele 
into ApoE-null mice leads to regression of the atherosclerosis that characterizes 
ApoE knockout mice (Makowski et al. 2001). Thus, increased activity of aP2 
might represent a link between obesity and atherosclerosis and may represent a 
novel drug target. Along similar lines, the introduction of a null allele for PPARa 
into ApoE KO mice reduced IR, blood pressure and the extent of atherosclerosis 
when these mice were placed on a high-fat diet (Tordjman et al. 2001). PPARa is 
an important transcriptional regulator of many genes involved in fatty acid me­
tabolism. Whether or not the effects of reduced PPARa signaling on insulin sen­
sitivity and atherosclerosis are mediated through aP2 has not been determined. 

Transgenic overexpression if SREBP-1a in livers of mice results in massive 
overproduction of cholesterol and fatty acids in the liver (Shimano et al. 1996). 
The mice do not get overtly hyperlipidemic because of rapid clearance of VLDL 
by LDL receptors. However, when bred on to the LDL receptor-null background, 
these mice develop dramatic hypercholesterolemia and hypertriglyceridemia 
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(Horton et al. 1999). These studies provide an example of the way in which al­
terations in two gene products can interact to magnify a relevant phenotype. 

Finally, some mice with deletions of components of the insulin-signaling 
pathway have been reported to exhibit phenotypes compatible with the meta­
bolic syndrome. Thus, IRS-1 knockout mice, which are insulin resistant but not 
obese, have increased blood pressure, decreased endothelium-dependent vascu­
lar relaxation and hypertriglyceridemia as a consequence of reduced LPL activi­
ty (Abe et al. 1998). The overall message that can be gleaned from these studies 
is that there are multiple potential genetic mechanisms that may lead to pheno­
types in rodents that mimic the metabolic syndrome in humans. These studies 
serve to identify potential pathways and mechanisms that can then be rigorously 
evaluated in human populations. 

6.2 
Human Genetic Studies 

There are a number of single-gene defects in humans that recapitulate many fea­
tures of the metabolic syndrome. 

6.2.1 
(036 

CD36 deficiency is not uncommon in Asian and African populations, both of 
which exhibit increased prevalence of IR compared to Caucasians. Humans with 
this deficiency have higher concentrations of triglycerides, lower concentrations 
of HDL cholesterol and increased blood pressure relative to age-, sex- and race­
matched controls. Most patients with CD36 deficiency are nonobese. There is 
concordance between rodents and humans in the development of the metabolic 
syndrome on the basis of alterations in expression and function of CD36. 
Whether or not CD36 dysfunction is widely relevant to all cases of IR and 
whether the dyslipidemia is the primary anomaly in CD36-deficient patients 
such that IR follows as a secondary effect is unknown. Likewise it is unclear if 
IR itself alters CD36 activity andlor expression. 

6.2.2 
Lamin 

Duncan-type familial partial lipodystrophy (FPLD) is a rare autosomal domi­
nant form of IR. This monogenetic form of IR is due to missense mutations in 
the LMNA gene that encodes the nuclear envelope protein lamin Ale. Affected 
individuals are hyperinsulinemic, dyslipidemic (low HDL-C, high triglycerides) 
and commonly develop hypertension and type 2 diabetes (Hegele et al. 2000; 
Shackleton et al. 2000). Recent studies have now shown that these individuals 
develop premature coronary artery disease (Hegele 2001). These studies provide 
direct evidence that IR that develops on the basis of a single-gene mutation can 



266 A. Vidal-Puig . E. D. Abel 

ultimately recapitulate all of the clinical features of the metabolic syndrome, in­
cluding accelerated atherosclerosis. The mechanisms by which a mutation in a 
nuclear envelope protein leads to lipodystrophic IR are unclear. Whether or not 
this mutation independently affects lipid homeostasis or the pathogenesis of 
atherosclerosis is also unknown. Studies in lipodystrophic rodents would sug­
gest that lipodystrophy with repartitioning of lipids to muscle and liver is suffi­
cient to induce IR and dyslipidemia. If this is true in patients with FPLD, then 
analysis of these individuals may provide insight into the association of hyper­
tension and premature coronary artery disease with the metabolic syndrome. 

6.2.3 
PPARr 

PPARy receptors are expressed predominantly in adipocytes and vascular cells 
(endothelium, vascular smooth muscle, monocytes and macrophages) and play 
a critical role in adipogenesis (Hsueh and Law 2001). Activation of PPARy re­
ceptors by thiazolidinediones increase insulin sensitivity by multiple mecha­
nisms, which include increased mobilization of lipid from the liver and muscle 
and storage in adipose tissue, and increased release of Acrp30/adiponectin (Berg 
et al. 2002; Hsueh and Law 2001). Thus, reduced expression of PPARy might 
contribute to the pathogenesis of metabolic syndrome (particularly IR and dys­
lipidemia). Moreover, activation of PPARy in rodent models of atherosclerosis 
leads to regression of atherosclerotic lesions (Collins et al. 2001). Rare muta­
tions in PPARy have been identified following analysis of families with severe 
IR. Two different dominant negative mutations were identified in three individ­
uals with severe IR, diabetes and hypertension (discussed in more detail in 
Sect. 5.2.1). Although PPARy is an attractive candidate gene, and despite the 
dramatic effects of pharmacological activation of PPARy receptors, it remains to 
be established whether changes in this gene are responsible for the majority of 
cases of IR or the association of IR with accelerated vascular disease. 

6.2.4 
Familial Hypercholesterolemia 

Familial hypercholesterolemia (FH) represents a single-gene defect (LDL recep­
tor mutation) associated with an increased risk of coronary artery disease. Lean 
patients with FH are not insulin resistant when evaluated by glucose clamps. In 
a cross-sectional analysis of South Africans, there were no significant differ­
ences in insulin sensitivity between FH individuals with and without coronary 
artery disease (Raal et al. 1999). Moreover, although IR was correlated with hy­
pertriglyceridemia and reduced HDL cholesterol concentrations in this popula­
tion, there was no relationship between IR and its associated dyslipidemia and 
the presence or absence of coronary artery disease. In a larger case-control se­
ries of French Canadians in which patients with coronary artery disease with 
and without FH were compared, insulin and triglyceride concentrations were 
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lower in individuals with FH. However, when both populations were stratified 
on the basis of abdominal girth and fasting insulin, the odds of developing cor­
onary artery disease were highest in individuals with FH, IR and abdominal 
obesity (Gaudet et al. 1998). These data suggest that although hypercholesterole­
mia per se might not independently cause IR, the presence of IR will further in­
crease the risk for developing coronary artery disease in individuals who are al­
ready genetically at high risk. 

6.2.5 
Genetic Variation That May Modify or Increase the Association 
Between Insulin Resistance and Increased Risk for Cardiovascular Disease 

Variations in the expression of a number of genes may link IR and cardiovascu­
lar disease (see Table 4). No attempt will be made to exhaustively review all of 
these candidates, but there are a few that are worthy of further discussion. 

As reviewed in Sect. 6.1.3, altered function of eNOS could represent an im­
portant link between IR and vascular dysfunction. It is widely accepted that dia­
betes and IR are associated with impaired endothelial function. Analysis of an 
eNOS polymorphism (4a/a) that is associated with premature coronary artery 
disease was not found to be associated with coronary artery disease in diabetics 
(Odawara et al. 1998). In another study that used flow-mediated endothelial-de­
pendent vasodilatation (FMD) as an endpoint in a population of type 2 diabet­
ics, the greatest degree of impairment in endothelial function was observed 
in individuals that carried at least a single a allele (-35% of the population) 
(Komatsu et al. 2002). The presence or absence of coronary artery disease was 
not determined in this study. More recently, circulating levels of the NOS inhibi­
tor, asymmetric dimethyl arginine (AMDA), were found to be highest in insu­
lin-resistant subjects and levels normalized after treatment with rosiglitazone 
(Stuhlinger et al. 2002). Alteration in activity and/or expression of enzymes that 
regulate the synthesis or degradation of AMDA might represent another link be­
tween IR and endothelial dysfunction. 

Large randomized clinical trials have shown that long-term therapy with an­
giotensin-converting enzyme inhibitors (ACEIs) reduce the incidence of type 2 
diabetes (Niskanen et al. 2001; Yusuf et al. 2000). Many studies in humans and 
animals with IR and/or hypertension have demonstrated that ACE inhibition is 
associated with enhanced whole body glucose uptake (Henriksen et al. 2001; 
Paolisso et al. 1992). Indeed, angiotensin II (ATII) had been shown to antago­
nize insulin signaling in cardiac muscle (Velloso et al. 1996). Moreover, there is 
evidence that ACE inhibition will increase glucose transport independently of 
increasing insulin signaling (Shiuchi et al. 2002). The effect of ACE or ATII re­
ceptor inhibition on glucose transport is seen only in insulin-resistant animals 
and not in animals with normal insulin sensitivity. These observations raise the 
possibility that increased activation of the renin-angiotensin system (RAS) 
could contribute to the pathogenesis of IR and its association with cardiovascu­
lar disease. Thus polymorphisms in the ACE gene that increase RAS activation 
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Table 4 Other potential genes of interest 

Gene locus 

IRS 1 

Plasminogen 
activator inhibitor 
(PAl-I) 

Apolipoprotein 
genes 

Lipoprotein lipase 
(LPL) 

Insulin receptor 
(lR) 

Leptin 

Red blood cell ion 
transport 

Results of 
genome-wide 
scans 

Comment 

Might be more common in patients with NIDDM. Association with CAD 
in non-diabetics in one study (Baroni et al. 1999) but not with CAD in diabetics 
in another study (Ossei-Gerning et al. 1997) 
PAl levels are independently associated with insulin resistance independent 
of genotype (Juhan-Vague and Alessi 1997). PAl polymorph isms may amplify this 
association (Margaglione et al. 1998). Thus, PAI-1 levels are highest in insulin­
resistant subjects with the susceptible genotype (Sartori et al. 2001). Likewise, 
stimulation of PAI-1 secretion by VLDL in vitro is greatest in umbilical vein 
endothelial cells from those with the susceptible genotype (Li et al. 1997) 
Various apolipoprotein genes have been examined for associations with insulin 
resistance and diabetes. Variations in these loci most likely may modify the 
dyslipidemia and modulate CVD risk but are unlikely to contribute directly to 
the pathogenesis of insulin resistance (Eichner et al. 2002) 
The Asn/5er genotype of LPL is associated with dyslipidemia in non-diabetics, 
and greater hypertriglyceridemia in the most insulin-resistant individuals. 
These associations were not seen in diabetics (Klannemark et al. 2000) 
Increased frequency (75% vs 45%) of the U( microsatellite polymorphism 
of the IR has been reported in Japanese hypertensives with hyperinsulinemia 
but not in hypertensives with normal insulin sensitivity (Fujioka et al. 1995) 
Leptin may contribute to obesity-induced hypertension. The /I polymorphism 
of the leptin gene was associated with hypertension independently of obesity 
and changes in insulin sensitivity (Shintani et al. 2002) 
Clustering of abnormalities in RBC Na/Li cotransport have been shown to be 
associated with insulin resistance and hypertension or a family history 
of hypertension (Romero et al. 2002a,b; Suchankova et al. 2002) 
Three studies in populations with high incidences of the insulin resistance 
syndrome and type 2 diabetes will be summarized. (1) In Mauritians of Indian 
descent, a linkage for premature CAD, type 2 diabetes and hypertension was 
found on chromosome 3q27 (Acrp-30 gene). A similar association was previously 
shown in Caucasians. In addition, linkage for hypertension and type 2 diabetes 
was found on 8q23, for premature CAD and dyslipidemia on 10q23 and 
hypertension and CAD on 16p13 (Francke et al. 2001). (2) In Hispanics from 
Los Angeles, a locus on 
chromosome 7 was linked to blood pressure, fasting insulin and leptin 
concentrations (Cheng et al. 2001; Xiang et al. 2001). (3) In Mexican-Americans 
in San Antonio a susceptibility locus influencing plasma triglycerides has been 
located on chromosome 1Sq (Duggirala et al. 2000) 

is an important candidate locus. The best-characterized polymorphism is the 
biallelic ACE polymorphism recognized by the absence (deletion, D) or the 
presence (insertion, 1) of a 287-base pair ALU repeat inside intron 16. Serum 
ACE levels are highest in individuals homozygous for D, lowest in those with II 
alleles and intermediate in heterozygotes (Kennon et al. 1999). In nondiabetic as 
well as in diabetic populations, the presence of the DD allele increased the likeli­
hood of developing ischemic heart disease (Staessen et al. 1997). In diabetics, 
the D allele confers increased susceptibility to all macrovascular disease and is 
associated with a greater risk for developing, and more rapid progression of, di-
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abetic nephropathy. Studies examining the relationship between ACE polymor­
phisms and insulin sensitivity have yielded conflicting results (Kennon et al. 
1999). Some studies have suggested that the prevalence of the DD polymor­
phism is greater among diabetics. Others have observed that the association 
only holds true in diabetics with hypertension, while others have seen either 
no association or the opposite effect (Bengtsson et al. 1999; Feng et al. 2002; 
Kennon et al. 1999; Thomas et al. 2001; Wong et al. 200l). Similarly, some stud­
ies have shown a greater prevalence of IR in diabetics with coronary artery 
disease, hypertension or nephropathy who harbor the D allele, but a few studies 
have suggested that DD homozygous subjects are more insulin sensitive 
(Kennon et al. 1999; Wong et al. 200l). The reason for such discrepant results is 
unclear and may relate to differences in study design and in the ethnicity of the 
study populations. In most of these studies, the levels and activity of ACE were 
not determined and so it is not known if the discrepant results are related to the 
potential effects of other modifiers on ACE activity. 

Oxidative stress could contribute to IR. The association between levels of, 
and polymorphisms in, the serum enzyme paraoxonase-1 (PONl) has been in­
vestigated. PON1 protects lipoproteins from oxidation and decreased levels have 
been associated with increased cardiovascular disease risk (Imai et al. 2000). 
Polymorphisms of the PON1 promoter that reduce expression have been associ­
ated with increased levels of fasting blood glucose in diabetics. The Leu55Met 
polymorphism has been associated with impaired glucose tolerance and a great­
er likelihood of hyperinsulinemia and dyslipidemia (Barbieri et al. 2002; Deakin 
et al. 2002). All of these associations were observed in European Caucasians but 
not in other ethnic groups (Sanghera et al. 1998). In contrast, the Q192R poly­
morphism is associated with an increased cardiovascular disease risk in Chinese 
and Europeans with diabetes, and among diabetic Indian Asians (Osei-Hyiaman 
et al. 2001; Sanghera et al. 1997). Table 4 summarizes additional genetic studies 
of interest in human populations. 

7 
Summary 

This review has summarized the current state of knowledge regarding potential 
genetic mechanisms that may predispose to the development of IR and that may 
account for the increased risk of cardiovascular disease in insulin-resistant indi­
viduals. It is clear that multiple genes are likely to interact in the pathogenesis 
of the metabolic syndrome and that the specific genetic mechanisms are likely 
to vary in different populations. Moreover, given the large number of potential 
genes that could be involved it will be difficult to ascertain the underlying genet­
ic mechanisms in small study populations. Analysis will also be confounded by 
the interaction between environmental factors such as diet and exercise and ge­
netic predisposition. Nevertheless, as more genetic insights become available or 
as the role of specific gene products is clarified, it is likely that this information 
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will lead to new therapies for the metabolic syndrome and its sequelae and to 
improvement in our ability to screen for or identify those at greatest risk. 
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Abstract The nitric oxide (NO) system is vitally important to the function of 
the cardiovascular system. Abnormalities in NO signaling have been linked to a 
wide variety of cardiovascular diseases, including atherosclerosis, hypertension, 
congestive heart failure, thrombosis, stroke, and diabetes mellitus. This chapter 
will review the roles that NO synthases play in normal vascular function and in 
the molecular mechanisms of disease processes, focusing on information gained 
from the study of mutant mice in which the NO synthase genes have been dis­
rupted or modified. Specifically, we wil review the various genetic polymor­
phisms that have been described in the NO synthase genes, their association 
with disease processes and their functional effects on NO synthase function or 
expression levels. The cellular pathways that involve NO are complex and offer 
not only insights into how abnormalities in NO signaling can lead to disease but 
also opportunities and targets on which to intervene to prevent or treat disease. 

Keywords Nitric oxide· Enzyme· Knockout· Endothelial· Neuronal· 
Inducible 

1 
The Nitric Oxide System 

1.1 
Nitric Oxide as an Important Biological Mediator 

Soon after Alfred Nobel's discovery of how to synthesize large quantities of ni­
troglycerin in 1853 (Ringertz 2001), nitroglycerin was widely used to treat angi­
na pectoris. However, the mechanism by which nitroglycerin dilated blood ves­
sels was not well understood for many years. Indeed, the importance of nitric 
oxide (NO) as a biological mediator was not appreciated until relatively recently. 
In a landmark experiment, Furchgott and Zawadzki demonstrated that the vas­
cular relaxation of isolated blood vessels in response to acetylcholine requires 
the presence of an intact endothelial layer (Furchgott and Zawadzki 1980). They 
proposed that acetylcholine does not act directly on vascular smooth muscle to 
relax it, but rather, that it acts on the endothelium. The endothelium then elabo­
rates a factor, which they termed endothelium-derived relaxing factor (EDRF), 
which causes the vascular smooth muscle to relax. EDRF was noted to have un­
usual properties, including inactivation by heme, a short half-life in vitro, and 
the ability to diffuse freely across cell membranes. Ferid Murad found that ni­
troglycerin and related vasodilator compounds release the gas NO (Arnold et al. 
1977; Katsuki et al. 1977). In 1986, both Furchgott and Ignarro independently 
proposed and provided experimental evidence that the gas NO was responsible 
for EDRF activity in blood vessels (Ignarro et al. 1987). The Nobel Prize 
for Physiology or Medicine in 1998 was awarded to Robert Furchgott, Louis 
Ignarro, and Ferid Murad for their pioneering work on NO. 



Genetic Disruption of Nitric Oxide Synthases and Cardiovascular Disease 283 

1.2 
The Family of Nitric Oxide Synthase Enzymes 

NO is synthesized by the family of nitric oxide synthase (NOS) enzymes 
(Alderton et al. 2001). These enzymes oxidize the terminal guanidino nitrogen 
of the amino acid L-arginine to NO, producing citrulline from the remainder of 
the molecule. The reaction utilizes molecular oxygen, and FAD, FMN, NADPH, 
and tetrahydrobiopterin as cofactors, to catalyze a five-electron oxidation of the 
guanidino nitrogen. There are three major NOS isoforms, encoded by separate 
genes on separate chromosomes: neuronal NOS (nNOS, or type I NOS), induc­
ible NOS (iNOS, or type 2 NOS), and endothelial NOS (eNOS, or type 3 NOS). 
Table 1 outlines the nomenclature of the NOS isoforms and lists some of their 
putative functions. 

The NOS isoforms share common structural features, as shown in Fig. 1, in­
cluding an oxygenase domain at the N-terminus and a reductase domain at the 
C-terminus. The C-terminus contains domains that bind the cofactors FAD, 

Table 1 Nomenclature of NOS isoforms and potential function 

Type Isoform 

I Neuronal 

II Inducible 

III Endothelial 

Possible functions 

Cell communication, learning, memory, retrograde neurotransmitter 
Excitatory amino acid (glutamate) neurotransmission 
Neurotransmission in NANC nerves 
Defense against pathogens 
Defense against tumors 
Inflammatory responses 
Vascular relaxation (EDRF) 
Inhibition of smooth muscle proliferation 
Inhibition of platelet aggregation 
Inhibition of leukocyte adhesion 

Oxygenase domain Reductase domain 

POZ r CaM 
I f 

NH2-k] I I limn II'~'I I NADPHI l -cooH 

Type I NOS (nNOS) 
H CaM 
I I 

NH2-1 I I li~jln 111!'1 I NADP~ l -cooH 

Type II NOS (iNOS) 

~yr H Tj97paM S1179 
/ I 

NH2-\1 I I I li~ln IZ'!'I I NADPHI l-coOH 
/ 

Type III NOS (eNOS) Palm 

Fig. 1 Comparison of the protein structure of NOS isoforms showing co-factor binding domains 
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Table 2 Features of NOS isoforms 

Type I NOS Type II NOS Type III NOS 

Common name nNOS iNOS eNOS 
Typical cell Neurons Macrophages Endothelium 
Other sites Smooth muscle Endothelium Smooth muscle 
of expression Skeletal muscle Smooth muscle Platelets 

Lung epithelia Liver Hippocampal neurons 
Macula den sa Chondrocytes 

Chromosome 12 17 7 
Expression pattern Constitut ive Inducible Constitutive (inducible also) 

(inducible also) 
Regulation Calcium dependent Gene transcription Calcium dependent 

Serine phosphorylation 
Output moderate (nM to pM) High (pM) Low (pM to nM) 
Function Signaling Toxin Signaling 
Intracellular location Soluble, sarcolemmal Soluble Caveolae 

(membrane-associated) 
Means of localization N-terminal PDZ domain N/A N-terminal myristoylation 

FMN, and NADPH used in electron transfer reactions. The N-terminus contains 
regions involved in binding to heme, tetrahydrobiopterin, and calmodulin. The 
nNOS isoform has a unique PDZ domain at its N-terminus, which is involved in 
its membrane association and its localization to nerve terminals and neuromus­
cular junctions (Brenman et al. 1997). The eNOS isoform has unique sites near 
its N-terminus for myristoylation and palmitoylation (Janssens et al. 1992; 
Lamas et al. 1992; Marsden et al. 1992; Nishida et al. 1992; Sessa et al. 1992). 
The locations of two important phosphorylation sites in eNOS, Serl179 and 
Thr497 (using a numbering convention that follows the bovine sequence) are 
shown as well. 

Table 2 summarizes some key features of these isoforms and their genes. 
nNOS is expressed primarily in specific neurons in the brain and the peripheral 
nervous system. iNOS is expressed by macrophages, while eNOS is expressed by 
endothelial cells. Despite their common names, expression of these isoforms 
has been detected in a variety of cell types, and there is substantial overlap in 
their expression patterns. All three NOS isoforms play important roles in the 
cardiovascular system. 

nNOS and eNOS share the property of dependence on intracellular calcium 
concentration for their activity. They are inactive at resting concentrations of 
calcium, but when there is a transient increase in intracellular calcium, calcium 
binds to calmodulin and activates the enzyme. The primary regulation of eNOS 
and nNOS enzyme activity is by intracellular calcium concentration. In contrast, 
iNOS has a tightly bound calmodulin moiety, and is not dependent on intracel­
lular calcium transients for its activity. The enzymatic activity of iNOS is pri­
marily regulated by transcriptional regulation of its expression, which can be 
induced by signals such as lipopolysaccharide or tumor necrosis factor. The 
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output of the NOS enzyme in terms of NO generated also differs between iso­
forms, being the lowest for eNOS, higher for nNOS, and much higher for iNOS. 
This may reflect the roles of NO, which appear to be more related to signaling 
by nNOS and eNOS, and to toxicity or inflammation by iNOS. 

1.3 
Downstream Effector Mechanisms 

In most cells, the physiological target of NO is soluble guanylate cyclase. NO ac­
tivates guanylate cyclase by binding to its heme moiety. Activated guanylate cy­
clase produces cGMP, which mediates many of the biological effects of NO, in­
cluding relaxation of vascular smooth muscle (vasodilation) and smooth muscle 
in the respiratory, gastrointestinal and genitourinary tracts (nonadrenergic, 
non cholinergic autonomic neurotransmission). 

NO also binds to sulfhydryl groups to form nitrosothiol compounds on other 
targets (Stamler 1994), including hemoglobin, which may serve as a natural car­
rier for NO (Stamler et aI. 1997). In addition, NO rapidly reacts with superoxide 
anion to form peroxynitrite anion, which itself is very reactive and may cause 
toxicity (Beckman et al. 1994; Beckman and KoppenoI1996). Large quantities of 
NO, made for instance by iNOS, directly inhibit mitochondrial respiratory chain 
enzymes (Brown 1995; Takehara et al. 1995; Okada et aI. 1996) and overstimu­
late poly-ADP ribose synthase (Dawson et al. 1993; Dawson et al. 1994; Endres 
et al. 1998). Both of these effects result in depletion of cellular energy stores. 
Generally, these latter mechanisms underlie some of the toxicity of NO, while 
cGMP-dependent effects mediate many of the biological signaling roles of NOS. 

1.4 
Roles of NOS Isoforms in the Cardiovascular System 

1.4.1 
nNOS 

In the brain, the nNOS isoform is expressed in specific populations of neurons, 
and appears to play two important roles. First, nNOS is important in the regula­
tion of cerebral blood flow and in coupling cerebral metabolism with local per­
fusion. Second, nNOS generates NO as a retrograde messenger. Processes that 
involve activity-dependent refinement of neuronal networks such as learning 
and memory are thought to involve retrograde messengers. These messengers 
are released from a postsynaptic neuron and feedback to the presynaptic neu­
rons that the signal has been received, allowing certain synaptic connections to 
be strengthened and others to be weakened. Because NO is a freely diffusible 
gas that can be produced by nNOS in the postsynaptic cell activated by recep­
tor-mediated calcium influx, it has properties that allow it to serve as a retro­
grade messenger. Cerebral ischemia also causes marked stimulation of excitato­
ry amino acid (glutamate) neurotransmitter receptors, so it is associated with 
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marked activation of nNOS and increases the amount of NO generated by sever­
al orders of magnitude. Thus, overproduction of NO has important implications 
for cerebral ischemia and stroke. 

In the peripheral nervous system, nNOS is expressed in nonadrenergic, non­
cholinergic autonomic nerves of the respiratory, gastrointestinal, and genitouri­
nary tract. NO produced in these nitrergic nerves serves as a neurotransmitter, 
facilitating smooth muscle relaxation. nNOS is also found in the heart, where it 
may be involved in regulation of cardiac contractility. 

1.4.2 
eNOS 

In the endothelium, NO produced by eNOS in endothelial cells diffuses to the 
underlying vascular smooth muscle, where it stimulates soluble guanylate cy­
clase. As an endogenous vasodilator, NO is important to the regulation of local 
blood flow and perfusion, as well as in regulation of blood pressure. In addition 
to regulating vascular smooth muscle relaxation, NO also suppresses smooth 
muscle cell proliferation (Mooradian et al. 1995), leukocyte-endothelial interac­
tions (Bath 1993; Lefer et al. 1999), and platelet aggregation (Radomski et al. 
1991; Freedman et al. 1999). These physiological effects of NO may normally in­
hibit the processes that underlie atherosclerosis. 

Endothelial dysfunction, characterized by reduced or absent vasodilator re­
sponses to flow or biological stimuli, is a common feature of atherosclerosis, hy­
pertension, diabetes mellitus, and hypercholesterolemia (Gimbrone 1989; Cai 
and Harrison 2000; Goligorsky et al. 2000). A characteristic of endothelial 
dysfunction is reduced production or bioavailability of NO in vascular 
tissues. There are multiple molecular mechanisms for endothelial dysfunction, 
including reduced eNOS protein levels, reduced eNOS enzymatic activity, un­
coupling of eNOS activity leading to enhanced production of superoxide (Cai 
and Harrison 2000), abnormalities in eNOS trafficking to caveolae (Shaul 2002), 
and abnormalities in eNOS phosphorylation. These mechanisms are not mutu­
ally exclusive, and it is likely that multiple mechanisms operate simultaneously. 

1.4.3 
iNOS 

iNOS expression is induced in macrophages as a response to infection, tissue 
damage, or inflammation. The iNOS isoform generates large amounts of NO, 
which may contribute to the excessive vasodilation and cardiac dysfunction 
seen in sepsis. 
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1.5 
Regulation of NOS Enzyme Function 

1.5.1 
Dimerization 

For enzymatic activity, NOS protein must bind cofactors and dimerize (Alderton 
et al. 2001). Dimerization is required for activity, because electron flow occurs in 
trans, between FAD, FMN, and NADPH moieties on different subunits. For nNOS 
and eNOS isoforms, monomer NOS proteins first bind to the cofactors FAD and 
FMN. The addition of the substrate L-arginine, the cofactor tetrahydrobiopterin 
and a heme group allows the NOS protein to dimerize, but the dimers are still 
inactive. Full activity results when intracellular calcium concentrations increase, 
resulting in calmodulin binding to the dimers. In contrast, the iNOS isoform 
binds FAD, FMN, and calcium/calmodulin even at low (resting intracellular) con­
centrations of calcium. The addition of L-arginine, tetrahydrobiopterin, and 
heme allows iNOS to dimerize and activates it. 

1.5.2 
Subcellular Localization 

In some cells, nNOS is localized to neuronal synapses and neuromuscular junc­
tions by an N-terminal PDZ domain (Brenman et al. 1996). In others, nNOS is a 
soluble protein. The iNOS isoform is soluble, and does not possess any known 
structural features that would dictate its subcellular localization. 

