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Foreword

Pharmacogenetics seeks to determine how a person’s genetic makeup affects their
response to medicines. Rapid advances in genetic technologies have opened up the possi-
bility of genetic testing on a large scale at an affordable cost, thus facilitating the exploita-
tion of pharmacogenetics not only in assessing risks, benefits, and indications of
medicines, but also as a valuable tool in drug discovery.

Since the beginning of modern drug therapy, it has been realized that dose is a
poor predictor of therapeutic response and that there is substantial variability in both
therapeutic efficacy and the occurrence of adverse effects of most medicines. One of
the main aims of clinical pharmacology is to understand the basis of this variability.
Whether it is due to differences in drug disposition caused by variations in absorption,
distribution, transport, metabolism, or elimination, or by differences in end-organ
responsiveness, many studies have shown that genetic variability is a most important
determinant of each of these.

In the field of drug discovery, the application of genetics was originally focused on
the discovery of novel disease genes that could become the targets for new drug discovery
programs. But the rapid expansion of understanding of the variability of human DNA
sequences has given rise to an appreciation that this approach may be more challenging
than originally thought. Currently, more use is made of population-based genetic
association studies to identify disease intervention targets.

As the recent report of the Royal Society “Personalised Medicines: Hopes and
Realities” makes abundantly clear, it is easy to exaggerate the importance of pharma-
cogenetics on clinical practice. While there are a few medicines on the market where
there is evidence for the benefits of genetic testing for patient selection, mainly in the
field of cancer, there are as yet no marketed products that are the result of genetic-
based discovery. It seems likely that this situation will radically change, but the time
scale is not yet clear. It seems more likely that, for the foreseeable future, the impact
of pharmacogenetics will be most profound in the development of diagnostic tests that
will allow for the better use of medicines, both in terms of efficacy and safety.

This book is a timely account of the state of the science and clinical application
of pharmacogenetics. Its format should make it attractive and easy to use for the clinician
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in search of detailed information about specific disease areas, and also for those wishing
to be updated in the field of pharmacogenetics in general.

Alasdair Breckenridge
Medicines and Healthcare Products Regulatory Agency
London, U.K.



Preface

This book aims to provide a comprehensive account of pharmacogenetics with particular
reference to its potential role in specific disease areas. While there have been previous
books on pharmacogenetics, these have concentrated on the broader principles (often
almost exclusively dealing with pharmacokinetic issues). We felt that a book that provides
an account of the generic issues and then provides a disease-area-by-disease-area account
would be of value.

This approach has an obvious advantage in that a reader specifically interested in
the possible role of pharmacogenetics in dealing with patients with cardiovascular
disease, for example, will be able to find all the relevant information in a single
chapter, as opposed to having to read about specific enzymes or receptor systems and
pick out those bits of information relevant to the disease area. It has, however, caused
some difficulty in editing the text because obviously some issues (e.g., the role of
cytochrome P450 polymorphism) are generic to many disease areas. In general, we left
essential information in each chapter to ensure that the reader can gain all the relevant
details without constantly having to cross-refer to other chapters. This means that there
is a small amount of repetition in some of the chapters, but wherever possible we have
reduced this to the minimum required to maintain the flow of the text.

The other obvious difficulty in this fast-moving subject area is ensuring that the
account is up to date. While many of the broad issues have not changed over recent
years, many new studies are underway. We tried to ensure that the book is as comprehen-
sive as possible.

Looking through the contents readers will note that there is no specific chapter
dealing with neurological disease; however, the relevant issues are dealt with either in
the chapter on adverse drug reactions (anticonvulsants) or psychiatric disease. Similarly,
the relatively small amount of information on renal disease pharmacogenetics is covered
in the sections on metabolic and cardiovascular disease.

We hope that this book provides a useful starting point for both clinicians and
non-clinicians with an interest in pharmacogenetics. This is an exciting time to be
involved in the study of pharmacogenetics. Although the concept of personalized prescribing
has been around for about 50 years, the next 10 years will prove whether or not this approach
to improving the effectiveness of prescribing by achieving high efficacy while reducing the
risk of severe adverse drug reactions is a viable generic approach to patient management.

lan P. Hall
Munir Pirmohamed
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PART I: PRINCIPLES OF PHARMACOGENETICS

1

Identification of Treatment
Response Genes

Eva Halapi and Hakon Hakonarson
Division of Inflammation and Pharmacogenomics, deCODE Genetics, Inc.,
Reykjavik, Iceland

INTRODUCTION

Genetic diversity contributes to both disease susceptibility and variability in response to
drug therapy. Pharmacogenomics is a discipline focused on examining the genetic basis
for individual variations in response to therapeutics (1—4). Although the task of develop-
ing individualized medicines tailored to patient’s genotypes poses a major scientific chal-
lenge, pharmacogenomics is already starting to influence how physicians/scientists design
clinical trials and its impact on the practice of medicine is forthcoming (5,6). Recent evi-
dence suggests that most prescribed medications are effective in no more than 60% of the
individuals in whom they are used, and a significant number of patients also develop major
adverse effects. Better understanding of the genetic factors that regulate patient’s respon-
siveness to drugs is therefore needed to elucidate the molecular mechanisms involved and
allow for development of new therapeutic strategies that match each patient and the most
suitable drug (7-9).

While drug treatment constitutes the mainstay of medicine, for most drugs, there is
considerable variability in patient’s therapeutic response (2,3). In other cases, unforeseen
serious side effects may occur (10,11). For the patient this represents a dangerous and
potentially life-threatening situation, and, at the societal level, adverse drug reactions
are the most common cause of hospital admissions in the elderly and represent a
leading cause of disease and death (12). In some cases, genetic variations have been
shown to influence both efficacy and safety profiles, as in the case of dicumarol, warfarin,
or isoniazid, wherein patient variation in response to these drugs can largely be attributed
to polymorphisms in the CYP450 gene family that confer rapid versus slow acetylation of
these drugs (10). Since genetic variations can lead to differences in the regulatory func-
tions of genes, variability in their mRNA and/or protein expressions may follow. Pharma-
cogenomics is charged with measuring these differences in mRNA and protein messages
in response to drugs, and although relatively few examples of success exist, this approach
holds the promise that we may be able to profile these variations in individuals’ genetic
makeup and accurately predict response to drugs addressing both efficacy and safety
issues (3,4,6,9,10).
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In recent years, microarray technology has revolutionized almost all fields of
biomedical research by enabling high-throughput gene expression profiling in a single
experiment, thereby allowing thousands of genes in different species to be examined
in the context of organ differentiation and development in search for disease susceptibility
genes and new targets in drug discovery. With the use of expression microarray, the
future holds the promise that we may soon gain more global understanding of gene
expression changes with respect to disease susceptibility and progression and that
biomarkers will become increasingly used as diagnostic and prognostic indicators of
treatment response and also provide new insights into the process of new target discovery.

A brief overview of some of the key examples of pharmacogenetic effects follows.
This is designed to give the reader an initial idea of the potential for pharmacogenetic
effects to contribute to disease management. Fuller accounts of the range of pharmacoge-
netic effects relevant to each major disease group can be found in the chapters that follow.

PHARMACOGENETICS OF METABOLIZING ENZYMES: CYP450 AND
DRUG TRANSPORTER GENES

The cytochrome P450 (CYP450) enzyme system is involved in various metabolic and bio-
synthetic processes and constitutes a superfamily of heme enzymes found in most organ-
isms (i.e., bacteria to humans). These enzymes are estimated to account for the
biotransformation of approximately 60% of the most commonly prescribed drugs in the
United States. A few representative examples are discussed in the following, and
additional details on some of these examples (and others) are contained in later chapters.

CYP2D6

Three main phenotypes have been identified that relate to the oxidative metabolisms of
drug substrates by CYP2D6. The slow metabolizers (with defective CYP2D6 alleles),
the normal metabolizers (wild type), and the ultra-rapid metabolizers all have variable
number of genes for the functional CYP2D6 enzyme (13—15). Within the Caucasian popu-
lation, approximately 7% of the CYP2D6 alleles are defective, resulting in potentially
increased concentration of various drug metabolites at conventional therapeutic doses.
Some of the most commonly used drugs, such as the beta-adrenoceptor blockers and tri-
cyclic antidepressants, are substrates for CYP2D6 (13—15). The latter are known to cause
adverse reactions that are attributed to increased levels of tricyclic antidepressants. These
include, but are not limited to, such events as life-threatening arrhythmias and other
cardiotoxic effects that result from decreased activity of CYP2D6 metabolism. Diagnostic
tests are now available to identify beforehand those who are at risk.

CYP2C9

Three defective alleles have been reported in the CYP2C9 enzyme, two of which
confer decreased activity. Their frequency ranges from 1% to13% in different populations
(13-15). Substrates of CYP2C9 include nonsteroidal anti-inflammatory drugs and hypo-
glycemic agents (13—15). The clinical relevance of CYP2CO9 is particularly noticed in the
metabolism of drugs that are used to treat Type II diabetes, wherein decreased clearance of
these drugs may result in severe hypoglycemia. Another relevant example is S-warfarin,
where major bleeding may occur (10).
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CYP2C19

CYP2C19 is a highly polymorphic enzyme system, with approximately 3% of the Cauca-
sians having allele variation that renders them as slow metabolizers. In contrast, almost
20% of the Asian population carries the slow allele. Allele 9 confers total abolishment
of enzymatic activity (13—15). For most pharmacological compounds that are substrates
for CYP2C19, this poses a limited problem because the majority of the drugs are metab-
olized by several CYP450 enzymes. An important exemption is the drug omeprazole,
which is only partially metabolized by CYP3A4 and shows up to 12-fold larger area
under the concentration—time curve (AUC) in slow versus fast metabolizers (13—15).

Drug Transporters

Blood and tissue concentrations of most drugs are influenced by interindividual variation
in the structure and function of the metabolizing enzyme and transporter genes. Transpor-
ters are genes that control drug uptake, distribution, and elimination. The multidrug resist-
ance gene (MDRI) encodes for a P-glycoprotein (PgP), which belongs to the large
adenosine triphosphate (ATP)-binding cassette (ABC) protein. The MDR1 gene was orig-
inally discovered as the protein causing cross-resistance of tumors to many different cyto-
toxic agents (16). Multiple substrates are transported by PgP, including the
chemotherapeutics tamoxifen and mitoxantrone, the antibiotics cefotetan and cefazolin,
the immunosuppressant cyclosporin A, the antiarrytmic drug quindine, the cardiac stimu-
lants digoxin, and such opioid drugs as morphine, to name a few (17). Many cancers are
known to overexpress the PgP protein, and this has been correlated with poor prognosis,
particularly in patients with leukemia (18). Several SNPs have been reported in the MDR1
gene, some of which have been correlated with PgP protein expression, notably including
the C/T polymorphism in exon 26 (19). In a recent study (20), antiviral response to nelfi-
navir and efavirenez was shown to correlate with the allelic variant, 3435C/T, of the
MDRI gene. Patients who were homozygotes, carrying two copies of the 3435 T allele,
demonstrated lower serum concentration, faster recovery in CD4 T cell count, and more
rapid decrease in viral load, suggesting that the MDR1 3435C/T variant may be predictive
of immune recovery after antiviral treatment in HIV patients (20). Approximately 50% of
Caucasians are heterozygote (C/T) at the 3435 MDRI1 polymorphic site, while a homozy-
gote state (C/C) or (T/T), is seen in 25% of individuals, respectively. In contrast, the
frequency of the CC genotype in African Americans is 67% to 83%, whereas the fre-
quency of the TT allele is very low. Increased expression of PgP has also been correlated
with variation in clinical response to glucocorticoids in patients with inflammatory bowel
disease (21) and systemic lupus erythematosus (22). Collectively, these studies suggest
that there are important variations in the MDRI gene that regulate tumor resistance,
immune function, and metabolism of multiple drugs.

PHARMACOGENETIC TARGETS IN CANCER

For most cancers, conventional histopathologic evaluation, encompassing tumor
grade and stage, is inadequate to accurately predict the biological behavior of the tumor
(23-25). Considerable effort is underway to identify and characterize the biological
potential of various cancers at the molecular level. The need to predict response to
therapy and determine which tumors are most likely to progress or recur or which invasive
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tumors will metastasize has prompted intensive efforts in search for prognostic biomarkers
and markers that correlate with patients’ responses to anticancer therapy.

Estrogen and Progesterone Receptors

In the United States and other western societies, approximately one in 10 women develops
breast cancer. Given the unacceptably high mortality rate of approximately 40%, it is cri-
tically important that the most effective therapy at any given time is administered to each
patient. Although both adjuvant chemo- and hormonal therapies reduce the risk of metas-
tasis by approximately one-third, the best indicators for clinical progression available
today, including lymph node status, tumor size and histological grade, are unable to accu-
rately predict the outcome.

SERM

The presence of estrogen and/or progesterone receptors on tumors is considered favorable
because these patients are eligible for hormonal treatment. Tamoxifen, is a selective estro-
gen-receptor modulator (SERM), which acts as an estrogen antagonist in normal breast
tissue and breast cancer cells but as an antagonist in liver and bone cells. Apart from low-
ering serum cholesterol and preventing postmenopausal osteoporosis (26), tamoxifen is
the most effective and extensively used hormonal treatment for all stages of breast
cancer. More recently, the drug was approved for prevention of breast cancer in high-
risk individuals. In a recent meta-analysis, which included information on 37,000
women in 55 clinical trials of adjuvant tamoxifen therapy for five years (27), reduction
in recurrence and mortality rates were 47% and 26%, respectively, over a 10-year
period. Fifty percent decrease was also observed in the incidence of contralateral breast
cancer in patients receiving tamoxifen, regardless of the ER status of the primary tumor
(27). Several SERMs are currently in clinical trials. Toremifene is a relatively new
SERM drug with properties similar to that of tamoxifen. However, unlike tamoxifen, tor-
emifene does not seem to increase the risk of endometrial cancer. Based on information
available to date, the Food and Drug Administration (FDA) has restricted the use of tor-
emifene to postmenopausal women with metastatic breast cancer. Raloxifene is another
antiestrogen SERM that has received approval for the treatment of osteoporosis in
women beyond menopause.

Aromatase Inhibitors

Aromatase, a cytochrome P-450 enzyme that catalyzes the conversion of androgens to
estrogens, is the major source of estrogen synthesis in postmenopausal women. Inhibition
of aromatase, the terminal step in estrogen biosynthesis, provides a mechanism to inter-
vene in hormone-dependent breast cancer in postmenopausal women. Compared to
tamoxifen, both nonsteroidal (such as anastrozole and letrozole) and steroidal (such as
exemestane) aromatase inhibitors (Als) provide superior efficacy and better toxicity
profile as first- and second-line therapy of metastatic disease. Early results from the
ATAC study (anastrozole, tamoxifen, alone or in combination trial), encompassing
9300 women with early-stage disease at 381 research and medical centers in 21 countries,
suggest that anastrozole is superior to tamoxifen as measured by disease-free survival in
receptor-positive patients and in reducing the incidence of contralateral breast cancer (28).
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ER Antagonists

Fulvestrant (faslodex) is a potent antiestrogen drug that mediates its effects by estrogen
receptor (ER) downregulation. It acts as a pure antiestrogen and exhibits none of the nega-
tive side effects associated with the partial agonist activity of tamoxifen and related drugs.
It has been shown to have comparable efficacy to that of the oral Al, anastrozole, in post-
menopausal women with advanced breast cancer who have failed to respond to tamoxifen
or related drugs (29). It therefore provides the clinician with an alternative therapeutic
strategy following the development of tamoxifen resistance. Fulvestrant might also be
beneficial as a follow-on therapy after tamoxifen in an adjuvant setting to palliate some
of the concerns surrounding a long-term therapy with tamoxifen (five years).
Antiestrogens are among the most potent therapies in preventing cancer and reducing
the risk of recurrence in high-risk patients and in treating metastatic disease. Thus, ER
expression has become a valuable marker in predicting treatment response in breast cancer.

Epidermal Growth Factor Receptor Family

Epidermal Growth Factor Receptor

The epidermal growth factor (EGF) pathway has been identified as a key regulator of cell
growth and replication (30,31). Cumulative evidence shows that the epidermal growth
factor receptor (EGFR) pathway is actively involved in a wide variety of solid tumurs,
including non—small cell lung cancer (NSCLC), prostate cancer, breast cancer, stomach
cancer, colon cancer, ovarian cancer, and tumors of the head and neck (30-32). Overex-
pression of the EGFR in cancer cells has been associated with more advanced disease,
development of metastatic phenotypes, and poor prognosisents (32). Iressa™, a new tyro-
sine kinase inhibitor, directly blocks the signals for cell growth and division and is cur-
rently licensed for the treatment of inoperable or recurrent NSCLC in Asia and is being
tested in clinical trials for other solid tumors (33). Other drugs targeting the EGFR are
Tarceva™ and Erbitux™, which are currently in clinical trials.

HER2 /neu

HER2/neu has been shown to be overexpressed in 20% to 30% of breast cancer patients
(34,35). Recent evidence supports a clear association between HER2 overexpression and
reduced overall and disease-free survival, especially in patients with node-positive
disease (34-38). Tumors displaying HER2 amplification show a correlation with poor
prognosis (39,40). Thus, the greatest value of HER?2 as a predictive marker lies in the pre-
diction of response to therapies that target HER2, notably herceptin. Indeed, patients with
strongly HER2-positive breast cancer get significant clinical benefits from herceptin
therapy, and HER2 testing has become an integral part of the optimal management of
breast cancer patients. It is important to determine HER2 status of all primary breast
cancers at the time of diagnosis and recurrence because HER2 overexpression and ampli-
fication can be used to identify patients for herceptin therapy (41). Thus, HER2 has
approached a clinically validated status as a prognostic factor and also as a predictive
factor for response to therapy, and it is already part of the routine assessment for breast
cancer patients. A prior knowledge of HER?2 status is therefore an absolute requirement
for herceptin therapy.

Thiopurine S-Methyltransferase

The thiopurine S-methyltransferase (TPMT) gene metabolizes thiopurine medications,
such as mercaptopurine, azathioprine, and thioguanine. TPMT activity is polymorphic
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with 10% of the subjects being heterozygous and about 1/300 with low or deficient
activity (42,43). Patients with low or deficient TPMT activity are at high risk for severe
hematological toxicity from standard doses of thiopurine medications. Thus, it is import-
ant to be able to identify those patients who are at risk for such complications. The mol-
ecular basis for altered TPMT activity is well characterized with three distinct alleles
accounting for up to 95% of both heterozygous and homozygous mutant patients (43).
However, significant ethnic differences have been identified in both the frequency of
low TPMT activity and in the mutations that account for them (43). Although extended
clinical studies are needed to better understand and quantitate the dosing of these drugs,
TPMT genotype-specific dosing guidelines have been proposed for the use of mercapto-
purine in leukemia patients (44). Given the severity of thiopurine medication-related tox-
icity in TPMT-deficient patients, screening of the entire patient populations for TPMT
polymorphism prior to prescribing these drugs has been shown to be cost-effective. By
determining thiopurine transferase activity in patients before they receive thiopurines,
enzyme efficacy can be determined beforehand and life-threatening complications,
which are strongly related to the genetically determined activity of this enzyme, can be
avoided. Accordingly, screening for genetic variations in the TPMT gene presents an
ideal model for the translation of genomic information to guide patient therapeutics.

N-Acetyltransferase (NAT)

NAT was first identified as the enzyme responsible for inactivation of the antitubercular
drug isoniazid (45). NAT also plays an important role in carcinogen metabolism. The
N-acetylation metabolizing pathway is a major route for the conjugative metabolism
of many drugs and chemicals (46). Functional polymorphisms in the NAT gene were
initially associated with differences in the susceptibility to occupational and smoking-
related bladder cancer (47). Based on the substrate, individuals can be phenotyped as
either “fast” or “slow” acetylators. Individuals with the slow phenotype are homozygotes
for the slow allele, whereas subjects with the fast phenotype are either heterozygotes or
homozygotes for the fast allele. The frequency of slow acetylator varies worldwide,
ranging from 5% to 10% in Asia and reaching 90% frequency in certain European popu-
lations (13). Two functionally relevant human NAT genes, NATI and NAT2, have been
identified that are highly polymorphic and are encoded at multi-allelic loci. The relation-
ship between these polymorphisms and the resulting phenotypes is well established (48).

PHARMACOGENETIC TARGETS IN CENTRAL NERVOUS
SYSTEM DISORDERS

Although pharmacotherapy in patients with affective disorders has improved the outcome
of millions of patients worldwide, medical treatment of mental depression is efficacious in
no more than two-thirds of the cases, and there are no biological markers of treatment
response. Apart from identification of genomic markers of treatment response, which
would constitute an enormous clinical advantage of public health value, the application
of pharmacogenmoics may also uncover new targets for the development of novel and
hopefully more efficacious drugs with favorable side-effect profile.

Serotonin Transporter

Selective serotonin reuptake inhibitors (SSRIs) are widely used for the treatment of
depression because of their efficacy and relatively favorable side-effect profile compared
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with those of the tricyclic antidepressants. SSRIs act by interfering with the activity of the
serotonin transporter (SERT) (49). A number of polymorphisms have been reported in the
SERT gene (50-52), and genetic variations in the SERT promoter have been linked to
altered functions, such as the association between the short (S) allele (44 bp deletion)
of the SERT-PR site and poor response to fluvoxamine and paroxetine in patients
treated for major depression (53,54).

Dopamine Transporter

Attention deficit/hyperactivity disorder (ADHD) affects between 3% and 5% of school-
age children. Treatment of major symptoms, such as inattention, hyperactivity, and
impulsive behavior, has been effectively achieved using psychostimulants, of which
methylphenidate (Ritalin®) is the most commonly prescribed in the United States.
These drugs are beneficial in many cases; however, inter-individual variation in clinical
response and adverse events is well documented (55-57). Methylphenidate binds to
and directly inhibits the dopamine transporter (DAT1). Accordingly, variations in genes
involved in dopamine action and metabolism (such as DATI, D2, and the D4 receptor
genes) have been examined in search for explanation of the variability in clinical response
to methylphenidate and other psychostimulants in ADHD patients. A recent study (58)
demonstrated significant association between the 10/10 genotype in DAT1 and lack of
response to methylphenidate but failed to demonstrate any association with polymorphism
in the dopamine receptors (58). These results have recently been confirmed in a larger
patient cohort (59).

Dopamine and Serotonin Receptors

Clozapine is a potent drug in the treatment of schizophrenia; however, not all patients
benefit from treatment, and some patients react adversely to therapy while others fail to
respond adequately. Several studies have reported an association between clozapine
response and polymorphisms in the dopamine receptor 3 (D3) gene (60—62), dopamine
receptor 4 (D4) gene (63,64), and in the serotonin receptor 2A (65,66) and 5A genes
(67). In a recent study, Arranz et al. (68) screened for the combination of upto 19 poly-
morphisms that predicted clinical response to clozapine in schizophrenic patients with
high accuracy. These 19 single-nucleotide polymorphisms (SNPs) were located in eight
receptor genes and one transporter gene, including the a2A-adrenoceptor, dopamine D3
receptor, S-HT2A, 5-HT2C, 5-HT3A, 5-HTSA, histamine H1 receptor, histamine H2
receptor, and the serotonin transporter gene. A combination of six polymorphisms, includ-
ing the 5-HT2A 102T/C, His452Tyr, 5-HT2C-330GT/-244CT, Cys23Ser, 5-HTTLPR,
H2-1018G/A, predicted clinical response with 76.86% accuracy (* = 35.8; P=0.0001)
with sensitivity of 95.89 (+0.04), suggesting that these polymorphisms could be used to
identify patients who are most likely to show a satisfactory improvement with treatment.

Apolipoprotein E

Apart from its role in cardiovascular disease, the apoliprotein E (ApoE) protein has also been
associated with late onset and sporadic Alzheimer’s disease (AD) (69,70). In the central
nervous system (CNS), ApoE plays a key role in mobilization and redistribution of choles-
terol and phospholipids during membrane remodeling (70). In a study assessing the influence
of the ApoE genotype on therapeutic response to tacrine (acetylcholinesterase inhibitor) in a
responder/nonresponder cohort, more than 80% of ApoE4 negative carriers demonstrated
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marked clinical response to tacrine, as measured by the AD assessment scale (ADAS),
whereas ApoE4 positive carriers presented ADAS scores that were worse compared with
the baseline levels (69). The ApoE genotype has also been implicated in modulating response
to drugs targeting vasopressinergic activity (71). Thus, ApoE is emerging as a potentially
useful marker in predicting clinical response to tacrine.

PHARMACOGENETIC TARGETS IN RESPIRATORY DISORDERS

There are four major classes of asthma pharmacotherapy currently in widespread use (72):
(i) Br-agonists (B-agonist) used by inhalation for the relief of airway obstruction
(e.g., albuterol, salmeterol, fenoterol); (if) glucocorticoids for both inhaled and systemic
use (e.g., fluticazone, beclomethasone, triamcinolone, prednisone); (iii) theophylline
and its derivatives; and (iv) inhibitors and receptor antagonists of the cysteinyl-
leukotriene pathway (e.g., montelukast, pranlukast, zafirlukast, zileuton). The following
section summarizes pharmacogenetic work reported on -agonists and inhibitors of the
cysteinyl-leukotriene pathway in asthma; comprehensive accounts of these effects are
contained in the chapter on respiratory disease.

B2 Adrenergic Receptor

Four polymorphisms of the coding block of 3, adrenergic receptor (8,AR) have been
found, three of which result in receptors that have different properties compared with
the wild-type (73). These polymorphisms include Argl6é — Gly, GIn27 — Glu,
Val34 — Met, and Thr164 — lIle, of which the first two are the most common. Most
studies have found no differences in the frequencies of these polymorphisms between
asthma patients and healthy nonasthmatic controls (74,75). Thus, the genetic variability
of the 3,AR does not appear to play a major causative role in asthma. However, these poly-
morphisms, although not causative, could modify the disease. Other studies have assessed
the relationship between 8,AR polymorphisms at positions 16 and 27 and atopy, including
IgE levels (76). A significant association between the Glu27 form of the 3, receptor and log
serum IgE was reported, suggesting that 8, AR polymorphisms may act to modify the asth-
matic phenotype (77).

Several studies have assessed the modulatory role of 8,AR polymorphisms on the
treatment response to B-agonists (2,78) in relation to bronchial hyperreactivity (79) and
control of asthma (80). These studies demonstrate that certain S,AR polymorphisms
affect the clinical response to B-agonist therapy, which may impact the asthmatic pheno-
type, rendering these variants candidates that may ultimately provide for individualized
therapy in asthma.

Leukotriene Pathway Pharmacogenetics

The leukotrienes are eicosatetraenoic acid compounds that are derived from arachidonic
acid and exhibit a wide range of pharmacological and physiological actions (81). Three
enzymes are exclusively involved in the formation of the leukotrienes, including the
5-lipoxygenase (ALOXS), the leukotriene C4 synthase (LTC4), and LTA4 epoxide hydro-
lase. ALOXS is the central enzyme required for the production of both the cysteinyl-
leukotrienes (LTC4, LTD4, and LTE4) and the potent neutrophil chemo-attractant, LTB4.
Drugs that inhibit ALOXS activity or antagonize the action of the cysteinyl-leukotrienes
at their receptor site have been shown to attenuate broncho-constriction in asthma
patients (82).
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Mutations in the ALOX5 gene were found to have significant functional conse-
quences in the context of promoter—reporter constructs and patients with variable
number of tandem repeats (VNTRs) other than the wild-type (i.e., five repeats of the
sequence — GGGCGG— in the core promoter) have been shown to have diminished tran-
scription of the ALOXS5 gene and produce lower levels of leukotrienes (83,84).

The leukotriene LTC4 synthase is another enzyme with a known SNP in its promoter
region (A —444C) with a C allele frequency that is reportedly higher in patients with
severe asthma (71,72), wherein the —444C variant is associated with enhanced cysteinyl-
leukotriene production, suggesting that patients with the A/A genotype may have leuko-
triene-driven asthma. These findings provide possible evidence that, apart from the
ALOXS, there may be another pharmacogenetic locus that can modulate the leukotriene
pathway. Whether DNA sequence variants that are associated with decrease in cysteinyl-
leukotriene synthesis will also be associated with a decreased response to therapy
remains to be determined.

PHARMACOGENETIC TARGETS IN CARDIOVASCULAR DISEASE

Atherosclerosis is, at least in part, attributed to an underlying immune-mediated process
with onset early in life, ultimately leading to severe clinical manifestations, such as myo-
cardial infarction, unstable angina, and cerebral stroke. The increased incidence of cardio-
vascular events in the western societies is attributed to the underlying immune process,
which is amplified by additional cardiovascular risk factors, such as hypercholesterolemia,
hypertension, smoking, diabetes, and obesity, which by themselves have their own genetic
background. This section provides a summary of some of the key issues; for a full discus-
sion, see the chapter on cardiovascular disease.

Apolipoprotein E

Statins act primarily by inhibiting hydroxy-methylglutaryl coenzyme A (HGM-CoA)
reductase activity (85-87). Although statins are among the most effective cholesterol-
lowering agents available, hyperlipidemic individuals display marked variability in
lipid-lowering response which may, at least in part, be due to genetic differences (88).
Among the multiple candidate genes that have been shown to be involved in lipid metab-
olism, most attention has been focused on the ApoE locus. ApoE is essential for the normal
catabolism of triglyceride-rich lipoprotein constituents. Three major ApoE isoforms are
encoded by three common alleles at the ApoE locus (89). Genetic variations in the
ApoE gene at the ApoE locus have been associated with plasma lipoprotein concentrations
in both fasting and in the postprandial states (89,90). In this regard, the E2 allele is associ-
ated with lower and the E4 allele with higher total plasma cholesterol and low-density
lipoprotein (LDL) cholesterol levels compared with the E3 allele, whereas ApoE E2 car-
riers have been reported to be more responsive to lipid-lowering statin therapy (91). The
ApoE E4 allele has been shown in some studies to be associated with increased response to
dietary intervention.

Angiotensin-Converting Enzyme

Angiotensin-converting enzyme (ACE) plays a critical role in blood pressure regulation.
Restenosis after coronary artery stent is a major health problem that is primarily attributed
to intimal hyperplasia, which can be attenuated by ACE inhibitors. Identification of patients
who are at higher risk of developing restenosis is therefore desirable. In this regard, an
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insertion/deletion (I/D) polymorphism in intron 16 of the ACE gene has attracted signifi-
cant attention due to its correlation with serum ACE activity (92). An association was
recently reported between carriers of the D allele and reduced risk of restenosis following
coronary stenting (93,94).

MICROARRAY AND DISEASE RESPONSE GENES

Studies using commercially available whole genome or targeted arrays as well as
“in-house” spotted arrays have generated a wealth of information that importantly
contributes to our understanding of human biology in health and disease. These studies
are particularly important in addressing molecular pathways involved in organ differen-
tiation and development. More recently, their value in screening for disease susceptibility
genes and new drug targets has become evident (95-99). Indeed, the DNA microarray
technique has proven to play a fundamental role in high-throughput screening of the
genome. Microarrays are commonly used for global assessment of mRNA expression
levels in various tissues and cell culture systems (100—107) and also for polymorphism
scoring (108—111). The two major technology platforms for microarray analysis consists
of: (i) spotted microarrays in which pre-synthesized single- or double-stranded DNA are
bound onto glass slides and; (ii) high density oligonucleotide arrays where sets of
oligomers are synthesized directly on wafers using photolabile nucleotide chemistry
(95-98,112). More novel application for this technology, includes the array-based com-
parative genomic hybridization (CGH) (113,114) and high-density protein microarrays
(115,116), which allow for assessment of protein—protein, protein—DNA, protein—
RNA, and protein—ligand interactions.

As the last decade has witnessed an explosion in various applications of microarray,
an attempt to cover this area thoroughly is not feasible, so the following section highlights
only a few studies aiming at identifying genes that may serve as biomarkers of treatment
response and also as possible new drug targets.

Predicting Treatment Response/Clinical Outcome

Apart from their important contribution to cancer classification (103,107), DNA micro-
arrays have been utilized to define distinct gene expression profiles that are associated
with treatment response to various anticancer drugs in diseases, such as diffuse large B-
cell lymphomas (107,117) and primary breast cancer (104—106).

Approximately 35% to 40% of diffuse large B-cell lymphomas respond to anthracy-
clins. By analyzing molecular signatures using cDNA arrays, Alizadeh et al. (107) demon-
strated that diffuse large B-cell lymphoma consisted of two major groups: a germinal
center B-cell-like type and an activated B-cell-like type. Patients with germinal centre
B-cell-like diffuse large B-cell lymphoma demonstrated significantly better 5-year
overall survival of 76%, compared with 16% of those with the activated form.

More recently, Rosenwald et al. (117), distinguished three different subtypes of gene
expression profiles—germinal center B-cell-like, activated B-cell-like, and a type-3
profile—in biopsies from 240 diffuse large B-cell lymphomas. Clinical and gene
expression data were then used to identify genes that predicted the outcome. A molecular
predictor consisting of 17 genes was constructed using gene expression data from 160
patients, and the predictor was validated on an independent set of 80 patients. Accord-
ingly, the gene expression profiling approach generates valuable biomarkers that allow
physicians to target patients who are most likely to benefit from conventional therapy
and focus on alternative therapy in those who do not.
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In a study by van’t Veer et al. (105), the expression patterns of 98 primary tumors
from young patients with lymph node-negative breast cancer were examined, and a set of
70 genes, “classifier,” whose expression profile correlated most accurately with the short-
est interval to appearance of distant metastases (i.e., poor prognosis signature), was ident-
ified and then analyzed in a larger cohort of patients. The latter study included 295 primary
breast cancer patients (106), who were either lymph node-negative or -positive. Of those,
180 tumors were assigned the poor prognosis profile, and 115 were classified as having a
good prognosis profile. The mean overall 10-year survival rate was 54.6% and 94.5% in
the poor and favorable tumor expression profile cohorts, respectively. Interestingly,
lymph node involvement did not correlate with the expression profile, whereas patient’s
age, ER status, and histological grade were associated with specific expression profile
patterns, with younger age and higher histological grade being more prevalent in
the poor prognosis group, whereas positive ER status was indicative of a favorable prog-
nosis profile.

In a study by Sotiriou et al. (118), fine-needle aspirates from breast tumors were used
to investigate whether sufficient RNA for microarray analysis could be obtained and
whether specific gene expression profiles could be used to distinguish between patients
with differential response to chemotherapy. Although a small set of patients were ana-
lyzed, the authors identified a set of 37 genes that distinguished response status from
lack of response in pretreatment samples. As drug resistance to chemotherapy poses a
major problem, establishment of predictive markers for drug response are of great
value. The use of neoadjuvant treatment of advanced breast cancer prior to operation is
growing, and biomarkers of response would facilitate the selection of patients who are
eligible for such treatment. Many breast cancer patients receive unnecessary treatment
for possible tumor spread after the removal of the primary tumor. Molecular profiling
would offer more accurate predictions of who may need such treatment.

Discovery of Novel Drug Targetable Genes

Several studies have made an attempt to associate glucocorticoid (GC) resistance to
known polymorphic variations in genes that constitute the GC response pathway (119—
123). Although both structural and functional alterations in the glucocorticoid receptor
units or their response elements are important determinants of glucocorticoid responsive-
ness, no relevant clinical prediction has emerged from these studies. In a recent study
using microarray to examine gene expression profiles in peripheral blood cells (PBM)
cells obtained from asthmatic patients who were either glucocorticoid therapy responders
or nonresponders, glucocorticoid responders could be separated from nonresponders with
more than 85% accuracy using only a few genes (124). The glucocorticoid-resistant
patients were also clustered into families and examined for linkage (125).

A set of genes unique for psoriatic skin disease was recently reported in a study using
DNA microarray. By comparing lesional and uninvolved skin from patients with psoriasis,
a set of 159 genes that showed twofold or greater difference in their expression level was
defined. Of these, several were mapped to disease-associated loci (126). The gene set pre-
dicted expression patterns unique to normal versus lesional skin with 100% accuracy, and a
subset of these genes was also useful for monitoring treatment response (126).

Microarray has also been applied in combination with genetic linkage studies to
dissect out disease susceptibility genes in experimental models. A recent study using quan-
titative trait loci (QTL) analysis in a mouse model of experimental allergic asthma
revealed two distinct loci on chromosome 2 that controlled allergen-induced airway hyper-
responsiveness (AHR), abhrl and abhr2 (127). In a study comparing expression profiles in
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RNA from lung obtained from susceptible (A/J), resistant (C3H/HeJ), and backcross
mice with various phenotypes, Karp et al. (128) identified 21 differently expressed
genes, including complement factor 5 (C5) that mapped to either locus. Expression
levels of C5 were significantly higher in AHR-resistant mice than in AHR-
susceptible mice. Sequence analysis of the C5 gene in the parental strain revealed a
2 bp deletion in the 5’ untranlated region of A/J mice, resulting in reduced C5 mRNA
level and lack of functional C5 protein (128). In a backcross progeny, more extreme
AHR was seen in mice that were homozygotes for the susceptible A/J-derived C5
allele, compared with the low responders that were heterozygotes. The authors concluded
that C5 deficiency might interfere with monocyte /macrophage production of interleukin-
12, thereby altering immunoregulatory mechanisms that determine susceptibility to
asthma (128).

Linkage analysis in combination with microarray expression analysis has also been
applied to identify candidate genes in cardiovascular disease. In this regard, a QTL regu-
lating high-density lipoprotein cholesterol (HDL-C) phenotype, was localized in baboons
at chromosome 18 (129). An array consisting of genes from the chromosomal region was
created by assembling a contig of bacterial artificial chromosome (BAC) clones for the
region of interest. This chromosomal region is highly conserved between species allowing
human BACs to be used to assemble the contig (129). Liver cDNA from sibling baboons
of contrasting HDL-C phenotypes that were exposed to different diets was used to screen
for differently expressed genes. The authors identified 53 differentially expressed genes of
keen interest (129).

In a recent study, Lock et al. (130) selected genes that were expressed differently in
acute and chronic lesions obtained from autopsy samples of patients with multiple
sclerosis (MS). The genes were used as targets for therapy in experimental autoimmune
encephalitis (EAE), an experimental model for MS. Of note, the granulocyte colony-
stimulating factor (GM-CSF) was overexpressed in acute plaques but not in chronic
plaques, whereas the Fcy receptor was upregulated in chronic plaques and not increased
in acute plaques. Administration of GM-CSF prior to induction of EAE halted the onset
and lowered the disease score compared with the control. EAE was also ameliorated in
FcyR knockout mice compared with the wild-type mice (130).

CONCLUSION

The powerful combination of genetic linkage and microarray expression profiling presents
an integrated approach that is likely to facilitate discovery of genes involved in common
complex disease processes and the regulation of therapeutic response to drugs, thereby
facilitating the development of new drugs, DNA-based disease diagnostic products, and
pharmacogenomic tests to the market. Such tests will play an important role in delivering
more personalized medicine, contributing to the development of more effective means of
diagnosing and treating disease by matching each patient and the most suitable drug.
Accordingly, the new scope of genetics is charged with the promises to transform the prac-
tice of medicine by enabling physicians to assess the risks of disease, permit early detec-
tion of disease, determine likely responses to medication, choose the best courses of
therapy, and have at their disposal new therapies that target the disease process itself.
This chapter has provided a general introduction to the subject and given some key
examples of what is currently known about the potential value of pharmacogenetic infor-
mation and the potential use of such information in the near future. The following chapters
in this book consider both general issues and disease-specific pharmacogenetics in detail.
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INTRODUCTION

Human genetic variation is most frequently seen as single-nucleotide polymorphism
(SNP). Many of these have been discovered more or less by chance when comparing
sequence trace files of overlapping contigs from different individuals. A more systematic
approach by comparative sequencing in a defined group of individuals by the SNP consor-
tium has now greatly improved our understanding of genetic variation. SNP coverage
across the human genome is not random and may be completely absent in highly
conserved regions or highly abundant in other regions where genetic diversity is biologi-
cally important. Large-scale association studies by genotyping many individuals by many
single SNPs are considered to be the most promising method to identify the cause of
complex diseases. In addition, it will also improve the understanding of the individual
response to drugs, also termed pharmacogenetics.

The technical possibilities to genotype SNPs in individuals has exploded in the past
few years with more than 20 different methods available today. Although traditional
sequencing by the Sanger method is still the standard for assessing smaller insertions
and deletions in DNA sequence, numerous new methods have been developed during
the past 10 years for scoring SNPs (1). With an estimated count of more than 5 million
SNPs in the human genome, SNP genotyping requires high-throughput (HT) methods.
Only a few methods are suitable for HT cutting-edge genotyping (>5.000 genotypes/
day/lab) or ultra HT (>100.000 genotypes/day/lab) requirements, which is caused by
the recent shift from monogenic to complex diseases. Due to much weaker genetic
effects in these traits, much higher sample numbers are required. An average case-
control study will comprise more than 2000 samples. Genotyping of a single gene with
50 SNPs alone will result in 100,000 single-plex genotyping reactions, which is a daunting
task for a traditional laboratory.
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HIGH-THROUGHPUT GENOTYPING METHODS

Traditional genotyping methods like endonuclease cleavage assays are not suitable for HT
genotyping. Even if liquid handling can be optimized, the manual scoring of the cleaved
fragments on the gel will remain a major bottleneck. The first major requirement for HT
genotyping is therefore the automation of sample preparation until the readout of the geno-
type. Liquid handling formats used at the moment are 96-well, 384- or 1536-well plates,
where genotyping is usually done in large batches.

A second requirement is the availability of sufficient DNA template. Nearly all
methods are based on PCR except the invader assay. Although being clearly an elegant
assay, it turned out that due to the consumption of DNA in thousands of assays,
amounts of source DNA for HT could be prohibitive. Non-PCR methods therefore
seem to be a second choice for HT genotyping.

The third criteria for selecting the HT method is the accuracy and the time and effort
needed with any given assay. A technician’s time for individual optimization of the protocol
may be a critical factor. Missing or incorrect genotypes, even in a minor (< 10%) number of
samples, may double the time for genotyping. Either individual samples need to be rearrayed
in a second step from original plates or—often faster—just repeated from the same source.
Average set-up and process time for a single assay is therefore an important point to consider.

The fourth aspect relates to the costs of genotyping. A simple calculation of cent per
genotype is of limited value as total costs are caused by buying and maintaining hardware
devices for storage, liquid handling, thermocycling, and software for measuring geno-
types. Some methods have relative low basic equipment costs of €50,000 (1 euro=
$1.2 U.S., March 2006), high set-up costs for single assay (€100-500) with low genotyp-
ing costs (€0.20), whereas systems on the opposite site start with basic equipment costs of
€500,000, have set-up costs less than €50 but costs per genotype of €0.40. Generally,
assays using standard enzymes, nontoxic, nonradioactive reagents will facilitate the labo-
ratory handling and are likely to have even lower prices in the near future.

TEST PRINCIPLES

Current methods (Table 1, Fig. 1) combine at least one of the four different principles of
allelic discrimination (hybridization, primer extension, ligation, or restriction) with one of
the four different detection techniques (chemoluminescence, fluorescence polarization,
resonance energy transfer, and mass spectrometry). Assay formats range from (slab-)gel
electrophoresis, plates, particles, fiber arrays and microchip arrays to semi- and homo-
genous assays that do not require any further sample separation or purification.
Whereas homogeneous assays are flexible and probably not labor-intensive, the amount
of multiplexing is usually limited. Solid-phase reactions can be carried out on glass
slides, silicon chips, and magnetic beads. In other assay designs, defined oligonucleotides
are attached to the solid phase, and samples interrogate the alleles being already printed on
a chip. Discrimination in such assays is highly parallel and saves the time and efforts for
setting up multiple individual reactions. A major drawback is that the custom design is not
very flexible and can be done by the vendor only.

The different detection methods also have marked differences. Numerous labels are
available, most of them with light-emitting properties that enable elegant assays. When
the reaction product is separated from the initial reaction, usually only one label is necessary.
Homogenous assays otherwise require two labels that change their property during
the reaction. Fluorescence detection methods have higher set-up costs by the synthesis of
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Table 1 High-Throughput Genotyping Methods

Principle Method Advantage Reference
Hybridization Microarrays Highly parallel, fast GeneChip® (Affymetrix)
5" exonuclease assay, Simple assay TagMan® (Applied
allele-specific Biosystems)
hybridization, real-time
PCR
Molecular beacons Versatile assay
Dynamic allele-specific Inexpensive labeling DASH® (Thermo
hybridization Hybaid)
Fiberoptic analysis of Highly parallel, fast Sentrex® (Illumina)
coded tags
Primer Minisequencing Multiplexing capacity ~ Snapshot™ (Applied
extension Biosystems)
Hapten-labeled Inexpensive, robust SNPit® (Orchid)
nucleotides
Chemoluminometric Additional sequence Pyrosequencing™
detection of information
pyrophosphate
MALDI-TOF mass Fast set-up, accurate ~ Mass Extend®
spectrometry (Sequenom)
Allele-specific PCR, Specific reaction Alpha Screen® (Packard
FRET energy transfer Biosystems)
Ligation Colorimetric OLA Robust
Ligation and fiberoptic Highly parallel Ilumina® (Bead Array)
detection
Restriction Upstream inserted No PCR necessary Invader® (Third Wave)

oligonucleotide cleaved
by flap endonuclease

Abbreviations: MALDI-TOF, matrix-assisted laser desorption/ionization time-of-light; PCR, polymerase chain
reaction; FRET, fluorescence resonance energy transfer; OLA, oligonucleotide ligation assay; DASH, dynamic
allele specific hybridization.

specific labeled primer, whereas no modified primers are necessary for mass spectrometry
measurements. Although being the most direct and accurate approach, mass detection still
has the disadvantage of a relatively expensive and a technically demanding equipment.