The subcellular localization of eNOS is critical to its proper function. Two 
types of N-terminal fatty acid modifications-palmitoylation and myristoyla­
tion-are important for the proper intracellular localization of eNOS to specific 
plasmalemmal domains called caveolae. The eNOS gene encodes, at its very 5'­
end, the consensus sequence MGNLKSV for myristoylation (Janssens et al. 
1992; Lamas et al. 1992; Marsden et al. 1992; Nishida et al. 1992; Sessa et al. 
1992). The methionine corresponding to the translation initiation codon is re­
moved by a specific aminopeptidase, exposing glycine at the N-terminus. This 
glycine residue is the site for the addition of myristic acid, a process called 
N-myristoylation. Site-specific mutagenesis of the glycine residue results in a 
nonmyristoylated, soluble protein that shares identical in vitro enzymatic activ­
ity as wild-type eNOS, but with poor in vitro activity (Pollock et al. 1992; 
Busconi and Michel 1993; Liu and Sessa 1994). eNOS is also reversibly palmitoy­
lated at Cys15 and Cys26. Mutations at these residues that cannot be palmi toy­
lated also do not properly localize to caveolae (Garcia-Cardena et al. 1996; Shaul 
2002). 

In addition to myristoylation and palmitoylation, subcellular localization and 
enzyme activity are regulated by two proteins: hsp90 and caveolin. The heat 
shock protein hsp90, a protein involved in signal transduction and in protein­
folding as a molecular chaperone, binds to eNOS, recruits it to caveolae and ac-
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tivates it (Garcia-Cardena et al. 1998). Caveolin, the major structural protein of 
caveolae, binds to eNOS and inhibits it; release of eNOS from caveolin is associ­
ated with increased NO production by eNOS (Garcia-Cardena et al. 1997; Michel 
et al. 1997; Feron et al. 1998). 

1.5.3 
Phosphorylation 

eNOS activity is also regulated by phosphorylation of key serine and threonine 
residues. Dimmeler et al. and Fulton et al. showed that phosphorylation of 
Ser1l79 by Akt kinase activates eNOS and renders the enzyme less dependent 
on intracellular calcium (Dimmeler et al. 1999; Fulton et al. 1999). Mutations at 
this residue have been useful to characterize the importance of its phosphoryla­
tion by Akt kinase. In the S1179D mutant, Ser1l79 is replaced by aspartate, 
which mimics the negative charge of the phosphate group. S1l79D is constitu­
tively active and does not depend on intracellular calcium for its activity. In the 
S1179A mutant, Ser1l79 is replaced by alanine, which cannot be phosphorylat­
ed. As a result, the S1l79A enzyme can still be activated by calcium transients, 
but has far less activity than the wild-type eNOS enzyme. 

In contrast to the Ser1l79 site, phosphorylation at Thr497 by protein kinase 
C (PKC) inactivates eNOS (Harris et al. 2001). Furthermore, phosphorylation of 
Ser1l79 and Thr497 shows a reciprocal pattern; dephosphorylation of Thr497 is 
coordinated with the phosphorylation of Ser1l79 and vice-versa (Harris et al. 
2001; Michell et al. 2001). Dephosphorylation is mediated by specific phospha­
tases PP1 and PP2A (Michell et al. 2001). Because Akt kinase is an important 
regulator of vascular cell survival, it is likely that Akt-mediated phosphorylation 
of eNOS plays a key role in modulation of eNOS activity. In addition to Akt ki­
nase, eNOS is phosphorylated at Ser1l79 by cAMP-dependent protein kinase 
and AMP-activated protein kinase (Chen et al. 1999). Recent work suggests that 
phosphorylation of eNOS at Ser1l79 mediates the vascular responses to many 
diverse stimuli, including growth factors such as VEGF (Fulton et al. 1999), IGF-
1 (Chen et al. 1999), and insulin (Montagnani et al. 2001), mechanical shear 
stress (Dimmeler et al. 1999), the rapid, nongenomic activation of eNOS by es­
trogens (Hisamoto et al. 2001), and the activation of eNOS by the HMG-CoA re­
ductase inhibitors, or statins (Kureishi et al. 2000; Brouet et al. 2001). Further­
more, abnormalities in eNOS phosphorylation have been associated with abnor­
mal endothelial function in diabetes (Du et al. 2001). 
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2 
Genetic Disruption of NOS Genes 

2.1 
General Considerations 

Many key studies on the biological roles of NO were accomplished with the 
use of pharmacological inhibitors of NOS enzymes, e.g., L-nitro-arginine and 
L-N-monomethyl-arginine. These substrate analogs bind to NOS, but cannot 
serve as substrates because of substitutions at the guandino nitrogen. Blockade 
of a physiological process by these agents, and its reversal with an excess of 
L-arginine was strong evidence of the involvement of NO in that process. In 
many cases, these effects could be complemented by the use of methylene blue 
(which inhibits guanylate cyclase), or phosphodiesterase inhibitors, to probe 
whether the NO effect is cGMP dependent. However, a limitation of the pharma­
cological approach is that many NOS inhibitors affect more than one NOS iso­
form, making it difficult to determine which effects were mediated by which iso­
forms. Further complicating this is that most tissues contain innervation, vascu­
lature, and circulating cells, so all three isoforms could be present. 

One powerful approach that has complemented the pharmacological ap­
proach is the genetic disruption of the NOS genes, resulting in the generation of 
knockout mice that lack each of the NOS genes. Fortunately, knockout mice for 
each of the three major NOS isoforms are viable and develop apparently nor­
mally. Because each NOS isoform is encoded by a separate gene, this approach 
offers a different, and sometimes greater specificity than do pharmacological 
NOS inhibitors. It also allows the study of how chronic absence of the NOS iso­
form affects physiology in intact animals. 

Despite these important strengths, there are some important considerations 
in interpreting studies with gene knockout mice. First, with any gene knockout, 
there is always the possibility of a developmental abnormality. If one of the NOS 
isoforms plays a critical role in embryonic or postnatal development, its absence 
may lead to other secondary abnormalities that are difficult to predict. Second, 
there may be physiological compensation for the absence of individual NOS 
genes, either by changes in other remaining NOS isoforms, interacting pathways 
(other vasodilatory or vasoconstricting factors), or unrelated pathways. Indeed, 
the nNOS knockout mice show physiological compensation both by NO-inde­
pendent and -dependent pathways (Crosby et al. 1995; Irikura et al. 1995; Ma et 
al. 1996). Third, genetic background may confound the results, particularly 
when the phenotype of the parental strains varies with the genetic background 
(Gerlai 200 1). For this reason, it is important to backcross knockout animals to 
standard inbred strains (e.g., C57BLl6) to obtain congenic mice that differ from 
these standard strains solely by the disruption of the gene. 
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2.2 
Phenotypes of NOS Knockout Mice 

We will briefly describe each of the NOS knockout mice and their phenotypes. 
In the subsequent sections, we will focus on how interrogation of the knockout 
mice has led to new insights into the roles of NO in stroke and atherosclerosis. 

2.2.1 
nNOS Knockout Mice 

Neuronal NOS knockout mice were generated by disrupting exon 2 of the mouse 
nNOS gene, which includes the initiation codon ATG (Huang et al. 1993). NO 
production is markedly diminished in the brain of nNOS knockout mice, as 
measured by a variety of methods, including NOS enzymatic assay, cGMP levels, 
and measurement of NO by spin trapping (Darius et al. 1995; Ichinose et al. 
1995; Irikura et al. 1995; Zaharchuk et al. 1997). Detailed analysis indicates that 
these mutant mice do not express the nNOSa, the predominant splice form of 
nNOS, as detected by Western blot analysis or NADPH diaphorase staining. 
However, they do express the f3 and y isoforms of nNOS, which lack the exon 
that was deleted. These isoforms account for less than 5% of the nNOS present 
in the brain. Since exon 2 encodes the PDZ domain, the remaining nNOS f3 and 
y isoforms are soluble, unlike nNOSa, which is localized to postsynaptic regions 
and neuromuscular junctions by the PDZ domain. The most apparent pheno­
type in nNOS knockout mice is enlargement of the stomach, often to several 
times the normal size, demonstrating the importance of nNOS to smooth mus­
cle relaxation of the pyloric sphincter. nNOS knockout mice are also resistant to 
focal and global cerebral ischemia, consistent with a role for nNOS-derived NO 
in cellular injury following ischemia (Huang et al. 1994; Dawson et al. 1996; 
Hara et al. 1996; Panahian et al. 1996; Zaharchuk et al. 1997), as will be de­
scribed in detail in the following section. 

More recently, knockout mice that lack exon 6 of the nNOS gene have been 
generated, resulting in absence of all detectable nNOS isoforms, including the f3 
and y isoforms. The exon 6 nNOS knockout mice have a more severe gastroin­
testinal phenotype, and require a liquid diet for survival past weaning. These 
mice also display reproductive abnormalities, some of which appear to be due 
to abnormalities in gonadotropin secretion (Gyurko et al. 2002). 

2.2.2 
eNOS Knockout Mice 

eNOS knockout mice were generated by deleting the NADPH ribose and ade­
nine binding sites, which are essential to the enzymatic activity (Huang et al. 
1995). The mice appear to develop normally, and have no detectable anatomical 
abnormalities. In organ baths, isolated aortic rings from eNOS mutant mice do 
not relax in response to acetylcholine, although the vessels do relax to sodium 
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nitroprusside and papaverine, providing genetic evidence that the eNOS gene is 
required for EDRF activity. The eNOS knockout mice are hypertensive, with 
mean arterial blood pressures that are 20-30 mmHg over values seen in wild­
type animals. Using Millar catheters to measure left ventricular pressure, the 
contractile response of the eNOS knockout mice to the ,B-agonist isoproterenol 
is significantly increased compared to wild-type mice (Gyurko et al. 2000). 
These results suggest that eNOS normally serves to blunt the contractile re­
sponse to ,B-agonists. As will be discussed in Sect. 11.3.4.1, eNOS knockout mice 
have been a useful animal model for endothelial dysfunction, because of their 
increased propensity to form neointima in response to vessel injury and diet-in­
duced atherosclerosis. 

2.2.3 
iNOS Knockout Mice 

Three separate groups independently disrupted the iNOS gene (Laubach et al. 
1995; Macmicking et al. 1995; Wei et al. 1995). iNOS knockout mice are more 
sensitive to the intracellular pathogens Listeria monocytogenes and Leishmania 
major. iNOS knockout mice also have a blunted hypotensive response to septic 
shock induced by lipopolysaccharide. 

2.3 
Stroke and Cerebral Ischemia in NOS Knockout Mice 

2.3.1 
NO Levels in Ischemic Brain 

Malinski et al. directly measured NO levels in the brain using a porphyrinic sen­
sor and found that they increase by several orders of magnitude following cere­
bral ischemia (Malinski et al. 1993). The source of this dramatic rise in NO pro­
duction appears to be the nNOS isoform, and is due in part to activation of pre­
existing nNOS enzyme by increased intracellular calcium concentrations, and in 
part to up-regulation of nNOS expression. A second wave of NO production oc­
curs later after the acute ischemic event, due to induction and activation of the 
iNOS isoform, principally within macrophages and glial cells in the infarct zone. 

2.3.2 
Divergent Roles of NOS Isoforms 

The role of NO production following stroke has been studied using pharmaco­
logical inhibition of NOS. Depending on the type and dose of inhibitor used, 
the ischemia model tested, the route and timing of drug administration, and the 
species studied, the outcome of cerebral ischemia following NOS inhibition was 
highly variable (Iadecola et al. 1994). This was likely due to differential effects 
on more than one NOS isoform by the inhibitors. Knockout animals that lack 
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the various NOS isoforms have been useful to clarify the different and some­
times opposing roles of nNOS, eNOS, and iNOS. 

Neuronal overproduction of NO can contribute to cellular damage following 
ischemia by formation of peroxynitrite anion, activation of poly-ADP ribose 
polymerase (PARP), and inhibition of mitochondrial energy metabolism. In 
contrast, endothelial NOS is important for the maintenance of normal vascular 
tone, and during and after an ischemic event, may play important roles in at­
tempting to restore or maintain blood flow to ischemic regions. Inducible NOS 
in astrocytes, macrophages and microglia also generates NO following ischemia. 

2.3.3 
Response of NOS Knockout Mice to Cerebral Ischemia 

Neuronal NOS mutant mice are resistant to global and focal cerebral ischemia 
in vitro. In the middle cerebral artery occlusion (MCAO) model of focal isch­
emia, an intraluminal filament is used to occlude the middle cerebral artery. 
The MCAO model causes less morphological damage and smaller infarcts in 
nNOS knockout mice than in their wild-type counterparts (Huang et al. 1994). 
The nNOS knockout mice also have better functional neurological outcome. 
The neuroprotection is independent of changes in relative cerebral blood flow 
reductions as measured by laser Doppler flowmetry, indicating that the vascular 
effect of the primary ischemic insult is the same. These results are also seen 
with transient MCAO (Hara et al. 1996) and with global ischemia models 
(Panahian et al. 1996). These data confirm that nNOS-derived NO contributes 
to cellular damage following cerebral ischemia. Primary neuronal cultures 
grown from nNOS knockout mice are also resistant to both NMDA-induced 
neurotoxicity and oxygen-glucose deprivation (Dawson et al. 1996). On the oth­
er hand, these cells are as vulnerable to kainate toxicity as wild-type neurons. 
These data support the roles ofNMDA stimulation and nNOS activation in exci­
totoxic neuronal injury. 

In contrast, eNOS knockout mice develop larger infarcts and more severe 
neurological deficits from MCAO than wild-type animals (Huang et al. 1996). 
These infarcts correlate with more severe reductions in blood flow measured by 
laser Doppler flowmetry and by functional CT imaging (Lo et al. 1996). Inhibi­
tion of the remaining eNOS isoform in nNOS knockout mice also results in 
worsening of the outcome. These results confirm that the eNOS isoform serves 
important protective roles in maintaining blood flow following ischemia. Since 
many pharmacological NOS inhibitors target eNOS as well as nNOS, these re­
sults may explain the aggravation of outcome found with nonspecific NOS inhi­
bition. 

Like nNOS knockout mice, iNOS knockout mice develop smaller infarcts fol­
lowing MCAO when observed at a later time point (Iadecola et al. 1995, 1997). 
Other markers for severity of ischemic injury such as rCBF reduction, neutro­
phil accumulation, and astrocytic proliferation were comparable between the 
knockouts and their wild-type littermates, indicating that the ischemic resis-
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tance of the mice is due to lack of iNOS and that iNOS contributes to late neuro­
toxicity following ischemia. 

2.3.4 
Lessons Learned from NOS Knockout Mice 

These results indicate that nNOS and iNOS are important mediators of early 
and late toxicity following ischemia, while eNOS serves important vascular pro­
tective roles. Thus, selective blockade of nNOS and iNOS and, potentially, the 
augmentation of eNOS might be beneficial in the treatment of stroke. The bene­
fit of eNOS augmentation may extend beyond the domain of stroke treatment to 
stroke prophylaxis, ideally in patients who are at high-risk for an ischemic in­
sult. In several large clinical studies, the use of HMG-CoA reductase inhibitors, 
a class of drugs commonly known as statins, was associated with reductions in 
the incidence of stroke, independent of cholesterol-lowering effects. In experi­
mental animals, simvastatin and lovastatin protect against cerebral infarction 
and neurological dysfunction after MCAO (Endres et al. 1998). One of the mech­
anisms for these effects may involve up-regulation of eNOS activity by stabiliza­
tion of eNOS mRNA (Laufs et al. 2000) or by Akt phosphorylation of eNOS 
(Kureishi et al. 2000). The beneficial effect of the statins is absent in eNOS mu­
tant mice, indicating that the protection is dependent on eNOS expression 
(Endres et al. 1998). 

2.4 
Atherosclerosis in NOS Knockout Mice 

2.4.1 
eNOS Knockout Mice as a Model for Endothelial Dysfunction 

A common feature of atherosclerosis, hypertension, diabetes and hypercholes­
terolemia is endothelial dysfunction, in which the vasculature fails to respond to 
stimuli that normally elicit vasodilation. Since endothelial NO production is re­
sponsible for vasodilation, reduced or altered eNOS activity would lead to endo­
thelial dysfunction. It is not clear whether endothelial dysfunction is causally re­
lated to the mechanisms of atherosclerosis, or whether it is merely associated 
with them. In this regard, eNOS knockout mice are a useful tool. They represent 
one extreme model of endothelial dysfunction, in which there is no endothelial 
NO production. While many studies have used homozygous eNOS knockout 
mice, studies in heterozygous animals also support the contention that eNOS 
gene dosage, and consequently the level of eNOS expression, are important to 
normal vascular function (Shesely et al. 1996; Kojda et al. 2001). These results 
suggest that minor changes in the level of eNOS expression or activity, for exam­
ple those caused by polymorphisms, may have important consequences in terms 
of disease susceptibility. 



294 P. L. Huang 

2.4.2 
Vascular Injury in eNOS Knockout Mice 

An early step in the development of atherosclerosis is injury to the endothelium, 
followed by a vascular response to injury (Ross 1993). Normally, this response 
consists of proliferation of cells in the medial smooth muscle layer, followed by 
migration of the cells to the subendothelial space, forming the neointima. eNOS 
knockout mice subjected to vascular injury models show an exaggerated injury 
response, with increased proliferation of medial smooth muscle cells, and in­
creased neointimal thickness (Moroi et al. 1998; Zhang et al. 1999; Yogo et al. 
2000). 

2.4.3 
Diet-Induced Atherosclerosis in apoE/eNOS Double Knockout Mice 

To test the effect of eNOS deficiency on diet-induced atherogenesis, double 
knockout mice were bred using eNOS knockout mice and apoE knockout mice. 
ApoE knockout mice develop predictable atherosclerotic lesions in their aortas, 
a process than can be accelerated by feeding a high-fat, Western-type diet, in 
which fat accounts for 40% of the total caloric content. apoE/eNOS double 
knockout mice place eNOS deficiency on top of the apoE knockout mouse mod­
el of diet-induced atherosclerosis. 

apoE/eNOS double knockout mice develop nearly twice the atherosclerotic 
burden that apoE knockout mice do in the absence of eNOS gene deletion 
(Kuhlencordt et al. 2001). eNOS deficiency markedly accelerates and worsens 
the disease pattern of atherosclerosis in Western-diet-fed apoE knockout ani­
mals. In addition, apoE/eNOS double knockout mice display coronary artery 
disease, ischemic heart disease, left ventricular dysfunction, and vascular com­
plications of aortic aneurysm and dissection (Kuhlencordt et al. 2001). Hyper­
tension alone does not account for the development of aortic aneurysm and dis­
section, in that pharmacological control of blood pressure does not reduce the 
incidence of these complications (Chen et al. 2001). The phenotype of apoEI 
eNOS double knockout mice closely resembles the spectrum of cardiovascular 
complications seen in human atherosclerosis. It is also the first murine model to 
demonstrate spontaneous distal coronary arteriosclerosis associated with left 
ventricular dysfunction. These findings support the concept that restoration of 
eNOS function in patients with atherosclerosis is an important therapeutic goal. 

2.4.4 
iNOS and Diet-Induced Atherosclerosis 

In contrast to eNOS, which serves important protective roles, iNOS may con­
tribute to lesion formation by increasing oxidative stress and oxidizing LDL. 
apoE/iNOS double knockout mice fed a Western-type diet showed aortic lesion 
areas that were significantly reduced, by about 20%, compared to apoE knock-
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out animals. There was no effect on lipoprotein profile, although plasma levels 
of lipoperoxides were significantly reduced, suggesting that reduction in iNOS­
mediated oxidative stress may explain the protection from lesion formation in 
double knockout animals. These findings suggest that iNOS may be proathero­
genic. Furthermore, one should be cautious about nonspecific supplementation 
with L-arginine, in an effort to increase eNOS-derived NOS, since iNOS may 
also be affected (Chen et al. 2003; Loscalzo 2003). 

3 
NOS Gene Polymorph isms 

3.1 
General Considerations 

Genetic polymorphisms in the NOS genes have been reported to be associated 
with susceptibility to cardiovascular diseases, including hypertension, 
atherosclerotic disease of the coronary arteries and carotid arteries, renal dis­
ease, diabetic complications, and a several rare diseases. These studies were per­
formed in different populations, and the results vary in the association of specif­
ic polymorphisms with cardiovascular disease susceptibility, with some studies 
reporting strong associations, and others reporting none. Indeed, when taken 
together, these studies show a great deal of inconsistency and contradictory re­
sults (Wang and Wang 2000; Wattanapitayakul et al. 2001; Hingorani 2003). 

An important consideration is the study design and methodology used. There 
are several methods for detecting association between polymorphisms and dis­
ease. One method is the case-control method, in which two groups of subjects, 
one with the disease, and one without (normal controls) are compared for the 
frequency of the genotypes at the polymorphism studied. In case-control stud­
ies, it is important to match the important characteristics of the two groups so 
that the control group serves as a true control. Case-control studies may lead to 
spurious associations due to population stratification, or the presence of geneti­
cally different groups in the population. A second method is the cohort method, 
to follow individuals from the general population for development of a pheno­
type, for example hypertension, or for response to a given stimulus, for exam­
ple, vascular response to acetylcholine. All the subjects would be genotyped to 
determine whether the polymorphisms are associated with the phenotype or re­
sponse. In a variation of the cohort method, the sample could be drawn, not 
from the general population, but from patients affected by a given disease. An 
example of this type of study is following patients with polycystic kidney disease 
for development of renal failure, or following patients with coronary artery 
stents for development of restenosis. Finally, there are family-based methods to 
test association of specific polymorphism genotypes with inheritance of the dis­
ease phenotype, most commonly using the transmission disequilibrium test. 

In addition to study methodology, there are other potential reasons for the 
wide discrepancies in the many published studies. First, the relationship be-
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tween polymorphisms and cardiovascular phenotype may depend on the popu­
lation studied. For example, each of the three major types of eNOS gene poly­
morphisms varies significantly between Caucasian, African-American, and 
Asian populations (Tanus-Santos et al. 2001). Second, some studies may be un­
derpowered (i.e., not have enough subjects to show a clear association). Third, 
studies may give rise to spurious results because control groups and study 
groups may differ (population stratification). Fourth, given the emerging under­
standing of the haplotype block structure of the human (Dawson et al. 2002) 
and mouse genomes (Wade et al. 2002), even finding a particular association is 
not a guarantee that the polymorphism itself is responsible for (causally related 
to) the phenotype, as opposed to being closely associated with it. For example, 
if a haplotype block, which is generally the minimum unit for recombination, 
contains an eNOS polymorphism as well as a polymorphism in a different gene, 
the eNOS polymorphism will appear linked to phenotypes that are in actuality 
caused by the other gene. Furthermore, if the association between the eNOS 
polymorphism and the polymorphism in the other gene differs between popula­
tions, then analysis of some populations will detect the linkage with the eNOS 
gene, while others will not. 

The effect of genetic polymorphisms on disease phenotype is more easily un­
derstood in cases where the polymorphism affects protein structure (e.g., a cod­
ing mutation), or expression (e.g., mutation in a promoter or intron affecting 
expression levels). It is less clear in the case of a polymorphism that does not 
cause a detectable change in protein function or expression levels. Thus, deter­
mining the functional significance of a given polymorphism by its expression 
either in vitro or in vitro is a key step in validating whether a given association 
with disease susceptibility is real. 

3.2 
Polymorph isms in eNOS 

The polymorphisms in the eNOS gene can be divided into those that affect the 
coding regions, the promoter region, and the introns. The positions of these 
polymorphisms are shown in Fig. 2. 

3.2.1 
Coding Polymorphism: Glu298Asp 

The only known polymorphism to affect the coding region of the eNOS gene is 
Glu298Asp. First identified by several groups in Japan, this polymorphism oc­
curs in exon 7, and is the result of a G----+ T conversion at nucleotide position 894 
in the eNOS cDNA (thus it is also known as the G894T polymorphism). The co­
don GAG, which encodes glutamate, is replaced by GAT, which encodes aspar­
tate. The substitution of glutamate with aspartate is technically a missense mu­
tation, albeit a conservative one, in that both amino acids are acidic. 
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The Glu298Asp mutation was first positively associated with essential hyper­
tension (Miyamoto et aL 1998), myocardial infarction (Hibi et aL 1998; Shimasaki 
et aL 1998), and coronary vasospasm (Yoshimura et aL 1998) in populations in 
Kyoto, Kumamoto, and Yokohama in Japan. Subsequently, it was reported and 
studied in other populations. To date, there have been a total of 43 reports on this 
polymorphism and its relationship to disease, but of these, 22 suggest a positive 
association, and 21 do not. Of these, 27 studies were case-control studies, where 
the genotypes of subjects in an affected group and an unaffected control group 
are compared. Six were cohort studies testing association between the polymor­
phism and specific responses in the general population, and nine were cohort 
studies testing for specific responses or phenotypes in patients with specific dis­
eases. One was a family-based study using transmission disequilibrium testing to 
look for association of the polymorphism with the inheritance of coronary artery 
disease. Table 3 summarizes the references, specific disease or response pheno­
types examined, population studied, number of subjects and controls, and 
whether a statistical association was found. 

From the three-dimensional structure of eNOS, the Glu298 residue is predict­
ed to be exposed on the exterior of the dimer surface, and would not be expect­
ed to be close to the catalytic site or cofactor-binding domains, which are locat­
ed in the cleft region (Jachymova et aL 2001). Several studies have examined the 
effect of the Glu298Asp mutation on the function or expression of eNOS protein. 
In human subjects, measurements of forearm blood flow responses to acetyl­
choline (an endothelium-dependent response) or nitroprusside (an endotheli­
um-independent response) were the same across eNOS genotypes at amino acid 
position 298, as was NO production, suggesting that this polymorphism does 
not result in a detectable change in vascular function in vitro (Schneider et al. 
2000). Similarly, in human saphenous vein grafts obtained from patients with 
coronary artery disease, the eNOS genotype at amino acid position 298 was not 
associated with differences in vascular responses to acetylcholine, bradykinin, 
calcium ionophore, or nitroprusside (Guzik et aL 2001). However, another study 
found that although there were no differences in the vascular response of the 
brachial artery at baseline, the Asp298 phenotype was associated with lower 
flow-mediated dilation in combination with smoking, raising the possibility of 
interactions between genotype and environmental factors such as cigarette 
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Table 3 Studies on association between Glu298Asp polymorphism and cardiovascular diseases 

Case- control studies 

Reference Disease Population Subjects Association 
(patient! 
normal) 

Yasujima et al. 1998 Hypertension Japan 166/174 Yes 
Miyamoto et al. 1998 Hypertension Japan 405/463 Yes 
Lacolley et al. 1998 Hypertension France 309/123 No 
Kato et al. 1999 Hypertension Japan 549/513 No 
Shoji et al. 2000 Hypertension Japan 1831193 Yes 
Jachymova et al. 2001 Hypertension Czech Republic 119/85 Yes 
Karvonen et al. 2002 Hypertension Finland 600/600 No 
Hingorani et al. 1999 Coronary artery disease UK 547/321 Yes 
Pulkkinen et al. 2000 Coronary artery disease Finland 308/110 No 
Granath et al. 2001 Coronary artery disease Australia 573/624 No 
Wang et al. 2001 Coronary artery disease Taiwan 218/218 No 
Colombo et al. 2002 Coronary artery disease Italy 201/114 Yes 
Yoshimura et al. 2000 Coronary artery spasm Japan 201/345 Yes 
Shima saki et al. 1998 Myocardial infarction Japan 285/607 Yes 
Hibi et al. 1998 Myocardial infarction Japan 225/357 Yes 
Ukkola et al. 2001 Diabetic atherosclerosis Finland 239/245 No 
Markus et al. 1998 Stroke, cerebrovascular disease UK 361/236 No 
Karvonen et al. 2002 Carotid artery stenosis Finland 600/600 No 
Ghilardi et al. 2002 Carotid artery stenosis Italy 88/133 No 
Noiri et al. 2002 End-stage renal disease Japan 185/304 Yes 
De Prado et al. 2002 End-stage renal disease Spain 84/93 No 
Ohtoshi et al. 2002 Diabetes mellitus Japan 233/301 No 
Yoshimura et al. 2000 Pre-eclampsia Japan 152/170 Yes 
Hefler et al. 2002 Recurrent miscarriage Austria 130/67 No 
Salvarani et al. 2002 Beh~et's disease Italy 73/135 Yes 
Fatini et al. 2002 Systemic sclerosis Italy 73/112 Yes 
Heltianu et al. 2002 Fabry's disease Romania 19/39 Yes 
Droma et al. 2002 High altitude pulmonary edema Japan 41/51 Yes 

Cohort studies in general population 

Reference Response studied Population Subjects Association 

Benjafield and Morris Hypertension Australia 112 No 
2000 
Tsujita et al. 2001 Hypertension Japan 4,055 No 
Chen et al. 2001 Hypertension USA (African 1,021 Yes 

descent) 
Lembo et al. 2001 Carotid atherosclerosis Italy 375 Yes 
Naber et al. 2001 Reduced coronary blood flow Germany 97 Yes 
Grossmann et al. 2001 Vascular response to Ach Germany 37 No 

Cohort studies in disease populations 

Reference Response studied Population Subjects Association 

Philip et al. 1999 Response to phenylephrine France 68 Yes 
in patients undergoing cardiac 
surgery 
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Table 3 (continued) 

Cohort studies in disease populations 

Reference Response studied Population Subjects Association 

Persu et al. 2002 Renal failure in patients with Belgium 173 Yes 
PCKD1 

Walker et al. 2003 HTN and renal disease in patients USA 215 No 
with PCKD 1 

French et al. 2003 Flow-limiting stenoses in patients USA 395 No 
with myocardial infarction 

Guzik et al. 2001 Vascular responses to Ach UK 104 No 
in patients with CAD 

Gomma et al. 2002 Restenosis in CAD patients with UK 205 Yes 
stents 

Ohtoshi et al. 2002 Insulin resistance in patients Japan 233 No 
with diabetes mellitus 

Viklicky et al. 2002 Graft survival in renal transplant Czech Republic No 
patients 

Jachymova et al. 2001 Resistance to treatment Czech Republic 119 Yes 
in patients with hypertension 

Family-based studies 

Reference Disease and response studied Population Subjects Association 

Via et al. 2003 Coronary artery disease Spain 101 No 

smoking (Leeson et al. 2002). In vitro, there is evidence that the Glu298Asp poly­
morphism correlates with increased platelet aggregation (Tanus-Santos et al. 
2002). 

Another approach to test the functional effects of the polymorphism has been 
in vitro or in vitro expression of the variant, to test whether it affects eNOS en­
zymatic function. Chinese hamster ovary (CHO) cells stably transfected with 
WT eNOS cDNA consistently produced greater amounts of NO than did CHO 
cells transfected with eNOS cDNA carrying the Asp298 variant, suggesting that 
the polymorphism affects NO output. Furthermore, in transfected cells, primary 
human endothelial cells, and human hearts, eNOS carrying Asp, but not Glu, at 
the 298 position was preferentially cleaved, resulting in the generation of N -ter­
minal 35-kD and 100-kD C-terminal products (Tesauro et al. 2000). Thus, this 
coding polymorphism may generate protein products with differing susceptibil­
ity to proteolytic cleavage. 

3.2.2 
Promoter Polymorph isms 

Three polymorphisms have been identified in the 5' flanking promoter regions 
of the eNOS gene. These are the T(-1468)A, T(-786)C, and A(-922)G polymor­
phisms. The designation indicates the nucleotide normally at the position, the 
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location of the polymorphism with respect to the transcription start site (de­
fined as position l), and the nucleotide present in people who carry the poly­
morphism. Thus, T(-786)C is located 786 bases upstream from the transcription 
start site of the eNOS gene, and T is the nucleotide normally found at this posi­
tion, while C is the nucleotide present in people who carry the polymorphism. 

The T(-1468)A, T(-786)C, and A(-922)G polymorphisms are linked (Nakaya­
ma et al. 1999). Pooling any of these polymorphisms as a single factor for multi­
ple logistical regression analysis, Nakayama et al. found that possession of any 
of these three eNOS promoter polymorphisms was an independent risk factor 
for coronary artery spasm. Other studies have focused on the T(-786)C poly­
morphism, and examined its association with hypertension, coronary artery 
disease, diabetes, stent restenosis, and renal failure. As with the coding poly­
morphisms, the methodologies used include case-control studies, cohort stud­
ies, and family-based approaches. Table 4 summarizes the references, disease or 
response studied, population studied, sample size, and major findings. 

Because these polymorphisms are found in the 5' flanking region of the eNOS 
gene, they cannot affect the sequence of the encoded protein. However, they 
could potentially affect levels of expression by affecting promoter function and! 
or transcript stability or function. Nakayama expressed luciferase reporter 
genes under the control of the eNOS promoter with and without the T(-786)C 
polymorphism in human endothelial cells (Nakayama et al. 1999). The wild-type 
or normal eNOS promoter with T at the -786 position showed higher activity 
than did the promoter carrying the polymorphism, with C at the same position. 
Furthermore, hypoxia-induced expression was also reduced with the T(-786)C 
polymorphism. However, using similar methodology, Wang et al. found that the 
transcription efficiency of the eNOS promoter with T at the -786 position is 
lower than the promoter with C at the position (Wang et al. 2002). The reasons 
for this discrepancy are not clear, as similar constructs, reporter genes, and hu­
man endothelial cells were used. Wang reported that cigarette smoking extracts 
significantly increase the transcription efficiency of the normal promoter, while 
the efficiency of the promoter with C at the position decreased. Thus, the T(-
786)C polymorphism may have functional effects on eNOS promoter function, 
both for basal transcriptional activity and for responses to other stimuli such as 
hypoxia or cigarette smoking. 

3.2.3 
Intron Polymorph isms 

Several polymorphisms have been found in the introns of the eNOS gene. These 
include single nucleotide variations found in intron 18 (A27C) and intron 23 
(GlOT), where the designation shows the normal nucleotide, the location within 
the intron, and variant nucleotide found in the polymorphism. These polymor­
phisms have been studied for association with hypertension in case-control 
studies, and no association was found for either one (Bonnardeaux et al. 1995; 
Lacolley et al. 1998; Miyamoto et al. 1998). 
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Table 4 Studies on association between T(-786)C promoter polymorph isms and cardiovascular diseases 

Case control studies 

Reference Disease Population Subjects Association 
(patient/normal) 

Kajiyama et al. 2000 Hypertension Japan 401/456 No 
Sim et al. 1998 Coronary artery disease Australia 633/160 No 
Granath et al. 2001 Coronary artery disease Australia 573/624 No 
Nakayama et al. 1999 Coronary artery spasm Japan 174/161 Yes 
Yoshimura et al. 2000 Coronary artery spasm Japan 201/345 Yes 
Ghilardi et al. 2002 Carotid artery stenosis Italy 88/133 Yes 
Ohtoshi et al. 2002 Diabetes mellitus Japan 233/301 No 
Fatini et al. 2002 Systemic sclerosis Italy 73/112 No 

Cohort studies in general population 

Reference Response studied Population Subjects Association 

Tsujita et al. 2001 Hypertension Japan 4,055 No 

Cohort studies in disease patients 

Reference Response studied Population Subjects Association 

Gomma et al. 2002 Restenosis in CAD patients UK 205 Yes 
with stents 

French et al. 2003 Flow-limiting stenoses in USA 395 No 
patients with myocardial 
infarction 

Ohtoshi et al. 2002 Insulin resistance in patients Japan 233 Yes 
with diabetes mellitus 

Zanchi et al. 2000 Renal failure in patients with USA 347 Yes 
diabetes mellitus 

Family-based studies 

Reference Disease Population Subjects Association 

Via et al. 2003 Coronary artery disease Spain 101 No 
Zanchi et al. 2000 Diabetic renal failure USA 132 Yes 

Another type of intron polymorphism involves the variable number of tan­
dem repeats (VNTR) found in the intron. Intron 13 contains a variable number 
of repeats of the dinucleotide sequence CA. Some studies have found associa­
tions between a high number of CA repeats and coronary artery disease (Stangl 
et al. 2000) or hypertension (Nakayama et al. 1997), although other studies have 
not (Bonnardeaux et al. 1995). 

Intron 4 contains a variable number of repeats of a 27-base sequence. Most 
individuals have five copies of the 27-base repeat, which is designated the intron 
4b VNTR, while the variant found in the polymorphism contains only four co­
pies of the repeat, designated intron 4a VNTR. Most studies do not show an as­
sociation between the intron 4a/b VNTR polymorphism and hypertension, cor-
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Table 5 Studies on association between intron polymorph isms and cardiovascular diseases 

Case control studies 

Reference Polymor- Disease Popula- Subjects Associ-
phism tion (patient! ation 

normal) 

Miyamoto et al. 1998 Intron 18, 23 Hypertension Japan 405/463 No 
Lacolley et al. 1998 Intron 23 Hypertension France 3091123 No 
Stangl et al. 2000 Intron 13 Coronary artery disease Germany 1,000/1,000 Yes 
Miyamoto et al. 1998 4a/b VNTR Hypertension Japan 405/463 No 
Yasujima et al. 1998 4a/b VNTR Hypertension Japan 166/174 No 
Shoji et al. 2000 4a/b VNTR Hypertension Japan 183/193 No 
Granath et al. 2001 4a/b VNTR Coronary artery disease Australia 573/624 No 
Pulkkinen et al. 2000 4a/b VNTR Coronary artery disease Finland 308/110 No 
Hwang et al. 2002 4a/b VNTR Coronary artery disease Taiwan 219/? No 
Yoshimura et al. 2000 4a/b VNTR Coronary artery spasm Japan 201/345 Yes 
Hibi et al. 1998 4a/b VNTR Myocardial infarction Japan 225/357 No 
Droma et al. 2002 4a/b VNTR High-altitude pulmonary Japan 41/51 Yes 

edema 
Heltianu et al. 2002 4a/b VNTR Fabry's disease Romania 19/39 Yes 
Salvarani et al. 2002 4a/b VNTR Beh\et's disease Italy 73/135 No 

Cohort studies in disease patients 

Reference Polymor- Response studied Popula- Subjects Associ-
phism tion ation 

French et al. 2003 4a/b VNTR Flow-limiting stenoses USA 395 No 
in patients with 
myocardial infarction 

Pulkkinen et al. 2000 4a/b VNTR Hypertension in patients Finland 251 Yes 
with diabetes and CAD 

Zanchi et al. 2000 4a/b VNTR Renal failure in patients United 347 Yes 
with diabetes mellitus States 

Family-based studies 

Reference Polymor- Disease Popula- Subjects Associ-
phism tion ation 

Bonnardeaux et al. Intron 13 Hypertension France 346 No 
1995 

Via et al. 2003 4a/b VNTR Coronary artery disease Spain 101 No 
Zanchi et al. 2000 4a/b VNTR Diabetic renal failure United 347 Yes 

States 

onary artery disease, or myocardial infarction. Table 5 summarizes the results 
of studies on eNOS intron polymorphisms. 

Functionally, intron polymorphisms do not affect the structure of the encod-
ed protein, as the intron sequences are spliced out during mRNA processing. 
However, alterations in intron sequences may potentially affect the rate of eNOS 
gene transcription or mRNA precursor stability, so they may affect eNOS ex-
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pression levels. Tsukada et al. measured NO byproducts in the human plasma of 
subjects with both 4a and 4b VNTRs, and found a 10%-20% decrease in sub­
jects carrying the 4a allele (Tsukada et al. 1998). Wang et al. tested the effect of 
both 4a and 4b VNTRs on transcription as an enhancer element and found dif­
ferences (Wang et al. 2002), although the functional significance of these differ­
ences is not known. 

Yoshimura et al. showed that the intron 4a allele and T(-786)C polymor­
phisms are in linkage disequilibrium (Yoshimura et al. 2000). They reported 
that by multiple logistic regression analysis, the T(-786)C polymorphism is 
more predictive for coronary spasm than the intron 4a VNTR. Thus, they sug­
gest that the linkage between the two polymorphisms may underlie weak associ­
ations seen with the intron 4 polymorphism that are in fact due to the T(-786)C 
polymorphism. 

3.3 
nNOS and iNOS Polymorph isms 

In contrast to the many studies on eNOS gene polymorphisms, there have been 
relatively few studies on polymorphisms in the nNOS or iNOS genes. The nNOS 
gene contains known polymorphisms in its promoter region, introns, and the 3' 
untranslated region. The promoter region contains a variable number of dinu­
cleotide repeats, a polymorphism that has been reported to be associated with 
Parkinson's disease (Lo et al. 2002). Intron 20 of the nNOS gene contains a vari­
able number of repeats of the trinucleotide AAT. The number of repeats appears 
to be inversely correlated with the level of exhaled NO and associated with acute 
chest syndrome in subjects with sickle cell anemia (Sullivan et al. 2001). The 3' 
untranslated region, located in exon 29 of the nNOS gene, contains a variable 
number of CA repeats, which results in heterogeneity in the size of the nNOS 
mRNA. There does not appear to be any association between this polymor­
phism and Alzheimer's disease (Liou et al. 2002). 

The iNOS gene contains two known polymorphisms in its promoter region. 
One consists ofrepeats of AAAT/AAAAT, located between 756 and 716 bases up­
stream from the transcription start site. This does not appear to be associated 
with migraine headaches (Lea et al. 2001). Another polymorphism consists of 
repeats of CCCTT. One study reported it to be associated with dementia (Xu et 
al. 2000), but another did not (Singleton et al. 2001). 

Few studies have examined the role of these or other nNOS or iNOS polymor­
phisms in cardiovascular disease. Furthermore, there have been few studies on 
the functional effects of these polymorphisms on the structure or expression 
levels of either nNOS or iNOS protein. 
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4 
Conclusions 

The NO system is complex, with the individual NOS isoforms playing distinct 
and sometime opposing roles in physiology and disease pathogenesis. Studies in 
knockout mice have demonstrated the protective roles of eNOS in maintaining 
blood flow following cerebral ischemia, and in normal vascular function, sup­
pressing the development of atherosclerosis. In contrast, nNOS-derived NO 
(early) and iNOS-derived NO (late) contributes to tissue damage and toxicity 
following cerebral ischemia. Furthermore, iNOS participates in atherogenesis by 
contributing to lipid oxidation. 

The extreme phenotypes of eNOS knockout mice indicate the importance of 
normal endothelial NO production to vascular function. They further demon­
strate that endothelial dysfunction is indeed causally related to the molecular 
mechanisms of atherogenesis. Results in eNOS knockout mice suggest that mi­
nor effects on eNOS structure, function, or level of expression, such as those 
caused by polymorphisms, may indeed affect disease susceptibility. 

Many studies on genetic association of eNOS gene polymorphisms and car­
diovascular disease have led to contradictory results. The reasons for such di­
vergent results include the different frequencies of the polymorphisms in ethnic 
populations, potentially insufficient sample size and power, spurious results 
from population stratification, and linkage disequilibrium between polymor­
phisms causally related to phenotype and those that are not. Indeed, only in few 
instances have polymorphisms been demonstrated to have a clear-cut functional 
effect on eNOS structure, function, or level of expression 

Despite these unresolved issues, the NO system is rich with molecular targets 
for intervention. These include substrate availability, cofactor availability, sub­
cellular localization and its determinants (myristoylation, palmitoylation, inter­
actions with caveolin and hsp90), regulation at key phosphorylation sites by 
Akt kinase and other kinases or phosphatases, and downstream effector mole­
cules, including guanylate cyclase and superoxide. A better understanding of 
how these targets interact in disease pathogenesis may lead to new approaches 
to disease prevention and treatment. 
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Abstract Venous thrombosis (VT) has been strongly linked to polymorphic 
variation in genes for blood coagulation and its regulation. The variants causing 
higher protein expression levels or encoding protein structure alteration affect­
ing function have mechanistically clear effects on thrombin generation or fi­
brinolysis, which correlate with increased risk of VT. About half the incidence 
of VT can be attributed to these genetic variants. The risk of VT conferred by 
possessing more than one of the prothrombotic variants is at least additive. Pre­
dictably, anticoagulants and antiplatelet agents are effective in reducing this 
risk. Arterial thrombosis, by contrast, is much less firmly associated with poly­
morphism in genes related to haemostasis or vascular biology. However recent 
studies with large, carefully selected patient and control groups have supported 
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strong associations between genetic variants of a few genes relevant to 
haemostasis or vascular integrity. Some of these polymorphisms show differen­
tial response to aspirin, which may explain conflicting results from earlier stud­
ies. Hence future studies should address therapeutic response as well as risk 
prediction. 

Keywords Venous thrombosis· Arterial thrombosis· Platelet 

1 
Introduction 

An association between genetic variation in haemostasis and risk of thrombotic 
disease has been inherently plausible since 1862 when Virchow enunciated his 
famous triad of the aetiopathology of thrombosis, namely changes in the vessel 
wall, altered blood flow or hypercoagulable blood. The first firmly established 
genetic cause of thrombosis was familial antithrombin deficiency, obviously an 
example of hyper coagulable blood (Egeberg 1965). Affected members offamilies 
segregating autosomal dominant defects in the antithrombin gene suffer from 
early onset venous thromboembolism, a clinical tendency for which Egeberg 
coined the term thrombophilia. Although a large number of essentially private 
mutations causing antithrombin deficiency have been described, it remains a 
very rare cause of thrombosis, which almost exclusively affects the large veins. 
A series of other rare causes of familial venous thrombosis were discovered dur­
ing the past 20 years, including mutations causing defects of protein C, protein 
S or fibrinogen. These will not be discussed further here as the frequency of any 
individual mutation in the general population is well below 1 % and therefore 
non-polymorphic. This chapter will first survey genetic polymorphism associat­
ed with VT and then the genetic background to arterial thrombosis will be pre­
sented. Finally implications for pharmacogenetics and directions for future re­
search will be discussed. 

2 
Polymorph isms Associated with Venous Thrombosis 

Polymorphisms associated with venous thrombosis include factor V, prothrom­
bin, factor XIIIA and factor VIII (Fig. 1). 

2.1 
Factor V 

By studying families segregating a thrombophilic phenotype, but in whom no 
previously described defect was present, Dahlback in 1993 discovered the phe­
nomenon of activated protein C resistance (APCR) (Dahlback et al. 1993).This 
was soon shown to be due to a variant of factor V with a point mutation at one 
of the activated protein C cleavage/inactivation sites, factor V R506Q, designat-
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Fig. 1 Coagulation network. Highlighted in orange boxes are gene products for which polymorphic 
variation has been linked to venous and/or arterial thrombosis. Individual coagulation factors are repre­
sented as protein module symbols, emphasizing the highly homologous structure of the principle plas­
ma factors. Positive and negative feedback reactions initiated by thrombin are shown as red and blue 
broken lines, respectively. Reactions requiring or occurring on phospholipid surfaces are contained with­
in grey boxes. In the case of the IXaN/IIa and XaNa complexes, the relevant surface is an activated 
platelet, hence linking thrombin generation to platelet activation. Not shown is the fact that thrombin 
itself is a powerful platelet activator via protease-activated receptor-l. TF, tissue factor; TM, thrombo­
modulin; PS, protein 5; Pc. protein C; y, gamma carboxyglutamic acid; EG, epidermal growth factor; KR, 
kringle; (LEer, c lectin; LamG, laminin type G; Ser Pr, serine protease; F3, fibronectin type 3. (Image cre­
ated by J. McVey) 

ed factor V Leiden by its discoverers (Bertina et a1. 1994). Factor V Leiden oc­
curs in about 5% of Europeans. In heterozygotes, it confers fourfold increased 
lifetime risk of developing venous thrombosis and this risk is enhanced by coin­
cident genetic or acquired risk factors such protein C deficiency, oral contracep­
tion, pregnancy or immobilization (Martinelli et a1. 1998). Homozygotes have a 
much further increased risk of thrombosis and can be considered as having a 
form of thrombophilia. The mutation causing factor V Leiden occurs on a single 
haplotype background and is thought to have spread through European popula­
tions due to heterozygote advantage, namely decreased risk of fatal postpartum 
haemorrhage (Zivelin B et a1. 1997). There is some evidence that another factor 
V haplotype, designated HR2, increases the risk of VT if combined with the 
Leiden haplotype in double heterozygosity (Faioni et a1. 1999). Activated protein 
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C resistance as a phenotype in the absence of factor V Leiden confers enhanced 
thrombotic risk (de Visser et al. 1999). This was partly due to elevated factor 
VIII, which increases APCR, but the risk remained after factoring out the factor 
VIII level. Hence there remain other unidentified causes of increased APCR with 
associated thrombotic risk that may be inherited or acquired. 

2.2 
Prothrombin 

The discovery of factor V Leiden prompted a search for other polymorphic vari­
ants in clotting factors linked to increased incidence of VT. So far only one such 
variant has been firmly established, the substitution of G by A at nucleotide 
20210 in the 3' UTR of the prothrombin gene. The prevalence of the A allele is 
about 2% in Caucasians and confers a 2.8-fold relative risk for VT compared to 
controls with the commoner allele G(Poort et al. 1996). The mechanistic basis of 
the enhanced risk appears to be that 20210A is associated with higher plasma 
prothrombin concentration. Although prothrombin 20210A occurs on a single 
haplotype background (Zivelin et al. 1998), the reason for its prevalence has not 
been elucidated. 

2.3 
Factor XIilA 

Factor XIII subunit A is a transglutaminase essential for normal haemostasis, 
which it promotes by cross-linking fibrin strands and thus stabilizing the clot 
mechanically and delaying fibrillolysis. A common polymorphism in the pro­
tein-coding region of FXIIIA is Val34Leu. The codon affected is three amino 
acids N-terminal of the thrombin activation site at Arg37-Gly38. Factor 
XIIIA34Leu is activated more rapidly by thrombin than FXIIIA34Val 
(Kangsadalampai and Board 1998) but paradoxically seems to protect against 
VT (Franco and Reitsma 1999) and myocardial infarction (see Sect. 2.4). A pos­
sible explanation for this may lie in the response to aspirin. It has recently been 
shown that aspirin inhibits the activation of XIIIA34Leu much more than the 
commoner Val allele(Undas et al. 2003). 

2.4 
Factor VIII 

The Leiden Thrombophilia Study(Koster et al. 1995), in a case control analysis, 
first established that elevated factor VIII plasma levels are a risk factor for VT. 
Factor VIII activity greater than 150 IU/dl was associated with a 4.8-fold in­
creased relative risk of VT (Cr, 2.3-10). Several subsequent studies have con­
firmed this association and have shown that elevated factor VIII in VT patients 
is not due to activation or chronic inflammation(O'Donnell et al. 1997). It turns 
out to be one of the commonest findings in unselected patients referred for 
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thrombophilia work-up (M. Laffan, personal communication). No polymorphic 
variation has been found in or near the factor VIII gene that can account for 
raised levels in such patients(Mansvelt et al. 1998), although the known effect of 
non-O blood group is evident and accounts for an excess of blood groups A and 
B in sufferers from VT. Further work on other quantitative trait loci with an ef­
fect on factor VIII levels may reveal the polymorphisms that control the wide 
normal range of this factor, which does show familial clustering (Schambeck et 
al. 2001) and can therefore be assumed to be under genetic control. 

3 
Polymorphisms Associated with Arterial Thrombosis 

3.1 
Fibrinogen 

There is consistent and strong evidence for an association between elevated 
plasma levels of fibrinogen and arterial disease (Meade et al. 1986). Smoking el­
evates fibrinogen levels (Meade TW et al. 1987), which links smoking to 
haemostasis, but otherwise there is no mechanistic or statistical correlation be­
tween variation at the fibrinogen gene locus and arterial disease. 

The fibrinogen gene locus consists of three linked genes in the order y, a, {3. 
There are multiple polymorphic sites in all three genes but most studies have 
focussed on the {3 gene. In the ECTIM study(Behague I et al. 1996), -455G/A was 
strongly associated with plasma levels (p<0.0003), but the association was only 
found in smokers. The rarer allele of -455G/A was associated with more severe 
coronary artery disease but not with myocardial infarction. Numerous studies 
on fibrinogen and arterial disease are well summarized in an excellent re­
view(Lane and Grant 2000), where the authors conclude that "The most striking 
point about these association studies is their inconsistency in relating genotype, 
fibrinogen level and arterial disease". Another extensive review (Simmonds et 
al. 2001) reached the same conclusion. It is also telling that a very large recently 
published study of 112 candidate gene polymorphisms from Japan(Yamada et 
al. 2002) failed to find any association between {3 fibrinogen polymorphism and 
myocardial infarction. 

3.2 
Factor VII 

Studies on factor VII and cardiovascular risk have been plagued by similar 
problems to those noted above for fibrinogen, namely, that no clear connection 
has been established between genotype and disease, despite there being a clear 
association of certain polymorphisms and plasma levels of the factor. An early 
study(Meade et al. 1986) found that elevated plasma levels were predictive of 
death but subsequent studies have not been consistent in regard to this relation­
ship. Also, there are technical difficulties in the plasma assays, which make dif-
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ferent studies hard to compare. Investigators have therefore sought an associa­
tion between polymorphisms at the factor VII locus and arterial disease. Of 
many studies (summarized in reviews by Lane and Grant 2000; Simmonds et al. 
2001), only one has found such an association (Iacovello et al. 1998), where 
Arg353 plus intron7 HVR4 was predictive of myocardial infarction. Again it is 
noteworthy that the large Japanese study of myocardial infarction(Yamada et al. 
2002) found no such association, but this discrepancy may be due to the differ­
ent populations under study (Italian vs Japanese). 

3.3 
Factor XIII 

As noted above, fibrin-stabilizing factor is a transglutaminase essential for nor­
mal haemostasis. Cross-linked fibrin produced by its action is more resistant to 
fibrinolysis; hence lower levels of factor XIII activity might be expected to be 
protective against thrombosis. 

A common polymorphism in the A chain of factor XIII (the chain containing 
the active enzyme) Val34Leu affects the enzyme activity. Factor XIII34Leu is 
more rapidly activated by thrombin, but the specific trans glutaminase activity 
of the product is the same as that of factor XIII34Val. However, the porosity of 
the clot produced in 34Leu plasma is lower. Paradoxically, factor XIII34Leu has 
been found to be protective against myocardial infarction (Kohler et al. 1998). A 
resolution to this paradox may be found in the recent observation that aspirin 
causes a more pronounced inhibition of activation of factor XIII in 34Leu carri­
ers than 34Val carriers (Dndas et al. 2003). 

3.4 
PAI-l 

PAI-l is the main inhibitor of tissue plasminogen activator (tPA) in plasma, 
where it exists in molar excess over tPA. Congenital deficiency of PAI-l is asso­
ciated with a haemorrhagic tendency. Increased levels of PAI-l are consistently 
associated with risk of myocardial infarction (Thogersen et al. 1998). The 
polymorphism that accounts for this association is now clearly identified as -
675 4G/5G, with the 4G allele being linked to higher plasma levels and higher 
risk. The recent study from Japan (Yamada el al. 2002) found an association of 
4G-675 with MI significant at p<O.OOI in women but not in men, conferring a 
risk ratio of 1.6 (1.2-2.1). Although small, this risk is certainly convincing in 
Japanese women. The only study of similar power in Europeans(Gardemann et 
al. 1999) showed a similar elevated risk ratio of 1.31 (1.04-1.65) for coronary ar­
tery disease in subjects with the 4G allele, which also interacted with smoking 
and hypertension to elevate the severity of atheroma in the European study. It 
has also been noted that almost 50% of the variance in PAI-l levels may be at­
tributed to the insulin-resistant state in men, making that more important than 
polymorphic gene variants(Henry et al. 1998). 
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3.5 
Platelet Membrane Glycoprotein lib/ilia 

When activated, this receptor binds fibrinogen, von Willebrand factor and vit­
ronectin. Platelet-to-platelet cross-linking via GPIIb/IIIa receptors and fibrino­
gen is the principle mechanism of platelet aggregation. The first report of a 
polymorphism in GPIIb/IIIa linked to myocardial infarction or unstable angina 
was that of Weiss et al.(1996), who found that Pr033 (PLA2) was over-represent­
ed in cases compared to normal controls (39.4% vs 19.1 %). This small study (71 
cases and 68 controls) led to many other studies of varying size with inconsis­
tent results (reviewed in Lane and Grant 2000 and Simmonds et al. 2001). The 
large Japanese study(Yamada et al. 2002) found no association. Again an expla­
nation of this paradox may lie in the recent observation that the presence of the 
PiA2 allele is associated with enhanced thrombin formation and an impaired 
antithrombotic action of aspirin, which might favour coronary thrombosis in 
the PiA2 carriers (Undas et al. 2001) (Fig. 2). Hence future studies need to take 
into account not only the PLA genotype but also the history of aspirin usage in 
subjects and controls. 

3.6 
Platelet Membrane Glycoprotein Ib-IX-V 

Although four gene products comprise the GPlb-IX-V complex, which is essen­
tial for platelet adhesion to surfaces under high shear, only polymorphisms in 
the GPlba gene have been studied in relation to arterial disease. The so-called 
macroglycopeptide region of the GPlba gene contains a 39-bp variable number 
tandem repeat coding for 13 amino acids, which may be present in 1, 2, 3 or 4 
copies. No influence on platelet function has been reported but an association 
with ischaemic heart disease was found in one study(Murata et al. 1997). Other 
studies found no such association (reviewed in Simmonds et al. 2001). 

Another polymorphism in the GPlb a gene is located within the Kozak 
sequence immediately upstream of the initiator codon at -ST/C. This poly­
morphism was reported to have has a major effect on receptor density(Afshar­
Khargan et al. 1999). A subsequent study denied such an effect(Corral et al. 
2000). Although the jury is out in regard to the phenotypes produced by the 
Kozak variants, a recent study(Douglas et al. 2002) found a strong association 
between the TT genotype and myocardial infarction (p<O.OO1). Paradoxically, 
this is the genotype expected from in vitro studies to confer lower expression of 
the receptor. Unfortunately, the Kozak polymorphism was not included in the 
Japanese study of 112 polymorphisms but the VNTR was and showed no signif­
icant association with myocardial infarction (Yamada et al. 2002). 