All systems are scalable from a few to many thousand genotypes per day. The limit-
ing factor for HT genotyping probably lies more in general sample preparation than
scoring of the genotypes. Typing more than 100,000 genotypes per day may even generate
bottlenecks of the analysis and interpretation of the generated data.

The need of software organizing HT by assay and sample tracking is often under-
estimated. Thorough monitoring of the movement of all plates at all positions is critical
for quality control in a HT genotyping laboratory. Most genotyping groups are using pro-
prietary databases to manage this task. Usually client computer on freezer, liquid handlers,
thermocyclers, and analysis devices are connected to a main database that monitors in-time
the process flow. A single sample is identified by the address on a plate grid, which is linked
back to the original sample. During assay set-up, every plate is linked to a particular assay,
which by itself links to a genotype, making it possible to assign a genotype to an individual
study participant.

From many assays available at the moment, we will now discuss in detail five
methods that are most widely used. Additional methods may be found elsewhere (1-3).
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Figure 1  Assay principles.

Pyrosequencing

Pyrosequencing is an emerging genotyping method based on allele-specific primer extension
(Fig. 2). This real-time sequencing technology comprises a cascade of four enzymatic reac-
tions, yielding a luminometric signal that is proportional to incorporated nucleotides.

The pyrosequencing reaction is performed using a previously amplified target
sequence. Prior to the allele-specific reaction, the PCR product should be purified from
unincorporated nucleotides and PCR primers because they interfere with subsequent reac-
tions. Generally, one of the PCR primers is biotinylated at the 5’-end to allow immobiliz-
ation onto streptavidin-coated sepharose or magnetic beads. Following immobilization,
the captured DNA template is purified from soluble PCR components and denaturated
to obtain single-stranded DNA (ssDNA). Both the immobilized biotinylated and eluted
strands can be used for pyrosequencing.

In the pyrosequencing reaction, a ssSDNA template with a short annealed sequencing
primer is incubated with DNA polymerase, adenosine triphosphate (ATP) sulfurylase, luci-
ferase, and apyrase, and the substrates, adenosine 5" phosphosulfate (APS) and luciferin.
The four deoxynucleotide triphosphates (ANTPs) are added to the mixture in a defined
order. If the added nucleotide is complementary to the base in the template strand, the
DNA polymerase catalyzes the incorporation of the nucleotide, and pyrophosphate will
be released. The new pyrophosphate will then be converted to ATP by an ATP sulfurylase.
In the next step, luciferase mediates the conversion of luciferin to oxyluciferin using the
previously generated ATP. The light emitted as a result of this reaction can be detected,
where the signal corresponds to the number of nucleotides incorporated. The unincorpo-
rated dNTPs and excess ATP will be degraded by apyrase. If the added nucleotide is not
complementary to the DNA template, it will not be incorporated, and no signal will be
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Figure 2 Pyrosequencing. Abbreviations: PPi, pyrophosphate; ATP, adenosine triphosphate.

generated. When degradation is complete, the primer strand is elongated by sequential
addition of the different dNTPs, followed by degradation of excess nucleotides by apyrase.

Current available pyrosequencing instruments utilize 96-well and 384-well plate
formats that facilitate analysis of between 5.000 and 50.000 SNPs per day. This technique
offers high accuracy, flexibility in primer positioning, and real-time determination of more
than 50 bp along the target sequence that allows analysis within 10 minutes. Contrary to
other sequencing methods, it circumvents time-consuming electrophoresis and size separ-
ation. Sequencing also provides information on the adjacent nucleotides. Thus, one main
advantage of this method is the detection of additional insertions and deletions and also
novel polymorphisms across the DNA template.

One of the major drawbacks is the time-consuming template preparation due to
immobilization and generation of ssDNA and also the use of target-specific biotinylated
PCR primers. An enzymatic template preparation scheme has been developed that
avoids labeled primers and the use of any solid support, thereby, reducing costs and sim-
plifying automation of template preparation. Direct use of double-stranded DNA
(dsDNA), instead of ssDNA, has simplified the template preparation step prior to perform-
ing an analysis using pyrosequencing. Recent developments enable single-step preparation
of double-stranded templates using blocking PCR primers. Another challenge in pyrose-
quencing is the difficulty to determine the number of more than five incorporated identical
nucleotides due to nonlinear light response and multiplex genotyping and pooling
approaches to further reduce the cost of the analysis (see Special Genotyping Applications).

Mass Spectrometry

SNP genotyping by matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry (MS) takes advantage of mass differences between allele-specific
primer extension products (Fig. 3). At present, three related assays are used, the PROBE



26 Wijst and Werner
wildtype variant
5[ ] A [ ] 3 51 | C [ 3

=
e — N

| dNTP complementary to wildtype
| plus mix of all other ddNTPs plus polymerase |

== TN TN
—> (’jz ¢ .

Laser excitation of extension products time of flight recording
Spotted on matrix covered chips T o
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(primer oligobase extension assay further developed to the MassEXTEND® assay by
Sequenom), the PinPoint, and the GOOD assay.

The PROBE assay involves annealing of a primer to previously generated PCR
amplicon immediately up- or downstream of a SNP position. Prior to the primer extension
reaction shrimp alkaline phosphatase (SAP) is added to the samples, which dephosphory-
lates any residual nucleotides, because the extension may be hampered by PCR com-
ponents. The heat-labile SAP is then easily inactivated. A reaction cocktail containing
the extension primer, a mix of dNTPs and ddNTPS, along with a thermostable DNA poly-
merase is added to the template. DNA polymerase adds the available nucleotides, which
results in linear amplification of the extension primer. The reaction terminates if a single
dideoxynucleotide is incorporated. The size of allele-specific extension products gener-
ated can then be used to identify the possible variants. After purification of the primer
extension product, only a few nanoliters of products are transferred onto a matrix-
loaded chip with a pintool spotting device. Chips can carry either 96 or 384 samples
that are analyzed by high-resolution TOF MS. As the preparations are very small, there
is little to no sample preparation heterogeneity.

The major strengths of mass spectrometric analysis are the accuracy of detection,
automatic data accumulation, and HT capacity.

Recent commercially available fully automated systems allow up to 20,000 analyti-
cal reactions during 12 hours. Despite high initial set-up costs for instrumentation, the
effort required for the assay development is low. Therefore, MS appears to be particularly
suitable for analysis of a large number of markers. Apart from the genotyping capacity,
MALDI-TOF MS provides the possibilities of multiplexing and quantification of allele
frequencies in DNA.

A disadvantage of MALDI-TOF is the need for rigorous purification of extension
products due to the higher sensitivity of the analysis to impurities than for other genotyping
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techniques. To circumvent this problem several strategies were established. The first
available protocol (PROBE assay) included magnetic bead purification with a biotin-/
streptavidin-binding system. The PinPoint assay uses reversed-phase tip purification,
whereas the GOOD assay does not require purification due to the introduction of thiol
groups into the 3'-region of the primer. For the MassExtend assay, a bead-free, homo-
geneous version of the MassExtend assay has now been developed, which allows a single-
tube procedure with resin purification that can be used in automated sample preparation.

Microarray Analysis

Distinguishing alleles by hybridization takes advantage of the different thermal stabilities
of a hybrid between an allele-specific probe and the SNP-containing sequence (Fig. 3).
One approach to carry out allele-specific hybridization on microarrays is the GeneChip®
assay introduced by Affymetrix.

On high-density microarrays thousands of allele-specific oligonucleotides comp-
lementary to a target sequence are attached to a solid surface. For each allele of a SNP,
at least four oligomers are designed, differing only in the interrogating position. Addition-
ally, in many cases a series of oligonucleotides walking over each variant of the SNP are
used. The target sequence is amplified incorporating fluorescence-labeled nucleotides and
hybridized to the array. Subsequently, the array is scanned to measure the fluorescence
intensity for each hybrid. The reference sequence is expected to hybridize more efficiently
to the corresponding probe and, therefore, gives stronger fluorescent signals than single
base mismatches. These mismatch probes serve as control for cross-hybridization. The
presence of homozygotes and heterozygotes give rise to different hybridization patterns
with the probe complementary to the reference sequence showing the highest fluorescence
intensity. In the presence of a sample with a substituted variant, the probe containing the
complementary variant base will obtain the highest fluorescence intensity.

Hybridization-based genotyping can be an efficient method to monitor a large
number of SNPs. The sophisticated technology of photolithography and solid-phase
DNA synthesis allows construction of arrays carrying up to 260,000 features on a
1.28 x 1.28 cm array. Therefore, it seems to be feasible to rapidly screen thousands of
SNPs using microarrays. The GeneChip HuSNP™ offers interrogation of nearly 1500
SNPs throughout the human genome. However, a drawback of the array format is the
low flexibility in establishing an assay for a SNP. Due to high set-up costs of a project,
it is difficult to add new SNPs or replace existing assays.

Another limitation is that the assays may fail to distinguish between homozygous
and heterozygous, and deletions and insertions will not be detected as with pyrosequen-
cing. A future challenge is to improve accuracy and decrease the false positive rate.
The sensitivity of microarray-based hybridization is dramatically influenced by the
target sequence, including inter- and intramolecular structures and also the presence of
repetitive sequence elements. To allow more robust genotyping results dynamic allele-
specific hybridization (DASH) monitoring duplex formation over a temperature gradient
has been developed (1,2). Despite some disadvantages, future applications of microarray
genotyping will be well established and custom-tailored medium density arrays for routine
diagnostic screenings or pharmacogenetic studies.

5 NUCLEASE ASSAY

A further currently used allele-specific hybridization method is performed in a homo-
genous, solution-phase reaction. In the 5 nuclease, or TagMan® assay introduced by



28 Wijst and Werner

wildtype variant
5[ ] Al ] 3 5 [ ] C I 13
I Nsp1 Nspf[ T Nspf Nsp1 T
Sty1 Sty1 Sty1 Sty1
Digestion
adapter [ I 1A | I ] 200-1100 bp
ligation T T 1C I T |
amplification
fragmentation
end labeling
hybridization
washing
250 000 SNPs / chip
<<k <Ak VY VO

scanning

Figure 4 Primer extension using microarrays. Abbreviations: PCR, polymerase chain reaction;
ddNTPs, dideoxy nucleotides.

Applied Biosystems, alleles are discriminated using the 5’ nuclease activity of Taq poly-
merase to detect a fluorescent reporter signal generated during PCR (Fig. 4).

In addition to PCR primers, one pair of TagMan probes, consisting of an oligonu-
cleotide labeled with both a 5’ fluorescent reporter dye, such as FAM, and a 3’ quencher
dye, such as TAMRA, is included in a typical PCR. This is illustrated in Figure SA. The
TagMan probes are designed to be complementary to the wild type and to the variant
allele, which is located between the two PCR primers. During annealing of PCR
primers, the probe hybridizes to the polymorphic template. Subsequent amplification of
the probe-specific product causes cleavage of the probe by the 5 nuclease activity of
the Taq polymerase, generating an increase in reporter fluorescence because the reporter
dye is liberated from the quenching activity of TAMRA. By using different reporter dyes,
cleavage of allele-specific probes can be detected in a single tube. Each unique TagMan
probe binds preferentially to one of the alleles. As a consequence, binding of the TagMan
probe to the unmatched target sequence is highly reduced or even completely abrogated.
Additionally, TagMan probes modified with minor groove binder features provide better
allelic discrimination. This modification allows shorter probes that enhance the affinity to
the allele-specific target.

An alternative hybridization method for SNP genotyping uses wavelength shifting
Molecular Beacon probes with a stem-loop structure. When not bound to the target, the
hairpin stem keeps the fluorophore so close to the quencher that fluorescence does not
occur. However, when the probe anneals to its target sequence, the fluorophore is separ-
ated from the quencher, and fluorescence restored. The increase in fluorescence during
amplification can be monitored in real-time or at least after completion of the PCR. A
sequence detection system (SDS) algorithm for allelic discrimination generates three clus-
ters, and genotypes are inferred based on the fluorescence readout.
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polymerase reaction chain.

Because costs of modified probes with fluorescent and quenching features is a limit-
ing factor in application of the TagMan approach this technology is most suitable for
analyzing a limited number of SNPs in large samples. TagMan assays can be performed
in 96- or 384-well formats. Due to the incorporation of allele-specific probes in the PCR
any post-PCR processing is avoided, thus, TagMan technology is robust with low-error
rates and has an user-friendly interface. Furthermore, the investment for instrumentation
is relatively low compared with mass spectrometry.



30 Wjst and Werner

The main disadvantage of TagMan is that the design of probes and the establishment
of assays require more labor. Accuracy is highly dependent on hybridization conditions
influenced by buffer composition or primer concentrations. Therefore, the vendor offers
assays on demand that provide design and validation of assays. Thus, TagMan-based
technology also makes HT assignment of genotypes feasible in daily routines.

Fiberoptic Bead Array

A new ultra HT method now used during the generation of the forthcoming haplotype map
is an assay taking advantage of fiberoptic bead arrays developed by Mlumina®. This
technology takes advantage of fiberoptic array bundles and specifically prepared 3-pm
sensor beads with specific DNA probe (address or ZIP code) sequences immobilized on
the surface of each bead (Fig. 5B).

Up to 1520 different ZIP oligo sequences are pooled in one tube. Fibers are then
introduced in bead pools, where beads self-assemble into pits at the fiber end. The assem-
bly of beads is then checked by excitation of the fibers that transmit photons by internal
reflection, where the photon either leaves the fiber end or is emitting fluorescence if
hitting an attached bead. The bead that is self-assembled to a particular fiber is then
tested by a defined series of hybridization and washing steps, making it possible to
guess the present oligo ZIP code.

DNA template is prepared in the meantime by an allele-specific extension and
ligation assay that builds a sequence consisting of a universal primer, 5'-primer,
extended genomic region, 3'-primer, ZIP code oligo, and another universal primer.
This initial step is then followed by a PCR using the two universal primers, leading
to a molecule that can be probed with the fiber bundle for the presence of the ZIP
code oligo.

The arrays are fabricated into microplate-compatible array matrices containing 16,
96, or 384 separate arrays. [llumina’s 96-bundle array matrix can process up to 150,000
assays in parallel in a single experiment, making more than 1 million assays possible
per day. Due to the probing of a predefined oligo, accuracy seems to be better than in
assays that have to detect any variable genomic sequence.

SPECIAL GENOTYPING APPLICATIONS

To identify susceptibility genes for complex disorders, large-scale association studies have
been considered as a powerful approach. Because numerous SNPs must be tested in large
numbers of individuals for this purpose, intensive efforts have been undertaken to develop
efficient HT tools to further reduce genotyping costs. One suitable way to address the
requirement of cost and time-effectiveness is automated and accurate genotyping as the
application of DNA pooling (4).

Any pooling strategy relies on the accurate measuring of SNP allele frequencies in
pools of cases and controls. Several technologies allowing accurate and reliable estimates
of allele frequencies have been developed so far. Current available pooling methods are
based on allele-specific primer extension, allele-specific PCR, DHPLC, BAMPER, and
SSCP analysis.

Although the potential of DNA pooling for large-scale genotyping is obvious,
several practical and theoretical issues have to be taken into account. To ensure
reliability of any genotyping method, each step must be quantitative. The first critical
step is the construction of DNA pools containing equal amounts of DNA from each
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individual sample. Therefore, some protocols use DNA-specific fluorimetric methods
for quantification. Furthermore, the reliability of assays depends on the DNA quality
of samples. Another common problem is that all currently used SNP detection
assays initially require a target amplification. Many SNPs show unequal representation
of both alleles due to different amplification efficiency. The bias in allelic represen-
tation that is often observed might also be caused by differential incorporation
of nucleotides (in primer extension assays), differential efficiency of hybridization
(in hybridization-based assays), and differential detection efficiency of allele-specific
products [e.g., in mass spectrometry (MS) detection]. To yield real allele frequencies
the bias in allele representation must be corrected by the factor estimated from hetero-
zygotes. Because heterozygous individuals have an equal number of copies of both
alleles, the ratio of signal strengths of one allele to the other allele reflects the bias
in allelic representation. Ignoring unequal allele representation can result in biased
tests of allelic association (5).

In order to benefit from pooling designs, especially in the analysis of complex dis-
eases, it is an essential prerequisite that allele frequency estimates are highly reproducible.
Several pooling designs have been proposed involving, either the number of replicate
pools, the number of individuals pooled, or the number of distinct pools made of
subsets of individuals. The effect of the pool size on the accuracy of frequency estimates
appears to be negligible. Therefore, the use of larger pools and multiple replicates are rec-
ommended, reducing the amount of genotyping. Three to four replicates of each PCR and
detection should be sufficient.

Comparing accuracy and reproducibility of SNP detection methods applied for
pooling analysis primer extension-based strategies appear to achieve the most reliable
results with standard deviations of 1% to 2% between replicates. Allele frequency esti-
mates deviate from real frequencies by about 1% to 3%. In contrast, quantification of
differences between case and control pools by allele-specific hybridization is hampered
due to insufficient hybridization specificity. The common limiting factor of any available
pooling method is that allele frequencies can consistently be detected in the range from 5%
to 50%. Thus, pooling strategies are preferentially suitable for screening common variants
that are thought to be the causative variants in complex diseases.

Considering the preferred application of pooling strategies to screen a genomic
region with large numbers of SNPs, but rather small samples of pooled DNA, genotyping
technologies with low assay set-up costs are favored. Even with highly accurate and repro-
ducible methodologies, frequency estimation from DNA pools is prone to some kind of
errors and loss of individual information. Therefore, the most effective use of DNA
pooling might be a two-stage approach in which a dense set of markers should be
tested first in pooled samples, followed by individual genotyping restricted to the most
promising SNPs. In this way, DNA pooling designs can considerably reduce the
amount of genotyping required, and hence, can be an effective strategy for systematic
association studies.

Multiplexing is another approach to significantly increase HT without significantly
increasing the costs. It means that multiple SNPs can be assayed simultaneously. The
differences in multiplexing capacity of the current genotyping technologies are substan-
tial. Although mass spectrometric detection of allele-specific primer extension products
has been demonstrated, the potential of stable fivefold multiplex assays multiplexing
with pyrosequencing appears to be more difficult in this magnitude. Hybridization-
based assays with fluorescence detection multiplexing can be achieved by use of different
fluorescent dyes. However, these methods need labor for assay optimization, which makes
multiplexing only suitable for frequently repeated assays.
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FUTURE DEVELOPMENTS

There are numerous developments at all stages of genotyping. Examples include “geno-
type sorting” methods (microsphere sorting, Lynxgen) and also single molecule analysis
of linear DNA strands (electromagnetic chips, U.S. Genomics).

The Lynxgen technology uses a library of approximately 16 million short
synthetic DNA sequences, called ‘“tags,” and their complementary “antitags,” to
uniquely mark and process each DNA molecule in a sample. They are attached to
5 wm microbeads each of which carries multiple copies of a short antitag DNA
sequence. The amplified tagged DNA molecules are then collected onto the micro-
spheres through hybridization of the tags to the complementary antitags in a “a self-
sorting process.” Each microbead carries on its surface enough complementary antitags
to collect approximately 100,000 identical copies of the corresponding tagged DNA
molecule. Due to this process, each tagged DNA molecule in the original sample is
converted into a microbead carrying about 100,000 copies of the same sequence. There-
fore, in the complex mixture of a million or more identified DNA molecules substan-
tially all the different DNA molecules present in a sample are represented in the final
microbead collection, which can then be extracted, for example, by flow-cytometry
methods.

A technology recently presented by U.S. Genomics relies on the direct and linear
reading of large sections of single genomes. Linear analysis is powerful as there is no
upper limit on the size of the DNA that is read. The biophysical rendering of the
polymerase-DNA on an electromagnetic chip uses nanotechnology for positioning DNA
and also fluorescent, electrical, and force-dependent detection technologies to allow for
reading the sequence information.

These sophisticated techniques and instruments probably all require specialized
instrumentation (1). Although a cutting-edge technology, many come still at a price too
high for many laboratories. This may be overcome by the near future, either by further
miniaturization (“lab-on-chip”) or by commercial genotyping labs working in order and
for account of academic laboratories. We will be facing a new era of studies involving
the genotyping of thousands of SNPs every day, with an unprecedented number of
samples wherein even genome-wide association studies will be possible. The planning
and analysis of these studies will then cost more than the actual genotyping (7). Accurate
genotyping and reporting, however, will always be a critical factor to find those associ-
ations ardently searched.
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INTRODUCTION

Pharmacoproteomics refers to the discovery and use of protein markers for disease diag-
nosis, toxicology, drug efficacy, and patient prognosis. Although these activities are by no
means new to biomedical research, a number of developments have made possible the
global analysis of proteins direct from diseased tissues or body fluids. These advances
are predicted to yield unprecedented information about the effects of disease and
pharmaceutical intervention on the entire set of naturally existing proteins, that is, the pro-
teome, leading to the discovery of better indicators for disease treatment and drug
development. The field of proteomics is currently undergoing rapid development and,
although considerably less comprehensive and structured than, say, genomic microarray
technology, nevertheless has significantly benefited from the advances in computer
programming and data management applied to genomics. The coupling of these develop-
ments with the entire drug discovery process is now seen in most major pharmaceutical
companies, many of which have large, dedicated pharmacogenomic and transcriptomic
departments. Although proteomics is being used increasingly in drug discovery, lack of
standardization and the need for greater efficiency means that it has not yet been incorpor-
ated to the same degree as the other “-omics” fields. In this chapter, the emerging field of
pharmacoproteomics will be discussed in terms of the historical perspective of protein
targets and markers, and, where current needs may be met by proteomics, followed by
a description of existing and emerging protein discovery technologies.

HISTORICAL PERSPECTIVE

Because the activity of proteins controls all cellular functions, from metabolism to cellular
architecture, signal responses, motility and replication, it could be argued that all pathol-
ogies stem from the dysfunction or inappropriate expression of proteins. This accepted, it
follows that there must be a set of protein metrics to describe all forms of disease, a subset
of which will be diagnostic, prognostic, or useful in monitoring disease status.

It is surprising, therefore, that at present diagnostic proteins for many common
diseases, such as cancer, are almost nonexistent (Table 1). For cancer, this is in part due
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to lack of sensitivity but is largely through the heterogeneity of malignancies precluding the
discovery of widely expressed markers. The estrogen receptor (ER) is currently the most
reliable predictor of therapeutic response, based on hormone sensitivity in breast cancer
(1). The epidermal growth factor receptor (EGFR) holds an equivalent but inverse prognostic
value in conjunction with the ER status (2). Urokinase plasminogen activator (uPA), a serine
protease causally involved in cancer invasion and metastasis, is also prognostic for poor
outcome in breast cancer and other adenocarcinomas, such as gastric, colorectal, esophageal,
renal, endometrial, and ovarian cancers (3). Carcinoembryonic antigen (CEA) is used in
postoperative monitoring of colon carcinoma where preoperative levels are known (4).
The increment of prostate-specific antigen (PSA) due to proliferation of cancerous prostatic
epithelial cells is considered a useful marker of disease; indeed, the serine protease family of
kallikreins (of which PSA is a member) have been implicated in the progression of endocrine
tumors (5,6). Nevertheless, normal variation in PSA levels and its elevation in benign hyper-
trophy can confuse diagnosis, and more reliable markers are needed. More recently, prostate-
specific membrane antigen (PSMA) and prostate stem cell antigen (PSCA) have been studied
as clinical markers of prostate cancer, although neither of these proteins is entirely specific to
prostate (7,8).