Hence it may be concluded that at this point further studies are needed on 
the phenotypic effect of these polymorphisms, their association with arterial 
disease and the effect of anti-platelet agents before firm conclusions can be 
reached. 
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Fig.2 A Immunoblots of prothrombin in PIAl A 1 (top) and PIAl A2 (bottom) subjects. A lines show 
bleeding-time blood samples taken before low-dose aspirin (ASA) ingestion; B lines show samples after 
aspirin ingestion. B Quantitative analysis of prothrombin consumption showing concentrations of pro­
thrombin in 12 PIA lA7 subjects (triangles) and in 12 PIA2 carriers (diamonds) before (open symbols) and 
after aspirin treatment (closed symbols). ( Time courses for thrombin-antithrombin III complex (TAT) 
formation showing concentrations of thrombin- antithrombin III complexes in 12 PIA lA I subjects (trian­
gles) and in 12 PIA2 carriers (diamonds) before (open symbols) and after aspirin treatment (closed sym­
bols) . Values are plotted as means ± SEM. (Reproduced from Undas et al. 2001, with permission) 
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3.7 
Platelet Membrane Glycoprotein la/lla 

This receptor is responsible for platelet activation caused by contact with colla­
gen. It is present at a wide range of surface densities in platelets from normal 
individuals. A polymorphism in the fa gene, B07C/T (a silent exonic dimor­
phism), is strongly associated with receptor density and with myocardial infarc­
tion and stroke in the young (Santoso et al. 1999). There also seem to be gene­
environment interactions for this polymorphism (reviewed in Simmonds et al. 
2001). Nevertheless, no robust association with myocardial infarction was found 
in Japanese subjects for this polymorphism{Yamada et al. 2002). It still remains 
for fully joined up studies to be performed in which phenotype, genotype, drug 
effect and environmental interaction are all taken into account. 

3.8 
Connexin 37 

This protein is intimately involved in gap-junctional communication between 
endothelial cells. A polymorphism at 1019C/T has been the focus of several 
studies. The C allele was over represented in men with atherosclerotic plaques 
in a small Swedish study (Boerma et al. 1999). However, in Japanese men, the T 
allele of connexin 37 was highly significantly associated with myocardial infarc­
tion (p<O.OOl) and was the only such association detected out of 112 genetic 
polymorphisms in different genes that were screened (Yamada et al. 2002). 

3.9 
Stromelysin-l 

This protein (otherwise known as matrix metalloproteinase 3) is important in 
vascular matrix metabolism (see the chapter by Henney, this volume). A poly­
morphism at -1171 SA/6A emerged as one of only two highly significant associ­
ations for myocardial infarction (p<O.OOl) in Japanese women{Yamada et al. 
2002), the other being PAl-I. Furthermore, the 6A/6A genotype vs the SA/SA 
gave a risk ratio of 4.9, the highest in the whole study and one of the highest 
claimed for a polymorphism in arterial disease. This association has been 
strongly confirmed in a prospective study by Humphries et al. (2002), who also 
found enhanced risk associated with the SA/6A and 6A/6A genotypes. However, 
whereas the risk was modestly increased in the latter by smoking, it was greatly 
increased in the SA/SA group by smoking. 

4 
Conclusions and Relevance to Pharmacogenetics 

In an ideal world of rational therapeutics, decisions as to prophylaxis and treat­
ment would take into account genetic predisposition, drug interaction, environ-
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mental factors and their several interactions, before prescribing lifestyle advice 
and/or treatment. In regard to venous thromboembolism, this ideal situation is 
plausibly approaching if not actually already here. Thrombophilia screening 
now identifies clear polymorphic risk factors such as factor V Leiden in more 
than half of patients so screened. The genotype is directly correlated with a 
mechanistically clear prothrombotic phenotype for two of the polymorphisms, 
and rational therapy to correct the phenotype is available. Advice as to type and 
length of anticoagulant and/or antiplatelet treatment can be based on estab­
lished recurrence risks. However, the treatment currently available is not yet 
ideal in that warfarin requires regular monitoring and lowers natural anticoagu­
lant levels as well procoagulant factors. This is likely to change soon with the 
introduction of orally active direct thrombin inhibitors such as ximelagatran. 
The genetic basis of elevated factor VIII levels has not yet been established, but 
the phenotypic assays are straightforward and the risk of recurrence has been 
quantified(Kyrle et al. 2000). No drug that directly inhibits factor VIII is cur­
rently available but the finding that this is a very common risk factor should 
stimulate the search for such agents. 

Arterial disease has proved to be an elusive target for identification of robust 
genotypic and phenotypic correlations. No doubt this is due to the highly poly­
genic nature of arterial degenerative disease and the strong effect of environ­
mental factors, which by their interaction with varying genotypes can conceal 
genetic predispositions. Most studies have been underpowered and/or did not 
attempt to join up genotype, phenotype, environmental variables and concur­
rent drug treatment. This situation is now changing and several strong, mecha­
nistically plausible correlations have been reported. The most promising of 
these are PAI-l -675 4G/5G, GPIIb/IIIa 33Leu/Pro, GPIba Kozak -5T/C, connex­
in 37 1019C/T and stromelysin-l -1171 5A/6A polymorphisms. The first two 
and stromelysin-l show strong environmental interaction with smoking, under­
lining the importance of lifestyle modification. In relation to GPIIb/IIIa, another 
confounding factor is the response to aspirin, also noted for factor XIII 34Val! 
Leu. This observation may be taken as a stimulus to develop or identify anti­
platelet agents that are effective in the presence of the aspirin-resistant alleles. 

The importance of the PAI-l polymorphism highlights the fact that we do 
not currently have effective fibrinolytic drugs that are orally active and can be 
safely taken for prolonged periods, which should make this a target for future 
drug development. In regards to the vascular wall polymorphisms, connexin 37 
and stromelysin-l, the mechanism of association and therefore appropriate 
treatment are presently unclear, but the strong risk found must be a stimulus to 
further targeted pharmaceutical research. The finding of these latter risk associ­
ations confirms the first item of Virchow's triad: changes in the vessel wall. It is 
certainly in line with the most progressive expectations of the genome project 
(Chakravarti and Little 2003), that large scale risk association studies be under­
taken, using high-throughput genetic methods to simultaneously ascertain hun­
dreds of candidate gene polymorphisms in population groups and appropriate 
controls, who have also provided samples for phenotype assays and whose cur-
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rent drug treatment, diet and lifestyle are well monitored. Undoubtedly these 
are expensive and demanding studies to organize, but the yield in terms of ra­
tional therapeutics must surely justify them in terms of effective prevention and 
treatment strategies for the future. 
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Abstract Atherosclerosis and its complications arise largely as a result of in­
flammatory processes. A key component of this response is the emigration of 
mononuclear cells into the blood vessel wall, which is orchestrated by adhesion 
molecules expressed both on leukocytes and on endothelium. Over the last few 
years, these molecules have been extensively studied, leading to a well-described 
paradigm of leukocyte recruitment, termed the adhesion cascade. Adhesion 
molecule families are classified according to structure and function and, broadly 
speaking, are genetically well conserved across species. However, it has become 
apparent that in human genetics variations exist within a number of these mole­
cules. In some cases, these variations have been directly associated with the de­
velopment or worsening of inflammatory disease and in others a functional mo-
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lecular significance has been elucidated. Only recently has pharmacological in­
hibition of adhesion molecules been successful in human disease, although a 
number of experimental models exist utilizing both monoclonal antibodies and 
small molecule inhibitors. As yet, examination of the effects of genetic factors 
on such treatments has not been reported. As both the appreciation of the im­
portance of genetic variations of adhesion molecules increases and the develop­
ment of specific therapies further expands into the clinical arena, it seems possi­
ble that both will be of importance in the diagnosis and management of 
atherosclerotic disease. 

Keywords Adhesion molecule· Polymorphism· Selectin . Integrin . 
Immunoglobulin superfamily· Leukocyte· Endothelium 
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1 
Introduction 

Over the last few years, it has become clear that atherosclerosis and its compli­
cations are inflammatory processes, characterized by dysfunctional leukocyte­
endothelial cell (EC) interactions and mononuclear infiltration into arterial tis­
sues (Ross 1999). Leukocyte extravasation into tissues occurs through a step­
by-step process, involving initial tethering from free flow, rolling on the endo­
thelial surface (mediated in large part by selectins and their ligands), stable ad­
hesion (mediated in the main by integrins and their ligands), and transendothe­
lial migration. The adhesion molecules that mediate these interactions can be 
classified into families based on molecular structure (Springer 1995). Differ­
ences in structure influence function, as established from observations ofleuko­
cyte attachment in vitro using flow chambers or in vivo using intra-vital micros­
copy. The sequence of molecular interactions leading to leukocyte emigration 
has been termed the adhesion cascade (Fig. 1). 

The multi-step paradigm of leukocyte-EC interactions helps explain the 
striking heterogeneity of leukocyte infiltrates seen at sites of inflammation. 
Broadly speaking, acute inflammatory stimuli give rise to predominantly granu­
locytic infiltrates (neutrophilic in response to bacteria and eosinophilic in re­
sponse to allergens and protozoa). On the other hand, sub-acute and chronic re­
sponses are extremely variable, giving rise to mixed populations of myeloid and 
lymphoid cells in tissues that organize over time into recognized special distri­
butions. Similarly, lymphoid organs have a complex morphology, through which 
distinct sub-populations of circulating lymphocytes continuously traffic. The 
potential of a given leukocyte to extravasate is determined by the sequential 
and/or parallel interaction of several adhesion molecule pairs, the participation 
of which is determined by the local microvascular environment. 

Genetic influences could impact on the expression and/or function of any of 
a number of adhesion molecules and thus affect the number or type of leuko-
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Fig. 1 The leukocyte-endothelial cell adhesion cascade. The schematic demonstrates the important ad­
hesion molecules involved in the extravasation of leukocytes. Their precise functions are outlined in 
more detail in the text. Flow is from left to right and migration through the endothelium and basement 
membrane is denoted downwards 

cytes recruited to inflammatory foci . The main focus of this review is on the im­
pact of genetic variations in adhesion molecules on atherosclerosis-related car­
diovascular disease. In some instances, we have highlighted potential associa­
tions with other diseases, particularly where polymorph isms have been found 
to influence function. A detailed description of the biological role of each pro­
tein is beyond the scope of the review. 

2 
Selectins 

Selectins mediate early adhesion events between leukocytes and activated endo­
thelium (Kansas 1996). There are three selectins (L-selectin on leukocytes, E-se­
lectin on activated ECs and P-selectin on activated ECs and platelets), encoded 
by genes (SELL, SELE, and SELP, respectively) that lie in a 150-kb-length 
segment of the long arm of human chromosome 1, lq24.2 (www.emsembl.org; 
Watson et al. 1990). In each of the select in genes, a lectin domain is coded with­
in a single exon, followed by the epidermal growth factor (EGF)-Iike domain, a 
number of short consensus repeats (each contained in a single exon), a trans­
membrane domain and a cytoplasmic domain. The chromosomal location of se­
lectin genes places them within overlapping susceptibility intervals linked to au­
toimmune diseases, systemic lupus erythematosus (SLE), multiple sclerosis 
(MS), type I diabetes mellitus, and inflammatory bowel disease. Polymorphisms 
have been characterized in each of the three selectin genes and in some in­
stances have been associated with cardiovascular disease. Since there is strong 
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linkage disequilibrium across the whole selectin gene cluster, it is difficult to 
confidently relate disease to individual polymorphisms (Takei et al. 2002; A.I. 
Russell, T.J. Vyse, unpublished data). 

2.1 
P-Selectin 

Vascular endothelial expression of P-selectin is increased in atherosclerotic pla­
ques (Johnson-Tidey et al. 1994). Furthermore, P-selectin knock-out mice show 
protection from atherosclerosis, due both to EC and platelet P-selectin deficien­
cy (Johnson et al. 1997; Burger and Wagner 2003). Following expression on the 
cell surface, a proportion of P-selectin molecules are shed into the circulation, 
where they may have a procoagulant effect (Andre et al. 2000). 

The SELP gene consists of 17 exons extending over 50 kb. Hermman et al. 
(1998) sought genomic variation in the SELP coding sequence and approximate­
ly 2 kb of the 5'-flanking region (likely to harbor regulatory elements). In 40 
chromosomes from survivors of myocardial infarction (MCI), 13 single nucleo­
tide polymorphisms (SNPs) were identified, including four non-synonymous 
changes. Strong patterns of linkage disequilibrium and conserved haplotypes 
were evident across SELP. The SNPs were genotyped in 647 French and North­
ern Irish male survivors of MCI and 758 age-matched controls within the Etude 
Cas-Temoins de L'Infarctus du Myocarde (ECTIM) study. The minor Pro715 al­
lele of the Thr715Pro polymorphism, which lies in the ninth consensus repeat 
domain, was significantly under-represented in the patient group compared to 
that of controls in both populations (Pc<0.02), independent of traditional risk 
factors for coronary artery disease (CAD). Interestingly, this allele was signifi­
cantly less common in the French subjects. 

The protective effect of Pro715 was confirmed in the ECTIM extension study, 
which notably also contained a large number of female cases (Kee et al. 2000). 
However, the retrospective nature of this study limits interpretation, since un­
der-representation of Pro715 in the survivors examined might have been due to 
increased mortality from MCI. No association between this allele (or two 5' 
flanking SNPs) and stable or unstable angina was evident in a large cohort of 
Germans (Barbaux et al. 2001). 

2.2 
E-Selectin 

The E-selectin gene (SELE) consists of 14 exons spanning 13 kb of DNA. The 
most extensively characterized polymorphism is an A --->C transversion at nucle­
otide 561 in exon 4, resulting in a non-conservative serine to arginine substitu­
tion at amino acid 128 (Wenzel et a1.1994). The minor 128R allele has been asso­
ciated with early-onset and angiographically severe atherosclerosis in indepen­
dent cross-sectional studies in Caucasian populations (Wenzel et al. 1994; Ye et 
al. 1999). This allele has also been found to be over-represented in two cohorts 



The Influence of Genetic Factors on Leukocyte and Endothelial Cell Adhesion Molecules 327 

of patients that developed post-angioplasty restenosis (Rauchhaus et aL 2002), 
and to be positively associated with coronary artery calcification in women be­
low 50 years of age (Ellsworth et aL 2001). Although a recent study from Japan 
failed to find the 128R allele associated with myocardial infarction (Yamada et 
aL 2002), the 128R allele may be less common in Japanese subjects (Takei et aL 
2002). 

The S128R polymorphism has also been associated with systemic lupus ery­
thematosus (SLE) (EI Magadmi et al. 2001), a disease in which coronary artery 
disease and stroke are increasingly important causes of late morbidity and mor­
tality (Urowitz et aL 2000). This raises the intriguing possibility of shared patho­
genic pathways in these vascular diseases. Interestingly, Amoli et aL (2002) 
failed to find an association between S128R E-selectin and large or small vessel 
vasculitis. 

Functionally, the E-selectin S128R polymorphism has been the subject of a 
number of reports. While the crystal structures of E-selectin (Graves et aL 1994) 
and E-selectin bound to its carbohydrate ligand sialyl Lewisx (sLeX) (Somers et 
aL 2001) have shown that sLex binds the lectin domain at its apex, two lines of 
evidence suggest that this polymorphism is functionally relevant: 

1. The EGF domain is necessary for optimal E-selectin adhesive function 
(Pigott et aL 1991) and, by extrapolation from studies on P- and L-selectin, 
may critically influence ligand-binding specificity and/or affinity (Kansas et 
aL 1994; Dwir et aI., 2000) 

2. An E-selectin 128R fusion protein demonstrated altered specificity of in vit­
ro binding to myeloid cells lines under static conditions when compared to 
E-selectin 128S (Revelle et al. 1996). Thus, the 128R mutation led to binding 
of E-selectin to K562 cells, which do not express fucosyl-transferase IV or 
VII, do not express sLeX, and are not able to bind E-selectin 128S (Revelle et 
al. 1996). 

We have recently shown that enhanced interactions between E-selectin 128R 
and myeloid cell lines also occur under physiological flow conditions, and that 
neutrophil adhesion is similarly affected (Rao et al. 2002). Moreover, in our 
studies E-selectin 128R was found to bind a broader range of lymphocytes than 
that which binds E-selectin 128S (Rao et al. 2002). Normally, E-selectin binding 
to T lymphocytes is restricted to a subpopulation of memory cells, which ex­
press the cutaneous lymphocyte antigen (CLA) and which home to skin. In con­
trast, E-selectin 128R bound an additional population of CLA-negative memory 
lymphocytes, raising the possibility that this polymorphism might affect the 
control of immune responses by causing lymphocytes to be recruited inappro­
priately into inflamed tissues. A more recent study has reiterated these findings 
for neutrophil and mononuclear cell attachment to ECs following transduction 
with adenovirus encoding 128S or 128R E-selectin (Yoshida et al. 2003). Inter­
estingly, the authors also observed a greater degree of constitutive phosphoryla­
tion of extracellular signal-related kinase (ERK)-l and -2 and p38 mitogen-acti-
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vated protein kinase (MAPK) in ECs transduced with 128R E-selectin compared 
to 128S, suggesting the polymorphism may influence E-selectin-mediated intra­
cellular signaling. 

The 5' untranslated region of SELE contains a polymorphic variant, 98G> T, 
which has also been found to be associated with early-onset CAD (Zheng et al. 
2001). Non-conservative leucine for phenylalanine exchange at nucleotide 554 
(L554F) results from 1,839C>T in exon 11. As this region encodes the trans­
membrane domain, this SNP could disturb the anchoring or orientation of the 
protein within the cell membrane. The minor T allele has been associated with 
early atherosclerosis (Wenzel et al.1996), whilst on the other hand the major C 
allele was over-represented in French patients with atherosclerosis (Sass et al. 
2000). 

2.3 
L-Selectin 

There are a number of polymorphisms in the L-selectin gene, but so far none 
have been directly associated with cardiovascular disease. There are reports of 
associations of L-selectin polymorphisms with IgA nephropathy and with type I 
diabetes mellitus (Kretowski and Kinalska 2000; Takei et al. 2002). 

3 
Selectin Ligands 

Selectins are cell surface lectins, and bind glycoproteins (and possibly glycol­
ipids). The capacity of specific glycoproteins to bind selectins is determined 
both by their protein backbone as well as by their glycosylation. 

3.1 
P-Selectin Glycoprotein Ligand-1 

P-selectin glycoprotein ligand-l (PSGL-1) is the principle leukocyte ligand for 
P-selectin and also binds E-selectin and L-selectin (McEver and Cummings 
1997). It is a homodimer of approximately 250 kDa, made up of two mucin-like 
subunits. The protein core of each subunit consists of a series of decameric re­
peat sequences, similar to those observed in the structurally similar platelet 
molecule, glycoprotein GpIb-alpha. Recently, three PSGL-l alleles have been 
described, encoding a variable number of tandem repeat sequences (VNTR) 
(Afshar-Khargham et al. 2001). The A allele is the most common (16 repeats), 
the B allele has 15 and the C allele has 14 repeats. In small cohorts of Spanish 
patients, smaller VNTR alleles were significantly associated with reduced risk of 
cerebrovascular disease, whereas no associations were detected with CAD or 
deep vein thrombosis (Lozano et al. 2001). These interesting preliminary results 
require replication before firm conclusions may be drawn, and no studies have 
as yet included combined analysis of both selectin and ligand polymorphisms. 



The Influence of Genetic Factors on Leukocyte and Endothelial Cell Adhesion Molecules 329 

It is possible that the number of VNTRs may influence PSGL-1 function, as 
binding of activated platelets to neutrophils from individuals with the AlC allele 
was reduced compared to neutrophils from individuals with either AlA or AlB 
alleles present (Lozano et al. 2001), 

3.2 
Leukocyte Adhesion Deficiency Type II 

In the rare leukocyte adhesion deficiency type II (LAD-II), neutrophil selectin 
ligands (e.g., PSGL-1) are inappropriately post -translationally modified, result­
ing in defective leukocyte rolling on endothelium. Affected individuals suffer 
from recurrent infections despite a marked leukocytosis, abnormalities in 
growth and psychomotor retardation, hypotonia, seizures, strabismus as well 
red blood cells lacking the H antigen (the Bombay phenotype) (Etzioni and 
Tonetti 2000). This condition has been recently classified as part of a wider 
spectrum of disorders as congenital disorder of glycosylation type II-e. The mo­
lecular abnormality is a defect in GDP-fucose biosynthesis and more specifically 
a defect in a GDP-fucose transporter (FUCTl), responsible for transport of fu­
cose into the Golgi (Karsan et al. 1998). Missense mutations have been identified 
in the fourth (C439T) and ninth transmembrane domains (C923G) (LUbke et al. 
2001; Liihn et al. 2001). LAD-II is a childhood disease, and it is not known 
whether it has any influence on the development of cardiovascular disease. 

4 
Immunoglobulin Superfamily 

The immunoglobulin supergene family consists of a large number of molecules 
that are structurally related to antibodies (Williams and Barclay 1988; Wang and 
Springer 1998). Within this family falls a sub-group of molecules (ICAM-1, -2, 
-3, VCAM-l, MadCAM-l, PECAM-1), which act as adhesion ligands for inte­
grins. 

4.1 
ICAM-1 

Intercellular adhesion molecule-1 (ICAM-1) plays a major role in normal im­
mune function, acting as the ligand for the lymphocyte function-associated an­
tigen 1 (LFA-l, CDlla/CDl8) and macrophage antigen 1 (Mac-I, CDllb/CDl8). 
Besides contributing to leukocyte extravasation, ICAM-l also supports leuko­
cyte effector function and lymphocyte proliferation (van de Stope and van der 
Saag 2001). ICAM-l is the major human rhinovirus receptor (Greve et al. 1989) 
and also binds Plasmodium Jalciparum-infected erythrocytes (Berendt et al. 
1989; Ockenhouse et a1.l992). The encoding gene for this protein (ICAMl) is a 
seven-exon structure, which maps to 19p13.3-13.2, within a cluster of genes for 
other immunoglobulin superfamily members. 
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Two coding SNPs in [CAMl immunoglobulin domains are known in Cau­
casian populations: G24lR, a very rare substitution in the Mac-1 binding site 
(exon 4) and the more frequent K469E in the fifth immunoglobulin-like domain 
(exon 6) (Vora et al. 1994). These polymorphisms have been examined in nu­
merous small case-control association studies in different clinical conditions, 
yet the functional implications of these variants are unknown. 

The genetic epidemiology of ICAM1 polymorphisms and atherosclerosis is 
inconsistent. Jiang et al. (2002) report a significant increase in the E469 allele in 
patients with both stable CAD and MCI (p<O.OO1), and homozygosity for E469 
may be a risk factor in peripheral arterial occlusive disease (Gaetani et al. 2002). 

Transplant-associated coronary disease (TxCAD) is a leading cause of late 
graft loss. A small study of TxCAD in UK heart transplants found a borderline 
significant protective effect of the E469 allele of the cadaveric donor and a trend 
to reduced frequency of this allele in a sub-group defined by multiple rejection 
episodes (Borozdenkova et al. 2001). In a study of the analogous process in renal 
transplants, chronic renal allograft failure (CRAF), the rare R24l allele was in­
creased in CRAF patients compared to long-term survivors and healthy controls 
(McLaren et al. 1999). The distribution of E469 was uniform and although this 
allele was associated with rapid graft loss, this finding is of questionable signifi­
cance given the small number of patients involved. Clearly prediction of those at 
increased risk of graft rejection would be of great clinical value, but it is prema­
ture to advocate [CAMl genotyping as part of the pre-transplantation assess­
ment. Large-scale collaborative studies will be necessary in order to recruit suf­
ficient cases to adequately address this issue. 

Positive associations with the G24lR and/or K469E polymorphisms have also 
been observed in a number of inflammatory diseases, including Beh~et's syn­
drome (Verity et al. 2000), inflammatory bowel disease (Braun et al. 2001) and 
rheumatoid arthritis (Macchioni et al. 2000). Conflicting findings have been re­
ported in type 1 diabetes mellitus (Kristiansen et al. 2000; Nejentsev et al. 2000; 
Nishimura et al. 2000), multiple sclerosis (Marrosu et al. 2000; Mycko et al. 
1998) and polymyalgia rheumatica/giant cell arteritis (Salvarani et al. 2000; 
AmoIi et al. 2001). 

Binding of erythrocytes infected with Plasmodium falciparum to small vessel 
endothelium may contribute to the virulence of this organism. This process 
may be mediated by a number of receptors, including adhesion molecules such 
as E- and P-selectin, VCAM-1 and ICAM-I. Fernandez-Reyes et al. (1997) de­
fined genomic variation in the N-terminal immunoglobulin domain of the 
[CAMl gene in 24 asymptomatic children from Kilifi, Kenya, an area where ma­
laria is endemic. A single mutation was observed at nucleotide l79A>T; this 
specifies a lysine to methionine exchange (K29M), which the authors named 
ICAMl Kilifi. This variant was observed with an allele frequency of -0.3 in Kenya 
and the Gambia, but was absent in Europeans. Results from a case-control asso­
ciation study suggested that the ICAM1 Kilifi is a dose-dependent risk factor for 
cerebral malaria. In contrast, no association was found between leAM1 Kilifi and 
severity of malaria in the Gambia (Bellamy et al. 1998). Amino-acid 29 lies at 
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the N-terminal ofICAM-l, and M29 ICAM-l shows reduced binding ofT lym­
phocytes, fibrinogen and some strains of Plasmodium Jalciparum-infected 
erythrocytes (Craig et al. 2000). The selective advantage of the M29 ICAM-l is 
not clear, and it will be interesting to determine whether it protects from athero­
sclerosis and auto-immune diseases. 

4.2 
VCAM-l 

Mutation screening of the VCAMl gene in Caucasians suggests that the VCAM-l 
protein is non-polymorphic in this population (Wenzel et al. 1996). In contrast, 
Taylor et al. (2002) have recently described 33 biallellic SNPs in African-Ameri­
cans, and have proposed that the non-synonymous mutation Gl238C may be as­
sociated with protection from stroke in sickle cell disease. Although it is not 
known whether G1238C influences function, the association between a VCAM-l 
polymorphism and vascular complications of sickle cell disease is potentially 
relevant as sickle cell erythrocytes express the VCAM -I ligand a4f31 integrin and 
may bind VCAM-I expressed by cytokine-activated EC (Gee and Platt 1995). 

4.3 
PECAM-l 

PECAM -I (CD31) expression is widely distributed on ECs, circulating platelets, 
myeloid cells, and some T lymphocytes. PECAM-1 probably therefore con­
tributes to disparate pathological processes including thrombosis, hemostasis, 
immunity, and the inflammatory response. 

The gene encoding PECAM-1 (PECAMl) is located at 17q23 and is highly 
polymorphic, containing a CA repeat in intron 6 and a number of coding SNPs 
(cSNPs). By direct sequencing of PECAM, cDNA derived from 21 normal indi­
viduals, Behar et al. identified a high-frequency non-synonymous C-+G poly­
morphism, which results in a conservative leucine-to-valine exchange at residue 
125 within the first extracellular domain (Behar et al. 1996). When 46 bone mar­
row transplant (BMT) recipients and their HLA-matched sibling donors were 
genotyped for this SNP, 71 % of those with acute graft versus host disease 
(GVHD) were discordant at this locus. Although this association was confirmed 
in a cohort of 118 BMT patients (Grumet et al. 2001), two further equally pow­
ered studies yielded null results (Nichols et al. 1996; Maruya et al. 1998). How­
ever, Maruya et al. (1998) identified two novel linked cSNPs, Asn563Ser and 
Gly670Arg, which were associated with graft versus host disease, a result inde­
pendently confirmed in at least two cohorts (Balduini et al. 2001; Grumet et al. 
2001). The relative importance of non-identity at the PECAMl locus in this im­
portant complication of BMT is therefore unclear and further work is needed. 
The strong linkage disequilibrium (LD) between these SNPs clearly complicates 
association studies and haplotype analyses would aid discrimination of the etio­
logical alleles. 
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Studies examining PECAMl genotype in atherosclerosis have proved similar­
ly inconclusive. Wenzel et al. (1999) reported a significant increase in Va1125/ 
Asn563 homozygosity in German patients with early atherosclerosis compared 
to controls, and minor effects have also been reported in a large Caucasian co­
hort (Gardemann et al. 2000). Conversely, when these SNPs were examined in a 
group of 136 Japanese patients with MCI and 253 controls, homozygosity for 
the 563Serl670Arg haplotype was increased in the myocardial infarction patient 
group compared to controls (Sasaoka et al. 2001). These contrasting results 
could result from racial differences in the pathogenesis of atherosclerosis, or 
could reflect LD patterns between the PECAMliocus and a true etiological poly­
morphism. On the other hand, it is possible that this contradiction is due to the 
inadequate power of small, cross-sectional studies. 

5 
Integrins 

The integrins constitute a large family of non-covalently linked af3 heterodimer­
ic glycoproteins (subunits of 95-200 kDa) that are so named because of their in­
tegral function in connecting the intracellular cytoskeleton with the extracellular 
environment. One or more integrins is found on most animal cell types, with 
the characteristics of the integrin(s) affecting the other cells and matrix compo­
nents with which the cell can interact. lntegrins play an essential role in the mi­
gration and function ofleukocytes, with a4 integrins (e.g., VLA-4) and f32 inte­
grins (e.g., LFA-l, Mac-I) particularly important for leukocyte-EC interactions 
(Harris et al. 2000). As yet no functionally significant genetic variations of VLA-
4 have been described. 