A major drawback in attempting to define a single marker for any particular cancer is
the propensity for tumors to stop expressing proteins that have become deleterious. Thus
the development of such markers as therapeutic targets, for example, c-erbB2 in a pro-
portion of breast cancers, bcr/abl kinase in chronic myeloid leukemia (CML), is a
logical step but the therapies themselves produce a selective pressure for mutations that
no longer respond. These may take the form of nonexpressers (ER) or polymorphisms
of the original marker (abl kinase); close monitoring of long-term treatments is required
to detect resurgent disease. Both disease heterogeneity and mutability point to the need
for a set of markers to be used in the monitoring and prognosis of long-term cancer.
But the discovery of new markers is either serendipitous or through protracted effort,
for example, extensive genotyping or subtractive analysis of antigens or cDNA collec-
tions. The ability to analyze proteins en masse in comparative disease versus normal
studies would be a significant advantage in this respect.

To take another example, in Alzheimer’s disease, diagnosis still remains within the
domain of cognitive impairment analysis; there are no serum markers. In cerebrospinal
fluid (CSF), elevated tau and decreased amyloid beta 42 have been correlated with
marked deterioration in the disease and are potentially diagnostic (9). In a small subset
of patients, genetic testing can suggest susceptibility to the disease; in particular, Apo
E4 variant (10), mutations in presenilin-1 and -2 and beta-amyloid precursor polymorph-
isms (reviewed in Refs. 11,12), but there remains no proteomic prognostic markers for
Alzheimer’s disease.

The use of markers of toxicology is vital for clinical testing of new drugs. Measures of
organ function in liver, kidney, and heart are routinely used in the toxicological evaluation
of any new compound. Predictive markers of adverse events are highly desirable both in
terms of patient safety and in reducing trial costs, and proteomic profiling enables compari-
son of new compounds with drugs that have established mechanisms of toxicity. Defining a
toxicological profile may also enable targeting of the mechanism of toxicity in order to
develop protective drugs. Serum and CSF are already collected in quantities containing suf-
ficient protein, and these sources are proven to be amenable to proteomic analysis (13).
Studies on serum are already established, and, because the aim would be to develop
rapid readouts of early toxicity, a strong opportunity exists in this field.

The field of efficacy markers is also amenable to proteomics. The majority of drugs
act by altering the activity of protein targets, for example, imatinib (Glivec) (14) acts by
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inhibiting the kinase activity of ber-abl. This protein overphosphorylates proto-oncogene
Crk-like protein (CRKL) in the disease state, and the efficacy of the inhibitor can be eval-
uated by measuring phosphorylation of this marker. Drug resistance is associated with
mutation of the target kinase such that the inhibitor is no longer effective (15). Although
relatively straightforward in the case of a circulating tumor, such as CML, in which blood
extracts may be tested, monitoring of solid tumors is less reliable as, for instance, post-
operative relapse is frequently at a remote and unpredictable site. The discovery of
easily accessible, that is, circulating or excreted, protein markers altered by successful
treatment of disease would provide a useful tool in molecular monitoring of drug efficacy.
In the treatment of Gaucher disease the level of serum chitotriosidase is a significant
marker of efficacy in both oral (miglustat) and enzyme replacement (Cerezyme) therapies
(16,17), although measurement of this enzyme is also used to monitor beta-thalassemia
(18). The use of single protein markers often proves inconclusive: Comprehensive com-
parative analyses of secreted or serum proteins can be used to define the efficacy of specific
sets of markers or disease status, enabling more accurate monitoring of treatments.

Elucidation of the interactions and biochemical pathways mediated by proteins
in vivo presents the next great challenge to biology and will have a revolutionizing
effect on drug discovery. Genomics-driven target discovery has thrown up well-character-
ized genes, which await therapeutic drugs, for example, B-raf (19) and the breast cancer
susceptibility genes, BrCal (20) and BrCa2 (21). Mutations in other genes, such as ras and
tumor suppressor p53, induce constitutive activities affecting cell cycle and have well-
documented roles in the process of carcinogenesis (22). The attractiveness of these pro-
teins as targets is muted by their intractability in drug screens or chemical optimization;
nevertheless, the cellular enzymatic and signaling pathways through which they effect
abnormal replicative responses may prove amenable to modulatory therapy.

Heterozygosity, or polymorphic functional compromise of key enzymes or metab-
olite transporters in biochemical pathways, causes inherited errors of metabolism. In
these cases the choice is either to replace the defective enzyme or to inhibit the build-
up of metabolites caused by biochemical bottleneck by inhibiting another enzyme in
the pathway. Thus, miglustat, an inhibitor of ceramide glucosyltransferase, has been
shown to reduce the accumulation of glycosphingolipids caused by impairment of gluco-
cerebrosidase activity in Gaucher disease (23). Proteomics offers a new means of discover-
ing such enzymes either as targets or biomarkers. Metabolic and signaling proteins
frequently form functional complexes on the surfaces of membranes or within organelles
carrying out specific cellular activities: sensitive detection and microsequencing of these
proteins is now achievable with the relatively small quantities of protein complexes
enriched by affinity techniques. The discovery of well-characterized proteins in previously
unknown settings can open the way to novel therapeutics.

Another aspect of genomic discovery has been the cataloging of gene families
related to known drug targets. Indeed, such terminology as “druggable proteins” has
been freely applied to homologous classes, such as G-protein coupled receptors
(GPCRs), protein kinases, and ligand-activating proteases. Genomic (microarray) identi-
fication of these potential targets is rapid and relatively inexpensive; demonstrating
protein expression and localization in disease tissues considerably less so. As a result,
many proteins are suitable for pharmaceutical intervention, which have not yet been
associated with disease. Proteomic analysis can provide a rapid route to validation of
protein expression in the context of disease and therapeutic accessibility.

Therapeutic antibodies have recently risen in popularity within the pharmaceutical
industry, which is attracted by their very high specificity, ease of synthesis, rapid lead
selection, and (in the case of fully human antibodies) lack of toxicity relative to other
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Table 1 Examples of Disease Biomarkers

Disease
Disease Marker Diagnostic Prognostic monitoring Prescription
Breast cancer Her2neu v v v e
Breast cancer ER — v v v
Breast cancer EGFR — v v v
Breast cancer BrCal, BrCa2 v v —
GI, renal, ovarian, uPA — v — —
endometrial cancer
Colon cancer CEA — — v —
Prostate cancer PSA — — v —
CML CRKL — — v —
CML Bcr-abl v — v e
Alzheimer’s Tau, amyloid 42 v — v —
Alzheimer’s Apo E4 variant v v — —
Gaucher’s Chitotriosidase — — v —
Gaucher’s Glucocerebrosidase v — — —

Abbreviations: ER, estrogen receptor; EGFR, epidermal growth factor receptor; CEA, carcinoembryonic antigen;
PSA, prostate-specific antigen; CML, chronic myeloid leukemia; GI, gastrointestinal; CRKL, proto-oncogene
Crk-like protein.

biomolecule therapies. Success in bringing a number of antibodies to the clinic for cancer
and immune disorders has led to a recent switching of resources on the part of many
pharma and biotech companies onto the discovery and development of these new medi-
cines (24). Although antibodies only bind effectively to cell surface proteins, they are
somewhat less constrained by the need to target a cellular function and can be used to
“mop-up” soluble ligands or to direct immune-mediated destruction of cancer cells and
other dysplastic tissues. Proteomic discovery has been used to generate datasets enriched
for plasma-membrane proteins, using subcellular fractionation techniques and high
throughput annotation, from which targets may be selected and rapidly validated for clini-
cal relevance (25-27).

PROTEOMIC TECHNIQUES

To date, the most widely utilized format for proteomics has been two-dimensional (2D)
electrophoresis, a technique that has been used for the separation of charged biomolecules
since the 1970s. The “-omics” suffix was only coined in 1993 (Wilkins) when informatic
and technological advances in the form of large biological databases and peptide mass
spectrometry (MS) were combined to generate protein annotation on a large scale. The
potential was immediately clear: this new discipline could be employed to directly
detect variations in expression, modification, or isoform of proteins when comparing
normal versus diseased or treated samples. Other formats have also been explored, includ-
ing “lab-on-a-chip” quantitative microarrays through to straightforward data-acquisition
techniques, which preclude sample comparison in favor of higher throughput.

Comparative Proteomics: 2D Gel Technology

The principles of 2D electrophoresis as applied to proteomics are as follows: solubilized,
denatured whole proteins are separated in a first dimension by their isolectric properties,
then in a second dimension by their molecular weight. Thus, at the end of the process each
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protein would be expected to occupy a point within the 2D space, the position of which
depends on its isolectric point (the combination of ionic charges on all of its side chains
and modifications) and its molecular weight. In most cases this combination is unique,
theoretically allowing the separation and concentration of all proteins if sample and gel
size are unlimited. Even without knowing the identity of a single protein, the potential
of this technology to profile the effects of diseases and therapeutics at the level of
active proteins is obvious. Because fully translated and modified proteins may be analyzed
directly from the patient, information is gained on which is additional to that and which is
accessible through genomic microarrays.

In practice, a number of challenges are presented by 2D proteomics. Not least is the
acquisition of samples. In contrast to genomic microarrays, relatively large samples are
required in order to produce a detectable “spot” of protein, and although it may be
routine to remove such tissues as tumors or such fluids as CSF in sufficient bulk from
patients, willing “normal” donors are naturally very scarce. Once samples have been
obtained, it is vital to preserve the proteins they contain as quickly as possible and in a
state suitable for both long-term storage and future 2D analysis. For the analysis itself,
the major hurdles are the conversion from one chromatographic medium to another
within the same apparatus and reproducibility of the final protein display.

Sample Preparation

Proteins destined for isolectric focusing and molecular weight fractionation must be
fully denatured in order to obtain accurate and reproducible data. Thus, lysis buffers
are used, which combine strong reducing agents to break cysteine sulfhydryl bonds,
and chaotropic mixtures, which disrupt the ionic and hydrogen bonds and hydrophobic
partitioning of folded proteins. Other covalent modifications of proteins are preserved
by these buffers, enabling observation of their effects on protein mobility in both the elec-
trophoretic dimensions. Protein concentration needs to be high when the sample is applied
to the system, necessitating maximal solute concentrations in lysis buffers. Many protein
degrading and modifying enzymes continue to act even under harsh conditions, and so
chemical inhibitors of these are included in the buffer in order to “freeze” the exact state
of proteins at the point of extraction. The amounts of different proteins in biological
samples varies to an extraordinary degree, to the extent that up to 90% of the protein
content may be dominated by the products of just a few genes. Serum in particular contains
large quantities of such proteins as albumins and immunoglobulins, and other proteins can
be obscured even after 2D separation, or their relative concentration is too low to be
detected in a standard protein loading. Depletion of these major components prior to
analysis can be highly advantageous in revealing new serum markers, although further
reproducibility problems can be introduced by this step.

2D Electrophoresis

The development of industrialized proteomics has led to some standardization in 2D gel
technology, so that apparatus and reagents are now supplied commercially (e.g., Biorad,
Hercules, California, U.S.A. GE Healthcare, Little Chalfont, U.K.). Batch production
and quality control are essential for reproducibility, but it is mostly in sample quality
and loading and in downstream data processing that the greatest gains are to be
made. Proteins are resolved in solution in the first dimension, migrating within an
immobilized pH gradient (IPG) until their individual isoelectric point is reached. The
fractionated proteins are then coated with anionic detergent; when the current is
switched by 90°, the proteins move into a thin polyacrylamide gel and are separated
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according to their molecular weight. After electrophoresis the proteins are stained and
the images of the gels are recorded. Both methods represented here have a robust
history in protein analysis, in the form of isolectric focusing (IEF) gels and SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE). The integration of the two provides a very
powerful analytical tool, but there are caveats and technical challenges involved at each
stage. First, there is the problem of hydrophobic proteins. Traditionally, these are frac-
tionated in gels by solubilization in ionic detergent, usually SDS, which produces an
overall negative charge on every protein. This abrogates the natural isoelectric point
(pD of the protein, however, and so cannot be used for IEF. As a result, 2D gels
tend to underrepresent hydrophobic species, such as integral membrane proteins.
Second, the process of dimension switching can only be successful if the proteins are
fully ionized by detergent infusion and with effective transfer from IPG to PAGE,
enabling each protein to move in the second dimension as a discrete spot within the
gel. Next, imaging of the fractionated proteins must be optimum. After electrophoresis,
proteins are prevented from diffusing by fixing in weak acid to partially precipitate and
attach them to the gel matrix. However, the gel itself is a very weak structure, which is
not self-supporting. Torsions induced by polymerization cause the gel to change shape
on release from the glass plates that are used to support it during electrophoresis. This
problem can be overcome by binding the gel to one of the plates, preventing any move-
ment of the electrophoretic matrix. Parallel to this advance in enhancing reproducibility
has been an increase in the sensitivity of protein detection using fluorescent dyes with
extensive linear dynamic ranges and detection limits extending into the femtomole
range. Despite the caveats of 2D gel analysis, the result of these developments is that
an excess of 2000 proteins can now be detected in a single sample using standard com-
mercially available apparatus. By measuring the intensity of fluorescence, each protein
spot (or “feature”) can be accurately quantified relative to the total amount of protein in
the gel. Finally, there is the challenge of mining the information provided by the gels.
Slight fluctuations inevitably occur in gel composition and running conditions, with the
result that for almost every protein there is always a slight positional variation between
gels. This factor alone would have doomed 2D electrophoresis as a comparative tool
had it not been for the development of software to manipulate gel images postacquisi-
tion, moving protein features relative to a set of trigonometric markers in order to
produce a virtual, composite image. The accumulation of protein features by running
sample replicates and adding to sample (patient) numbers is used to generate an elec-
tronic “master gel” comprising many thousands of protein features, all identifiable
and quantifiable on the original, stored gels. This kind of image manipulation was pio-
neered by such proteomics companies as Oxford GlycoSciences and are now produced
by leading proteomics suppliers, for example, GE Healthcare, U.K. (Ettan Progen-
esis™). The generation of such a large number of data points has itself necessitated
additional software to mine and interpret the information. For example, the Swiss Insti-
tute of Bioinformatics (Geneva, Switzerland) developed the Melanie series of software
programs; proteomics companies have developed sophisticated image analysis platform,
such as Rosetta™ (0GS), KeplerTM (LSB), and ImageMasterTM (GE Healthcare), which
aim to compare feature presence and intensity from different gels and samples using a
variety of statistical parameters. Although these programs are essentially designed to
manage large volumes of data, they also provide an important link with the next
stage of the proteomic process—protein annotation—by identifying features that are
interesting by virtue of statistically validated alteration in disease. Another approach
has been to reduce sample requirements by employing direct comparison using differ-
ential staining of proteins prior to gel chromatography. GE Healthcare’s two-color
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system, Ettan DIGE, aims to overcome gel—gel variation by running comparative
samples on the same gel after prestaining each with a dye that fluoresces at a different
emission wavelength. This system also employs an internal pooled standard so that
different gels can be compared. A major source of error can be overcome using this
approach, but the problem of consistent protein loading remains due to the viscosity
of high concentration protein lysates required for detection of whole proteomes.
Protein subfractions are much easier to standardize for gel loading, but the fractionation
process itself can introduce broad variability.

Protein Identification

The application of the mass spectrometer to the study of proteins is fundamentally in the
generation of precise mass measurements of ionized peptides. Indeed, molecular weight
measurement of whole proteins as a screening process has been utilized in some proteomic
platforms (e.g., SELDI, see section “Other Proteomic Technologies”). But it is in the area
of peptide fragmentation, both enzymatic and via ionization, that MS has revolutionized
protein identification. Precise measurements of tryptic peptides can be used to identify
a protein from within a mixture, but the sequence of amino acids within these peptides
can also be elucidated by secondary fragmentation of selected peptide ions in a tandem
mass spectrometer (MS/MS). Measurements of ionized fragments produced by MS/MS
can be reconstructed into subsets of possible amino acid sequences, which are then com-
pared with theoretical tryptic fragments of electronic translations of real and predicted
messenger RNA sequences found in genomic databases. From the set of candidate
“hits” obtained in this way, the real peptide is identified by the comparison of the theor-
etical full fragmentation spectrum of each candidate with the original, real spectrum.
Superposition of spectra identifies the peptide (and, therefore, the gene encoding it).

Automation of peptide ion sequencing process using such computer algorithms as
Sequest (28) enabled extensive comparison of spectral analyses with genomic databases
to elucidate protein sequence. This opened the possibility of high throughput protein anno-
tation. Prior to this, researchers were dependent upon Edman degradation sequencing of
proteins, requiring large quantities of purified protein. In contrast, MS/MS sequencing
can accurately identify proteins in quantities close to the limit of detection of 2D gels,
that is, in the femtomole range, from a starting material of less than 1 mg of the total
protein. Rather than devoting an entire project to the purification of a protein of interest,
this process can be completed for large numbers of different proteins from sample acqui-
sition to protein sequence in a matter of days.

Semi-comparative and Continuous Data Acquisition Techniques

The low dynamic range of 2D gel electrophoresis, and its limitations with respect to
druggable target discovery, have led some researchers to exclude the comparative step
altogether. Instead, traditional one-dimensional (1D) Laemlli gels have been used to
separate specifically enriched pools of proteins, which would not be resolved by 2D elec-
trophoresis. The 1D gel is principally a deconvolution step to facilitate mass spec through-
put, although additional information on the proteins can be inferred from molecular weight
and the distribution and frequency of annotation, which provides semi-quantitative data
comparable with expression patterns derived from cDNA libraries (e.g., TIGR expression
profiles 29).
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Protein Enrichment

In some cases, column chromatography is the only step used to fractionate proteins or pep-
tides prior to mass spec analysis, for example, MudPIT analysis (30). Continuous data
acquisition generates considerable lists of protein annotations and may be used to create
nonquantitative expression profiles; otherwise its value in discovery is limited. Neverthe-
less, the discovery of proteins in unexpected contexts can be readily validated by more
conventional techniques and is a powerful means of target identification, particularly if
the protein in question is already well characterized. Enrichment of subcellular fractions,
organelles, and protein functional complexes considerably improves the annotation
efficiency. Recent publications have described large scale analyses of protein sequences
from isolated spliceosome complexes (31,32), proteasomes (33), and yeast protein
complexes binding to selected “bait” proteins (34). The expression by genetic engineering
of affinity tags, which are exposed on the surface of protein complexes without disrupting
normal protein function, has been exploited to enrich active complexes from living cells,
in a process termed tandem affinity purification (35). Mass spectrometric sequencing of
proteins captured in the complex reveals interaction pathways linking protein activities.

Thus, proteomics can be used to identify differentially expressed proteins en masse,
considerably broadening the scope for biomarker discovery. The process in its current
form is not yet sufficiently sensitive or rapid to replace clinical diagnostic technologies;
what it provides is a rapid discovery platform yielding new potential diagnostic, prognos-
tic, and pharmacologic indicators.

Other Proteomic Technologies

Despite the availability of rapid, convenient, and robust biomarker assays in these areas,
considerable efforts are underway in the broadening arena of proteomics to develop new
tools to serve the clinical market. Most developments have gone in the direction of
miniaturization, taking advantage of the technological achievements of genomic
platforms, for example, microarray spotting. Smaller apparatus means smaller sample
quantities, and “lab-on-a-chip” technology suggests an ideal way to overcome the
hurdle of sample size that limits conventional proteomics. Improvements in detection sen-
sitivity through signal amplification and affinity capture, or a combination of both, have
opened the way to true high-throughput proteomics requiring only tiny amounts of
protein. Examples include random affinity capture of whole proteins, specific capture of
proteins, and specific capture of peptides. SELDI (surface enhanced laser desorption
ionization) generates mass spectra from samples of whole proteins, or trypsin-digested
peptides, which are analyzed for statistically significant differences between diseased
and normal samples (36,37). This technology has been coupled with laser capture micro-
dissection (LCM), in which a few thousand diseased cells are separated from normal cells
in order to produce a purified sample for comparison (38,39). LCM samples can also be
applied to other miniaturized proteomic applications, such as those utilizing specific
affinity capture. Other platforms have combined microfluidic technology, immobilization
chemistries, and specific affinity reagents with high sensitivity optical or mass spectro-
metric detection to produce affinity capture arrays on a microscopic scale (40). Scrivener
et al. (41) have developed an affinity array detection system based on peptide affinity
capture, which can be adapted to both fluorescence-based detection and full MS/MS
analysis of peptide sequence. In a “reverse proteomics” approach, SEREX (serological
analysis of recombinantly expressed clones), cDNA libraries are expressed in an array
format, and their resulting recombinant proteins are reacted with sera from autologous
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patients (42,43). Antibodies or other serum proteins specific to disease state (to date,
largely in cancer analyses, 44), identify their corresponding sets of antigens, which can
define new diagnostic markers or therapeutic targets. The concept of recombinant
protein arrays has been taken further by the Protein Expression group at the Max
Planck Institute for Molecular Genetics (45), who propose to express 10,000 human
proteins with the purpose of elucidating protein—protein, DNA—protein, and ligand—
protein interactions and to profile and characterize antibody and sera—protein binding
onto the array.

These new platforms have advantages over conventional 2D gel proteomics in terms
of sample consumption—statistically significant analyses can be performed using
quantities of protein that are orders of magnitude smaller. Their limitation lies in the
number of proteins they can accurately identify. In the case of SELDI this may be incon-
sequential provided clear sets of markers can be identified independent of sample variation
and noise. For protein “chips,” specific affinity reagents need to be generated beforehand.
Theoretically it would be possible to produce an affinity partner for almost every protein or
peptide (a parallel to today’s genomic microarrays), but in practice there is still a substan-
tial lead time to manufacture such a comprehensive array. Nevertheless, as a research tool
protein chips hold considerable promise.

CURRENT ACTIVITIES IN PHARMACOPROTEOMICS

Widespread interest and commercial development of proteomic technologies have led to a
number of discoveries, notably in the field of protein markers and more particularly in the
form of protein isoforms and broadly based expression patterns. This information is
largely unavailable other than at the level of transcription, because most proteomic tech-
nologies have been focused on the manifestations of posttranslational processing. As such,
pharmacoproteomics complements genomic microarray profiling by providing data on
gene products that are inaccessible to the latter technology.