5.1 
/h Integrins 

Absent or severely reduced «10%) f32 integrin expression results in the rare 
clinical syndrome of leukocyte adhesion deficiency type 1 (LAD I) (Arnaout 
1990). All patients described to date have mutations in the gene encoding the f32 
subunit (CDI8), present in single copy on 21q22.3, and inheritance is autosomal 
recessive. Patients show defects in leukocyte motility, adherence and phagocyto­
sis, leading to recurrent periodontitis, skin infections and delayed wound heal­
ing. Those with less than 1% f32 subunit expression suffer from life-threatening 
infection and require bone marrow transplantation. No vascular abnormalities 
have thus far been described in these patients. Heterozygote relatives express 
40%-60% normal levels of f3z-integrins and are clinically normal. 

More recently, patients have been described with LAD I variant syndromes in 
which leukocytes express adequate f32 integrin expression but have evidence of 
f32 integrin dysfunction (Hogg et al. 1999). One patient had a mutation leading 
to proline for serine substitution at position 138 and arginine for glycine at po­
sition 273 in the f32 integrin sub-unit. Further studies revealed that the S138P 
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mutation can support the formation of non-functioning CD11/CDI8 het­
erodimers whereas the G273R mutation cannot form heterodimers at all. The 
mutations both lie in the important I domain of the /32 sub-unit, with the S138 
representing a second serine in a conserved DLSYS motif within the metal ion­
dependent adhesion site (MIDAS). 

The CDiS gene has been examined for coding sequence variants that might 
influence inflammatory disease, perhaps providing a forme fruste of LAD I. 
However, at least in Caucasians, CD18 appears to be uniform at the amino acid 
level (Meller et al. 2001). An AvaIl restriction fragment length polymorphism 
within exon 11 (l,323C>T) is implicated by association with systemic vasculitis, 
specifically with antibodies to proteinase 3 (Gencik et al. 2000). Since this SNP 
is silent its effect may be at the level of transcription/translation regulation, or 
by virtue of LD with other SNPs in 5' or 3' flanking sequence. 

There is an increasing literature suggesting a functional role for /32 integrins 
in lumen re-narrowing after coronary arterial procedures. Koch et al. (2001) 
prospectively investigated the silent 1,323C>T polymorphism in the CD1S gene 
in 1207 consecutive patients undergoing coronary stent placement. These inves­
tigators identified a gene-dose dependent protective effect of the major T allele 
in restenosis. There are no published data linking this gene with de novo athero­
sclerosis, and null results have been reported in stroke (Zee et al. 2002). 

6 
The Therapeutic Impact of Leukocyte-Endothelial Adhesion Molecules 

Following the successful use in acute coronary syndromes of anti-platelet inte­
grin (GpIlb/IIIa) inhibitors, either in the form of monoclonal antibodies or syn­
thetic compounds, the potential for similar inhibition of leukocyte adhesion 
molecules is currently being investigated (Marshall and Haskard 2002). The ma­
jority of these compounds are still in development and full review of all the 
compounds in development is beyond the scope of this chapter. Promising re­
sults in clinical trials have been obtained with anti-LFA-l in psoriasis (Gottlieb 
et al. 2002) and with anti-VLA-4 (Natalizumab) in multiple sclerosis (Miller et 
al. 2003) and Crohn's disease (Ghosh et al. 2003). As yet there are no published 
data indicating the importance of an adhesion molecule polymorphism in re­
sponse to treatment. 

7 
Conclusion 

This survey of adhesion molecule polymorphisms and their disease associations 
illustrates important issues that broadly apply to genetic epidemiology as a 
whole. The disease states described above are in the main complex traits, in 
which a genetic contribution interacts with environmental and stochastic fac­
tors to result in manifestations of disease. In complex traits, epidemiological 
and genome-wide linkage studies in humans and animal models suggest that 
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the genetic susceptibility is the result of the interaction between a number of 
genes, each with modest effects. The implication, therefore, is that large, ade­
quately powered studies are required in order to confidently identify, or exclude 
susceptibility genes. In many disease states, including cardiovascular disease, 
this is further complicated by heterogeneity in disease phenotype. 

Whilst some strong associations are evident, such as those relating the selec­
tin genes with atherosclerosis, a significant majority of studies remain inconclu­
sive. The literature cited here is littered with small-scale retrospective case-con­
trol association studies, in which power considerations have often been inade­
quately addressed. Frequently, weakly positive findings have been reported with 
failure to correct for the multiple hypotheses testing results from examination 
of a number of polymorphisms within a gene or family of genes, presumably 
compounded by publication bias. It is therefore vital that the disease associa­
tions reviewed here are more rigorously addressed. 

It is striking to note that only very few of the clinically associated genetic ab­
normalities have been functionally addressed. This may reflect acquisition and 
publication bias, although notable exceptions exist. Establishing functional sig­
nificance for the genes described above remains a critical step in the implication 
of these genes and their products in the pathogenesis and etiology of cardiovas­
cular disease. Thus far, the most extensive data concern the E-selectin S128R 
polymorphism, demonstrating both quantitative and qualitative effects on inter­
actions with myeloid and lymphoid cells under static and, more importantly, 
flow conditions. 

In summary, putative associations between adhesion molecule polymor­
phisms and inflammatory or autoimmune disease mostly require further con­
sideration. A clear definition of the genetic basis of complex disease will ipso 
facto enhance our understanding of the disease process and therefore ultimately 
lead to improved patient care, both through rationally designed therapeutics 
and identification of those individuals genetically predisposed to disease. 
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Abstract The remodelling of connective tissue matrices is fundamentally im­
portant for normal growth and development, as well as for the repair and main­
tenance of the functional integrity of tissues. These remodelling processes are 
tightly controlled to maintain a fine balance between the extracellular matrix­
degrading enzymes and their inhibitors and thus regulate tissue function and 
development. Matrix degradation is mediated by a variety of proteases, but one 
family of enzymes in particular, the matrix metalloproteinases (MMPs), have 
connective tissue macromolecules as their primary targets. Wherever and when­
ever there is a need for connective tissues to be remodelled, a failure to control 
the process appropriately will present the possibility of its contribution to the 
advancement of disease. A number of MMPs have been implicated in the patho­
genesis of various chronic diseases such as atherosclerosis, aneurysms, arthritis 
and cancer. These are complex traits where the disease is influenced by a combi­
nation of common variation in a constellation of genes and the effect of a wide 
range of environmental variables. Thus, the mechanisms underlying the devel­
opment of the disease will be modulated by genetic diversity and the effect this 
has on an individual's response to environmental challenges such as smoking, 
diet and exercise. This review focuses on the evidence supporting a role for 
MMPs in the development and progression of cardiovascular disease, for the po­
tential for MMP gene polymorphisms to modulate disease and the impact they 
may have on therapy. 
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1 
Introduction to Matrix Metalloproteinases 

The Matrix metalloproteinases (MMPs, matrixins) constitute a family of closely 
related enzymes whose primary function is to mediate the degradation and 
turnover of extracellular connective tissue matrices. Induction and regulation of 
these processes at appropriate times is essential for the resorption and remod­
elling of tissues during reproduction, the development of embryos and morpho­
genesis. The members of the MMP family are key components of the cascade of 
events that contributes to the routine repair and replacement of worn or dam­
aged matrices in organs and tissues, which is necessary for the maintenance of 
integrity and function throughout life (Murphy and Reynolds 1993; Birkedal­
Hansen et al. 1993; Nagase and Woessner 1999). But their function is now 
known to extend beyond that of matrix remodelling to include an indirect effect 
on the control of cellular differentiation and function (Streuli 1999; Sternlicht 
and Werb 2001). It is increasingly accepted that disruption of the tight control 
of these essential physiological processes contributes to the pathogenesis of a 
wide variety of diseases, ranging from arthritis through periodontal disease to 
cancer and cardiovascular disease. The central role of MMPs in these processes 
has prompted significant interest in attempts to modulate their activity pharma­
cologically. 

The vertebrate MMP family is composed of more than twenty zinc-dependent 
endopeptidases, which are generally expressed at low levels in normal adult tis­
sue but are up-regulated during normal and pathological remodelling processes 
(Nagase 1996; Fini et al. 1998). Table 1 summarizes the mammalian members 
that have been most widely studied to date, but there are also related MMPs 
identified in non-vertebrate species, and newer additions to this family which 
are discussed in the review by Sternlicht and Werb (2001). 

All MMPs share common features that allow their classification as a family: 

1. Synthesized as latent zymogens requiring activation: this is true for the ma­
jority of the members listed in the table, although some can be activated in­
tracellularly by furin. 

2. Degrade extracellular matrix components. As Table 1 illustrates, virtually all 
members are capable of using a wide variety of matrix components as sub­
strates. There are difference~ in preference between the four major classes, 
for example the collagenases are relatively specific for the interstitial colla­
gens, whereas the gelatinases have a preference for denatured and basement 
membrane collagens and elastin. The stromelysins, in addition to a general­
ly broader set of substrate preferences, have the interesting additional capa­
bility of activating a variety of latent MMPs. As their name implies, the 
membrane-type MMPs differ from the other family members in that they 
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are tethered to the cell membrane and appear at the cell surface, having 
been activated intracellularly. 

3. Function at neutral pH. 
4. Contain a conserved sequence in their catalytic domains (HEXXHXX­

GXXH), which is responsible for binding Zinc. 
5. Are inhibited by specific tissue inhibitors of metalloproteinases (TIMPs), of 

which four have been identified. 

The reader is referred to specific reviews for more detailed information on the 
biochemistry of MMPs and related proteases (Werb 1997; Barrett, Rawlings and 
Woessner 1998; Woessner 1998; Nagase and Woessner 1999; Sternlicht and Werb 
2001). 

2 
Regulation of Matrix Metalloproteinase Activity 

Metalloproteinase activity is tightly regulated, firstly at the level of gene expres­
sion, then at the point of activation of the latent enzyme and, finally, through 
inhibition of the active enzymes by the action of specific tissue inhibitors of 
metalloproteinases (TIMPs) and non-specific inhibitors (e.g. az-macroglobulin). 

In healthy adult tissues, connective tissue turnover is normally very low and 
the levels of MMP expression will consequently also be low. However, expression 
of both MMPs and their inhibitors is inducible in response to a variety of stimu­
li triggering matrix remodelling (Matrisian 1990; Fini et al. 1998). Analysis of 
the promoter regions of MMP genes has identified cis-acting elements known to 
regulate expression, for example AP-l and PEA-3, which interact, respectively, 
with the Fos/Jun and Ets families of transcription factors. Matrix metallopro­
teinase expression has been seen to increase in response to cytokines and some 
growth factors (e.g. IL-l, IL-6, PDGF, FGF), and is down-regulated by hormones 
and other growth factors (e.g. retinoids, glucocorticoids, TGF.8), all operating at 
the transcriptional level. Chemical stimuli are not the only transcriptional trig­
gers. Cell-cell and cell-matrix interactions will also modulate MMP expression. 
For example, the attachment of macrophages to fibronectin via the aSPl integrin 
will induce MMP-9 expression (Xie et al. 1998), whilst the interaction of T cells 
with endothelial cells via VLA-4 and VCAM-l induces expression of MMP-2 
(Romanic and Madri 1994). The transcriptional regulation of MMPs has been 
reviewed by Fini et al. (1998). These are the primary cellular response mecha­
nisms to signals triggering growth and repair, as well as those associated with 
complex inflammatory and other disease-associated pathways. 

Most of the MMPs are secreted as inactive zymogens, which need to be acti­
vated in the pericellular and extracellular environment before they can degrade 
their substrates (Nagase 1997; Werb 1997). In the case of the membrane-type 
MMPs, evidence suggests that these are activated inside the cell by furin before 
migration to the cell surface (Pei and Weiss 1996), as is also the non-membrane 
type MMP-ll (Pei and Weiss 1995). The precise mechanism for physiological 
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activation of the remainder of the MMP family has been the subject of debate 
for a number of years, but elegant experiments using gene knockout technology 
targeting the plasminogen activation system has demonstrated that plasmin is 
an important activator in vivo (Carmeliet et al. 1997). It appears that the activa­
tion mechanism is mediated by urokinase bound to its receptor, rather than tis­
sue plasminogen activator, effectively focusing the activation step close to the 
cell surface and thus, possibly, helping to limit the extent to which active en­
zymes are present in the wider matrix. The involvement of plasmin in MMP ac­
tivation offers an additional level of regulation, in that the cleavage of plasmino­
gen to produce plasmin itself is the subject of a complex cascade. 

One of the secreted members of the family, MMP-2, is the exception to the 
plasmin activation rule. In this case, MMP-2 appears to be activated at the cell 
surface through the assembly of a ternary complex consisting of the zymogen, 
the inhibitor TIMP-2 and MMP-14 (Strongin et al. 1995). It is unclear whether 
other MMPs may also be activated at the surface of the cell by similar, MT­
MMP-mediated mechanisms. 

Once activated, the potent destructive potential of these enzymes is held in 
check by specific natural inhibitors, TIMPs, as well as by other non-specific pro­
tease inhibitors such as a2-macroglobulin. While TIMPs do not need any post­
translational processing to exhibit their activity, they appear in many cases to 
be co-regulated with MMPs at the transcriptional level, thus maintaining an ap­
propriate metabolic balance during remodelling events (Gomez et al. 1997; Das 
et al. 1997). To date, four TIMPs have been identified, encoded by four separate 
genes: TIMPs 1,2 and 4 are secreted in a soluble form, whilst TIMP-3 appears to 
be bound to the extracellular matrix. With the exception of TIMP-4, which is 
more selective, the remainder of the TIMPs act effectively against all MMPs by 
forming non-covalent, 1:1 stoichiometric complexes with MMPs and blocking 
access to their substrate. It has been suggested that MMP-2 and MMP-9 can 
form complexes with TIMPs in their zymogen forms as well as active forms, 
whereas collagenase-type and stromelysin-type MMPs only form complexes af­
ter exposure of the active site. The evolution, structure and function of TIMPs is 
reviewed by Brew et al. (2000). 

3 
Genetic Variation as a Modulator of Activity 

The effect of these proteases on the extracellular matrix will depend on the bal­
ance that is struck between the degradation of existing matrix components and 
their replacement by the synthesis of new ones. Given that such tight control ex­
ists over the activity of MMPs, it is reasonable to hypothesize that aberrations 
in these control mechanisms would likely contribute to a disturbance in the nat­
ural balance required for remodelling processes, creating conditions which fa­
vour excess deposition, or conversely excess removal of matrix proteins. Such 
imbalances could arise through the effects of naturally occurring, common ge­
netic polymorphisms in regulatory sequences or coding regions, having a direct 
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Fig. 1 Schematic representation of the human MMP-9 gene. The location of promoter polymorph isms 
is indicated by base position 5' of the start of transcription, together with the nature of the base 
change and its estimated population frequency (t). The coding region variants are shown by exon and 
amino acid number, and identify the nature of the base change and any consequent amino acid 
change. FN, fibronectin; In++, location of zinc-binding domain. (From Henney et al. 2000, with permis­
sion) 

impact on levels of expression or protein function, and resulting in variations in 
the dynamics of local tissue remodelling. The combination of such inter-indi­
vidual genetic variation with the effects of non-genetic or environmental factors 
contributes to the risk of disease progression, including the potential to suffer 
acute sequelae. This variability gene concept has been well described in the 
context of a number of diseases over the last 10 years (Sing and Moll 1990; 
Humphries et al. 1992; 1998a). 

Of the various regulatory steps affecting the action of MMPs, the critical step 
in the majority of cases is transcription, given that expression of the vast major­
ity of MMPs will only occur when active tissue remodelling is necessary. Studies 
on the impact of genetic polymorphism on MMP activity were prompted by the 
discovery that MMP-3 was apparently over-expressed in inflammatory 
atherosclerotic lesions (Henney et al. 1991). Initial studies focusing on the pro­
moter identified a single base insertion-deletion polymorphism (5A/6A) 1612 
bases 5' of the start of transcription, estimated to have a population frequency 
of 0.49 (Ye et al. 1995). Using in vitro assays, it was subsequently shown that this 
stretch of the promoter bound nuclear proteins differentially, depending on the 
allelic sequence, and that this resulted in differences in expression driven by the 
two alleles (Ye et al. 1996) 

Subsequent studies on MMP-9 (St. Jean et al. 1995; Zhang et al. 1999a) dis­
covered a number of variants in the promoter and coding region, and these are 
summarized in Fig. 1. All of the polymorphisms described across the 9 kb of 
the MMP-9 gene analysed are in tight linkage disequilibrium. Of those variants 



Genetic Regulation of Metalloproteinase Activity: Pathogenic and Therapeutic Implications 347 

Fig. 2 Crystal structure of the human MMP-9 protein showing the catalytic domain, with the attached 
propeptide and zinc bound in the catalytic site. The three fibronectin domains are identified emerging 
from central core of the enzyme, creating a channel which may facilitate the binding of the substrate. 
Graphical interpretation of the model used the program GRASP (Nicholls et al. 1991, and data taken 
from Elkins et al. 2002) 

identified in the promoter, two appeared to interfere with transcription: the SNP 
at position -1562 demonstrates allelic modulation of MMP-9 expression when 
constructs are expressed in in vitro assays using macrophages (Zhang et al. 
1999b); the (CA)n repeat is a multi-allelic microsatellite polymorphism, the al­
lele frequencies of which are distributed bi-modally (St. Jean et al. 1995). This 
microsatellite was originally used to map MMP-9 to 20qll-q13, but more recent­
ly promoter function assays have shown that the length of the repeat affects the 
strength of nuclear protein binding (Peters et al. 1999; Shimajiri et al. 1999). 
Further, when expressed in fibroblasts, promoters containing shorter repeat al­
leles resulted in 60% lower transcriptional activity than those with longer repeat 
elements (Peters et al. 1999). 

Of the variants identified elsewhere in the gene, two were neutral, two were 
very rare and in the propeptide region, and one appeared in the 3' UTR. The re­
maining G--+A transition found in exon 6 caused a potentially significant amino 
acid change, with the substitution of the positively charged arginine for the un­
charged glutamine. The location of this change is close to the border of one of 
the fibronectin-type II domains, structural elements in the MMPs that are un­
ique to the two gelatinases, MMP-2 and MMP-9, and that have been shown to 
mediate the binding of these enzymes to their substrates. In vitro studies ex­
pressing the two variants have not shown any allelic differences in overall en­
zyme activity, using conventional biochemical assays (unpublished data). How­
ever, the potential effect on the dynamics of the interaction between enzyme 
and substrate can be explored through modelling. Using protein structure infor­
mation for MMP-9 (Elkins et al. 2002), we have mapped the position of the ami­
no acid variant onto a computer model of the protein (Fig. 2). The interpreta­
tion of this model is that the gelatin substrate would likely bind along the length 
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of the channel between the fibronectin domains, potentially bringing it into 
contact with the site of the amino acid substitution. The change in charge at this 
site might influence the interaction though; for example, arginine may recognize 
more readily than glutamine any adjacent glutamic acid or aspartic acid resi­
dues in the substrate (unpublished data). This information could not have been 
derived from looking solely at the gene or protein sequence, and offers support 
for designing not only more sensitive assays to measure the potential effect of 
the substitution on the strength of binding between enzyme and substrate, but 
also small molecules to bind to the active site (Rowsell et al. 2002) 

A similar study of polymorphisms across the gene encoding the other gelati­
nase, MMP-2, has recently been reported (Price et al. 2001). Again, variation in 
the promoter appeared to have potential functional relevance: the C-+ T transi­
tion at -1,306, in particular, affected the binding of the transcription factor 
Sp-1 and showed very significant allelic modulation of transcription. In the cod­
ing region, many of the variants were neutral, but one caused a non-conserva­
tive substitution of glycine for serine (G456S) in the hinge region of the protein. 
Once again this region is thought to be important in the interaction between en­
zyme and substrate, and the authors report that the glycine is conserved across 
species, suggesting that it has an important function. 

The analysis of the 5' sequences of other MMP genes has identified similar 
promoter polymorphisms to those described above, again with the apparent po­
tential to affect transcription in vitro. An insertion/deletion (1 GI2G) SNP in 
MMP-l at position -1607 was identified (Rutter et al. 1998). This variation af­
fected the core sequence for binding the nuclear protein Ets-1, and was shown 
to modulate transcriptional activity (Rutter et al. 1998). In the MMP-7 promoter, 
two SNPs were found, at positions -181(AIG) and -153 (CIT), both modulating 
nuclear protein binding and transcriptional activity in vitro 00rmsj6 et al. 
2001). The SNP found in the MMP-12 promoter at position -82 (AIG) influ­
enced the binding of the transcription factor AP-1 00rmsj6 et al. 2000), an im­
portant regulator of expression of many of the MMP genes. In vitro data not 
only confirmed allelic differences in transcription of the gene, but also a differ­
ential response to insulin and Phorbol 12-myristate 13-acetate, both of which 
are known to activate transcription through AP-1 (Angel et al. 1987). Analysis of 
the coding regions and 3' UTR in these three MMPs has so far been limited to 
MMP-12 and the report of the substitution of an asparagine for serine at posi­
tion 357 Ooos et al. 2002). The effect on protein function of this non-conserva­
tive amino acid substitution is unknown 

4 
MMP Genetics and Disease Pathogenesis 

Wherever and whenever there is a need for connective tissues to be remodelled, 
a failure to control the remodelling process appropriately will present the possi­
bility of its contribution to the advancement of disease. Given that these mecha­
nisms are fundamental to normal growth, development and repair, there is wide 
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scope for MMPs to affect disease pathogenesis. Many studies have described 
patterns of expression of the family of MMPs in a wide variety of diseases, sug­
gesting a role for these enzymes in the aberrant tissue remodelling contributing 
to the pathology. These include their involvement in cartilage destruction in ar­
thritis, the development of aneurysms, chronic lung disease, cancer cell invasion 
and metastasis, as well as the growth and rupture of atherosclerotic plaques 
(Henney et al. 1991; Murphy and Reynolds 1993; Birkedal-Hansen et al. 1993, 
Nagase and Woessner 1999; Segura-Valdez et al. 2000; Imai et al. 2001; Galis and 
Khatri 2002). The function of MMPs in the context of cardiovascular disease has 
been comprehensively reviewed in a recent series of thematic articles in Circula­
tion Research covering myocardial infarction (Creemers et al. 2001) and heart 
failure (Spinale 2002), as well as atherogenesis and vascular remodelling (Galis 
and Khatri 2002). 

In general terms, much of the evidence supporting a role for MMPs in these 
diseases has been accumulated indirectly from the study of isolated diseased tis­
sues, using various techniques to measure levels of expression of the various pro­
teins. But, in recent years, additional in vivo evidence of MMP involvement has 
been acquired from the detection of elevated levels of these proteins in plasma or 
serum samples from patients with a variety of diseases, the presumption being 
that MMPs leech out of the affected tissues and into the circulation (Zucker et al. 
1999). Such analyses have detected raised MMP levels in patients with cancer 
(Jung et al. 1997; Torii, et al. 1997; Lein et al. 2000), rheumatoid and osteoarthri­
tis (Zucker et al. 1994; Naito et al. 1999), multiple sclerosis (Lichtinghagen et al. 
1999), acute myocardial infarction (Kai et al. 1998) and abdominal aortic aneu­
rysm (McMillan and Pearce 1999). In the case of chronic lung disease, correla­
tions between disease endpoints and enzyme/inhibitor levels in sputum samples 
have been observed (Bosse et al. 1999; Cataldo et al. 2000). 

Despite this gathering weight of circumstantial evidence supporting a role for 
MMPs in these diseases, there has been very little to indicate a direct causal re­
lationship. Here, genetics offers an additional tool with which to assess more di­
rectly the role of the various members of the MMP family, as well as their acti­
vators and inhibitors, in the development and progression of disease. In contrast 
to the matrix proteins such as the collagens, which MMPs degrade during the 
remodelling process, there are very few single gene defects causing severe men­
delian disorders like osteogenesis imperfecta that unequivocally would ascribe a 
causal relationship to a specific disease. A notable exception is the TIMP-3 gene, 
one of the natural inhibitors of MMP activity, where mutations have been de­
scribed in patients with the ocular condition Sorsby's fundus dystrophy (Weber 
et al. 1994). This was the first evidence linking a rare mutation in a gene in­
volved in regulating MMP activity to a disease caused by defective connective 
tissue remodelling. Before this report, we had speculated for some time that 
common genetic variants, which disrupt or modulate the cascade controlling 
MMP activity, may contribute to the pathogenesis of multifactorial diseases in 
which deficiencies in connective tissue remodelling are a feature. The demon­
stration of a link between mutations in TIMP-3 and disease provided a proof of 
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tatin (b) treatment groups, suggesting that carriers of the 6A allele had a greater chance of improved 
event-free survival on pravastatin. (From de Maat et al. 1999, with permission) 

principle, albeit in a rare disorder rather than a common complex trait, that 
correct maintenance of the balance between active enzyme and inhibitor is crit­
ical to preserving the function of the extracellular matrix. 

The MMP polymorphisms have all been applied to genetic association studies 
designed to test the hypothesis that allelic variation contributes to the disease 
phenotype, through the effect of small differences on protein function as de­
scribed above. In the MMP family, the first study to adopt this approach consid­
ered the role of MMP-3 in the progression of coronary atherosclerosis and myo­
cardial infarction (Ye et a1. 1995). Genetic analysis in three clinical trials showed 
that a MMP-3 promoter variant was associated with lesion progression as as­
sessed by repeated quantitative coronary angiography (Ye et a1. 1995; Humphries 
et a1. 1998b; de Maat et a1. 1999). In the REGRESS trial, which included a treat­
ment arm given pravastatin, there was a significant 2.3-fold increased risk of de­
velopment of angiographically visible new lesions in those homozygous for the 
6A allele relative to other genotypes (de Maat et a1. 1999). The association be­
tween the 6A allele and the risk of more rapid disease progression was confirmed 
in a second independent study (Humphries et a1. 1998b). This genotype was as­
sociated with lower promoter activity, suggesting a tendency to greater matrix 
deposition locally in the vessel wall, which would add to the fibrotic mass of vas­
cular lesions, a key element of lesion growth. This view is supported by recent 
independent evidence that the 6A homozygous genotype is associated with in­
creased carotid artery wall thickness (Gnasso et a1. 2000). Possibly of greater in­
terest and potential significance was the unexpected discovery in the REGRESS 
study that there was a significant interaction between genotype and pravastatin 
medication on clinical event-free survival (Fig. 3). This result suggested a poten­
tial pharmacogenetic impact of the MMP-3 promoter variant in patients treated 
with this statin, which would merit further investigation. 
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In contrast, a Japanese association study of MMP-3 and myocardial infarction 
observed that carrying the SA allele, responsible for higher levels of transcrip­
tion, predisposed individuals to a greater than twofold higher relative risk of 
myocardial infarction (Terashima et al. 1999), presumably through excess prote­
olysis resulting in less stable caps, the commonest cause of myocardial infarction 
(Davies 1995). This potential influence of excess enzyme activity in the vessel 
wall has also been invoked in a recent study to explain the observation that coro­
nary aneurysms too are associated with the more active SA allele (Lamblin et al. 
2002). The SA allelic effect has been further reinforced in a very recent logistic 
regression study, which showed a significantly elevated risk of myocardial infarc­
tion (odds ratio, 4.7) in 1294 women homozygous for the SA allele (Yamada et 
al., 2002). The authors went on to propose that there might be grounds for using 
the MMP-3 SA-1171/6A polymorphism as a genetic marker of myocardial infarc­
tion risk. 

A number of case-control studies of atherosclerosis have also been used to 
explore the potential role of SNPs in MMP-9 (Zhang et al. 1999b), MMP-12 
(Jormsjo et al. 2000) and most recently MMP-7 (Jormsjo et al. 2001). The 
C-1S62T promoter variant in MMP-9 has been shown to be significantly associ­
ated with severity of atherosclerosis. The T allele is linked with higher promoter 
activity in vitro (Zhang et al. 1999b), and in preliminary studies, with increased 
plasma levels of the enzyme (unpublished data). In clinical practice, stenoses of 
50% or greater in three coronary arteries were found in 26% of the T allele carri­
ers compared with only 15% of the C homozygotes. This finding is supported 
by an independent post-mortem study, which analysed coronary lesions in de­
tail. This showed that the T allele was a significant risk factor for the formation 
of complex lesions in all main coronary arteries, and also increased significantly 
the risk of myocardial infarction (Polliinen et al. 2001). 

In the case of MMP-12, the A-82G SNP, which is located adjacent to an AP-l 
binding site, has been shown to be associated with narrowing of coronary arte­
ries in diabetics with coronary artery disease, an interesting observation given 
the in vitro data showing differential transcriptional responses to an insulin 
stimulus (Jormsjo et al. 2000). The promoter SNPs identified in MMP-7 also in­
fluence lumenal diameter in hypercholesterolaemic patients undergoing PTCA 
using stents (Jormsjo et al. 2001). This observation parallels that seen for MMP-
3 in the REGRESS trial, where allele-specific effects were seen in the mildly hy­
percholeseterolaemic placebo group, and suggests a possible interaction be­
tween lipids and transcription of these MMPs (de Maat et al. 1999). 

Preliminary studies have also been carried out on the potential effects of 
these functional SNPs on aneurysm growth in a cohort of patients with small 
abdominal aortic aneurysms. From this work it appears that, of the three MMPs 
studied, the rate of small aneurysm growth over nearly 3 years is influenced by 
variation in the MMP-2 promoter (P. Eriksson, personal communication). Poly­
morphisms in the MMP-9 gene have also been studied in relation to abdominal 
aortic aneurysms (St. Jean et al. 1995; Yoon et al. 1999) and intracranial aneur-
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ysms (Peters et al. 1999; Yoon et al. 1999) with a positive association only being 
found in the latter study (Peters et al. 1999). 

Finally, some examples of studies in non-cardiovascular disorders offer fur­
ther support for MMPs contributing to disease pathogenesis. An analysis of 
polymorphisms in MMP-1, -9 and -12 to investigate their impact on chronic 
obstructive lung disease, showed that variants in MMP-1 (G-1607/GG) and 
MMP-12 (N357S), but not MMP-9 (C-1562T), are associated with the rate of de­
cline in lung function in groups of smokers. The authors concluded that either 
the MMP polymorphisms themselves are the causative factors in smoking-relat­
ed lung injury, or they are closely linked to others that are responsible for the 
damage Ooos et al. 2002), but they did not speculate on the cellular mechanisms 
that might be affected. Three studies have reported an association between the 
MMP-1 promoter SNP and cancer invasiveness. Here, the insertion (2G) allele 
driving increased expression is associated with a significantly increased risk of 
deeply invasive cutaneous malignant melanoma (Ye et al. 2001), colorectal can­
cer invasiveness (Ghilardi et al. 2001) and risk of early development oflung can­
cer (Zhu et al. 2001). The role of this enzyme in facilitating cell movement 
through connective tissue matrices is as potentially relevant to local vascular re­
modelling phenomena as it is to its potential function in tumour invasion and 
metastasis. In that sense, these studies serve to highlight an association between 
this mechanism and MMP-1 which has not been noted in cardiovascular studies 
thus far, but which may merit consideration. 

The combined weight of all these reports suggests that common genetic vari­
ants in this family, which modify rather than drastically disrupt the function of 
MMPs, may be important in determining the extent to which connective tissue 
is remodelled to establish and progress complex cardiovascular disease traits. In 
this way, subtle differences in the control of activity between individuals could 
contribute to variation not only in disease progression but also to the response 
to environmental challenge in its broadest sense. 

5 
Therapeutic Implications 

The MMPs have been regarded as potentially tempting pharmacological targets 
for some time, and much effort has been devoted to the pursuit of small mole­
cule inhibitors for use, in particular, in the treatment of cancer and arthritis. A 
comprehensive review summarizes the medicinal chemistry information cur­
rently available on the various classes of MMP inhibitors that have been tested, 
and also covers questions related to the feasibility of selective inhibition of spe­
cific members of the MMP family (Whittaker et al. 1999). 

Evidence does exist in the literature to suggest that blocking MMP activity 
will have a beneficial effect in cardiovascular disease. For example, vascular 
over-expression of TIMP-1 (Allaire et al. 1998), dosing with doxycyline (Curci et 
al. 1998) or various hydroxamate-based inhibitors such as British Biotech's 
BB94 (Bigatel 1999; Moore et al. 1999) reduced or abolished the progression of 
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aneurysms in experimental models in rodents. Similar studies in ApoE-deficient 
mouse models of atherosclerosis also showed reduced lesion progression (Rouis 
et al. 1999), whilst others measuring vascular remodelling in rat carotid arteries 
(Cowan et al. 2000) further reinforce the message that MMP inhibition is benefi­
cial. George (2000) reviews the therapeutic potential of MMP inhibition in treat­
ing atherosclerosis in detail. Most recently there has been a mounting interest in 
the involvement of the MMP family in ventricular remodelling after myocardial 
infarction. The therapeutic potential in this area for MMP inhibitors has been 
fuelled by the discovery that when they are administered acutely in mouse mod­
els of infarction, these compounds lead to a reduction in left ventricular dilata­
tion and, hence, a reduced risk of heart failure (Creemers et al. 2001). 

All of these experiments serve to reinforce the role of MMPs in disease mech­
anisms within these models and suggest that the development of inhibitors 
might be a potential therapeutic option. But, in addition to the normal consider­
ations undertaken during the development of any drug, there are a number of 
questions of particular relevance in mounting a campaign in this area: 

1. Given that these enzymes are critical to a range of normal physiological 
processes, what side effects might arise from the administration of a sys­
temic inhibitor, and how many of these are likely to cause problems if the 
drug is given for prolonged periods in different age groups? 

2. Accepting that the design of a small molecule inhibitor for use in treating 
cardiovascular disease is feasible, what hurdles would we encounter during 
development? So far all the evidence we have of the potential beneficial ef­
fect is in animal models; how would we go about designing a proof of con­
cept study to evaluate the real potential in man and minimize the risk of 
hypothesis failure in later development? 

3. If a proof-of-concept study in a particular disease group proved encourag­
ing, how would we design a dose-ranging trial, and what endpoints we 
could measure and over how long to see an effect? Many of the diseases dis­
cussed here are chronic, developing over many years and with few, if any, 
easily measurable surrogate endpoints. 

As with all clinical trials, this information would be needed to assess the fea­
sibility and cost of drug development, and this would need to be considered 
alongside the commercial estimates of the market potential. These questions are 
not intended to deter or diminish interest, but more to act a stimulus for discus­
sion in considering the best way to overcome the hurdles in pursuit of MMP in­
hibition as a therapeutic option. 

6 
Conclusions 

Substantial evidence is available implicating MMPs as major players in the re­
modelling of connective tissue in a variety of cardiovascular diseases. The pre-
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cise contribution made by individual members of the family during the develop­
ment of the diseases remains unclear, but emerging technologies, in particular 
in genetics, may offer the possibility of unravelling the complexities of these 
processes and point the way to the best therapeutic targets. Human genetic 
studies have begun to suggest that some MMP gene markers may have potential 
as determinants of risk, or as markers of pharmacogenetic interactions, which 
could be used in the future to segment patient groups, but this will require a lot 
more investigation. 

The available evidence suggests that inhibition of MMP activity may indeed 
be an option for the treatment of some cardiovascular disorders. However, al­
though this view is influenced partly through the successful action of small mo­
lecules, the evidence is based mainly on animal models, which mayor may not 
be appropriate or accurate parallels to the human disease. The only real way to 
evaluate the potential of MMP inhibitors will be to take a safe and potent inhib­
itor into an appropriate human proof of concept study, the design of which may 
be difficult, but perhaps not impossible. 
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Abstract Despite significant therapeutic advances, heart disease remains the 
prevalent cause of premature death across all age and racial groups, accounting for 
a significant proportion of all hospital admissions and putting enormous financial 
strain on health delivery systems. Recent developments in the understanding of 
the molecular mechanisms of myocardial disease have led to the identification of 
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novel therapeutic targets, and the availability of efficient cardiotropic vectors offers 
the opportunity for the design of gene therapies for both protection and rescue of 
the myocardium. Genetic therapies have been devised to treat complex diseases 
such as myocardial ischemia, hypertension, atherosclerosis, restenosis and inherit­
ed myopathies in various animal models. Some of these experimental therapies 
have made a successful transition to clinical trial and are now being considered for 
use in human patients. The recent isolation of regeneration-competent endothelial 
and cardiomyocyte precursor cells from adult bone marrow provides the opportu­
nity for repair of the damaged heart using autologous cell transplantation. Cell­
based therapies may have potential application in neovascularization and regener­
ation of ischemic and infarcted myocardium, in blood vessel reconstruction and 
in bioengineering of artificial organs and vascular prostheses. With advances in 
the field occurring at a rapid pace, we can expect the development of vectors and 
delivery methods with enhanced safety, efficacy and specificity. The advent of ge­
nomic screening technology will allow not only the identification of novel thera­
peutic targets, but will also facilitate the detection of disease-causing polymor­
phisms and permit the design of individualized gene and cell-based therapies. 

Keywords Gene therapy· Myocardial rescue· Stem cells 

1 
Introduction 

Despite significant advances in the clinical management of cardiovascular dis­
ease, acute myocardial infarction (MI) and heart failure (HF) due to coronary 
artery disease (CAD), cardiomyopathy and systemic vascular disease remain the 
prevalent causes of premature death across all age and racial groups (Kannel 
and Belanger 1991). The complexity of the pathological processes leading to 
heart disease and the lack of specific predictive markers has been a major im­
pediment to the development of effective preventive therapies, despite the iden­
tification of various risk factors and sensitive risk assessment technologies 
(Stein 2002; Wilson et al. 1998; D'Agostino et al. 2000). Consequently, the focus 
has been on the design of so-called rescue treatments for overt symptoms of the 
disease, such as hyperlipidemia, myocardial ischemia, left ventricular pump fail­
ure and hemodynamic overload (McMurray and Pfeffer 2002). Although these 
therapies have, undeniably, improved the clinical outlook for patients afflicted 
by MI and HF, morbidity and mortality associated with these diseases remain 
high, indicating the need for more effective treatments. 

The current availability of efficient cardiotropic vector systems such as ade­
no-associated virus (AAV) (Robbins and Ghivizzani 1998; Monahan and Samul­
ski 2000) and the recent identification of several gene targets associated with 
heart disease (Colucci 1997; Givertz and Colucci 1998) offer opportunities for 
the design of gene therapies for myocardial protection and rescue. The ability of 
AAV to confer long-term and stable protein expression with a single administra­
tion of the therapeutic gene (Svensson et al. 1999; Kaplitt et al. 2000; Kimura et 
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al. 2001) renders them ideally suited for delivery of therapeutic genes such as 
antioxidant, proangiogenic or contractility-enhancing genes to patients afflicted 
or at risk of developing CAD and HE In addition, the repair and vascularization 
of injured myocardium using autologous cell transplantation may be possible 
with the recent identification and isolation of cardiomyocyte and endothelial 
progenitor cells from adult bone marrow and peripheral blood (Asahara et al. 
1997; Kocher et al. 2001, Makino et al. 1999; Jackson et al. 2001). Such experi­
mental gene and cell-based strategies for myocardial protection, rescue and re­
generation are being intensely pursued by various groups and several small­
scale trials support the feasibility of these approaches. 

In this chapter, we review the major advances in gene and cell-based thera­
pies for heart disease, with emphasis on strategies for protection and rescue of 
the ischemic, their clinical feasibility and a perspective on future developments 
in the field. We will highlight the breakthroughs, the challenges in making the 
transition from preclinical evaluation to clinical application and the opportuni­
ties lying ahead in this exciting and growing field. 

2 
Strategies and Tools for Genetic Manipulation of the Myocardium 

2.1 
Strategies for Genetic Manipulation of the Myocardium 

A wide selection of therapeutic strategies, vectors and delivery methods are 
available for genetic manipulation of the myocardium with variable degrees of 
efficiency (Li et al. 2000; Akhtar et al. 2000; Morishita et al. 1998; Robbins and 
Ghivizzani 1998). The most common gene therapy strategy for the myocardium 
involves the exogenous delivery and expression of genes whose endogenous ac­
tivity may either be defective or attenuated due to a mutation or a pathological 
process. Such gain-of-function gene transfer strategies have been widely used 
with a variety of therapeutic genes, including proangiogenic and survival factors 
(Losordo et al. 1998; Matsui et al. 2001) antioxidant enzymes (Melo et al. 2002) 
and anti-inflammatory cytokines (Brauner et al. 1997). Gene blockade strategies 
have also been devised for the inhibition of genes that may be involved in 
the development of heart disease. Acute inhibition of transcription and transla­
tion can be achieved by treatment with short single-stranded antisense 
oligodeoxynucleotides, ribozymes and more recently, using RNA interference 
technology. (Akhtar et al. 2000; Kimura et al. 2001; Simons et al. 1992; Mann et 
al. 1997; Hannon 2002). Inhibition of transcription factor DNA binding using 
double-stranded decoy oligonucleotides containing DNA consensus binding se­
quences for several transcriptional factors has also been employed to inhibit the 
transactivating activity of target transcription factors (Morishita et al. 1995, 
1997, 1999). In many instances, short-term inhibition (loss of function) of a 
pathogenic gene is sufficient to prevent the development of disease. For exam­
ple, the inhibition of cell-cycle regulatory proteins using decoy oligonucleotides 
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was shown to prevent neointimal hyperplasia and subsequent restenosis follow­
ing balloon angioplasty or bypass grafting (Morishita et al. 1995). 

2.2 
Selection of Therapeutic Target, Vector and Delivery Strategy 

The choice of therapeutic target, vector and delivery strategy is, to a large ex­
tent, governed by the pathological features of the disease, the putative role of 
the target gene(s) in the pathophysiological process, and the timing of interven­
tion (Isner 2002). The efficiency of gene transfer to the myocardium is highly 
dependent on the type of vector, the route and the dosage and volume of deliv­
ery of the genetic material (Alexander et al. 1999; Wright et al. 2001). The per­
missiveness and cycling status of the target cells plays a central role in the selec­
tion of vector. For example, for terminally differentiated cells such as adult car­
diomyocytes, only vectors capable of transferring genetic material to quiescent 
cells should be used. Other vector characteristics such as the capacity to accom­
modate the transgene, ability to integrate into the host genome and immunoge­
nicity should also be taken into consideration. The pathophysiology of the dis­
ease dictates whether transient or long-term transgene expression is warranted. 
Thus, vector systems capable of integrating into the genome of the host and 
providing sustained expression should be used for gene transfer in conditions 
requiring prolonged transgene expression, whereas non-integrating vectors 
should be used for conditions requiring transient expression. 

With regard to the route of administration, intracoronary delivery of the ther­
apeutic material is favored for global myocardial diseases such as heart failure 
and cardiomyopathy, as well as for regional ischemia via a patent artery. The se­
lectivity of coronary endothelium and the barrier imposed by the basement 
membrane may restrict the diffusion of some vectors, thus limiting distribution 
and uptake of the therapeutic transgene. On the other hand, localized delivery 
of the therapeutic material by intramyocardial injection may be an acceptable 
method for regional delivery to areas of myocardial disease with ischemia or in­
farction. This approach has been used for the delivery of angiogenic and cyto­
protective genes to ischemic myocardium (Losordo et al. 1999; Isner 2002; Melo 
et al. 2002). The major shortcoming of direct injection is the fact that transgene 
expression is restricted to the area surrounding the site of injection. In some 
cases, this may require multiple injections to adequately cover the affected area. 

A variety of catheter types have been developed for both intracoronary and 
intramyocardial delivery with the assistance of trans-esophageal echocardio­
graphic guiding and mapping techniques (Sylven et al. 2002; Herttuala and 
Martin 2000; Isner 2002). Other methods, such as pericardial injection and 
retroperfusion have been employed in myocardial gene transfer with limited 
success, and consequently are not widely used (Fromes et al. 1999; Boekstegers 
et al. 2000; Herttuala and Martin 2000). 

The overall safety and specificity of gene transfer protocols may be enhanced 
by incorporating regulatory elements that can direct tissue-specific expression 
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as well as regulated expression of the transgene in response to underlying 
pathophysiological cues such as hypoxia, oxidative stress or inflammation 
(Prentice et al. 1997; Shibata et al. 2000; Nicklin et al. 2001). This degree ofphys­
iological control of trans gene expression would allow the therapeutic protein to 
be produced only where and when needed, and could avert potential biological 
and ethical problems associated with nonregulated constitutive transgene ex­
pression, such as cytotoxicity and germ cell line transmission (Lee et al. 2000). 

2.3 
Nonviral Vectors 

Gene transfer vectors may be classified under three broad categories as nonvi­
ral, viral and cell-based (Table 1). Nonviral vectors include naked plasmids, cat­
ionic liposome and hybrid formulations, synthetic peptides and several physical 
methods (Wright et al. 2001; Song et al. 1997; Labhasetwar et al. 1998; Cartier 
and Reszka 2002, Harrison et al. 1998; Mann et al. 1999). Myocardial gene trans­
fer efficiency using nonviral vectors is low due to rapid degradation of the vec­
tor, resulting in transient transgene expression. Nevertheless, there have been 
reports where naked plasmid-mediated gene transfer into the myocardium led 
to a sustained therapeutic effect (Losordo et al. 1998; Shyu et al. 2002). The effi­
ciency of plasmid gene transfer can be increased by encapsulating the plasmid 
in neutralliposomes fused to the viral coat of the Sendai virus (hemagglutaning 
virus of Japan, HVJ) (Dzau et al. 1996), but transgene expression with this vec­
tor system is transient, rendering it unsuitable for use in chronic heart disease. 

Electroporation has been used for transfer of naked DNA into embryonic chick 
hearts ex vivo with moderate efficiency (Harrison et al. 1998), but this protocol is 
impractical for myocardial gene transfer in humans. Application of non distending 
pressure in an enclosed environment has been used to deliver oligonucleotides ex 
vivo to the heart (Mann et al. 1999) and vein grafts (Poston et al. 1998), highlight­
ing a potential application of this technique for genetic engineering of blood ves­
sels and other organs in preparation for transplantation. Recently, several groups 
have reported that application of ultrasound at the time of gene delivery enhances 
transgene uptake significantly (Shohet et al. 2000: Beeri et al. 2002; Schratzberger 
et al. 2001), suggesting that this could be used as an adjunctive in myocardial gene 
transfer protocols. Other nonviral methods of gene transfer such as cationic lipo­
somes, calcium phosphate and particle bombardment have shown limited efficacy 
in myocardial gene therapy (Li and Huang 2000). A promising new delivery tech­
nology uses synthetic peptide carriers containing a nuclear localization signal to 
facilitate nuclear uptake of the target cDNA (Cartier and Reszka 2002). These pep­
tide-DNA heteroplexes are recognized by intracellular receptor proteins and im­
ported into the nucleus, where the target cDNA is transcribed. 
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2.4 
Viral Vectors 

Recombinant viruses have become the preferred vectors for myocardial gene 
transfer because they can deliver genetic material into cells with higher efficien­
cy than nonviral vectors (Robbins and Ghivizzani 1998; Mah et al. 2002), and 
some are capable of sustaining expression of the therapeutic gene for longer pe­
riods of time. Unfortunately, a robust immune reaction may be triggered by the 
host in response to the viral proteins synthesized by the vector, which may re­
duce the efficiency of gene transfer and the sustainability of transgene expres­
sion (Krasnyhk et al. 2000). Furthermore, although the viral vectors used in gene 
therapy are replication-deficient, there is the possibility, albeit remote, that 
these vectors may revert to replication proficiency, thus raising safety concerns 
about biological hazards such as oncogenesis and insertional mutagenesis (Mah 
et al. 2002). 

Adenoviruses are the most widely used viral vectors (for review see Krasnykh 
et al. 2000). These viruses can transduce a wide variety of myocardial cell types 
and can accommodate large DNA inserts. The vector infects both dividing and 
terminally differentiated cells. However, the cytotoxicity associated with induc­
tion of the immune response and the episomal localization of the viral genomes 
results in rapid loss of transgene expression even in the absence of cell division 
(Krasnyckh et al. 2000). A new generation of gutted adenoviral vectors has been 
developed in which the host inflammatory response is highly attenuated by re­
moving all of the adenoviral coding sequences (Hartigan-O'Connor et al. 1999). 
These adenoviral vectors can accommodate very large DNA fragments and may 
be useful for delivering multiple genes. 

Adeno-associated virus (AAV) has emerged as the vector of choice for myo­
cardial gene transfer because of its high myocardial tropism and ability to stably 
transduce terminally differentiated myocytes with high efficiency (Kaplitt et al. 
2000; Svensson et al. 1999). Intramyocardial delivery of AAV is more efficient 
than intracoronary delivery, but the efficiency of the latter method can be im­
proved by transient permeabilization of the endothelium with histamine. The 
vector is poorly immunogenic (Chirmule et al. 1999), minimizing inflammatory 
damage. The major limitation of the vector is its inability to accommodate large 
DNA inserts (transgene size is restricted to 4 kb or less) (Monahan and Samulski 
2000). Trans-splicing between two separate AAV vectors has recently been used 
as a strategy for delivery of genes greater than 4 kb (Yan et al. 2000). 

RNA-based retroviral and lentiviral vectors have not found widespread appli­
cation in myocardial gene transfer protocols for several biological and technical 
reasons (Hu and Pathak 2000; Daly and Chernajovski 2000). These vectors inte­
grate into the host genome leading to the possibility of long-term transgene ex­
pression (Hu and Pathak 2000). However, retroviral integration requires cell divi­
sion, rendering these vectors inefficient in transduction of adult cardiomyocytes. 
Furthermore, retrovirally-delivered transgenes are prone to transcription silenc­
ing, which may significantly shorten the duration of transgene expression. Pro-
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duction of high-titer retrovirus preparations is difficult, but recent improve­
ments in packaging systems, such as the use of pseudo typed viral coats incorpo­
rating the vesicular stomatitis virus G-protein (VSV-G), have greatly improved 
the stability of the viral particles and have allowed transduction of a wider spec­
trum of cell types with relatively high efficiency (Daly and Chernajovski 2000). 
Lentiviruses are relative newcomers in cardiovascular gene therapy (Trono 
2000). In contrast to the oncoretroviruses, human immunodeficiency virus 
(HIV-l)-related retroviruses can infect both dividing and quiescent cells. Moder­
ate transgene expression was recently seen in the heart following transduction 
with a pseudotyped lentivirus (Sakoda et al. 1999; Zhao et al. 2002). 

Other viral vector systems currently used for gene transfer such as herpes 
simplex viruses (HSV) and alphaviruses have had limited application in myo­
cardial gene transfer. The ability of HSV-based vectors to accommodate very 
large DNA fragments provides an advantage for the transfer of very large genes 
such as dystrophin or sarcoglycans for treatment of inherited cardiomyopathies 
(Coffin et al. 1996). Alphaviruses are positive strand RNA viruses based on the 
Semliki Forest virus (SFV) and Sendibis virus (Schlesinger 2001). These viruses 
have recently been used for very rapid and efficient transduction of several cells 
and tissues in vitro (Datwyler et al. 1999). These viruses are capable of express­
ing trans genes within 24 h of transduction in the heart with minimal cytotoxici­
ty, suggesting their potential application for gene manipulation in acute myo­
cardial disease such as myocardial infarction. 

2.5 
Cell-Mediated Gene Delivery 

A number of cell types have also been used as vectors for delivery of genetic ma­
terial to tissues. The recent identification and isolation of endothelial and car­
diomyocyte precursor stem cells from adult bone marrow and peripheral blood 
(Makino et al. 1999; Asahara et al. 1997) provides a nondepleting, self-renewing 
autologous cell source that can simultaneously be used as substrate for regener­
ation and reconstruction of injured myocardium and blood vessels and as vehi­
cles for delivery of therapeutic genes. For example, the cells could be engineered 
ex vivo to express cytoprotective and/or pro angiogenic genes that would pro­
mote survival of the grafted cells and neovascularization of the infarcted myo­
cardium (Iwaguro et al. 2002). Macrophages, erythrocytes and vascular endo­
thelial cells have also been successfully transduced ex vivo with retroviral vec­
tors and used as shuttles for efficient delivery of therapeutic genes into tissues 
(Griffiths et al. 2001; Magnani et al. 2002). Macrophages genetically engineered 
to express protective genes under endogenous regulation by hypoxia may have 
potential application for targeted delivery of genes in myocardial ischemia. 
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3 
Gene Therapy for Myocardial Protection 

3.1 
Targets for Gene Therapy 

Several genes have emerged as potential targets for gene therapy for myocardial 
disease (Table 2). In the setting of myocardial protection, the overexpression of 
cytoprotective and survival genes, such as antioxidant enzymes (Woo et al. 
1998; Okudo et al. 2001; Melo et al. 2002; Li et al. 2001), antiapoptotic proteins 
(Brocheriou et al. 2000), protein kinase B/Akt (Miao et al. 2000; Matsui et al. 
2001) and/or the inhibition of pro-inflammatory cytokines (Brauner et al. 
1997), pro-apoptotic (Holly et al. 1999) and pro-oxidant (Fukui et al. 2001) 
genes, have emerged as potential therapeutic targets for cardioprotection from 
studies in various animal and cellular models of myocardial ischemic injury. 

Gene manipulations yielding overexpression of vasodilator substances (Lin et 
al. 1995, 1997) and thrombolytic proteins (Nishida et al. 1999; Waugh et al. 
1999) or inhibition of vasoconstrictor pathways (Makino et al. 1999; Wang et al. 
1999) have also shown protective effects against hypertension and atherosclero­
sis-induced myocardial injury. Gene therapy strategies for plaque stabilization 
and inhibition of platelet adhesion may also be of benefit in reducing the occur­
rence of thrombotic events and myocardial infarction. Potential therapeutic tar­
gets include the inhibition of proinflammatory mediator CD40/CD40L signaling 
(Lee et al. 1999) and the glycoprotein IIb/IlIa receptor (Kereiakes 1998; Kingma 
et al. 2000). 

Other potential strategies in the post infarction period include inhibition of 
genes involved in regulation of ventricular remodeling and chamber dilatation 
such as the matrix metalloproteinases (MMPs) that participate in extracellular 
matrix degradation (Spinale 2002). Strategies aimed at modulating the activity 
of proliferation-regulating genes in the vessel wall have shown efficacy in limit­
ing neointimal hyperplasia (Morishita et al. 1995; Mann et al. 1997; Kibbe et al. 
2000), suggesting that these approaches may yield potential as adjunct therapy 
for prevention of restenosis and graft atherosclerosis in cases where surgical re­
vascularization or percutaneous transluminal angioplasty are indicated for 
treatment for myocardial ischemia. Inhibition of pro inflammatory cytokines 
and adhesion molecules may find application as immunosuppressive therapy in 
acute myocardial infarction and in transplantation (Stepkowski 2000; Feeley et 
al. 2000; Poston et al. 1999; Brauner et al. 1997). 

3.2 
Gene Therapy for Protection from Ischemia and Reperfusion Injury 

The continuum of myocardial injury that is initiated by a coronary ischemic 
event and perpetuated by reperfusion (I1R injury) may be clinically manifested 
in patients undergoing thrombolytic therapy following an acute coronary epi-
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so de. The increase in reactive oxygen species (ROS) formation during reperfu­
sion of the ischemic myocardium may eventually deplete the buffering capabili­
ties of endogenous antioxidant systems, thereby exacerbating the cytotoxic ef­
fects of these reactive molecules (Park and Lucchesi 1999). The development of 
gene therapies for acute myocardial infarction has been difficult because the 
time required for transcription and translation of therapeutic genes with the 
current generation of vectors exceeds the time window for successful interven­
tion. An alternative gene therapy for myocardial protection is to prevent I1R in­
jury by the transfer of cytoprotective genes into the myocardium of high-risk 
patients prior to ischemia using a gene delivery method that could confer long­
term therapeutic gene expression. This novel concept of so-called preventive 
gene therapy would protect the heart from future I1R injury, thereby minimizing 
the need for acute intervention (Melo et al. 2002). Given the prominent role of 
oxidative stress in I/R injury, a therapeutic approach aimed at increasing endog­
enous antioxidant reserves should, in principle, be a useful strategy for preven­
tion and protection in patients at risk of acute myocardial infarction. This strat­
egy would potentiate the native protective response of the myocardium, render­
ing it resistant to future ischemic insults. 

We have evaluated the feasibility of antioxidant enzyme gene transfer as a 
long-term first line of defense against I1R-induced oxidative injury, using an 
rAAV vector for intramyocardial delivery of heme oxygenase-l (HO-l) gene in a 
rat model of myocardial I/R injury ((Melo et al. 2002). Our findings show that 
HO-l gene delivery to the left ventricular risk area several weeks in advance of 
myocardial infarction results in approximately 80% reduction in infarct size. 
The reduction in myocardial injury in the treated animals is accompanied by 
decreases in oxidative stress, inflammation and interstitial fibrosis. Consistent 
with the histopathology, echo cardiographic assessment showed postinfarction 
recovery of left ventricular function in the HO-l-treated animals, whereas the 
untreated control animals presented evidence of ventricular enlargement and 
significantly depressed fractional shortening and ejection fraction. Thus, these 
findings suggest that AAV-mediated delivery of HO-l may be a viable therapeu­
tic option for long-term myocardial protection from I/R injury in patients with 
CAD. 

Comparable findings were found with extracellular superoxide dismutase (ec­
SOD) gene transfer (Li et al. 2001; Chen et al. 1998). This secreted metalloen­
zyme plays an essential role in maintenance of redox homeostasis by dismutat­
ing the oxygen free radical superoxide. Our findings showed that long-term sur­
vival after acute myocardial infarction is improved in the ecSOD-treated animals 
relative to the animals treated with the control vector, in parallel with smaller 
infarcts and decreased myocardial inflammation (Agrawal et al. 200l). Efficient 
protection from I/R injury has also been achieved by overexpression of other 
major antioxidant enzyme systems, such as CulZn SOD (Woo et al. 1998) cata­
lase (Zhu et al. 2000) and glutathione peroxidase (Yoshida et al. 1996), stress­
induced heat shock proteins such as HSP 70 (Suzuki et al. 2002) and HSP 27 
(Vander Heide 2002), survival genes (Bcl-2, Akt) (Chatterjee et al. 2002; Matsui 
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et al. 2001), as well as immunosuppressive cytokines (Brauner et al. 1997), aden­
osine AI and A3 receptors (Yang et al. 2002), kallikrein (Agata et al. 2002), cas­
pase inhibitor (Holly et al. 1999) and hepatocyte growth factor (Ueda et al 
1999). 