SELDI technology has been used to identify patterns of protein expression by ana-
lyzing the relative intensity of molecular weight peaks over a large range of native protein
sizes. An extensive study by the Food and Drug Administration (FDA) to identify serum
markers of ovarian cancer was successful in defining a molecular weight expression
pattern entirely consistent with the occurrence of the disease (46). This collaboration
went on to define a haptoglobin isoform that is elevated in ovarian cancer, giving 90%
specificity and 71% sensitivity, a level of accuracy exceeding any other serum-based
assay for the disease. In another collaboration, SELDI was used to identify the CD8+4- anti-
viral factor (CAF) associated with CD8+ T-lymphocytes of HIV-positive individuals who
belong to the subpopulation of long-term nonprogressors, that is, do not go on to develop
AIDS. Tandem MS of the peaks identified by SELDI revealed that the differential proteins
thus identified belonged to the alpha defensin family. These findings enabled further
validation studies supporting the role of these proteins in the suppression of viral replica-
tion (47). This study neatly demonstrated how the focused application of proteomics
yielded rapid results on an HIV intervention opportunity, which was first identified
16 years beforehand.

The identification of reliable sets of progression markers remains a Holy Grail in
medical oncology. SELDI technology has also been applied to this area in order to com-
prehensively analyze changes associated with the malignant state. Invasive pancreatic
adenocarcinoma is a rapidly fatal disease and early identification is vital to increase
the chances of successful intervention. Rosty et al. (48) reported the identification of a
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differentially expressed protein, HIP/PAP-I, secreted at high levels into the pancreatic
fluid in 67% patients with pancreatic adenocarcinoma. Another group used cell lines
derived from head and neck squamous cell carcinomas to identify proteins differentially
expressed in metastases versus the primary tumor (49). A considerable body of published
and unpublished data generated by SEREX analyses has been compiled into a database of
serological cancer antigens (50).

In contrast to the “whole proteome” analyses favored by the technology platforms,
some groups have applied proteomic annotation techniques to established areas of
research. In a study that focused on a central signal transduction pathway, Lewis et al.
(51) combined functional proteomics with selective deregulation of mitogen-activated
protein kinases (MKK1 and MKK2), identifying 25 targets of the MKK/extracellular
signal-regulated kinase (ERK) cascade, 20 of which appeared to be novel effectors
of this pathway. These diverse targets suggested novel roles for this signaling
cascade in cellular processes of nuclear transport, nucleotide excision repair, nucleosome
assembly, membrane trafficking, and cytoskeletal regulation. Applying proteomics to
a clinical study, Chen et al. (52) conducted a comparative analysis of 93 lung adenocarci-
nomas with 10 normal lung samples, with the objective of examining the isoform status of
Oncoprotein 18, a key regulator of microtubule dynamics that influences cell growth and
differentiation. They observed an upregulation of the protein in lung carcinomas with an
increased proportion of phosphorylated isoforms, which they verified through convention-
al mRNA quantification, Western blotting, and immunohistochemistry.

Others have adopted an almost hypothesis-free approach to target discovery.
Accepting the limitations of primary tissue analysis and the 2D gel system, some have
taken the view that MS throughput is now so great that simply enriching subcellular frac-
tions extracted from cultured cell lines can yield a significant proportion of potential
targets in the annotated output. Crude membrane fractions of the colon carcinoma cell
line, LIM1215, yielded 284 different protein annotations, of which more than a third
were known membrane proteins (27). A later study defined 615 proteins of the human
heart mitochondrial proteome, using 1D gel fractionation and high throughput MS (26).
Using refinements of the membrane preparation protocol to increase plasma membrane
representation and pools of estrogen receptor-positive or -negative breast cancer cell
lines, Adam et al. (25) identified 500 proteins, of which 31% were known to be associated
with the plasma membrane. This group utilized a peptide selection strategy aimed
at avoiding reannotation of proteins commonly observed in proteomic analyses, with
the result that a high proportion of novel and uncharacterized proteins were identified.
These proteins were then analyzed in the context of primary cancer samples using con-
ventional techniques of mRNA quantification, fluorescent tagging, and ITHC analysis,
which can be applied to very small amounts of sample and which are much more
accessible in the large numbers required for clinical validation (Figure 1). This group
was able to identify three novel plasma membrane proteins with clinical relevance to
breast cancer; subsequent studies demonstrated protein functions consistent with
neoplastic growth in two of these previously uncharacterized proteins (53). Above all,
this study demonstrated the way in which large-scale screening of proteins with disease
association from subcellular fractions enriched for drug targets can accelerate the target
discovery process. Novel sequences are given relevance if it can be demonstrated that
they are both natural translation products and plasma membrane-associated—this pro-
teomic filter considerably narrows the subset of uncharacterized proteins, making the
subsequent task of validation more efficient. The accrual of large amounts of proteomic
data of this kind, with disease/tissue and fractionation information, will also enable
informatic filtering akin to “electronic northerns” so that large numbers of commonly
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Figure 1 Cancer marker discovery by proteomics. Membrane protein fractions from selected
cancer cell lines are separated on standard 1D polyacrylamide gels. Trypsinolysed peptides from
thin slices of the gel are subjected to ion fragmentation MS/MS, and the resulting spectra compared
with publicly available protein sequence databases, based on translations of cDNA and predicted
gene sequences. Detection of uncharacterized proteins can be verified by conventional techniques,
for example, mRNA quantification, [IHC—shown here, a novel protein expressed predominantly
in the cytoplasm of differentiated carcinoma but exclusively in the membrane of de-differentiated
cells. Abbreviations: THC, immunohistochemistry; MS/MS, tandem mass spectrometry; NCBI,
National Center for Biotechnology Information; PCR, polymerase chain reaction.

expressed or nondruggable proteins can be excluded from outputs, further streamlining
the process.

Proteomics in the Clinic—Rapid Diagnostics

Rapid detection of proteins for the purposes of diagnosis or monitoring is certainly nothing
new: the Enzyme-linked immunosorbent assay (ELISA) test is a long-established feature
of clinical laboratories, and portable kits based on this assay are regularly used in medical
general practice and the home. Technologies for the development of protein detection kits
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are highly advanced and can precisely assay the level of diagnostic protein markers in
minute samples of body fluids. Supporting matrices and miniaturized sensors are produced
by a number of suppliers and the development of specific antibodies for protein capture
has been fully industrialized. However, there are as yet relatively few point-of-care
tests based on specific protein detection, and proteomics is therefore well placed to
provide novel and multiple diagnostic proteins for validation in these formats. Biosite
Inc has been successful in exploiting microdetection technology in the management of
chronic heart failure. Excessive cardiac load causing distension of the ventricular walls
induces release of B-type natriuretic peptide (BNP) from plasma membrane granules of
the cells lining the ventricles (54). This hormone plays a role in fluid balance and blood
pressure regulation and is a specific hormonal marker of chronic heart failure, which
can be used diagnostically in preference to invasive or less accurate methods, such as
echocardiogram or symptom assessment. The Biosite product assays BNP from a capillary
of blood within 15 minutes using an antibody-based detection system, exemplifying the
use of a protein to rapidly diagnose the disease. The advantage of this can be readily
appreciated in terms of both appropriate patient triage and reduced costs through the
avoidance of unnecessary tests and therapies. Biosite has utilized the same system to sim-
ultaneously measure myoglobin, troponin I, and creatinine kinase (CK-MB), to be used in
ruling out myocardial infarction.

Toxicoproteomics

The opportunity to discover new markers of impending toxic side effects is ready to be
exploited by existing proteomic technology (55). Some work has already been done in
this area: Fountoulakis et al. (56) characterized the effects of xenobiotics on protein
expression in rodent liver, in an attempt to define a liver proteomic toxicity database; a
further study on hepatic protein changes associated with a number of drug treatments
was carried out by Man et al. (57). Similar analyses have been carried out for specific com-
pounds, such as the hepatotoxic effects of substituted pyrimidine derivatives (58) or
nephrotoxicity in antimicrobial agents, such as gentamycin (59), and cyclosporin A
(60). ICRF187, a cardio-protectant, has been shown to suppress a significant number of
protein alterations in the serum of rats treated with cardiotoxic levels of doxorubicin
(61), suggesting key protein markers of cardiotoxicity. The elucidation of markers affected
by protective drugs may give functional hints as to the mechanism of protection, acceler-
ating the development of more effective agents.

Proteomics in Pathogen Target Discovery

Like cultured cell lines, unicellular organisms offer the opportunity to study pathogenesis
in a controlled and uniform laboratory environment, allowing for more precise measure-
ments of protein/cell input and greater reproducibility in proteomic systems. In an attempt
to characterize the adaptation of Pseudomonas aeruginosa to airway epithelia in cystic
fibrosis, Guina et al. (62) carried out a full proteomic analysis of the organism using an
in vitro model of the adaptive response, demonstrating the induction of an entire metabolic
pathway affecting the homoserine lactone signaling pathway. The elucidation of the
genomic structure and sequence of the malarial parasite Plasmodium falciparum paved
the way for a thorough proteomic investigation of proteins expressed at each stage of
its lifecycle. Using MudPIT, 2400 different proteins were annotated with correlation to
the developmental stage and included some new findings relevant to pharmaceutical or
immunological intervention (63). Cell surface interactions are considered to be important
in pathogenicity, and proteomic studies have also focused on the identification of proteins
extracted from in vitro biotinylated whole organisms, such as Helicobacter pylori (64).
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Protein-based assays have been used for some time to detect pathogens. These can
either be the direct detection of pathogen antigens or, in the case of many viral infections,
detection of the antibodies naturally generated against them. The discovery of this type of
antigen and antibody marker is well suited to proteomic studies because the induced
protein profile changes can be absolute (i.e., presence versus absence of a particular
protein), and the induction of an immune response could allow the use of such technol-
ogies as SEREX (42) to define pathogen antigens. These and many other studies indicate
the potential to discover new markers for early identification of infections, or for the moni-
toring of infectious stages, through to novel antibiotic targets.

CONCLUSIONS

The current use of multiple protein assays in diagnosis, prognosis, efficacy, and toxicology
suggests that these “markers” are discoverable through proteomics technologies.
However, many of these assays performed on body fluids target proteins of abundances
lower than is usually detectable in open system proteomics methods, such as 2D gels
and the SELDI system. However, recent studies with these technologies demonstrate
the potential of proteomics to examine the status of proteins in their naturally produced
form and to discover changes relevant to pharmacoproteomics. As sensitivity is improved
via protein chip, affinity, or more conventional separation technologies, it might be pos-
sible to identify relevant changes in low abundance proteins from a “blind” starting point.
The construction of robust, quick, and cheap assays following the identification of protein
markers has already been demonstrated in multiple settings, and so the challenge remains
in the progression of technological developments that allow new protein discoveries.
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INTRODUCTION—ASSESSING THE POTENTIAL IMPACT OF
PHARMACOGENETICS

Trying to assess the social, ethical, legal, and practice issues raised by a medical inno-
vation is not easy, as great uncertainty often surrounds the technology, how it might be
used in the clinic, and the responses of patients, professionals, and the public. Despite
the difficulties of trying to achieve a meaningful and realistic appraisal, it is a vitally
important task. If controversial new technologies are introduced into the clinic without
careful consideration of the issues they raise and if appropriate governance mechanisms
are not put in place in response, there is a real danger that public acceptance will be
low, resulting in poor uptake and a loss of trust in the integrity of the profession.

Pharmacogenetics is at a very early stage of development, with few working
examples established in routine clinical practice. The analysis presented here will there-
fore look at a series of possibilities or “options” for the application of the technology
and explore the potential social, ethical, and legal problems that might be realistically
associated with them. This list of options is not hypothetical but has been drawn up on
the basis of detailed research on the commercial and clinical development of pharmaco-
genetic technology. It therefore represents the applications most likely to become a
reality. However, it must be stressed that some applications may never be translated
into practice, because they are contingent on technical feasibility, proven clinical
utility, and commercial success. As a consequence, a number of the social and ethical pro-
blems that we described may remain only as possibilities.

This chapter starts with a brief outline of some of the well-established principles
used to assess the ethics of medical research and practice. It sets out the limitations to
an approach based purely on “principlism.” The most realistic options for the development
of pharmacogenetics technology will then be described. This will be followed by a discus-
sion of the main social, ethical, and legal issues that are raised. In conclusion, we highlight
the key points to have arisen from this analysis and suggest how public policy might
provide an effective governance framework for this important new technology.
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BIOETHICS AND ITS LIMITATIONS

The most influential approach to bioethics over the last 25 years has been “principlism,”
the idea that most issues in clinical and research ethics can be resolved by reference
to a set of four basic principles: beneficence, respect for persons, justice, and
nonmaleficence.

The first three principles were set out by the U.S. National Commission for the
Protection of Human Subjects of Biomedical and Behavioral Research (1979) in The
Belmont Report: Ethical Principles and Guidelines for the Protection of Human Subjects
of Research. In many respects, however, they reassert the guidelines articulated in the
Nuremberg Code, which forms part of the judgment on German doctors accused of
crimes against humanity in their experiments on concentration camp inmates during
World War II (1). The Allied Powers were slow to acknowledge that similar concerns
could be raised about some of their research and clinical practices (2). In the United
States and the United Kingdom, growing concern was expressed during the 1950s and
1960s about the way in which some patients were being treated (3—6). Some of this
was reflected in the drafting of the Declaration of Helsinki in 1964 (1; current text can
be found at (7), but a further set of U.S. scandals (8,9) provoked Congress to intervene
by establishing the National Commission in 1974.

The Belmont Report’s principles will be considered together with the additional
principle of nonmaleficence introduced by Beauchamp and Childress (10) in the first
edition of their classic textbook.

Beneficence. An action should achieve some positive good rather than simply
being carried out for its own sake. Research should not be carried out on human subjects
merely to increase scientific knowledge. There must be a clear and identifiable potential
benefit either to those taking part or to others similarly situated in the future. Similarly,
patients should not be given a treatment that the clinician knows to be ineffective or
futile. There is, of course, room to debate as to what constitutes a benefit, whether the
benefit is proportional to the risks, how the future benefits can be weighed against
present hazards, and so on.

Nonmaleficence. Beauchamp and Childress noted that it was often difficult in
medicine to be certain of the benefits of a treatment or the outcomes of a trial. Indeed
the element of uncertainty is part of the moral justification for research and experiment.
If beneficence could not be demonstrated, they argued that the intervention at least
should do no harm. Different bioethicists differ in how widely they define harm. Some
concentrate on physical harms, whereas others include possible social harms. These
might include being embarrassed or stigmatized by the public disclosure of private
medical information.

Autonomy. Human beings in full possession of their faculties should be allowed
to determine their own fate. Other people should not take decisions for them or restrict
their decision-making. This principle is often used to criticize medical paternalism,
where doctors limit the information and choices offered to patients in the belief that
they, as experts, know better than the patients as to what actions are in their best interests.
It also underlies the notion of informed consent, that people have a right to be aware of all
the risks and benefits attached to a course of action and to decide for themselves whether to
accept them. Bioethics often struggles to deal with the definition of “full possession of
their faculties.” Does autonomy apply to people with mental health problems? Does
autonomy apply to people with Alzheimer’s? Does autonomy apply to children? Who
counts as a child for this purpose? A related issue is the position of people whose rights
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to self-determination may be compromised, such as prisoners. Can a convicted prisoner
freely decide whether to take part in a risky medical experiment?

Justice. People who are equal in relevant respects should be treated equally. The
difficulty here is often one of defining “relevant respects” and “equal treatment.” The
principle is intended to be one of nondiscrimination on medically relevant criteria.
However, this leaves open the possibility of discrimination on social criteria, which
comes to the same thing. For example, in the United States, it may not be acceptable to
discriminate between people in need of health care on the grounds of race. However, it
is entirely acceptable to discriminate on the grounds of income, which can have a
similar effect. There is a comparable difficulty in deciding what is a medically relevant
criterion. In the United Kingdom, some cardiac surgeons have refused to give coronary
artery grafts on smokers the same priority as given for nonsmokers. Is this discrimination
against an autonomous patient choice or on the basis of the different risk/benefit ratio of
the intervention and a desire to focus resources on those most likely to benefit for longest?
Similarly, should age be disregarded as a criterion in allocating organs for transplant,
focusing purely on the prospective recipient’s current health status, or should preference
be given to the youngest recipient at a given health status on the basis that they are likely to
survive longest post-transplant?

These principles have had a wide international influence and are often used almost as
if they were a checklist for ethical decision-making. In recent years, however, they have
come under increasing criticism: even Beauchamp and Childress (11) have conceded their
limitations in the most recent (fifth) edition of their textbook. Much of the criticism is tar-
geted on the way that they prioritize individual rights over collective welfare: when justice
and autonomy conflict, autonomy almost always wins (12). Although this is understand-
able in the historical context, the results have been to ally bioethics to U.S. individualism
in ways that are damaging to more collectively oriented health systems (13,14). There
is now greater interest in developing ways of thinking about ethical issues that strike a
different balance between autonomy and community, recognizing that there is sometimes
a collective interest in limitations on individual choices of treatment or in actively
encouraging participation in research.

A number of issues covered by these four principles are raised by the development of
pharmacogenetics. However, the analysis presented here will also discuss several broader
topics relating to the potential social impact of the technology on individuals, their
families and particular social groups, and also legal issues about professional responsibil-
ity and corporate liability.

POSSIBLE APPLICATION OF PHARMACOGENETICS

A number of discrete technological options for the clinical and commercial application of
pharmacogenetics can be identified. The most realistic of these are described briefly in the
following.

Pharmacogenetics to Improve Drug Discovery

Pharmaceutical companies are increasingly using pharmacogenetic techniques and data
to improve the drugs discovery process. There are two main ways in which this is
being done.
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Discovering New Drugs that Work Well in the Entire Population

Drug candidates can be screened for variable responses against the most common alleles
of a particular genomic target. Only those candidates who show no significant variation in
efficacy are then taken into drug development. This type of screening reduces the risk of
candidates being rejected at a later stage and increases their likelihood of success. Drugs
developed this way are more likely to work well in all patient groups.

Discovering New “Pharmacogenomic” Drugs Aimed at Genomic Subpopulations

A significant number of companies are developing strategies to create new drugs aimed at
particular genomic subpopulations; this is widely known in the industry as “pharmocoge-
nomics.” In most cases the target groups will be individuals who are most likely to benefit
from therapy, the so called “good responders.” These drugs would probably have to be
approved as safe in all groups but would be licensed and marketed for good responders.
In principle, this might increase the chance of an effective drug being approved, but at
the expense of it having a restricted market. If such drugs were developed, they would
be more likely to be clinically effective in their target group.

Pharmacogenetics to Improve the Safety and Efficacy of
Drug in Development

One of the main ways by which pharmacogenetics may have an impact on drug develop-
ment is in the design and analysis of clinical trials, with a number of authors claiming that
this will lead to smaller, smarter, and cheaper trials (15,16). Others have suggested that
drugs causing adverse drug reactions (ADRs) in particular genomic groups could be
“rescued” in late stage trials. A third possibility would be to target drug development at
patients most likely to respond to a therapy. These two latter applications would most
likely be used in a stepwise manner when there is a clear need to ensure a return on the
very heavy costs of late stage drug development.

Preclinical Testing and the Redesign of Early Clinical Trials

In early, preclinical studies or prospectively in Phase I trials, genotyping might be used
either to exclude or to include particular genomically defined groups in order to increase
the chances of a drug being shown to be safe (17). However, this type of prescreening is
likely to meet significant opposition from regulatory authorities, due to the risk of missing
serious ADRs. It seems more likely that companies will actually use pharmacogenetics to
ensure that sample populations are representative of the general population for particular
alleles associated with drug metabolism (e.g., CYP2D6). This could greatly help to mini-
mize the risk of trial bias, or reduce the risk of a drug failing at a later stage of development
as a result of bias, and to improve the safety profile of the final product.

“Rescue” of Products in Late Stage Trials Due to ADRs

In later stage Phase II and III trials, pharmacogenetics may be used retrospectively to
identify particular genomically defined groups who are at higher risk of ADRs. This
might be particularly important in “rescuing” a therapy that was highly effective but
was associated with a small number of serious genetically based ADRs. These groups
could be identified and excluded from subsequent pivotal trials. A drug developed in
this way would only be licensed for use in specific subpopulations and would need
careful monitoring, because of the risk of it being given to the wrong patient group.
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Consequently, it would have to be used in conjunction with a test for pre-prescription geno-
typing and have a restricted market. Regulators might license such a product solely for use
in specialist secondary and tertiary settings, due to the higher risk of off label prescribing
in primary care.

The Creation of New Drugs for Particular Subpopulations of “Good Responders”

In later stages of Phase II and III trials pharmacogenetics might be used in two ways to
improve efficacy. First, prospective studies could test new drugs in subpopulations of
patients believed to be good responders. This might significantly increase the chance of
a drug reaching the market. Second, where the overall benefit of a drug across the
whole population is shown to be marginal, pharmacogenetics might be used retrospec-
tively to identify a genomic subgroup who are particularly good responders to the
therapy. These groups could be specifically included in subsequent pivotal trials. In
both cases this would lead to the development of new drugs licensed purely for use in a
specific genomic group. The breast cancer therapy herceptin (trastuzumab) is an
example of a very successful product developed for a genetically defined group of patients
whose tumors overexpress the HER-2 gene product. Although this drug is largely safe in
all patients, it is only effective in this subpopulation.

Improving the Prescription of Licensed Drugs

Much attention has been given to the way in which pharmacogenetics might benefit the
pharmaceutical industry in the discovery and development of new drugs. However, the
technology offers significant advantages to clinicians, healthcare providers, patients,
and companies by improving the purchase, prescription, use, marketing, and surveillance
of licensed products. This might be achieved in a number of ways.

Extending the Use of Products Restricted by ADRs

A number of approved drugs already have restricted markets as a result of safety problems.
For example, the HIV/AIDS drug Abacavir requires very close monitoring for the first
few months of its use due to a severe hypersensitivity reaction in approximately 5% of
the patients. This places limits on its clinical use. Trials are currently under way to identify
the genomic subgroup who are most at risk of this ADR, so that prescreening can be used
to exclude them from therapy. Such strategies might be used to extend the uses of drugs
with practice and label restrictions and result both in therapy for a great number of patients
and in increased product sales.

Preprescription Screening to Identify Patients at Risk of ADRs

One of the most widely publicized applications of pharmacogenetics is the development of
“personalized medicine” in which patients are genotyped to enable physicians to give “the
right drug to the right person.” Attention has been focused particularly on the possibility of
preprescription testing to identify patients at greatest risk of genetically based ADRs
resulting from the use of a given drug. These patients could either be offered an alternative
therapy or be closely monitored, if none exists. A number of laboratories and private com-
panies in the United States already offer thiopurine methyltransferase (TPMT) genotyping
to identify patients most at risk of severe adverse reactions as a result of their inability
to metabolize the chemotherapy drug 6-mercaptopurine. This type of application of
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pharmacogenetics is attractive to doctors, patients, and health care providers, as it would
lead to safer prescription and reduce the burden posed by serious ADRs.