The inhibition of pro inflammatory genes involved in the pathogenesis of IIR 
injury offers another option for cardioprotection. Morishita et al. (1997) showed 
that pretreatment with a decoy oligonucleotide capable of inhibiting the trans­
activating activity of the pro inflammatory transcription factor NF-KB reduces 
myocardial infarct after coronary artery ligation in rats. Similarly, intravenous 
administration of antisense oligonucleotide against angiotensin-converting en­
zyme mRNA (Chen et al. 2001) or angiotensin ATI receptor (Yang et al. 2002) 
significantly reduces myocardial dysfunction and injury following ischemia and 
reperfusion. Although the rapid in vivo degradation of oligonucleotides would 
preclude their use in long-term myocardial protection, they may be useful in 
treatment of acute myocardial ischemia and cardiac transplantation (Stepkowski 
2000) by providing a tool for inhibiting of pro-oxidant, pro inflammatory and 
immunomodulatory genes activated by ischemia and reperfusion. For example, 
treatment with antisense oligonucleotide directed against intercellular adhesion 
molecule-1 (rCAM-1) was shown to prolong cardiac allograft tolerance and 
long-term survival when administered ex vivo prior to transplantation into the 
host (Poston et al. 1999). Such an approach could be beneficial in the prepara­
tion of donor hearts for transplantation. Thus oligonucleotide-mediated inhibi­
tion of anti-inflammatory genes and adhesion molecules in donor organs in ad­
vance of transplantation could be used to suppress the acute inflammatory re­
sponse that ensues upon reperfusion of the transplanted organ in the recipient. 

The suitability of these experimental therapies for myocardial protection in 
humans remains to be established. Further work is required to elucidate the 
mechanism by which exogenous gene delivery of antioxidant enzymes confers 
myocardial protection from ischemic injury. Conceivably, the increase in basal 
pro-oxidant scavenging activity imparted by constitutive overexpression of anti­
oxidant enzymes may confer cytoprotection by preconditioning the myocardi­
um to future r/R episodes. Nevertheless, these preclinical studies provide com­
pelling evidence that antioxidant gene therapy may be a viable strategy for pro­
tection from ischemic myocardial injury. 

3.3 
Gene Therapy for Hypertension, Atherosclerosis and Thromboresistance 

Gene therapies for treatment of systemic hypertension and dyslipidemia may be 
beneficial for myocardial protection because these diseases are primary risk fac­
tors for coronary artery disease and myocardial infarction (Stein 2002). The 
complexity of both diseases, however, poses some difficulties in the selection of 
appropriate targets and delivery strategies. Although the preponderance of cases 
is multigenic, resulting from complex interactions between genes, environment 
and lifestyle (Stein 2002), various drug therapies have been efficacious in treat-
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ing both diseases. For example, drugs targeting the renin-angiotensin system, 
adrenergic signaling and calcium channel activity have been used successfully 
in the management of hypertension (Hall 1999), whereas the statin class of 3-hy­
droxy-3-methylglutaryl-coenzyme A (HMG-CoA) inhibitors are effective in re­
ducing plasma cholesterol and atherogenesis (Knopp 1999). This indicates that 
despite the complexity of primary hypertension and atherosclerosis, select phar­
macological targets have a predominating effect on disease progression, thus 
rendering them amenable to genetic manipulation. 

On the other hand, it may be difficult to justify the development of genetic 
therapies for these diseases, given the efficacy of current drug therapies. Never­
theless, several promising experimental gene therapies for hypertension, athero­
sclerosis and thromboresistance have evolved. The prohibitive cost of the drug 
therapies currently used for the clinical management of these diseases, together 
with the need for continuous treatment, the occurrence of undesirable side ef­
fects and the related problem of non-compliance provides a rationale for gene 
therapy as an alternative to the current drug therapies. 

3.3.1 
Gene Therapy for Hypertension 

Two gene therapy strategies for hypertension have been tested in animal models. 
One strategy involves the inhibition of pressor pathways using antisense oligo­
nucleotides against components of the renin-angiotensin system (RAS) (Tang 
et al. 1999; Kimura et al. 2001; Makino et al. 1999) or the f1-adrenergic signaling 
pathway (Zhang et al. 2000). Using AAV for intravenous delivery of angiotensi­
nogen antisense eDNA, Tang et al. (1999) showed a dose-dependent decrease in 
arterial blood pressure in adult spontaneously hypertensive rats (SHR) in asso­
ciation with reduced angiotensinogen levels. Using a similar strategy, Kimura et 
al. (2001) showed that a single intracardiac injection of angiotensinogen anti­
sense eDNA to newborn SHR rats delayed the onset and severity of hypertension 
up to 6 months in these animals, leading to decreased ventricular hypertrophy 
and remodeling. Comparable results have been reported with other components 
of the RAS signaling system, including antisense inhibition of ACE (Wang et al. 
1999) and ATI receptor (Katovich et al. 1999; Martens et al. 1998). Effective re­
duction in blood pressure has also been achieved by antisense inhibition of 
f11-adrenergic receptor (Zhang et al. 2000), suggesting that this strategy could 
be used as an alternative to pharmacological f1-blockade. 

The other gene therapy strategy for hypertension is based on the overexpres­
sion of genes encoding vasodilatory moieties, such as nitric oxide synthase 
(NOS), atrial peptides and kinins. The efficacy of vasodilatory peptide overex­
pression in reducing blood pressure in hypertensive animals has been docu­
mented in several studies (Lin et al. 1995, 1997, 1998; Yoshida et al. 2000; 
Dobrzynski et al. 2000; Chao and Chao 1997). Intravenous delivery of a plasmid 
encoding human endothelial NOS under the CMV promoter led to a sustained 
hypotensive effect in SHR rats in parallel with increased urinary cGMP and ni-
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trite/nitrate levels (Lin et al. 1997). Comparable findings were reported with 
transfer of HO-J and eeSOD genes. Retrovirally mediated intracardiac delivery 
of HO-J to 5-day-old SHR attenuated the development of hypertension, in asso­
ciation with decreased vascular reactivity (Sabaawy et al. 2001), whereas intrave­
nous delivery of adenovirus encoding eeSOD significantly reduced arterial pres­
sure in 20-week old SHR rats (Chu et al. 2003). Others have shown that systemic 
delivery of atrial natriuretic factor (Lin et al. 1995, 1998), kallikrein (Yoshida et 
al. 2000) or adrenomedullin (Dobrzynski et al. 2000) genes with a constitutively 
active adenoviral vector decreases blood pressure and attenuates renal and myo­
cardial damage in salt-fed Dahl salt-sensitive and DOCA-salt rats. 

To date, the use of antisense gene therapy in the treatment of hypertension 
has not been tested in human trials despite its simplicity and compelling precli­
nical evidence about its safety and efficacy. Enthusiasm for these novel ap­
proaches is tempered by the efficacy of current drug therapies. Nevertheless, the 
prospect of achieving long-term control of blood pressure in hypertensive pa­
tients by gene therapy with minimal side effects is an appealing attribute that is 
likely to facilitate acceptance of gene therapy as a viable alternative to pharma­
cological therapies. 

3.3.2 
Gene Therapy for Atherosclerosis, Thromboresistance and Plaque Stabilization 

Plaque rupture and subsequent coronary thrombosis and occlusion are the ma­
jor causes of acute coronary episodes that result in myocardial infarction and 
sudden cardiac death (Rentrop 2000). Gene therapy aimed at reducing the cho­
lesterollevel and/or at increasing thromboresistance and tensile strength within 
the plaque may offer a novel and potentially effective alternative option to 
achieve long-term plaque stabilization and prevent the occurrence of acute cor­
onaryevents (Feldman and Isner 1995). 

The effect of lipid-lowering gene therapy has been evaluated mainly in inher­
ited disorders of lipid metabolism, such as familial hypercholesterolemia (FH) 
and apoE deficiency, because of their monogenic etiology and refractoriness to 
drug treatment. Initial attempts at correcting FH involved transplantation of au­
tologous hepatocytes stably transduced ex vivo with a retroviral vector constitu­
tively expressing the LDL receptor in heritable hyperlipidemic Watanabe rabbits 
(Chowdhury et al. 1991). This initial study showed a 30%-50% decrease in plas­
ma cholesterol levels for up to 6 months. The success of this animal study led to 
a small clinical trial, but the outcome was less impressive, showing a reduction 
of 6%-23% in plasma LDL levels in three out of five treated patients (Grossman 
et al. 1995), with a relatively short duration, possibly attributable to retroviral 
gene silencing. 

Other potential targets for correction of genetic hyperlipidemia include re­
placement of lipoprotein lipase and hepatic lipase genes (Zsigmond et al. 1997; 
Applebaum-Bowden et al. 1996), Apo-E (Rinaldi et al. 2000), VLDL receptor 
(Oka et al. 2001) and scavenger receptor B-1 (SR-Bl) (Laukkanen et al. 2000). In 
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most cases, the improvement in serum lipid profiles was transient, probably due 
to the immune response to the vector used. The low immunogenicity of AAV 
provides an advantage in this regard, and recently Chen et al (2000) and Harris 
et al. (2002) showed that AAV-mediated delivery of VLDL receptor or apolipo­
protein-E led to sustained reduction of serum lipid levels and inhibition of aor­
tic atherosclerosis into LDLR- or Apo-E-deficient mice, respectively. 

Novel lipid-lowering and plaque-stabilizing strategies are emerging (for re­
view see Rader and Tietge 1999). For example, the over expression of apoprotein 
ApoA-1 in mice by intravenous adenoviral gene delivery increases serum HDL 
levels (Tangirala et al. 1999). Blockade of monocyte infiltration and activation 
in the arterial wall by inhibition of monocyte chemoattractant protein-1 
(MCP-1) receptor activation was shown to retard the onset of atheroma and to 
limit progression and destabilization of established atherosclerotic lesions in 
ApoE mice (Inoue et al. 2002). Overexpression of antithrombotic genes at sites 
in the vessel wall at risk of thrombosis may be a feasible protective strategy for 
vulnerable plaque and prevention of acute coronary events, and delivery of anti­
coagulant, antifibrinolytic and anti platelet genes such as thrombomodulin 
(Waugh et al. 1996), tissue-specific plasminogen activator (t-PA) (Dichek et al. 
1996), tissue factor pathway inhibitor (Zoldhelyl et al. 2000; Golino et al. 2001), 
prostacyclin synthase (Numaguchi et al. 1999) and cyclooxygenase I (Zoldhelyi 
et al. 1996) to the injured vessel wall has been reported to reduce the incidence 
of thrombosis. 

Gene transfer of cytoprotective genes such as HO-l and nitric oxide synthase 
(NOS) has also shown to exert vasculoprotective effects. Adenovirus-mediated 
delivery of HO-l significantly reduced the development of aortic lesions in 
ApoE-deficient mice, in parallel with a decrease in iron deposition (Juan et al. 
2001). The vasculoprotective effect of HO-l is likely due to its anti-inflammatory 
and antioxidant properties (Morse and Choi 2000). Another important target 
for vascular protection is NOS (Channon et al. 2000). NOS gene transfer pro­
vides a mechanism to increase NO bioactivity and enhance the antiatherogenic 
properties of the vessel wall. Indeed, delivery of inducible nitric oxide synthase 
(iNOS) (Shears et al. 1997) and neuronal nitric oxide synthase (nNOS) (Qian et 
al. 2000) by adenovirus has been reported to abrogate aortic allograft athero­
sclerosis in rats and to significantly reduce inflammatory cell infiltration and 
lipid deposition in carotid arteries of cholesterol-fed rabbits, respectively. Vari­
ous strategies have been developed for the transfer of therapeutic genes into 
atherosclerotic vessels. Local expression of genes in the arterial wall has been 
achieved using catheters for delivery of plasmid and viral vectors in vivo and ex 
vivo (Kullo et al. 1999; Rekhter and Simari 1998). Gene transfer to coronary ar­
teries is technically challenging and refinements to the delivery catheters cur­
rently in use are necessary to improve efficiency. Nevertheless, genes have suc­
cessfully been delivered into the coronary arteries of dogs and pigs using perfu­
sion balloon catheters (Kullo et al. 1999). As primary thrombolytic therapy for 
acute myocardial infarction, gene transfer of anticoagulant genes is not feasible, 
at least with the current generation of vectors, because the time required for 
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production of the therapeutic protein falls outside the time window for success­
ful intervention following coronary thrombosis. Antithrombotic gene therapy 
may have a role as an adjuvant to primary thrombolytic therapy to prevent the 
recurrence of thrombosis and reocclusion of the affected vessel. 

3.4 
Gene Therapy for Restenosis and Vascular Proliferative Disease 

Surgical revascularization procedures using percutaneous transluminal angio­
plasty (PTCA), stenting or coronary artery bypass grafting (CABG) is a common 
treatment option for CAD. However, despite significant improvements in phar­
macological therapies and the introduction of biocompatible and drug-coated 
stents, these procedures are still accompanied by significant failure rates due to 
restenosis and graft atherosclerosis. The ability to deliver antiproliferative and 
antithrombotic genes and to inhibit pro-proliferative genes in the vessel wall al­
lows genetic engineering of native vessels or grafts to render them resistant to 
atherosclerosis and neointimal hyperplasia. 

Genetic strategies to inhibit neointimal smooth muscle proliferation have 
major implications for treatment of vascular proliferative diseases. Using adeno­
virus to deliver thrombomodulin to jugular vein segments ex vivo prior to inter­
positional grafting in rabbits, Kim et al. (2002) reported that genetic engineer­
ing of the graft led to thromboresistance and graft survival. Zoldhelyi et al. 
(2000) showed that delivery of tissue factor pathway inhibitor to balloon-injured 
atherosclerotic carotid arteries of Watanabe rabbits reduced neointima prolifer­
ation and inhibited thrombus formation. Adenoviral delivery of the suicide 
gene, thymidine kinase, into carotid arteries of Watanabe rabbits inhibits neoin­
timal proliferation after balloon angioplasty (Steg et al. 1996), demonstrating 
the potential of cytotoxic gene therapy for inhibition of restenosis. 

Cytostatic gene therapy has also yielded promising results in the treatment of 
vasculoproliferative disease. This strategy involves the inhibition of key proteins 
regulating cell cycle progression (Braun-Dullaeus et al. 1998). Treatment of jug­
ular veins in vivo with HVJ-liposome complexes containing antisense oligonu­
cleotide against cell cycle regulators PCNA and cdc2 kinase inhibited atheroscle­
rosis and neointimal hyperplasia after carotid artery interpositional grafting in 
rabbits maintained on a high cholesterol diet (Morishita et al. 1993). We have 
shown that ex vivo genetic engineering of vein grafts with a decoy deoxy­
oligonucleotide consisting of the consensus binding sequence of E2F-I, a tran­
scriptional factor involved in cell-cycle progression, resulted in prolonged resis­
tance to neointimal hyperplasia and improved graft patency (Morishita et al. 
1995). These findings led to a large-scale phase I prospective, randomized, 
double-blind trial of human saphenous vein graft treatment with E2F decoy 
(PREVENT-I) (Mann et al. 1999). Using non-distending pressure to deliver the 
E2F decoy oligonucleotide ex vivo prior to arterial interpositional grafting, the 
authors reported that E2F decoy treatment was safe and prevented graft athero­
sclerosis concomitant with inhibition of cell cycle progression. These results 
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have recently been confirmed in a phase II trial designed to evaluate the effect 
of E2F decoy treatment on CABG failure (Grube et aI., American Heart Associa­
tion Meeting, Nov. 2001, see commentary by McCarthy 2001). Interestingly, we 
reported recently that the E2F decoy selectively targets vascular smooth muscle 
cell proliferation without affecting the endothelial cell proliferative burst that is 
essential for healing after vein grafting (Ehsan et al. 2002). We believe that this 
sparing effect on endothelium contributes to the enhanced endothelial function 
that we previously reported in vein grafts treated with cell cycle regulatory pro­
teins (Mann et al. 1997). 

Other cytostatic strategies have yielded variable degrees of success in experi­
mental models of restenosis. Treatment with antisense against cell-cycle regula­
tory genes cdk2 kinase and proliferating cell nuclear antigen (Morishita et al. 
1994), p21 (Chang et al. 1995a) and p27 (Chen et aI. 1997) cyclin-dependent ki­
nase inhibitors, non-phosphorylatable retinoblastoma gene product (Chang et 
al. 1995b) p53 (Yonemitsu et aI. 1998) and the proto-oncogenes c-myb (Gunn et 
al. 1997) and c-myc (Shi et aI. 1994), have all been reported to inhibit neointimal 
hyperplasia in animal models of arterial injury. Similar results have been report­
ed for the inhibition of intracellular signaling mediators of mitogen-dependent 
kinases, NF-KB, Bcl-XL and growth factors, or overexpression of Fas ligand, gax 
and GATA-6 transcription factors and cytokines such as ,B-interferon and VEGF 
(for review see Morishita et al. 1998; Kibbe et aI. 2000). The application ofVEGF 
gene transfer may be particularly useful in re-establishing vascular wall homeo­
stasis after injury because of the ability of this endothelium-specific cytokine to 
promote re-endothelializaton of the denuded arterial wall (Van Belle et al. 
1997). 

Local delivery of angiotensin-converting enzyme antisense oligonucleotide 
was shown to reduce neointima formation in a rat carotid injury model 
(Morishita et al. 2000), suggesting that locally derived angiotensin may playa 
role in vascular injury. In vivo delivery of endothelial and iNOS genes is quite 
efficacious in reducing neointimal thickening in balloon-injured vessels (von 
der Leyen et al. 1995; Tzeng et al. 1996; for review see von der Leyen and Dzau 
2001). This has led to at least one phase I clinical trial (REGENT-I) to evaluate 
the efficacy of catheter-based iNOS gene delivery to prevent restenosis of coro­
nary arteries treated by PTCA. Local delivery of antioxidant enzymes such as 
HO-l (Tulis et al. 2001) and ecSOD (Laukkanen et al. 2002) by adenovirus has 
also been reported to inhibit neointima hyperplasia in various animal models of 
restenosis, possibly due to reduction in inflammation and oxidative stress dur­
ing the early phase of vascular injury and the subsequent inhibition of vascular 
smooth muscle proliferation. 

Despite these promising preclinical data, the use of gene therapy as a thera­
peutic modality for restenosis and vasculoproliferative disease still has to over­
come various feasibility, safety and efficacy issues. Improvements in vector and 
delivery technologies are warranted. The complexity of the pathological pro­
cesses leading to restenosis suggests that genetic manipulation of multiple tar­
gets may be more appropriate than strategies directed at a single therapeutic 
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target. Vascular cell types, such as endothelial cells, may be genetically modified 
ex vivo to express cytoprotective or antiproliferative genes and used for repair 
of damaged vessels and vascular prostheses and stents bioengineered to render 
them thromboresistant and less susceptible to restenosis. Preclinical studies 
have already demonstrated proof of concept for some of these strategies, and fu­
ture clinical trials should determine their feasibility and safety for use in hu­
mans. 

4 
Gene Therapy for Myocardial Rescue 

Gene therapy strategies for rescuing failing myocardium may be attainable in 
certain situations (Table 2). Therapeutic angiogenesis by delivery of genes cod­
ing pro angiogenic growth factors, such as VEGF, fibroblast growth factor (FGF) 
and hepatocyte growth factor (HGF), has been shown to promote neovascular­
ization and functional recovery of ischemic myocardium in several animal mod­
els and in humans with coronary artery disease (Mack et al. 1998; Giordano et 
al. 1996; Ueda et al. 1999; Losordo et al. 1998). Other potential strategies for res­
cuing contractile function in the failing myocardium include overexpression of 
the sarcoplasmic reticulum calcium ATPase (SERCA2a) (Myamoto et al. 2000), 
f3-adrenergic receptor (Maurice et al. 1999) and adenylate cyclase (Roth et al. 
1999) (Table 2). An exciting new field is emerging with the recent identification 
and isolation of endothelial and cardiomyocyte precursor stem cells from adult 
bone marrow (Makino et al. 1999; Asahara et al. 1997). The ability to expand 
and genetically modify these cells ex vivo offers the opportunity to use them as 
an autologous cellular substrate for the generation of new blood vessels (thera­
peutic vasculogenesis), repairing infarcted myocardium and in tissue engineer­
ing. 

4.1 
Gene Therapy for Myocardial Ischemia 

The vascular endothelium usually remains in a quiescent, nonproliferative state, 
and with the exception of the female reproductive tract and neoplastic disease, 
postnatal neovascularization is rare (Carmeliet 2000a). Wounding, inflammation 
and oxidative stress activates the endothelium, resulting in cell proliferation, 
migration and formation of new vascular networks by angiogenesis (Carmeliet 
2000a). In patients and animal models with ischemic heart disease, the progres­
sive occlusion of the coronary artery leads to a chronic imbalance in myocardial 
oxygen supply and demand, which stimulates the development of collateral ves­
sels aimed at maintaining tissue perfusion and oxygenation (Ware and Simons 
1997). This native adaptive response of the myocardium, however, does not pro­
vide adequate compensation in face of severe ischemia and depression of cardi­
ac function ensues, which in time leads to heart failure. 
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Evidence of enhanced neovascularization and functional recovery of ischemic 
myocardium has been reported in several animal and human studies after exog­
enous supplementation of proangiogenic factors by gene transfer (Tio et al. 
1999; Mack et al. 1998; Giordano et al. 1996; Ueno et al. 1997; Ueda et al. 1999; 
Rosengart et al. 1999; Symes et al. 1999; Hammond et al. 2001). This novel strat­
egy, commonly known as therapeutic angiogenesis, offers a potentially effica­
cious method for the treatment of coronary artery disease where percutaneous 
angioplasty or surgical revascularization has been excluded. Proof of principle 
has been demonstrated in several animal models of hindlimb and myocardial 
ischemia by gene transfer of VEGP (Rosengart et al. 1999; Symes et al. 1999; Lee 
et al. 2000), PGP (Giordano et al. 1996; Ueno et al. 1997; Tabata et al. 1997) and 
hepatocyte growth factor (HGP) (Ueda et al. 1999; Taniyama et al. 2002; Aoki et 
al. 2000). In all cases, improvement in tissue perfusion was accompanied by 
morphological and angiographic evidence of new vessel formation, thereby es­
tablishing a relationship between improved tissue viability and neovasculariza­
tion. For example, Mack et al. (1998) showed that intramyocardial delivery of 
VEGPl2l by adenovirus led to an improvement in regional myocardial perfusion 
and left ventricular function in response to stress in an ameroid constrictor 
model of chronic myocardial ischemia in pigs. Using intracoronary injection of 
an adenovirus vector encoding human PGP-5, Giordano et al. (1996) also 
showed a significant improvement in blood flow and a reduction in stress-in­
duced functional abnormalities (in association with an increase in capillary-to­
fiber ratios) as early as 2 weeks after ameroid placement around the proximal 
left circumflex coronary artery in pigs. 

Transmyocardiallaser revascularization has been reported to provide relief of 
angina in patients with ischemic heart disease by forming channels that may 
improve collateral blood flow (Yamamoto et al. 2000). Transmyocardial laser 
therapy in combination with pro-angiogenic gene transfer has been tested as a 
potential synergistic approach to maximally stimulate myocardial angiogenesis. 
Sayeed-Shah and colleagues (1998) demonstrated that intramyocardial delivery 
of plasmid-encoding VEGP in the region treated by transmyocardiallaser revas­
cularization yielded superior recovery of ventricular function than either thera­
py alone, providing evidence for an added benefit of this combinatorial ap­
proach. To our knowledge, this strategy has not been tested in human patients. 

Several phase I and II clinical trials of angiogenic gene therapy have been car­
ried out with patients suffering from myocardial and limb ischemia (Rosengart 
et al. 1999; Symes et al. 1999; Vale et al. 2001; Grines et al. 2002; Losordo et al. 
1999; for review see Bashir et al. 2002). These safety trials, although consisting 
of small nonrandomized patient samples, demonstrate the potential of angio­
genic gene therapy for treatment of ischemic heart disease. 

Losordo et al. (1998) carried out a phase I study in five male patients 
53-71 years of age with angiographic evidence of coronary artery disease that 
did not respond to conventional anti-anginal therapy. The authors reported that 
direct intramyocardial delivery of naked plasmid encoding VEGP165 into the 
ischemic myocardium resulted in significant reduction of anginal symptoms 
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and modest improvement in left ventricular function concomitant with reduced 
ischemia and improved Rentrop score. Using adenovirus for intramyocardial 
delivery of VEGFl2l into an area of reversible ischemia in the left ventricle as 
sole or adjunct therapy in patients undergoing conventional coronary artery by­
pass grafting, Rosengart et al. (1999) showed improvements in regional ventric­
ular function and wall motion in the region of vector administration in both 
groups of patients. Vale and colleagues (2001) carried out a randomized, single­
blinded placebo-controlled phase I trial in patients with chronic myocardial 
ischemia using catheter-based delivery of naked VEGF165 assisted by electrome­
chanical NOGA mapping of the left ventricle. The results of this study indicated 
significant reductions in weekly anginal attacks for as long as 1 year after gene 
delivery in the treated patients, in contrast to the patients receiving placebo. 
The reduction in anginal episodes was accompanied by improved myocardial 
perfusion as evidenced by SPECT -sestamibi perfusion scanning and electrome­
chanical mapping. Recently Grines and colleagues (2002) completed the Angio­
genic GENe Therapy (AGENT) double-blinded, randomized, placebo-controlled 
trial using dose-escalating adenovirus-mediated intracoronary delivery of FGF-4 
in patients with angina, in order to evaluate the safety and efficacy of this proto­
col in reducing ischemic symptoms. The authors reported increased exercise 
tolerance and improved stress echocardiograms at 4 and 12 weeks after gene 
transfer in the patients that received FGF-4 gene therapy compared to the pa­
tients receiving placebo. Unfortunately, the long-term outcome beyond 12 weeks 
has not been reported. 

The success of these initial small-scale phase I and phase II trials warrant 
larger and more adequately controlled later phase trials. Several issues relating 
to feasibility, safety and sustainability require further investigation before thera­
peutic angiogenesis may be envisaged as a viable therapeutic option for treat­
ment of ischemic heart disease. The broad issue of safety of the approach re­
quires systematic evaluation. This is particularly relevant in light of recent evi­
dence that transplantation of myoblasts constitutively expressing VEGF under a 
retroviral promoter into mouse hearts led to intramural angiomas followed by 
heart failure and death (Lee et al. 2000; see commentary by Carmeliet 2000). 
This observation underscores the necessity for regulated expression of pro-an­
giogenic factors. 

Such a strategy may require the incorporation of promoter sequences, for ex­
ample hypoxia-sensitive responsive elements, capable of rendering expression 
of the therapeutic transgene subservient to the pathophysiological changes in 
myocardial oxygen tension. This concept has recently been validated by Su et al. 
(2002), who demonstrated that hypoxia-induced VEGF expression in ischemic 
myocardium from an AAV vector encoding VEGF under transcriptional control 
by the erythropoietin hypoxia responsive element (HRE). Another approach to 
achieve regulated therapeutic angiogenesis uses engineered transcription factors 
capable of activating endogenous VEGF expression as a strategy to induce VEGF 
expression in pathophysiological conditions (Vincent et al. 2000; Rebar et al. 
2002). These novel strategies may allow endogenous regulation of angiogenesis 
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so that the magnitude of neovascularization is graded to the severity of the isch­
emic insult. 

Further work is also necessary to determine the safest and most efficacious 
route and method of gene delivery to avert potentially hazardous side effects, 
such as neovascularization of occult neoplasms or peripheral vascular effects 
that may result in edema and hypotension. In this context, the optimal strategy 
may require targeted tissue delivery by incorporation of cell-specific promoters 
for expression of the trans gene exclusively at the target sites. It also needs to be 
established whether the desired long-term therapeutic effect can be achieved 
with a single administration of the therapeutic gene or whether multiple treat­
ments may be required. 

4.2 
Cell-Based Therapy for Myocardial Ischemia 

An alternative strategy for therapeutic angiogenesis involves the use of endothe­
lial precursor cells as angiogenic substrate. Several reports have documented 
the existence of blood-borne endothelial progenitor cells (EPC) originating from 
a common hem angioblast precursor in adult bone marrow (Asahara et al. 1997; 
Shi et al. 1998; Asahara et al. 1999). These endothelial lineage cells have the 
properties of an endothelial progenitor (CD34+, Flk-1 +) and are recruited to foci 
of neovascularization such as ischemic muscle (Shintani et al. 2001) and the 
myocardium (Kawamoto et al. 2001), where they differentiate into functional en­
dothelial cells, indicating that they may playa role in postembryonic vasculo­
genesis in ischemic tissues. 

The therapeutic potential of these cells as vehicles for tissue salvage and/or re­
generation from ischemia has been demonstrated. Local implantation of autolo­
gous bone marrow-derived cells in rat (Ikenaga et al. 2001) and mouse (Murohara 
et al. 2000; Kalka et al. 2000) ischemic hindlimbs induces angiogenesis and par­
tially restores blood flow and exercise capacity in the ischemic limb. Similarly, 
transplantation of ex vivo-expanded human EPCs into nude rats (Kawamoto et al. 
2001; Kocher et al. 2001) and pigs (Fuchs et al. 2001) with myocardial ischemia 
leads to increased capillary density and improved ventricular function. More re­
cently it was reported that the number of circulating EPCs increases in patients 
with acute myocardial infarction (Shintani et al. 2001) and is lower in patients 
with coronary artery disease (Vasa et al. 2001a), indicating that these cells may 
play an essential role in neovascularization of the myocardium in response to 
ischemia. 