Postmarketing Surveillance of Approved Drugs

Pharmacogenetics could also be incorporated into improved postmarketing surveillance of
medicines. Patients who have suffered an ADR could be genotyped to see whether there
was a genetic basis for their response (16). This might lead to the creation of a test to
identify people at high risk of rare ADRs. Rather than leading to drug withdrawal, the
introduction of this form of pharmacogenetic testing might also enable some products
to remain on the market (18) or to be “rescued” after withdrawal (17). However, regulators
have indicated that this latter option is unlikely to win much support.

Preprescription Screening to Identify “Good Responders”

In a similar fashion to preprescription patient safety testing, pharmacogenetics could be
used to identify those most likely to respond positively to a specific drug. It is already
well established that some patients fail to respond to such common prescription medicines
as Prozac. Lichter and Kurth (19) claim that testing for nonresponders would be cost-
effective for health care providers, as the expense of genotyping would be more than
offset by savings from reducing ineffective prescription. In some cases this might lead
to an overall reduction in healthcare costs (18). However, the use of pharmacogenetics
by purchasers to reduce the overuse of ineffective drugs in groups of nonresponders
clearly conflicts with the interests of the pharmaceutical industry as it is predicated on
reduced drug sales (18).

Use of Efficacy Data in Drug Marketing

Pharmacogenetic information could also allow doctors to make a more informed choice
about the use of one medicine compared with another in the same drug class. This
might also provide some pharmaceutical companies with a powerful marketing tool if
they could demonstrate that their medicine was more effective in a particular patient
group than a rival product. Such a prospect would be particularly attractive to companies
whose products are ranked lower in sales.

SOCIAL AND ETHICAL ISSUES

A number of general social, ethical, and legal problems are raised by the use of genetic
testing in research, development, and clinical practice. These include the need to ensure
informed consent for the use of DNA and genetic information (20), issues of confidenti-
ality and privacy (15,21), the storage and use of personal genetic information by third
parties, and the potential for discrimination and stigmatization (20,21). These have been
extensively discussed by many authors and will not be covered in detail here. However,
it must be stressed that they are of great public concern and have been a major focus of
policy discussion in recent years, as shown by the reports of National Institutes of
Health (NIH) Task Force on Genetic Testing in the United States (22) and the Human Gen-
etics Commission in the United Kingdom (23).

In addition to these wider concerns about genetic testing, a number of social and
ethical issues are raised by the applications described previously, which are specific to
pharmacogenetics.
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The Redesign of Clinical Trials

The exclusion of particular groups from clinical trials, such as women, elderly people,
children, and ethnic minorities, has long been problematic (24). Exclusion on the basis
of genotype raises similar difficulties about the loss of benefits from research participation
and unfair representation in the trial and raises issues about the justice of such research
(17). Moreover, major technical issues surround the reliability and validity of clinical
trials designed and streamlined according to genomic criteria. These include statistical
problems with small subdivided patient samples, reduced chances of detecting rare
ADRs, sample bias, lack of consistency in controlling for pharmacogenetic variables in
multicenter trials, and difficulty in replicating genetic association studies (17). As a con-
sequence, regulatory authorities are taking a cautious approach to the redesign of trials, as
this may increase the possibility of unsafe medicines reaching the market. The FDA has
initially indicated that the pharmacogenetic arm of any pivotal trial will be additional to
normal trial procedures. If trials ultimately contain an element of selection based on
genotype, there may be a greater need for tight clinical governance and improved post-
marketing surveillance.

Clinical Validity and Utility

Some of the most important issues surrounding the introduction of a new genetic test
concern its validity and clinical utility. Clinicians and patients will need to be confident
that a test gives meaningful and useful data that helps guide prescription and treatment,
in order to ensure that there is a clear benefit from treatment. However, there have been
major problems involved in reproducing a number of important genetic association
studies, which form the basis for claims about the genetics of drug response (17). Even
where this evidence exists, it is not always clear how it should guide practice (25). A
solid evidence base needs to be created in support of a test before it is widely used. At
present, many national regulatory authorities do not require evidence of a genetic test’s
clinical validity or utility before marketing, as their main concern has been about
quality assurance to ensure reliability. There is a strong case for improved regulatory over-
sight in order to ensure patients’ benefit and maintain confidence in pharmacogenetic tests.
This point has already been endorsed in relation to diagnostic genetic testing in general by
the U.S. NIH Task Force on Genetic Testing (22).

Exclusion from Therapy

Another consideration regarding pharmacogenetic testing is the problem that nearly all
results will be a matter of probability. Although some genetic associations will be very
strong, in other cases a significant number of patients identified as “at risk” will not in
fact suffer an adverse event. They would be inappropriately excluded from treatment.
Exclusion from treatment may also result from pharmacogenetic testing that identifies a
patient as a “nonresponder.” Here again, a number of these patients would actually be
benefited from the therapy. In cases where the genetic association is not very strong
and there is no therapeutic alternative, the ethical justification for exclusion from treat-
ment, whether on the grounds of beneficence or nonmaleficence, is problematic. As a con-
sequence, the case for denying a patient therapy on the basis of pharmacogenetic tests will
often be a matter of professional judgment, involving the balancing of different factors,
including the availability of alternative therapeutic options (18).
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Others have argued that knowledge of a genetic association is insufficient to form the
basis of clinical decision making:

However, genotyping or haplotyping for a drug-metabolizing enzyme alone is not a
substitute for a thorough patient history that includes a list of prescription and non-
prescription drugs that the individual is taking . .. This clinical information must be inte-
grated with the genotypic information to assess risk for ADEs. Furthermore, it will not be
sufficient for the physician to merely understand drug—drug and drug—genotype
interactions within their own specialty. Rather it will be also be necessary to under-
stand predisposition to risk for ADEs involving other disease/organ systems (26).

It is imperative that exclusion from therapy is a decision based on clear evidence.
Patients must be fully informed of the risks they are taking in cases when they still
want a therapy despite having a genotype associated with serious adverse reactions to
it. Similarly, clinicians will need to know the chances of response when giving a poten-
tially ineffective medicine to patients identified as nonresponders.

Although exclusion from treatment raises a number of important ethical problems, it
should be recognized that large numbers of patients are currently put at risk when given
drugs that are in reality either harmful or ineffective in them. The introduction of pharma-
cogenetics offers the possibility of reducing the risks from these situations. These benefits
are likely to significantly outweigh the problems outlined previously.

The Creation of New Orphan Patient Groups

In cases where either no effective therapy is available or existing therapy is inadequate,
major ethical problems are raised if new drugs will only be developed either for the
most common genotypes or for groups identified as good responders. In both cases,
new products might not be developed for patients with the “wrong genotype” or for
genomic groups that are too small in size to attract investment from the industry. This
would create new therapeutic “orphan populations” that are economically unattractive
to the pharmaceutical industry and have no access to new and more effective therapy
(15,17). This problem might be exacerbated in the case of poor populations (as in devel-
oping countries) or in minority groups, who already have serious problems getting access
to health care. Significant public sector investment in research, increased drug pricing, and
new policies, similar to existing orphan drug legislation in the US and Europe might be
required to provide the resources and financial incentives to encourage the private
sectors to invest in these areas (18,27).

The High Cost of Pharmacogenetic Products

In addition to exclusion from treatment and the creation of new orphan populations, other
significant justice issues about access to care are raised by the development of pharmaco-
genetic-based therapies. Although there may be important cost savings for the industry
from improved drug discovery and development, it seems highly likely that pharmacoge-
netic- based drugs will have narrower and more restricted markets. This may mean that it
is harder for these products to become blockbusters, with sales exceeding $1 billion a year.
In an analysis of the economics of pharmacogenetics Danzon and Towse conclude.

The problem of patient fragmentation that results from genetic testing is most appro-
priately addressed by adjusting prices to reflect higher benefits of targeted treatment.
However, two potential problems remain: 1. Payers may be reluctant to adjust prices
upwards for targeted treatments ... Doing so requires companies and payers to use
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economic evaluation to identify the higher value associated with such targeting. 2. If
genetic testing reduces populations eligible for treatment, but does not significantly
reduce the costs of R&D, and if prices are not adjusted, then an increasing number
of potential treatments may be shelved for lack of commercial viability at normal
payer thresholds (27).

This suggests that there will be significant pressure to increase the price of pharma-
cogenetic products. It is widely anticipated that new pharmacogenetic-based drugs will be
expensive (15,17,18). Marketing strategies based on the use of efficacy data might also
lead to the premium pricing of more effective new products and the creation of niche
markets, where patients and providers pay more for improved therapy.

Several social issues arise from this. First, there is a need for cost-effectiveness and
cost-benefit analysis of various pharmacogenetic applications to assess their potential
impact on the costs of healthcare, and also on industry research and development (R&D)
costs, pricing and incentives to innovate. Carefully balanced policies will have to be
adopted to promote innovation and the creation of new medicines, while enabling health-
care payers and providers to reap the benefits. Without cost-benefit data there is a danger
that providers may not be willing to purchase these more expensive products. Second, if
pharmacogenetic products are significantly more expensive than conventional medicines,
this will raise issues about the distribution of access to the better treatment they offer.
The National Health Service (NHS) in the United Kingdom may be unable to afford to
give all patients access to these new drugs. This may lead to rationing. In some cases
these products may be only available to those who can afford to use private health provi-
ders. Similarly, on a global scale, developing countries may have little access to these
improved therapies.

The Risk of Off-Label Prescribing

Where a pharmacogenetic drug has a restricted market due to the possibility of serious
ADREs in a section of the patient population, the successful use of the drug will require
careful control so that people with the wrong genotype are not given the product (18).
In this context, the potential for inappropriate off-label or nonlabel use of medicines is
of major concern. A small percentage of the U.K. doctors do not currently follow drug
labels carefully enough. In the well-publicized case of the inappropriate long-term use
of barbiturates, this has caused very serious problems for the patients involved, including
addiction and chronic illness (28). Improved training, strong clinical governance, and
improved drug labeling will be required to ensure that the prescribing of pharmacogenetic
products to patients with the incorrect genotype does not occur when clinicians are unfa-
miliar with the technology. New forms of postmarketing surveillance may also be required
to monitor the risks of this type of medication and its prescription in particular settings.

Standards of Care and Liability

Pharmacogenetic information may be an important consideration in the licensing of new
medicines. Its management and disclosure during drug development and approval raises a
number of important issues. For example, ADR data on one drug in a particular class may
be highly relevant to the approval of another compound in the same class or active against
the same target. However, it is generally not in the commercial interests of drug companies
to disclose detailed findings from many of their unpublished clinical trials. This raises
important questions about how to enable interfirm data sharing where it is in the public
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interest, while protecting proprietary information. Other issues are raised about company
liabilities and responsibilities for the disclosure of pharmacogenetic data to regulators.
This has been highlighted in a recent case where four individuals filed a class action
against SmithKline Beecham alleging that the company failed to warn patients when it
knew that some individuals would be genetically susceptible to arthritis when given the
company’s vaccine against Lyme disease (15).

The increased use of pharmacogenetic data may also have implications for the liabil-
ities and responsibilities of health care providers and professionals. In particular, it is
likely to change professional norms about the information used in diagnosis:

By increasing the information available for consideration in drug therapy and the
importance of matching the right drug to the right person, pharmacogenomics will
raise the standard of care applicable to all involved in the safe prescription and distri-
bution of pharmaceuticals (15).

This will have important consequences for the tort liability of doctors and
pharmacists, as they may be expected to use pharmacogenetic testing increasingly in
decision making.

The Social Consequences of Disease Stratification

Inherent in a number of applications of pharmacogenetics is the “stratification” of patient
populations based on the subclassification of disease. For example, common conditions,
such as asthma, diabetes, schizophrenia, and heart disease, are starting to be subdivided
into different diagnostic categories according to their response to particular medicines.
The profiling and stratification of patients based on the creation of new disease categories
has many potential benefits. Diagnosis could be more precise and treatment more specific.
However, one consequence may be that some individuals become categorized and are
labeled as “good responders” and others as “non-responders” or “difficult to treat” (15).
This might have a number of implications for patients:

The social consequences that arise from new disease labels and their legitimisation
would obviously involve interpersonal stigmatisation or identity issues. In addition,
a wider range of possible societal concerns, such as those related to access to insurance,
employment and health-care resources, will probably emerge (17).

If common diseases are increasingly “geneticized” in this way, family members
related to affected individuals may also feel at increased risk of becoming ill and
having fewer therapeutic options, even when the inherited risk has not been scientifically
quantified.

The Link Between Pharmacogenetic Testing and Prognosis/Disease
Susceptibility Testing

Pharmacogenetic-based disease stratification can also map onto differences in prognosis
and the clinical development of disease (e.g., Alzheimer’s, heart disease). For example,
variations in the gene for the cholesteryl ester transfer protein (CETP) have been
related to variations in response to the anti-cholesterol drug, prevastatin. The mutation
associated with the greatest risk of heart attack (TaqIB) is also associated with the most
positive response to treatment (29). This means that a pharmacogenetic test to decide
on whether to prescribe prevastatin is also a prognostic test for the type and severity of
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the heart disease. In some cases, then, pharmacogenetic testing can act as a form of disease
testing. This may have serious implications for both the patient and their family. In
addition, some pharmacogenetic tests for one condition may actually give diagnostic
information about another disease.

Some leading scientific advocates of pharmacogenetics acknowledge that the dis-
tinction between pharmacogenetics and disease genetic testing is difficult to maintain
and therefore raises similar social, ethical, and legal concerns (30). However, this is in
marked contrast to researchers who see pharmacogenetics more in terms of drug metab-
olism. For example, Allen Roses, a senior scientist at Glaxo SmithKline, stresses that
“pharmacogenetics is not really about disease diagnosis” (31) and argues for the separation
of the ethics of pharmacogenetics from disease testing: “Clear language and differentiation
of respective ethical, legal, and societal issues are required to prevent inaccurate vernacular
usage creating a confused public perception of ‘genetic testing’ ’(16).

Ultimately, the debate on the status of pharmacogenetic knowledge will depend on
the specific application and disease involved. In some cases, the information from a
genetic test will not tell the doctor, the patient, or any third party anything about
disease prognosis and progression. In this sense it will be similar in character to other
nongenetic clinical diagnostics. However, as illustrated previously, there are well-
established examples in which this is not the case and pharmacogenetic testing will
raise all the ethical issues that have become associated with other forms of genetic
diagnostics (consent, privacy, discrimination, and so on). In these cases, the knowledge
created by the test can be seen as quite distinct from other forms of clinical diagnostics.
The debate about the “exceptional nature” of genetic information is important, as this
will have major consequences for how the technology is regulated by the state and
governed by the medical profession (32,33). If pharmacogenetics is seen as posing
serious social and ethical problems, it is likely to be tightly controlled, reducing its
uptake and diffusion.

Pharmacogenetics and Race/Ethnicity

A number of studies have associated specific ethnic and racial groups with adverse or
nonresponses to commonly used drugs because these populations have a greater
frequency of a particular genetic allele. For example, Xie et al. (34) claim that
“white patients require higher warfarin doses than Asians to attain a comparable anticoa-
gulant effect” because of differences in the distribution of CYP2D6 alleles. Although some
claim that racially based prescribing is “better than nothing” (35), there are important
social risks involved in linking population groups to particular drug responses. First, it
should be pointed out that the differences in the population frequency of deleterious
alleles between these socially defined groups may be statistically significant but small
in absolute size. Only a minority of a given group may carry these alleles. Problems
arising from these claims include the danger of reinforcing discredited biological
notions of race, which seek to explain social divisions and inequalities in crude genetic
terms. Such ideas have historically formed the basis of discrimination and prejudice.
Second, linking ethnic groups to particular diseases, such as Ashkenazi Jews to a higher
incidence of hereditary breast cancer, may increase the stigmatization of the group as a
whole and lead to discrimination in healthcare. Great care needs to be taken in basing
prescription on crude markers of ethnicity, as the benefits of such an approach are still
highly contentious.
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CONCLUSION: THE SOCIAL AND ETHICAL ISSUES RAISED
BY PHARMACOGENETICS—IMPLICATIONS FOR POLICY

This chapter has attempted to present realistic options for the development of pharmaco-
genetics and has highlighted the most important social and ethical problems that might
result from their introduction. As stressed in the introduction, some of the problems
may never arise, as they depend on the introduction of particular applications. Despite
this there is a strong argument for considering each of these social and ethical issues
seriously in advance of the introduction of pharmacogenetics. This would allow an assess-
ment of the policies, regulation, and other measures that need to be put in place to ensure
the greatest social benefit from the technology while minimizing the risk to public health
and civil liberties. These can be outlined under three broad headings as follows.

Promoting the Safe Use of Pharmacogenetic Medicines

Considerations of beneficence and nonmaleficence direct us to the potential safety risks
posed by the application of pharmacogenetics, including the reliability of safety testing
based on the redesign of clinical trials, the harm that might be caused by the use of
poorly validated testing, and the nonlabel and off-label use of pharmacogenetic drugs
targeted at particular subpopulations. A number of measures could be adopted to
address these concerns, including: the tight regulation of pharmacogenetics-based clinical
development; regulatory guidelines to encourage interfirm data sharing; statutory
oversight to ensure rigorous validation of new tests; better drug labeling and clinical
governance measures to prevent off-label misuse; the training of doctors in pharmacoge-
netics; and improved postmarketing surveillance.

Promoting the (Cost-)Effective Use of Pharmacogenetic Medicines

Pharmacogenetics has the potential to significantly improve the effective use of medicines
by prescribing more rational and evidence based. In particular, it offers a reduction in both
genetically based ADRs and the use of drugs that are ineffective in specific patient groups.
However, it must be recognized that while all parties involved in drug development and
use have an interest in improving the safe use of medicines, the pharmaceutical industry
has few commercial incentives to develop technology that will reduce its own sales. Issa
(17) has suggested that “regulatory guidelines will need to be established to prevent com-
panies from either ‘trawling’ for patents or avoiding offering genotyping that might limit
their market for a particular drug.” It will be left largely to health care providers and the
public sector to carry out research on the efficacy of well-established prescription medi-
cines in order to realize potential cost savings. The principle of justice requires public
policy-makers and health care providers to investigate how they can fund clinical research
on the application of pharmacogenetics to the prescription of the most widely used medi-
cines. It will be particularly important to undertake careful evaluation and establish a
strong evidence base, before expensive new pharmacogenetic tests are widely introduced
into public health care systems so that tax payers are not asked to pay for inefficient or
ineffective treatments.

Promoting the Just and Equitable Use of Pharmacogenetic Medicines

As discussed previously, the status of pharmacogenetic information is still being debated.
However, it is clear that in some circumstances it raises many of the social and ethical
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issues associated with the use of diagnostic and presymptomatic genetic testing. The intro-
duction of a robust regulatory framework to control the general use of genetic testing will
be a prerequisite for the widespread use of pharmacogenetic technology in clinical prac-
tice. Moreover, pharmacogenetics raises a series of other social and ethical issues concern-
ing access to care and discrimination, including: unfair participation in clinical trials; the
stigmatization of “nonresponders” and its impact on other family members; the risk of dis-
crimination in insurance and employment; exclusion from therapy and the creation of new
orphan patient populations; access problems caused by the potentially high cost of phar-
macogenetic-based treatment, especially in developing countries; and discrimination
based on the unscientific use of ethnic and racial categories. In order to protect patients,
their families, and the disadvantaged social groups, policies will need to be developed
to promote equitable access to the technology. Antidiscrimination legislation may be
required to prevent the misuse of personal genetic data and the stigmatization of particular
groups. Public investment or incentives to the private sector might be required to prevent
the creation of orphan patient groups. Finally, studies of the cost-effectiveness and cost-
benefits of new medicines may also be required to ensure the fair pricing of pharmaco-
genetic products, which offers benefits to industry, providers, and patients.

The translation of pharmacogenetic research into clinical practice is likely to be
technically demanding, slow, and expensive (25). At the same time it raises many
ethical, social, and legal issues. These will need to be carefully considered by researchers,
industry, and health care providers if the real promise of the technology to improve the
discovery, development, and use of medicines is to be fully realized while maintaining
public confidence in genetic technologies. This is a rapidly evolving situation and the
critical use of the ethical principles outlined at the beginning of this chapter should
help readers to formulate responses to the new challenges that will undoubtedly emerge
in the years ahead.
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INTRODUCTION

Adverse drug reactions (ADRs) represent a major public health problem. A meta-analysis
by Lazarou et al. (1), based mainly on studies conducted before 1990, showed that 6.7% of
hospitalized patients developed serious ADRs, while 0.32% had a fatal ADR. Extrapol-
ation of the fatality rate to the population of the United States suggested that ADRs
killed more than 100,000 patients in the United States in 1994, making them between
the fourth and sixth leading cause of death. In one of the largest prospective studies
ever conducted, we have shown that even with present-day therapeutics, ADRs are respon-
sible for 6.5% of all hospital admissions, accounting for 4% of the National Health Service
(NHS) hospital bed occupancy at an annual cost approaching £0.5 billion (2). In children,
the overall incidence of ADRs may be as high as 9.5% (3) although larger prospective
studies are desperately needed in this area. The overall cost of drug-related morbidity and
mortality in the United States (taking into account both primary and secondary care) has
been estimated to be more than $76 billion (4). There are also cost implications for the
pharmaceutical industry: the cost of bringing a drug to the market has been estimated to
be up to $800 million (5). It has been estimated that up to 4% of the drugs marketed in
the United Kingdom over a 20-year period were withdrawn because of safety issues (6).

Many factors contribute to the occurrence of ADRs. Prominent amidst this is poor
prescribing behavior, for example, prescribing inappropriate doses in the presence of a
contraindication or coprescribing of two drugs with a potential for interaction. However,
even when such “environmental” factors are removed, a significant proportion of ADRs
may occur because of genetic predisposition. Additionally, there may be an interaction
between environmental and genetic factors that may also predispose to the development
of an ADR. The overall contribution of host or genetic factors to the occurrence of
ADRs is not clear. In order to address this issue, at least partially, a systematic review
attempted to quantitate the role of polymorphisms in cytochrome P450 enzyme genes in
predisposing to adverse drug reactions (7). Of the 27 drugs most frequently cited in ADR
studies, 59% were metabolized by at least one enzyme with a variant allele associated
with reduced activity, compared with 7% to 22% of the randomly selected drugs.
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CYP1A2 and CYP2D6, which metabolize 5% and 25% of all prescribed drugs (8), respec-
tively, were implicated in metabolizing 75% and 38% of the ADR drugs. This provides
circumstantial evidence that dose alteration through knowledge of the patient’s genotype
may have prevented some of these ADRs. However, it is important to note that the
design of the study (relating published ADR studies with review articles of drug metaboliz-
ing enzyme gene polymorphisms) shows an association and not causation, and it does not
take into account the fact that ADRs can be polygenic and multifactorial in predisposition.

In this chapter, we review the evidence relating to the occurrence of ADRs to genetic
factors, starting with a historical overview, and ending with socioeconomic perspectives.

DEFINITIONS AND CLASSIFICATION OF ADVERSE
DRUG REACTIONS

An ADR can be defined as follows (9):

An appreciably harmful or unpleasant reaction, resulting from an intervention related
to the use of a medicinal product, which predicts hazard from future administration and
warrants prevention or specific treatment, or alteration of the dosage regimen, or with-
drawal of the product.