The ability to culture and genetically engineer EPCs ex vivo with vectors ex­
pressing therapeutic genes suggests that these cells may be ideally suited as a 
substrate for cell-based gene therapy for neovascularization of ischemic tissues. 
In this scheme, EPCs genetically modified to express angiogenic growth factors 
could serve as a cell substrate for new vessel growth by vasculogenesis, driven 
by local proliferation and differentiation of the transplanted cells, and as a 
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source of pro-angiogenic growth factors for growth of pre-existing vessels by 
sprouting. 

This concept was recently validated by Iwaguro et al. (2002). Using athymic 
mice with hindlimb ischemia, this group showed that the transplantation of mu­
rine EPC transduced ex vivo with an adenoviral vector expressing VEGP result­
ed in more efficient neovascularization and blood flow recovery that treatment 
with untransduced EPCs. The improved neovascularization in the animals treat­
ed with VEGF-transduced EPCs appears to be, at least in part, due to enhanced 
EPC proliferation and adhesion. Thus, VEGP gene transfer exerts phenotypic 
modulation of the EPCs, thereby potentiating biological properties that favor 
the angiogenic response. A potential noninvasive approach for angiogenesis of 
ischemic myocardium in CAD may involve the mobilization of EPCs to the isch­
emic region using conventional pharmacological therapeutic agents used in 
treatment of CAD such as statins. Recently, several groups showed that statin 
therapy increases the number of EPCs in patients with stable CAD (Vasa et al. 
2001b; Dimmeler et al. 2001), suggesting that the mobilization of EPCs and sub­
sequent neovascularization of ischemic myocardium may contribute to the ther­
apeutic benefit of these drugs. Walter et al. (2002) showed that statin therapy ac­
celerates re-endothelization of balloon-injured arterial segments in rats, leading 
to reduction in neointimal thickening. 

4.3 
Gene Therapy for Rescue of Contractile Function 

Rescue of contractile function in the failing myocardium is another major goal 
of myocardial gene therapy. The failing myocardium is characterized by alter­
ations in calcium handling, decreased myofilament sensitivity, excessive cate­
cholamine release and adrenergic receptor down-regulation and desensitization 
(Towbin and Bowles 2002), resulting in decreased contractility. ,B-Adrenergic re­
ceptors (,B-AR) are G-protein-coupled receptors that play an essential role in 
regulation of myocardial contractility and inotropic state in response to neuro­
humoral stimulation (Rockman et al. 2002). Activation of ,B-AR (predominantly 
,Bl) by norepinephrine leads to the phosphorylation of several proteins involved 
in regulation of excitation-contraction coupling, including the sarcolemmal 
L-type Ca2+ channels, ryanodine receptors, sarcoplasmic reticulum calcium 
ATPase (SERCA2) inhibitor phospholamban, troponin I and myosin binding 
protein C (Bers 2002) via stimulation of the adenylate cyciase-cAMP-PKA sig­
naling cascade. 

The ,B-AR-signaling and calcium-regulating pathways have been used as tar­
gets for treatment of heart failure (Towbin and Bowles 2002; Mann 1999). The 
use of ,B-blockers and calcium channel antagonists have lead to remarkable im­
provements in the long-term survival and quality of life of patients with ad­
vanced heart failure. Recent preclinical studies suggest that genetic manipula­
tion of these therapeutic targets may be a viable and potentially effective alter­
native to the pharmacotherapies currently in use in the management of heart 
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failure. Adenovirus-mediated intracoronary delivery of the f3rAR gene led to 
improvements in basal and isoproterenol-stimulated LV contractility and hemo­
dynamic function in rabbits (Maurice et al. 1999; Shah et al. 2000), and rescued 
f3-AR signaling in ventricular myocytes from failing hearts. Similarly, adenovi­
rus delivery of the f3-ARKct peptide inhibitor improved postinfarction LV func­
tion significantly in rabbits after myocardial infarction, in parallel with in­
creased f3-AR-stimulated adenylate cyclase activity and cAMP generation (Shah 
et al. 2001). Recently, Roth et al. (2002) demonstrated that cardiac-specific over­
expression of adenylate cyclase type VI (ACvl) improved ventricular function, 
restored f3-AR-stimulated cAMP generation and increased long-term survival in 
mice rendered cardiomyopathic by overexpression of Gq protein. These findings 
suggest that gene transfer protocols aimed at normalizing f3-AR signaling may 
have application as a strategy for functional rescue of the failing heart. Exoge­
nous overexpression of f3-AR receptors and signaling proteins by gene transfer 
may compensate for the decrease in endogenous f3-AR density and sensitivity 
resulting from chronic sympathetic activation in heart failure, thereby normal­
izing left ventricular function. 

Gene therapy strategies for normalization of myocardial cytosolic calcium 
transients have also yielded promising results in experimental models of heart 
failure (Miyamoto et al. 2000; del Monte et al. 2001; Hajjar et al. 2000). The ratio 
of phospholamban to SERCA2a is increased in heart failure, resulting in de­
creased Ca2+ ATPase activity and reduced calcium uptake by the SR (Schmidt et 
al. 1997; Towbin and Bowles 2002). Adenovirus-mediated overexpression of 
SERCA2a in neonatal cardiac myocytes enhanced contraction by increasing 
peak [Ca2+]i release and a decrease in resting [Ca2+]i (Hajjar et al. 1997). In a 
rat model of heart failure induced by aortic banding, intracoronary SERCA2a 
gene delivery by adenovirus at approximately the time of transition from com­
pensated hypertrophy to heart failure restored systolic and diastolic function 
concomitant with an increase in basal Ca2+ -ATPase activity (Myamoto et al. 
2000) and improved phosphocreatine/ATP ratio and long-term survival (del 
Monte et al. 2001). Furthermore, SERCA2a gene transfer normalized cytosolic 
transients and restored contractile function in ventricular myocytes isolated 
from patients with end-stage heart failure (del Monte et al. 1999) and improved 
diastolic function in aged rats (Schmidt et al. 2000). Presumably, overexpression 
of SERCA2a restores the normal stoichiometry between phospholamban and 
the Ca2+ -ATPase, preventing cytosolic calcium overload and left ventricular dys­
function. Conversely, antisense inhibition of phospholamban was shown to im­
prove contractility in cultured rat neonatal myocytes (Eizema et al. 2000) and in 
ventricular myocytes of end-stage heart failure patients (del Monte et al. 2002), 
in association with improved calcium sensitivity of SERCA and reduced time for 
recovery of the Ca2+ transient. 

Despite these promising findings, the available data have not established the 
long-term efficacy and safety of adenoviral-mediated myocardial expression of 
adrenergic and calcium-regulating proteins. Adenoviral vectors exhibit signifi­
cant myocardial cytotoxicity at high concentration and induce a robust inflam-
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matory response that may cause damage to the infected cells and lead to loss of 
transgene expression. Sustained expression of the therapeutic transgene may be 
essential for rescue of the failing heart, necessitating the use of a vector type 
such as AAV. Secondly, the physiological consequences of long-term f3-AR and 
SERCA2a gene transfer needs to be established. Although transgenic mice with 
cardiac-specific overexpression of f3rAR or SERCA2a do not show any morpho­
logical evidence of myocardial pathology (Baker et al. 1998; Milano et al. 1994), 
it is not known whether viral-mediated expression of these proteins has any sec­
ondary effects besides calcium regulation. Concerns have recently been raised 
that the increase in SERCA2a expression by gene transfer in the failing heart 
may impose extra demands on myocardial energy expenditure due to increased 
inotropic state, and may cause adverse electrophysiological events such as ar­
rhythmias. Such potential adverse effects could accelerate myocardial cell death 
and precipitate the progression of heart failure and will have to be addressed 
before inotropic gene therapy could make the transition from the preclinical 
stage to clinical trial. 

4.4 
Gene Therapy for Myocardial Hypertrophy and Remodeling 

Inhibition of ventricular remodeling is a prime target in the treatment of heart 
failure, and the long-term survival benefits of therapies such as ACE inhibition 
and f3-blockade in patients suffering from MI or heart failure are attributed in 
part to a decrease in LV remodeling. Pharmacological inhibition of these path­
ways attenuates the hypertrophic and remodeling process and delays the pro­
gression of disease (McMurray and Pfeffer 2002). More recently, treatment with 
MMP inhibitors was shown to attenuate post-infarction LV dilation effectively 
(Asakura et al. 2002), suggesting that this could be a therapeutic strategy for 
heart failure. 

Genetic manipulation of these targets may prove an alternative to current 
pharmacological approaches for treatment of heart failure. Gene therapies 
aimed at inhibiting hypertrophic and profibrotic pathways should be useful in 
limiting the extent of remodeling. For example, inhibition of AT 1-R signaling by 
antisense reduces cardiac hypertrophy in a renin-overexpressing transgenic rat, 
independent of systemic effects (Pachori et al. 2002), suggesting a role of local 
ANG II in inducing the hypertrophic phenotype. A similar approach could be 
used for inhibition of cardiotrophic factors such as calcineurin and protein ki­
nases (Taigen et al. 2000). Antisense inhibition of myocardial TGF-f31 factor sig­
naling and metalloproteinase activity could be employed as strategies to reduce 
fibrosis and remodeling. Conversely, myocardial overexpression of antihyper­
trophic factors may be used as a strategy to reverse hypertrophy in failing 
hearts. Li et al. (1997) demonstrated that cardiac-specific overexpression of in­
sulin-like growth factor-1 (IGF-l) in mice prevented myocyte death in the viable 
myocardium and attenuated ventricular dilation and hypertrophy after MI. Sim­
ilarly, cardiac overexpression of glycogen synthase-3f3, an endogenous antago-
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nist of calcineurin action, was reported to inhibit hypertrophy in response to 
chronic ,8-adrenergic stimulation and pressure overload {Antos et al. 2002}. 
Overexpression of cyclin-dependent kinase inhibitor p16 has also been shown 
to reduce cardiac hypertrophy in response to ET-1 {Nozato et al. 200l}, in agree­
ment with findings that cyclin-dependent kinase inhibitors play an essential role 
in inhibition of pressure-induced hypertrophy {Tamamori 1998}. Systemic over­
expression of vasodilatory genes such as NOS {Lin et al. 1997}, ANP {Lin et al. 
1998} and kallikrein {Yoshida et al. 2000} were effective in reducing cardiac hy­
pertrophy and fibrosis in hypertensive rat models. 

Whether such genetic approaches yield therapeutic potential in the treatment 
of human heart failure remains to be investigated. The molecular complexity of 
heart failure in humans suggests that combinatorial therapeutic strategies aimed 
at modifying the activity of multiple targets involved in cardiac hypertrophy 
and remodeling may be more effective than selective therapeutic approaches fo­
cusing on a single target. For example, the optimal gene therapy for heart failure 
may combine antiremodeling strategies, such as antisense inhibition of MMP 
activity, with contractility enhancing strategies, such as overexpression of 
SERCA2a or ,81-AR. 

4.5 
Gene Therapy for Inherited and Congenital Heart Disease 

In principle, myocardial disease resulting from single-gene mutations could be 
corrected by exogenous delivery of the normal gene {gain of function ap­
proach}. The major hurdle in this regard has been the unavailability of a suitable 
vector capable of sustained trans gene expression in the myocardium. The intro­
duction of AAV and lentivirus vector systems, which have the capacity to trans­
duce and integrate into the genome of terminally-differentiated cells such as 
cardiomyocytes, may partially overcome this problem 

Although gene therapies for inherited cardiomyopathies and channelopathies 
have not yet been tested in humans, preclinical data suggest the feasibility of 
these therapies. Several animal models have been engineered to express the ge­
netic mutations found in humans with cardiomyopathy and LQT syndromes. In 
all cases, the histopathological and physiological abnormalities characteristic of 
human cardiomyopathy and channelopathies were observed {Maass and Lein­
wand 2000; Ikeda and Ross 2000; Balser 2002}, rendering these animals ideal for 
testing and evaluating specific gene therapies. The feasibility of gene therapy for 
inherited cardiomyopathy has been demonstrated by Kawada et al. {2002}, who 
showed that intramyocardial delivery of o-sarcoglycan to 5-week-old TO-2 Syri­
an hamsters using an AAV vector completely rescued the progression of cardio­
myopathy and led to a drastic increase in life expectancy. The transgene was ex­
pressed throughout life and led to improved sarcolemmal integrity, reduced cal­
cification and normalization of myocardial contractility and hemodynamics, in 
association with re-expression of a-, ,8-, y- and o-sarcoglycan and reconstitution 
of the dystrophin-associated glycoprotein complex. Similarly, Ikeda et al. (2002) 
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showed that coronary retroinfusion of adenovirus vector coding for 8-sarcogly­
can in 8- to 12-week old BIO 14.6 hamsters resulted in restoration of 8-, a- and 
.8-sarcoglycan to the sarcolemma and improvement in ventricular function com­
pared to age-matched untreated eM hamsters. Using an Epstein-Barr virus 
based plasmid vector, Tomaiyasu et al. (2000) showed that intramyocardial de­
livery of .8rAR to aged BIO 14.6 hamsters led to improved basal and agonist­
stimulated left ventricular contractility and hemodynamics. 

Myocardial delivery of genes encoding defective channel proteins or regulato­
ry G proteins may provide a strategy for correction of the genetic defects asso­
ciated with inherited and acquired LQT syndromes. Donahue et al. (2000) were 
able to reduce heart rate following atrial fibrillation in pigs by local delivery of 
the Gai2 gene to the atrioventricular node by adenovirus, suggesting that this 
approach may have application in the treatment of atrial arrhythmias. The 
HERG gene encodes the K+ channels mediating the faster component of the de­
layed rectifier potassium current (IKr) that is critical for myocardial repolariza­
tion. Nuss et al. (1999) showed that adenoviral transfer of the human HERG 
gene to adult rabbit ventricular myocytes maintained in primary culture led to 
abbreviated action potentials and drastically reduced the incidence of early after 
depolarizations after a train of action potentials. This was found to be associat­
ed with increased duration of the refractory period. 

Despite the identification of several single-gene mutations associated with 
heart and vessel abnormalities, the development of effective genetic therapies 
for congenital heart disease has been problematic for various biological and 
technical reasons. The precision, both in time and mechanism, by which these 
developmentally regulated genes exert their effects on heart morphogenesis and 
development dictates that any external corrective measure such as replacement 
of defective genes needs to be performed before the developmental programs af­
fected by the mutated genes are activated because the anatomical and functional 
defects emanating from these mutations may be irreversible. The ability to in­
tervene and reprogram a defective gene within the crucial developmental time 
window requires the availability of diagnostic tools that would permit detection 
of such mutations before the onset of disease and access to an effective system 
for in utero gene delivery. Although the current technology enables genetic 
screening for detection of many disease-causing mutations and polymorphisms, 
the prohibitive cost of this technology restricts its use to cases with a strong fa­
milial history, leaving many undiagnosed cases. Secondly, the dependency of 
normal heart and vessel development and maturation on precise stage-specific 
regulation of these morphogenetic genes mandates that corrective strategies be 
amenable to regulation by the endogenous mechanisms responsible for normal 
development. Furthermore, the heterogeneity of congenital heart disease due to 
polymorphisms and differential responsiveness to environmental and other sec­
ondary factors suggests that remedial genetic therapies would need to be indi­
vidualized. 
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4.6 
Cell-Based Therapy for Myocardial Regeneration 

Despite evidence of myocyte replication in the heart (Beltrami et al. 2001), the 
vast majority of adult cardiomyocytes are terminally differentiated and unable 
to divide (Soonpaa and Field 1998). Consequently, the regenerative capacity of 
the infarcted myocardium is limited (Li et al. 1996). Hypertrophy and, possibly, 
hyperplasia of the surviving myocytes may provide initial structural and func­
tional compensation. However, in time these processes lead to maladaptive re­
modeling of the ventricle and heart failure (St. John Suton and Sharpe 2000). 

Cell transplantation (cellular cardiomyoplasty) may offer a potential alterna­
tive for reconstitution of infarcted myocardium and recuperation of cardiac 
function (Reinlib and Field 2000). This approach is based on the premise that 
repopulation of the necrotic myocardium with replication-competent cells will 
rescue contractile function and re-establish the structural integrity that is dis­
rupted by myocardial infarction. Several cell-based regenerative strategies have 
evolved using a variety of substrates such as skeletal muscle myoblasts (Taylor 
et al. 1998), fetal (Li et al. 1997) and embryonic cardiomyocytes (Min et al. 
2002) and autologous marrow-derived mesenchymal cardiomyocyte progenitors 
(Tomita et al. 1999; Odic et al. 2001a; Jackson et al. 2002; Toma et al. 2002). 
However, the therapeutic efficacy of cellular cardiomyoplasty has been inconsis­
tent, and several technical and safety issues remain unresolved. For example, 
the optimal time for grafting after injury, the source and availability of cellular 
substrate, the delivery method and the immune tolerance of the host to the 
grafted cells are important technical and safety considerations. 

The use of an adult self-regenerating autologous source of progenitor cells 
with the potential for differentiating into cardiomyocytes would appear ideal for 
various reasons. First, the technical problems associated with immunohistocom­
patibility would be eliminated, removing the need for adjunctive immunosup­
pressive therapy after transplantation, which could potentially translate into im­
proved graft survival. Secondly, the use of an autologous source of cells for 
transplantation would circumvent many of the legal, ethical and moral hurdles 
implicit in the use of embryonic and fetal tissue. More significantly, the self-re­
newing capability of progenitor cells would provide a readily available and sus­
tainable substrate pool for autologous cell transplantation protocols, simply re­
quiring consent from the patient. Mesenchymal cells from the bone marrow 
stroma of long bones may offer a viable option for cellular cardiomyoplasty us­
ing autologous cells. These cells exhibit a high degree of plasticity (Krause 2002; 
Jiang et al. 2002) and can differentiate into functional cardiomyocytes under 
specific culture conditions (Hakuno et al. 2002; Jackson et al. 2001; Jiang et al. 
2002). Mesenchymal cells can be induced to differentiate into synchronously­
beating cardiomyocytes in vitro after treatment of primary cultures of mouse 
bone marrow with the cytosine analog 5-azacytidine (Makino et al. 1999; Tomita 
et al. 1999). The differentiated cells presented the ultrastructural, genetic and 
biophysical characteristics of fetal ventricular myocytes, namely, the presence of 
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sarcomeres and atrial granules around a central nucleus, the expression of a fe­
tal cardiac gene profile and prolonged action potentials (Makino et al. 1999), as 
well as expression of functional adrenergic and muscarinic receptors (Jiang et 
al. 2002). 

Several groups have provided evidence of bone-marrow-derived cardiac myo­
cyte precursor cells. Administration of mononuclear cell preparations harvested 
from bone marrow has been reported to improve cardiac function in various 
models of myocardial injury (Tomita et al. 1999; Wang et al. 2001; Jackson et al. 
2001; Orlic et al. 2001a; Toma et al. 2002; for review see Orlic et al. 2002). Toma 
and colleagues (2002) showed recently that transplantation of human MSC into 
the left ventricular wall of immunodeficient mice differentiate into cardiac myo­
cytes without the need for myogenic differentiation prior to transplantation. 
Tomita et al. (1999) reported that transplantation of 4-azacytidine-treated bone 
marrow cells repopulated the scar and significantly improved left ventricular 
function in cryoinjured rat hearts. Wang et al. (2001) detected several cell types, 
including cardiomyocytes, endothelial cells, and fibroblasts, within and on the 
border of the scar 1 month after intracoronary delivery of retrovirally trans­
duced isogenous bone marrow cells to infarcted rat hearts. This suggested that 
factors emanating from the injured myocardium may induce transdifferentia­
tion of the bone marrow progenitors into the various cell types necessary for re­
generation and maintenance of the infarcted myocardium. More recently, sever­
al groups reported evidence of extracardiac progenitors in necropsy specimens 
of hearts obtained from subjects that had undergone sex-mismatched heart 
(Quaini et al. 2002; Muller et al. 2002) or bone marrow transplantation (Deb et 
al. 2003). Quaini et al. (2002) and Muller et al. (2002) reported the presence of 
highly proliferative Y-chromosome-positive myocytes and vascular cells in myo­
cardial specimens from male recipients that had received hearts from female do­
nors. The recipient-derived cells expressed stem cell-related antigens, including 
c-kit, MDRI and Sca-l (Quaini 2002), and connected by gap junction with 
neighboring myocytes (Muller et al. 2002), indicating the ability of these precur­
sor cells to develop into functional cardiomyocytes. In addition to the recipient­
derived precursor cells, a significant number of highly proliferative host-derived 
primitive cells were detected in the infarcted myocardium, suggesting that these 
resident precursor cells may constitute a cardiac self-repair mechanism that 
may be potentiated by recruitment of marrow cardiogenic precursors. The re­
generative capacity of this self-repair mechanism has, however, recently been 
questioned by two groups who have argued that the number of extra cardiac 
progenitors that are capable of migrating to the heart is too small to induce ef­
fective long-term regeneration of the myocardium (Taylor et al. 2002; Laflamme 
et al. 2002). 

Recently, systemic mobilization of bone marrow progenitors with cytokines 
has been investigated as a potential strategy for treatment of acute myocardial 
infarction. Treatment with stem cell factor (SCF) and granulocyte-colony stimu­
lating factor (G-CSF) prior and immediately following infarction led to signifi­
cant regeneration of infarcted myocardium and improvement in ventricular 
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function, chamber dimensions and long-term survival in mice (Odic et al. 
2001b), suggesting that homing and trans differentiation of bone marrow-de­
rived cardiogenic precursors to sites of injury in the heart may constitute a nat­
ural repair mechanism. > From a clinical perspective, the effectiveness and sim­
plicity of bone marrow mobilization protocols is attractive and may hold thera­
peutic potential as a noninvasive strategy for treatment of acute myocardial in­
farction. 

Despite these promising findings, further work is required to establish the 
lineage of these precursors, the nature of the migratory and homing signals, the 
mechanism of transdifferentiation, and their role in myocardial regeneration. 
The identity of the putative bone marrow-derived cardiogenic precursor re­
mains elusive. Jackson et al. (2001) demonstrated that injection of SP cells 
(CD34+, c-kit+) from bone marrow of LacZ-expressing Rosa26 transgenic mice 
into lethally irradiated mice prior to myocardial ischemia and reperfusion led 
to engraftment of donor-derived cells predominantly in the peri-infarct region, 
where they differentiate into cardiomyocytes and endothelial cells lining small 
vessels. However, the abundance of SP cells in the peri-infarct region was less 
than 0.02%, raising doubts that this population is the only source of bone mar­
row-derived mesenchymal cardiac progenitor cells. Odic et al. (2001) reported 
that the injection of c-kit+ /lin- marrow cells from GFP-transgenic mice into the 
infarct border of syngeneic females with myocardial infarction formed new cap­
illaries and cardiomyocytes and regenerated 68% of the infarcted myocardium. 
Up to 54% of the cells in the regenerated myocardium expressed GFP and 
stained positive for the Y chromosome, indicating that the regenerated tissue 
originated from the donor cells. The difficulty in expanding these cells in cul­
ture, however, may limit their therapeutic application. The mechanism mediat­
ing recruitment, homing and trans differentiation of these progenitors to the in­
jured myocardium is not known. SCF is rapidly induced in response to myocar­
dial injury (Frangogiannis et al. 1998) and stromal-derived growth factor 
(SDF)-l was shown to stimulate homing of angioblasts to ischemic myocardium 
(Hattori et al. 2001), suggesting that these cytokines may playa role in the mi­
gration and proliferation of bone marrow cardiac precursors in the infarcted 
heart. The molecular signals responsible for differentiation of the presumptive 
cardiogenic precursors have not been identified, and several recent studies have 
raised doubts about the plasticity of bone marrow-derived stem cells. In sepa­
rate studies, Terada et al. (2002) and Ying et al. (2002) showed that mouse bone 
marrow or brain cells, respectively can fuse spontaneously with embryonic stem 
cells grown in co-culture and adopt the phenotype of the recipient cells. The au­
thors suggest that this may be one mechanism by which the transplanted cells 
assume the phenotype of the surrounding host tissue. However, the relevance of 
this phenomenon in vivo, remains to be established. The optimal time for trans­
plantation and survival of the grafted cells need to be defined. 

In spite of these outstanding issues, two groups have recently treated patients 
that had suffered acute myocardial infarct with autologous bone marrow cells. 
Strauer et al. (2001) reported that intracoronary delivery of unfractionated au-
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tologous mononuclear bone marrow cells 6 days after infarction led to a reduc­
tion in infarct size and improvement in ventricular function and chamber ge­
ometry 10 weeks after transplantation. In a recent small-scale phase I clinical 
trial, Stamm and colleagues (2003) injected autologous AC133+ bone marrow 
cells into the infarct border during CABG in six patients that had suffered earlier 
acute transmural myocardial infarction. The authors reported improved perfu­
sion of the infarcted area and significant enhancement of global left ventricular 
function 3-9 months after surgery. The transplantation protocol appears to be 
safe and did not cause adverse cardiac effects (Galinanes et al. 2002). These 
findings should, however, be considered preliminary. Further characterization 
of the biology of these cells and clarification of the outstanding issues is neces­
sary. Multicenter controlled trials will be needed in order to define the optimal 
time and method of delivery, the subpopulation and number of bone marrow 
cells required to achieve a sustained therapeutic benefit, and the survival of the 
transplanted cells. The question of whether transplantation should be per­
formed soon after infarction or after the inflammatory process has resolved re­
mains unsettled. Bone marrow-derived cells are very sensitive to hypoxia and 
inflammation, and a large number of the transplanted cells die soon after im­
plantation (Toma et al. 2002). Strategies for improved cell survival, particularly 
around the time of transplantation, when the cells are most vulnerable, may 
need to be devised. Genetic engineering of the cells prior to grafting with vec­
tors expressing survival genes and cytoprotective genes may help reduce peri­
transplantation cell death and improve the long-term survival of the graft. 
Zhang et al. (200l) has recently provided support for the feasibility of this ap­
proach by showing that the survival of grafted neonatal cardiac myocytes is 
greatly improved by adenoviral transduction of the cells with the survival gene 
Akt prior to transplantation. 

Finally, the morphological, histological and functional complexity of the 
myocardium should not be overlooked when designing cell-based protocols for 
cardiac grafting. The myocardium consists of a variety of cell types, including 
cardiomyocytes, fibroblasts, vascular smooth muscle cells and endothelial cells 
embedded in a complex extracellular matrix that provides scaffolding for the 
three-dimensional alignment of the various components required for proper 
structural and mechanical function. This level of complexity raises a cautionary 
point against designing overly simplistic grafting protocols. It may be that the 
optimal grafting procedure for cardiac repair may require more than one cell 
type, for example, cardiomyocytes, fibroblasts and endothelial cells, to produce 
a graft that is able to recapitulate normal cardiac function. 

5 
Perspectives and Future Directions 

The last decade has brought clarification of the molecular mechanisms underly­
ing many of the most common cardiovascular diseases. This has led to the de­
velopment of an array of gene and cell-based strategies with potential therapeu-
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tic value for treatment of these diseases. Some of these strategies have already 
made the transition from the preclinical phase into clinical trial and are now be­
ing considered for use in human patients, while several others are currently un­
dergoing safety and feasibility evaluation in early phase trials. Notwithstanding 
these significant advances, we recognize the need for further developments in 
several aspects of cardiovascular gene therapy. Progress in vector and delivery 
technologies have not kept up with the identification of novel therapeutic tar­
gets, which continues to occur at a swift pace. All vectors currently in use for 
transfer of genetic material lack some of the desired features of the ideal vector. 
Emphasis needs to be put in the development of vectors that are safe and amen­
able to endogenous regulation and with the capability of conferring tissue speci­
ficity of transgene expression. Such a degree of spatial and temporal control 
over transgene expression will enhance the safety of human gene therapy proto­
cols and potentially overcome many of the ethical issues that can arise as a re­
sult of nonspecific transgene expression such as germ cell line transmission. 
Much of this development can be carried out using current vector platforms. 
Rigorous systematic evaluation of the safety and efficacy of delivery strategies 
and improvement of delivery devices are also essential prerequisites for human 
gene therapy protocols. 

The optimal genetic therapy for complex diseases such as coronary artery 
disease and myocardial infarction may require a combination of cell transplan­
tation and pro-angiogenic gene therapy for long-term sustenance of the regen­
erated myocardium. Due to regulatory hurdles, such potentially synergistic 
combinatorial approaches have seldom been considered in the design of cardio­
vascular gene therapy strategies. Instead, the strategies have traditionally been 
developed around a single therapeutic target. We see future advances in gene 
and cell therapies linked to genomic research. Genomic profiling and screening 
is being employed for molecular phenotyping of patients and will permit the de­
tection of disease-causing polymorphisms and the design of individualized ther­
apies. The convergence of gene transfer technology and genomic technology 
will facilitate the elucidation of novel genes and may help uncover new roles for 
previously known genes, thereby leading to the discovery of novel therapeutic 
targets. 
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