It is therefore important to note that patients who have taken overdoses, have
misused drugs, and develop symptoms of disease recurrence as a result of poor compliance
are excluded by this definition.

ADRs vary widely in their clinical manifestations and severity. ADRs can affect any
organ system and can mimic any disease process, hence the importance of including drug-
related disease in the differential diagnosis in every patient presenting with new symptoms
(10). Fortunately, the majority of ADRs are mild and do not require specific therapy.
However, a significant percentage, as indicated previously, can be serious and fatal. A
serious adverse event has been defined by the International Conference on Harmonisation
(11) as any untoward medical occurrence that at any dose:

Results in death,

Is life threatening,

Requires hospital admission or prolongation of stay in hospital,
Results in persistent or great disability, incapacity, or both,

Is a congenital anomaly, birth defect, or both.

M

There are many different classifications for ADRs; the simplest and most frequently
used classification is that proposed by Rawlins and Thompson (12). ADRs are divided into
two types: type A (“augmented”) and type B (“bizarre”) reactions. Type A ADRs are
predictable from the known pharmacology of the drug, have a good dose—response
relationship, and may improve on dose reduction. Type B, or idiosyncratic reactions,
are uncommon (20% of all adverse reactions), cannot be related to the known pharmaco-
logical properties of the drug, do not show a simple dose—response relationship, and
cannot be reproduced in animal models. A more recent classification has attempted to
relate ADRs to the dose, timing of the ADR, and susceptibility (9).

HISTORICAL OVERVIEW

Perhaps the first example of an adverse reaction that has a pharmacogenetic basis was
described in Southern Italy in 510 B.C. by Pythagoras, who reported that ingestion of fava
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beans can be harmful to some, but not all, individuals, leading to red cell hemolysis. This
was also described with primaquine, an antimalarial drug, in 1956, and related to a
deficiency of glucose-6-phosphate dehydrogenase (13). Another classic example reported
in the 1950s was the occurrence of prolonged apnea after treatment with suxamethonium
in patients with a deficiency of butyrylcholinesterase (14,15). In the 1960s, the occurrence
of peripheral neuropathy associated with the intake of isoniazid was related to a deficiency
of N-acetylation of the drug in the so-called slow acetylators (16). The first ADR with a
P450 polymorphism, the occurrence of hypotension with debrisoquine (17), led to the dis-
covery of CYP2D6 (at that time called debrisoquine hydroxylase). The same genetic
defect was later associated with the development of hepatotoxicity and peripheral neuro-
pathy in patients taking the antianginal perhexilene (18,19). Since then, the majority of
pharmacogenetic studies of ADRs have concentrated on the role of drug metabolizing
enzymes, but with the recent interest in active drug transport, there has also been increas-
ing interest in drug disposition, which may not necessarily be metabolism related.
However, it has long been recognized that genes other than those coding for proteins
involved in drug disposition, may also predispose to ADRs. For instance, human leukocyte
antigen (HLA) has been a focus of interest for many years, perhaps the best example of an
association being the higher risk of hydralazine-induced lupus in patients who are HLA-
DR4 positive (20,21). Hydralazine-induced lupus also provides an early example of the
polygenic nature of the predisposition to ADRs because individuals who are both slow
acetylators and HLA DR4-positive have a higher risk than those with one risk factor
only (25 out of 26 patients with hydralazine-induced systemic lupus erythematosus
(SLE) were slow acetylators) (22).

VARIABILITY IN DRUG HANDLING AND ADVERSE
DRUG REACTIONS

ADRs can occur as a result of variability in either the pharmacokinetic and/or
pharmacodynamic properties of drugs (Fig. 1). Some examples of how genetically
determined variation in pharmacokinetics (absorption, distribution, metabolism, and
excretion) can lead to ADRs are shown in Table 1. Genetically determined variation in
pharmacodynamic properties of drugs leading to ADRs has been less well studied than
pharmacokinetic variation and may in many cases represent a predominant risk factor
(Table 2). With the completion of the human genome project and the identification of
genetic variability in drug targets, this represents a fruitful area of research. Genetic
factors leading to ADRs have been the subject of many reviews (7,23—32) to which the
readers should refer and are also mentioned in other chapters in this book. In this
chapter, we have concentrated on recent advances, pointing out where possible the
strengths and weaknesses. We also cover the difficult area of what steps will be required
before pharmacogenetics can be incorporated into clinical practice in order to reduce the
burden of ADRs.

GENETIC VARIABILITY IN DRUG METABOLIZING ENZYMES

Polymorphisms have now been identified in more than 20 human drug metabolizing
enzymes, often with diverse frequencies in various ethnic groups (33). These include
both the Phase I (which are largely P450 enzymes) and Phase II (including glucuronyl
transferases, N-acetyltransferases, sulfotransferases, and glutathione transferases)
enzymes. Polymorphisms in the genes encoding these enzymes usually lead to a loss of
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Figure1 The interplay between genetic and environmental factors in the predisposition to adverse

drug reactions.

Table 1

in Drug Pharmacokinetics®

Examples of Adverse Drug Reactions Associated with Genetically Determined Variation

Gene symbol Title Drug Adverse reaction
BCHE, CHE1 Butyrylcholinesterase Succinylcholine Prolonged apnea after
anesthesia
Butyrylcholinesterase Cocaine Increased toxicity
CYP2C9 Cytochrome P450 2C9 Warfarin Bleeding
CYP1A2 Cytochrome P450 1A2 Phenacetin Hypersensitivity
CYP2D6 Cytochrome P450 2D6 Codeine Increased respiratory,
psychomotor, and
pupillary effects
GSTM1 and Glutathione-S-transferase Tacrine Transaminitis
GSTT1
GSTM1 Glutathione-S-transferase Cisplatin Ototoxicity
GSTM1 and Glutathione-S-transferase Troglitazone Hepatotoxicity
GSTT1
NAT-2 N-acetyltransferase Sulfasalazine Vomiting
N-acetyltransferase Isoniazid Peripheral neuropathy
N-acetyltransferase Procainamide SLE
UGT1A Glucuronyltransferase Tolcapone Hepatotoxicity
Glucuronyltransferase Irinotecan Neutropenia
Glucuronyltransferase Tranilast Hyperbilirubinaemia
DIA1 Methemoglobin reductase Nitrites, dapsone Methaemoglobinemia,
hemolysis
PBGD Porphobilinogen Barbiturates, Acute porphyric crises
deaminase anticonvulsants,
sulfonamides
ACHE Acetylcholinesterase Pyridostigmine Neurotoxicity

“Many of these associations have only been shown in single studies and/or may not have been replicated.

Abbreviation: SLE, systemic lupus erythematosus.
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Table2 Examples of Adverse Drug Reactions Associated with Genetically Determined Variation
in the Pharmacodynamic Effects of Drugs®

Gene symbol Name Drug Adverse reaction
HERG Potassium voltage- Erythromycin, Increased risk of torsade de
(KCNH2), gated channels terfenadine, cisapride pointes, drug-induced long
KvLQT1 clarithromycin, QT syndrome
(KCNQ1), quinidine,
Mink sulfamethoxazole
(KCNE1),
MiRP1
(KCNE2)
RYRI1 Ryanodine receptor General anesthetics Malignant hyperthermia
(halothane plus
succinylcholine)
OPRM1 Mu-opioid receptor Morphine Addiction
G6PD Glucose-6-phosphate  Primaquine, Hemolytic anemia
dehydrogenase sulfonamides, dapsone
DRD3, Dopamine D3 Clozapine Tardive dyskinesia
HTR2A receptor, Serotonin
5-HT-2A
HTR2C Serotonin 5-HT-2C Clozapine Weight gain
receptor
ACE Angiotensin ACE inhibitors Cough
I-converting
enzyme
BKR2 Bradykinin receptor ACE inhibitors Cough
B2
F2 and F5 Prothrombin and Oral contraceptives Increased risk of deep vein
Factor V and cerebral vein
thrombosis
Fo Factor IX Warfarin Sensitivity, bleeding

*Many of these associations have only been shown in single studies and/or may not have been replicated.
Abbreviation: ACE, angiotensin-converting enzyme.

function, although occasionally, gain of function may occur. Alternatively, a polymorph-
ism may lead to alteration in substrate specificity—this has been described for the P450
enzymes CYP2D6 and CYP2C9 (34-36). In general, variability in drug metabolism
may lead to an ADR through one or more of the following mechanisms (25) (which are
not mutually exclusive):

1. Increased concentration of the drug as a result of deficient metabolism leading
to a dose-dependent ADR;

2. Deficient enzyme activity results in rerouting of metabolism leading to an ADR,;

3. Exaggerated drug response as a result of increased metabolism when the drug
effect is dependent on the active metabolite rather than the parent drug;

4. Variability in the formation of the reactive metabolite leading to idiosyncratic
drug toxicity; and

5. Decreased bioinactivation of the reactive metabolite as a result of a deficiency
in detoxication.
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Deficient Metabolism Leading to Dose-Dependent Toxicity

The best example is the association of CYP2C9 polymorphisms with warfarin dose
requirements and the risk of bleeding. Warfarin is widely used, perhaps the most
common indication being the prevention of embolic complications in patients with
atrial fibrillation. The major risk of warfarin treatment is hemorrhage; the incidence
varies from 10 to 24 episodes per 100 patients for all bleeding complications and from
1.2 to 7.0 episodes per 100 patients for major bleeding complications (37). The risk of
bleeding increases with the intensity of anticoagulation. Furthermore, there is about
10- to 50-fold interindividual variability in the dosage requirements necessary to maintain
the international normalized ratio (INR) within a target range (most commonly between 2
and 3). Warfarin is administered as a racemate, with S-warfarin being three times more
potent than R-warfarin (38,39). S-warfarin is metabolized by the P450 isoform
CYP2C9; allelic variants of this isoform with reduced catalytic activity (between 5%
and 12% of the activity of wild-type alleles), and in some cases, altered substrate speci-
ficity have been identified (40). Both the variants CYP2C9*2 and CYP2C9*3 show
decreased clearance of warfarin in vitro and in vivo (compared with the wild-type
CYP2C9*1). In accordance with this, individuals with these allelic variants require low
doses of warfarin to achieve anticoagulation (41—-44). Control of warfarin therapy on com-
mencement is also more difficult in these patients, and they are also more liable to bleed
while on warfarin (41). Despite the consistent data on the effect of CYP2C9 allelic variants
on warfarin dosage and the risk of hemorrhage, it may be premature to advise routine pre-
prescription genotyping for three main reasons. First, a great deal of interindividual varia-
bility exists even within the same genotype group (45), such that the predictive accuracy of
CYP2C9 genotyping is likely to be too low to make it clinically useful. Second, poly-
morphisms in other genes in the warfarin pathway may also be important determinants
in dosage, and their inclusion may improve the predictability of dose requirement. The
utility of this has recently been shown by study of the vitamin K epoxide reductase
gene (VKORC), the target for the action of warfarin, which acts as a major determinant
of daily warfarin dose requirements (46). Third, the interaction between these polymorph-
isms and environmental factors such as vitamin K intake has not been adequately defined.
The importance of considering both genetic and environmental factors in determining
daily warfarin dose requirements has recently been demonstrated by Sconce et al. (47).
They were able to show that by combining age, height and CYP2C9 (*2 and *3) and the
VKORCI (—1639G > A) single nucleotide polymorphisms, 55% of the variance in war-
farin dose requirements could be accounted for.

Similar considerations also apply to Phase II enzymes. For example, slow acety-
lation has been associated with a number of adverse effects, including vomiting with
sulfasalazine (48), peripheral neuropathy with isoniazid (49,50), and SLE with procaina-
mide (51). More recently, a large number of functionally relevant polymorphisms have
been identified in the various glucuronosyl transferase isoforms (52). A pharmacogenetic
study of 12 candidate genes in patients who had developed hepatotoxicity with the anti-
Parkinsonian drug tolcapone (53) showed an association only with the Alal81 and
Ser184 variants in the UGT1A gene complex. This is in accordance with the fact that
glucuronidation is the main metabolic route of tolcapone elimination. However, it is
important to note that the authors used an elevation in transaminase levels of 1.5 times
the upper limit of normal as a definition of hepatotoxicity, which may inadvertently
have included some elderly patients who did not have true tolcapone-mediated liver
damage. Perhaps, more convincing is the association between UGT1A polymorphisms
and haplotypes and the risk of toxicity (including neutropenia) with irinotecan, an
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anticancer agent used in bowel cancer (54). More recently, a striking association was
shown between tranilast-induced hyperbilirubnemia and the UGT1A1 promoter region
polymorphism. Tranilast, a drug designed to prevent restenosis following coronary angio-
plasty, leads to increased bilirubin levels in 12% of the patients. The TA;/TA; genotype in
UGT1AL, which predisposes some individuals to Gilbert’s syndrome, was present in 39%
of the 127 hyperbilirubinemic patients, compared with 7% of the 909 controls (P = 2 x
10_22) (55,56). The mechanism of this association however remains unclear.

Deficient Enzyme Activity Leading to Rerouting of Metabolism

If a metabolic pathway that is responsible for the detoxification of a drug is deficient in an
individual, the drug may be rerouted via another pathway that may lead to the formation of
a toxic metabolite. This has been suggested for phenacetin, an analgesic that was
withdrawn from the United Kingdom because of its potential to cause nephrotoxicity, car-
cinogenicity, and methaemoglobinemia (57—59). The first step in phenacetin metabolism
is O-de-ethylation by cytochrome P450 1A2 (CYP1A2), which results in the formation of
paracetamol. Further metabolism involves conjugation with glucuronide, sulfate, or
glutathione that enables urinary excretion of the products. CYP1A2 metabolism has
been implicated in toxicity of phenacetin (60,61). Numerous polymorphisms have been
shown in the CYPIA2 gene, some of which are capable of altering the metabolic capacity
of the enzyme (62—64). Low catalytic activity of CYP1A2*11 allelic variant leads to
reduced phenacetin O-de-ethylation (64). Peters et al. (65) examined the role of
CYPI1A2 in the toxicity and carcinogenicity of phenacetin in CYP1A2 knockout mice.
They found that metabolism of phenacetin by CYP1A2 reduces its toxicity in the liver,
kidney, and spleen, indicating that metabolism with CYP1A2 may protect against toxicity.
It is therefore possible that in the absence of CYP1A2, other metabolic pathways may be
enhanced leading to increased toxicity and carcinogenicity of phenacetin (65—68).

Gain-of-Function Polymorphisms Leading to an ADR

This is liable to be important when the drug itself is inactive but has an active metabolite
responsible for its pharmacological and toxicological activities. An example is codeine,
which is frequently used for the treatment of pain. About 10% of codeine undergoes
O-demethylation to morphine, which is responsible for the analgesia. This biotransform-
ation is performed by CYP2D6. Thus, poor metabolizers experience no pain relief from
using codeine, whereas in ultrarapid metabolizers, which constitute between 1% and 30%
of the population depending on ethnicity (69,70), the rate of conversion to the active
metabolite may be greater leading potentially to increased respiratory, psychomotor,
and pupillary effects (71,72). However, whether this is true in reality needs specific
studies in ultrarapid metabolizers.

Variability in the Formation of the Toxic Metabolite

For many forms of idiosyncratic drug toxicity, the adverse reaction is thought to be caused
not by the parent drugs but by its toxic or chemically reactive metabolite, which can be
formed through metabolism in the body, a process termed bioactivation. Such toxic metab-
olites can be readily detoxified in the majority of individuals, a process termed bioinacti-
vation. However, if there is an imbalance between bioactivation and bioinactivation,
which may in some cases be genetically determined, it can lead to binding of the toxic
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metabolites to essential proteins in the body leading to various forms of toxicity, including
carcinogenicity, teratogenicity, necrosis, and hypersensitivity (10,73,74).

One of the best examples of drugs causing ADRs through this mechanism is sulfa-
methoxazole (SMX), which is given in combination with trimethoprim. It is used in a
variety of infections, including urinary tract infections, and in immunosuppressed patients
for the treatment of pneumocystis pneumonia (10,74,75). SMX undergoes extensive
metabolism in vivo, the main routes of metabolism being N-acetylation, glucuronidation,
N-hydroxylation, and 5-hydroxylation. Although the formation of the hydroxylamine
and subsequent oxidation to the nitroso metabolite represents a minor metabolic
pathway (catalyzed by CYP2(C9), it has been implicated in pathogenesis of SMX hyper-
sensitivity (76—78). It has been also shown in HIV-negative individuals that slow acety-
lator phenotype is a risk factor for the development for hypersensitivity (76), the
implication being that reduced N-acetylation allows a greater proportion of the drug to
undergo metabolism via the toxication pathway, that is, through the formation of the
hydroxylamine. Although this has not been shown in practice, it is a reasonable hypothesis
because measurable quantities of the hydroxylamine in urine may not accurately reflect the
total intracellular formation of the toxic metabolite. Interestingly, the frequency of SMX
hypersensitivity is 10 to 30 times more common in HIV-positive patients; this seems to be
a reflection of a disease-mediated change in the balance between these competing path-
ways, because it has been shown that neither slow acetylator genotype nor phenotype
seems to predispose to SMX hypersensitivity (79—-81).

Decreased Detoxification of the Reactive or Toxic Metabolite

Bioinactivation of toxic metabolites can be nonenzymatic, for example, conjugation with
glutathione. However, in many cases, detoxification may be catalyzed by a number of
enzymes. In this respect, the glutathione-S-transferases (GST) have attracted a great
deal of interest, in particular in the field of cancer, where deficient detoxification of envir-
onmentally derived carcinogens, for example, from smoking, has been implicated in the
pathogenesis of cancer (82,83). However, the GST superfamily, many members of
which are polymorphically expressed (84), is also important in the detoxification of
drugs, and thereby in the pathogenesis of ADRs. There are three examples where GST
polymorphisms have been shown to play a possible role:

1. Cisplatin is an agent widely used in the treatment of epithelial malignancies.
Cisplatin ototoxicity is an important ADR that may be due to oxidative
stress. In a study of 20 patients with cisplatin ototoxicity, analysis of poly-
morphisms in five GST genes, showed that the carriage of the GSTM3*B
allele may be protective (85).

2. Tacrine, an anticholinesterase used in Alzheimer’s disease, caused transaminitis
in up to 50% of the patients. Analysis of the GSTM1 and GSTT1 polymorph-
isms in a French cohort showed that individuals who had deficiencies of both
GSTMI1 and GSTT1 were more susceptible to tacrine hepatotoxicity (86).
However, this was not replicated in a North American cohort (87,88).

3. Troglitazone was the first of a new class of antidiabetic agents, which was with-
drawn from the market because of its potential to cause severe, and sometimes,
fatal hepatotoxicity. In a study of 110 Japanese patients who had been pre-
scribed troglitazone, an evaluation of 68 polymorphic sites in 51 candidate
genes involved in drug metabolism, apoptosis, production, and elimination of
reactive oxygen species, PPAR+Y2 and insulin, showed that a strong correlation
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with transaminase elevations was observed only in patients with the combined
glutathione-S-transferase GSTTI-GSTM1 null genotype (89).

GENETIC VARIABILITY IN DRUG TRANSPORTERS AND
ADVERSE DRUG REACTIONS

Transport proteins that actively mediate the influx and efflux of drugs across cell mem-
branes have an important role in regulating the absorption, distribution, and excretion
of many medicines. Many different influx and efflux transporters have now been described
(90), and polymorphisms have been described in many of the genes encoding for these
proteins (91,92). In general, an efflux pump may mediate toxicity via the following pos-
sible pathways:

e Reduced activity of the efflux pump may increase the oral bioavailabilty of the
drug and reduce renal and biliary excretion leading to increased plasma levels
for a given dose and possible dose-dependent adverse effects. Overactivity
would thus have the opposite effect and may lead to the need for increased
dosage requirements.

e Reduced activity at the level of the cell membrane may increase intracellular
levels because of reduced efflux and lead to toxicity of drugs, where the mode
of toxicity depends on intracellular accumulation, for example, anti-cancer
agents.

Influx pumps and variability in their activities would have effects opposite of those
outlined here but have not been adequately studied.

The most extensively studied of the transporters is P-glycoprotein, a member of the
adenosine triphosphate (ATP) binding cassette family, which is encoded by the human
MDRI (or ABCBI) gene. Many drugs including anticancer drugs, cardiac glycosides,
immunosuppressive agents, glucocorticoids, and antiretrovirals are known substrates for
MDRI (93-95). A single nucleotide polymorphism (C3435T) in exon 26 of the MDRI
gene has attracted most attention, although subsequent studies have produced contradic-
tory results as to the effects of this polymorphism on both the function of the transporter
and its association with disease (96,97). This may be a reflection of the complicated
pattern of linkage disequilibrium within this gene, and its variability in individuals of
different ethnicity (98—100). Various ADRs have been related to this and other poly-
morphisms within the MDRI gene (Table 3), but none of these studies have been repli-
cated, and the true significance of the findings remains unclear, given the uncertain
functional nature of the polymorphisms.

Table 3 Adverse Drug Reactions Associated with
Polymorphisms in the MDRI Gene

Drug Adverse reaction
Nortryptiline Hypotension
Tacrolimus Neurotoxicity
Cyclosporin Cyclosporin toxicity
Ivermectin Neurotoxicity
Digoxin Digoxin toxicity
Phenytoin Phenytoin toxicity

Indinavir Insulin resistance
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There have been few studies with regard to the other transporters, but this reflects an
important area of research that is likely to uncover novel mechanisms of ADRs. For
instance, mutations have been identified in the photoreceptor-specific ATP-binding
cassette transporter gene (ABCA4) in patients with Stargardt disease and age-related
macular degeneration, both of which are disorders of the retinal pigment epithelium and
neural retina. Because of certain phenotypic similarities between these disorders and
4-aminoquinoline (chloroquine and hydroxychloroquine)-induced retinopathy, a disorder
where the mechanism is unclear, Shroyer et al. (101) were able to show that in eight
patients with retinopathy, two had ABCA4 missense mutations while three others had mis-
sense polymorphisms. This clearly does need to be investigated in a larger number of
patients, but nevertheless, these preliminary findings provide some insight into the pos-
sible pathogenesis and genetic predisposition.

IMMUNOGENETIC POLYMORPHISMS

Based on symptomatology, many ADRs are thought to be immune-mediated (102). In
view of this, there has been a great deal of interest in the role of the major histocompatib-
lity complex on the short arm of chromosome 6 in predisposing to such ADRs.
Initial studies were based on serological typing and focused on drugs, such as gold and
penicillamine (103); contradictory findings, which probably arose because of the relative
insensitivity of serological typing in distinguishing between different major histocompat-
ibility complex (MHC) alleles, resulted in such findings being relegated to the specialist
literature. However, with the completion of the human genome project, and sequencing
of the MHC (104,105), we now have a much better understanding of the complexity of
the MHC. Coupled with our ability to undertake high-resolution genotyping and an
increased understanding of the pattern of linkage disequilibrium within the region
(106,107), this has led to more detailed studies, which have already produced some strik-
ing findings.

The use of abacavir, a potent HIV-1 reverse transcriptase inhibitor, has been ham-
pered by the occurrence of hypersensitivity reaction in about 5% of the patients (108).
These reactions are characterized by skin rash and gastrointestinal and respiratory mani-
festations and can occasionally be fatal, particularly on rechallenge. In an extensive
investigation of the MHC, Mallal et al. (109) found a strong association between abacavir
hypersensitivity and the haplotype comprising HLA-B*5701, HLA-DR7, and HLA-DQ3
with an odds ratio of more than 100. Subsequent studies have shown that this haplotype
resides on the ancestral haplotype 57.1, and that the combination of HLA B*5701 and
polymorphism in HSP-Hom has greater predictive accuracy than HLA B*5701 by itself
(110). This association has now been shown in two other cohorts by GSK, the manufac-
turer of the drug, and independently in a cohort of patients from the United Kingdom
(111-113). However, the odds ratios in both studies were lower than those obtained by
Mallal et al. (109). Furthermore, the same association has not been shown in an African
American population presumably because of differences in linkage disequilibrium on
the MHC (112). Mallal et al. (109) have proposed that in Caucasians genotyping for
HLA B*5701 should be performed before prescription of abacavir, and indeed in their
clinic, this has resulted in a reduction of the prevalence of abacavir hypersensitivity
(110). An analysis of the predictive value of prospective HLA B*5701 genotyping prior
to abacavir hypersensitivity based on a meta-analysis of three cohorts showed that to
prevent one case of hypersensitivity, eight HLA B*5701-positive patients would be
denied abacavir, and to identify them, 48 patients would require testing (113). Given
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the potential severity of abacavir hypersensitivity, it has been suggested that only a test
that is 100% predictive in all populations would be clinically useful. However, it has to
be conceded that even the current test characteristics are striking and exceed those of
many other tests that are widely used today, and perhaps we may have to be more
modest in our requirements to introduce pharmacogenetics into clinical practice (114).

Carbamazepine (CBZ) is a widely used anti-convulsant that can cause rashes in up to
10% of the patients, and in occasional cases, this may be the precursor to the development
of a hypersensitivity syndrome characterized by systemic manifestations, such as fever
and eosinophilia (115,116). Rarely, CBZ can induce blistering skin reactions, such as
Stevens-Johnson syndrome (SJS) and toxic epidermal necrolysis, two conditions associ-
ated with a high fatality rate (117). It has previously been shown that severe CBZ hyper-
sensitivity reactions were associated with the haplotype TNF2-DR3-DQ2 (118). More
recently, a study in a Han Chinese population from Taiwan showed that HLA-B*1502
may act as a genetic marker for CBZ-induced SJS, with an odds ratio that was greater
than 1000 (119). This is an extremely important finding that suggests that in the Han
Chinese population, testing for HLA-B*1502 (where it has a prevalence of 7% compared
with 2% in Caucasians) may be warranted prior to starting CBZ. However, this may not
necessarily be true in Caucasians in view of the differences in the pattern of linkage
disequilibrium. Indeed, in our population in Caucasians (including two patients with
SJS), we have not shown an association with HLA-B*1502 (unpublished data), but the
possibility of a predisposing gene in this region has been further strengthened by the
finding of an association with the HSP-gene locus in the MHC class III region (110).

The association of the MHC genes with abacavir hypersensitivity and carbamaze-
pine hypersensitivity is biologically plausible because drug-specific T-cells have been
demonstrated in affected individuals confirming the immune nature of the reactions
(120). However, an association with genes on the MHC should not necessarily imply
that the adverse reaction is immune-mediated. This is because there is extensive linkage
disequilibrium within the MHC, and at least 40% of the genes do not have an immune
function (121). This is also exemplified by the iron-handling disorder hemochromatosis,
which shows an association with various HLA genes (122), but in fact has been shown
to be caused by mutations in the linked HFE gene (123,124). Two examples of ADRs
may also fall into this category.

The first example is that of clozapine, an antipsychotic used for the treatment of
drug-resistant schizophrenia, which induces agranulocytosis in about 1% of the patients
(125). Clozapine-induced agranulocytosis (CA) has been associated with the HLA haplo-
types DRB1*0402, DQB1*0302, and DQA1*0301, and HLA-DR*02, DQB1*0502, and
DQA1*0102 in Jewish and non-Jewish populations, respectively (126). Differences in
linkage disequilibrium in the two populations to a causal variant within the MHC
region may be responsible for the different allelic associations. Later, two further candi-
date genes, HSP-70 and TNF-«, were also found to be associated with CA in both
ethnic groups (127,128). The association with HLA haplotypes has also been shown in
a German population (129,130). However, despite these findings it is unclear whether
the associated genes are the causal variants or whether they merely reflect linkage disequi-
librium with an unidentified gene, which possibly has a nonimmune function. With regard
to the latter, there is no convincing evidence, even from rechallenge data, that CA is an
immune-mediated adverse reaction (131).

The second example is that of lipodystrophy associated with the use of highly active
antiretroviral therapy (HAART). Although HAART has greatly increased patient survival
and decreased morbidity in HIV disease (132), it has also led to appearance of novel
adverse effects, such as lipodystrophy (133), a syndrome characterized by abnormal fat
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redistribution and metabolic abnormalities, such as insulin resistance and hyperlipidemia
(134,135). In a small study with strict inclusion and exclusion criteria, Maher et al. (136)
demonstrated that a single nucleotide polymorphism at the -238 position in the promoter
region of the TNF-« gene occurred at a significantly greater frequency in patients with
lipodystrophy than in HIV patients without lipodystrophy who had been on HAART for
at least 12 months. These findings have been confirmed in an Australian cohort, which
suggested that the presence of the -238 polymorphism accelerated the time to onset of
the development of lipodystrophy (137). Although the TNF gene resides within the
MHC, this syndrome is clearly not an immune-mediated adverse reaction, and the
association with TNF-a reflects its numerous actions on adipocytes and muscles (138),
which collectively favor the development of insulin resistance and its associated
metabolic abnormalities.

RECEPTORS

Variation in drug receptor genes can have a profound effect on drug efficacy and toxicity.
Most of the pharmacogenomic research on drug receptors has focused on central nervous
system (CNS) diseases. Dopaminergic, serotoninergic, adrenergic, and histaminergic sig-
naling systems have been extensively investigated for their involvement in drug response
and toxic effects. Most of the research to date has focused on clozapine, which is associ-
ated with adverse effects, such as weight gain and tardive dyskinesia (TD), in addition to
agranulocytosis (139). Weight gain and TD can undermine patient compliance and thereby
lead to relapse of patients with resistant schizophrenia. Clozapine has the greatest potential
to induce weight gain in comparison with the other atypical antipsychotics (140).
However, only a proportion of patients gain weight, which is estimated to be between
13% and 85%. A genetic predisposition has been suggested by some researchers
(141,142), although it is likely that weight gain is due to a combination of factors, includ-
ing alterations in satiety control mechanisms, energy expenditure, metabolism, and lipo-
genesis. In their comprehensive review, Basile et al. (143) suggested that weight gain
induced by atypical antipsychotics results from multiple neurotransmitter /receptor inter-
actions. They speculated that clozapine and some other antipsychotics may disturb satiety
processing in the hypothalamus by binding to receptors involved in weight regulation.
Genetic differences in receptors that are known to have an affinity for clozapine and are
expressed in hypothalamus can therefore be considered to be appropriate candidate
genes. Of the nine genes investigated, the genes encoding the 5-HT,c, 3 (ADRB3)
and a/ receptor genes, and TNF-«, showed nonsignificant trends towards an association
with clozapine-related weight gain (144). More recently, an association with a novel pro-
moter region polymorphism (C759T) in the 5-HT,¢ gene that may alter its expression was
demonstrated but has not been replicated in another study (145).

TD is an important adverse effect of antipsychotics that has been investigated in a
number of pharmacogenetic studies. It is a potentially irreversible disorder that presents as
an involuntary movement of orofacial musculature and occasionally peripheral muscles
(146). The mechanism of TD is not fully understood, but overactivity of dopaminergic
receptors may play a role. Many candidate genes have been postulated to play a role in
its pathophysiology with contradictory results. The most consistent finding to date has
been with the dopamine D3 receptor gene (143,147—-149). Lerer et al. (150), in an analysis
of all published data, found a strong association between TD and the D3 receptor gene
Ser9Gly polymorphism. This polymorphism may alter the affinity of the receptor for dopa-
mine. However, it is likely that the D3 receptor polymorphism represents only one
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predisposing factor of a polygenic predisposition. In accordance with this, associations
with polymorphisms in the drug metabolizing enzymes CYP1A2 and 2D6 (151,152)
and the serotonin 24 and 2C receptor genes (153,154) have also been demonstrated.

Receptor variation may also lead to unpredictable toxicities, as seen in the develop-
ment of malignant hyperthermia after administration of general anesthetics, such as
halothane (155,156). Mutations in the ryanodine receptor gene are thought to account
for susceptibility to malignant hyperthermia in more than 50% of the cases (155). More
than 60 mutations within the ryanodine receptor gene have been identified (157). The
functional effects of only some of these mutations have so far been characterized. For
example, a study of human myotubes derived from a carrier of mutations in exon 44
showed that the defect in the ryanodine receptor makes it more sensitive to lower concen-
trations of stimulators of the opening (158). This may result in enhanced rates of calcium
release from the sarcoplasmic reticulum during anesthesia, which in turn leads to the
sustained muscle contraction and glycolytic and aerobic metabolism characteristic of
malignant hyperthermia. Preanesthetic prediction of susceptibility can be undertaken in
patients with a family history using an invasive phenotypic test (caffeine—halothane
contracture test) (159). The genetic heterogeneity together with variable penetrance and
unidentified defects in 50% of the patients means that genetic testing for diagnosing the
susceptibility is currently not available.

MISCELLANEOUS DRUG TARGETS

Pharmacogenetic variation in drug targets will lead to variation in drug pharmaco-
dynamics, manifested as either variation in efficacy or susceptibility to toxicity. There
has been much less investigation of drug targets compared with drug pharmacokinetics.
Several examples are presented in the following.

Drug-Induced Long QT Syndrome

Mutations in genes coding for cardiac potassium or sodium channels may cause the long
QT syndrome (LQTS) (160), which in some patients may lead to drug-induced torsade de
pointes or polymorphic ventricular tachycardia. These patients are usually asymptomatic
until administration of the drug. Drugs implicated include the antimalarials—mefloquine
and halofantrine, the antiarrhythmics—quinidine and disopyramide and amiodarone, the
antihistamines—terfenadine and oxatomide, and the antibiotics clarithromycin, erythro-
mycin, and sulfamethoxazole (161-163).

To date, only small numbers of patients have been studied, a major problem being
the inconsistencies in the phenotypic classification of these patients and also the relative
rarity of patients with torsades, when compared with the LQTS. Three mutations have
been associated with the acquired LQTS in the potassium and sodium channels
(161,164). However, in more than 85% of the patients with the acquired LQTS, no ion
channel mutations have been identified so far. At present, therefore, genetic testing is
not warranted; there are several ongoing large-scale studies both in the United
Kingdom and United States, and their results are anxiously awaited.

Oral Contraceptive—Induced Venous Thromboembolism

Mutations in the coagulation factor V and prothrombin genes are known to be risk factors
for venous thromboembolism. The polymorphism in the factor V gene, which has been
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termed factor V Leiden, comprises a missense mutation (R506Q) due to a G/A transition
(G1691A) in exon 10 of the gene (165). The frequency of the polymorphism varies from
2% to 15% in different populations (166). Patients taking oral contraceptives are at higher
risk of venous thromboembolism if they are carriers of the factor V Leiden polymorphism
(167). The issue of whether to screen women for factor V Leiden before prescribing oral
contraceptives remains controversial (166) and is probably not cost-effective. For
instance, one episode of venous thromboembolism per year might be prevented by the
withdrawal of oral contraceptives from 400 asymptomatic carriers of the factor V
Leiden mutation. To identify them, however, approximately 10,000 asymptomatic
women need to be tested (168).

Methotrexate-Induced Toxicity

Low-dose methotrexate (MTX) is now widely used in the treatment of rheumatoid
arthritis, psoriatic arthritis, systemic lupus erythematosus, and ankylosing spondylitis
(169-172). Given the nature of the drug, however, long-term use carries the risk of
toxicity to several organs, including mucosal membranes, bone marrow, and liver.
Genetic variability in methylenetetrahydrofolate reductase (MTHFR) has been found
to be associated with higher risk of developing adverse reactions with MTX (173).
Of the many polymorphisms described in the MTHFR gene, the C677T and A1298C
polymorphisms reduce enzyme activity (174,175). In addition, the C677T polymorphism
also leads to an increase in plasma homocysteine levels, which has been implicated in
pathogenesis of some of the adverse effects, in particular the gastrointestinal symptoms
(175,176). A recent study (177) showed that overall MTX toxicity in patients with
rheumatoid arthritis, which included an increase in transaminases, stomatitis, nausea,
hair loss and rash, was more common in paients with the T-allele at position 677 of the
MTHFR gene.

Angiotensin-Converting Enzyme Inhibitor-Induced Cough

Angiotensin-converting enzyme (ACE) inhibitors have been successfully used in the
therapy of hypertension, congestive heart failure, and myocardial infarction (178).
However, up to 30% of the treated patients experience a persistent cough, which limits
the use of the drug (179,180). Several gene variants have been investigated in the
genetic predisposition to ACE-inhibitor induced cough, including the ACE (181,182)
and bradykinin B, receptor (183,184) genes. An insertion/deletion polymorphism in the
ACE gene is known to control the plasma ACE level (185,186). However, to date no con-
sistent associations have been identified between the occurrence of cough and polymorph-
isms in the ACE, bradykinin receptor, and chymase genes (187).

SUMMARY AND FUTURE DIRECTIONS

The occurrence of an ADR is clearly dependent on both genetic and environmental
factors; the contribution of both will vary between drugs and individuals. Importantly,
there may also be an interaction between the genetic and environmental factors, which
has not been really studied to any great extent. The nature of the genetic predisposi-
tion is also likely to vary; for some there might be a major genetic predisposing
factor (the so called “low-hanging fruit”), with minor contributions from other genes,



Pharmacogenetics of Adverse Drug Reactions 79

whereas for other adverse reactions (perhaps the majority), the situation might be much
more complex with multiple genetic factors, each contributing to a small extent, but
none of which by itself is necessary nor sufficient to lead to the adverse reaction, that
is, the situation is similar to a polygenic disease with many susceptibility genes.

The challenge for researchers and clinicians is to incorporate pharmacogenetics of
drug safety into clinical practice. To date, only phenotyping (and genotyping in some
centers) for thiopurine methyltransferase (TPMT) has had substantial (but not complete)
clinical uptake. Approximately 10% of the population has low enzyme activity (heterozy-
gous patients), while one in 300 patients have no detectable TPMT activity (188). These
patients are likely to develop severe hemopoietic toxicity with conventional doses of
drugs, such as 6-mercaptopurine and azathioprine, and particularly for the former, rec-
ommendations for dose modifications have been suggested (189). This is covered in
greater detail in the other chapters in this book.

Many factors will determine whether a genotyping test is taken up into clinical prac-
tice, which will include patient and clinician acceptance. The value of a pharmacogenetic
test in preventing ADRs is dependent on three criteria, as defined by Phillips et al. (7).
These are medical needs, clinical utility, and ease of use. In order to fulfill medical
needs, the incidence of the ADR, the prevalence of the variant allele, and the use of the
drug have to be high enough to warrant the use of genetic information. However, if the
prevalence of the ADR and/or the variant allele is low, a genetic test may still be war-
ranted if the ADR has severe clinical consequences. The clinical utility of a test
depends on whether there is sufficient evidence to link the variant allele to the drug
response, and the test criteria, that is, sensitivity, specificity, positive, and negative predic-
tive values. Finally, the assay has to be easy to use, relatively inexpensive and reliable, and
most importantly, clinicians should be able to interpret the results and use the information
appropriately. How the latter would be implemented and the format it would take is
unclear at present and needs further research.

An important aspect to consider is whether pre-prescription genotyping will be
cost-effective. Danzon et al. (190) examined the potential impact of pharmacogenetic
testing from societal, payer, and company perspectives. They concluded that testing
was worthwhile for the payer if the ratio of nonresponders to the total population
exceeds the ratio of the price of the test to the price of the drug. From the perspective
of a drug company, pretreatment genetic tests are likely to be developed if they can
yield a net saving to the payer. This happens when the cost of testing the entire patient
population is less than the savings from avoiding treatment of nonresponders plus any
savings from averting harm. This has recently been tackled in relation to abacavir
hypersensitivity (113). Using data from three cohorts, it was possible to develop test
characteristics, and by applying them into a decision analysis framework, it was shown
that the cost-effectiveness of a test was largely dictated not by the cost of the genotyping
test but by the costs of the alternative treatments that would have to be used should
the patient prove to be positive for HLA-B*5701, a genetic determinant of abacavir hyper-
sensitivity. Perhaps, one also needs to put into perspective the overall impact that the
ADRs have on the health service and on the economy as a whole. For instance, the cost
of drug-related morbidity and mortality in the United States has been estimated to be
$76.6 billion (4). Clearly, this is a huge burden and anything that can help in reducing
this burden has to be seriously considered and investigated, and if the relevant criteria
are met, implemented into clinical practice. This is the challenge facing researchers in
this area as they attempt to reduce the burden of ADR on the patient, the health care
system, and the economy.
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INTRODUCTION

Respiratory disease pharmacogenetics has been one of the more widely studied disease
areas, although almost all studies to date have been in asthma or examined bronchodilator
responses in populations with airflow obstruction. Few drugs used in the management of
respiratory disease have narrow therapeutic windows (theophylline being an obvious
exception), and hence the majority of studies have concentrated on examining pharmaco-
dynamic rather than pharmacokinetic variables. To date there have been no studies
examining pharmacogenetic effects in the management of interstitial lung diseases,
although with increasing use of pharmacogenomic approaches (e.g., expression profiling)
in these conditions it is likely that genetic factors, which may predict treatment response
will become available. Therefore, this chapter will deal predominantly with the potential
role of genetic variability in the key respiratory drug targets used in the management of
airflow obstruction in asthma and chronic obstructive pulmonary disease (COPD).

B2 ADRENOCEPTOR POLYMORPHISM

In many ways, the 3,-adrenergic receptor gene (8,AR) is an ideal candidate for the study
of genetic variation, biological relevance, and clinical consequences of polymorphisms.
The receptor is expressed on most cells, and agonists and antagonists are used in treatment
of a number of diseases, such as asthma, COPD, hypertension, heart failure, preterm labor,
glaucoma, and migraine. On the other hand, all these diseases are complex and multi-
factorial, and most have a substantial environmental component. As such, the influence of
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a AR genetic variant on the disease itself, the response to specific therapy (i.e.,
[B-agonists), the response to other therapies where there is interaction (i.e., corticosteroids),
and gene—environment interactions all have to be considered. Thus, studies of the effects
of B,AR polymorphisms in asthma and asthma treatment have been somewhat of a
“case-study” in the evolution of our understanding of how to study polymorphisms and
complex traits.

B-agonists are utilized in asthma and COPD as acute interventions during bronchos-
pasm and as preventative therapy. The responses to these agents, as assessed by a number
of physiologic or clinical outcomes, show a high degree of interindividual variability.
Estimates have indicated that >50% of this variability has a genetic basis (1). Epidemio-
logic studies have also revealed that “excessive’” use of 3-agonists is associated with loss
of asthma control and also increased morbidity and mortality [see Refs. (2,3) for reviews].
Indeed, B-agonists may predispose to bronchoconstriction through cross talk between
B2ARs and other signaling pathways in the airway (4). In addition, there are other
classes of drugs that also have therapeutic efficacy in asthma and COPD management.
This significant interindividual variability in the response to [-agonists, the potential
for adverse effects, and alternative treatments prompted the investigation of the 8,AR
gene for polymorphisms and their relevance in clinical medicine, so as to tailor therapy
based on genetic profiles.

In 1993, the existence of polymorphisms of the human 8,AR was published (5).
Shown in Figure 1 are the locations within the coding region of those polymorphisms.
Subsequent studies have failed to uncover additional, nonsynonymous, single-nucleotide
polymorphisms (SNPs) in the coding region. By far the two most common polymorphisms
(Table 1) are in the amino-terminus at amino acids 16 and 27 (nucleotides 46 and 79). At

Arg 16— Gly

Gln 27 — Glu
Val 34 — Met
(TIE)

EXTRACELLULAR

Figure 1 Schematic representation of the human 3, adrenoceptor showing known coding region
synonymous and nonsynonymous polymorphisms.
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Table 1 Coding Region Variants of the Human 3,-Adrenergic Receptor

Nucleotides Amino acids
Nucleotide position major/minor Codon position major/minor
46 G/A 16 Gly/Arg
79 C/G 27 Gln/Glu
100 G/A 34 Val/Met
491 C/T 164 Thr/Ile
252 G/A 84 Leu (syn)
523 C/A 175 Arg (syn)
1053 G/C 351 Gly (syn)
1098 T/C 366 Leu (syn)
1239 G/A 413 Leu (syn)

Abbreviation: syn, synonymous.

amino acid 16, either Arg or Gly can be found, the former being the minor allele but for
many years considered as the “wild type.” At amino acid position 27 Gln or Glu can be
found. A rare SNP, localized to a codon within the fourth transmembrane spanning
domain, results in Thr or Ile at amino acid 164. An extremely rare variant has also been
found at position 34 as shown. It is generally accepted that these 8,AR polymorphisms
are not associated with risk for asthma, although there have been a few positive association
studies (see next). The main emphasis has been on whether these polymorphisms modify
asthma, such as defining certain clinical subsets, or alter the response to B-agonist therapy.

In order to have a better understanding of how each polymorphism affects the
pharmacology of the receptor, a number of in vitro studies have been carried out
(6—10). Initial work with the amino terminal polymorphisms was performed using trans-
fected Chinese hamster fibroblasts, stably expressing each possible combination of the two
polymorphisms (7). In membrane-based assays, all the variant receptors had similar func-
tional coupling to adenylyl cyclase. In addition, radioligand-binding studies revealed no
differences in agonist- or antagonist-binding affinities. Because the amino-terminus was
known to be important in receptor trafficking and regulation by agonists, studies were
carried out examining such short-term events as receptor internalization and long-term
events, including receptor synthesis and agonist-promoted downregulation (loss of net
receptor levels after 24 hours of exposure to agonists in culture). The most obvious phe-
notype, which arose from such studies, is summarized in Figure 2A. The Argl6/GIn27
receptor underwent ~26% loss of receptor number under these conditions. The Gly16/
GIn27 receptor had enhanced agonist-promoted downregulation (~41%), while the
Argl6/GIn27 receptor showed very little downregulation. As discussed in the following,
while the pharmacology of this latter variant is interesting, this combination (haplotype) is
very uncommon. The Gly16/Glu27 receptor displayed enhanced downregulation similar
to the Glyl6/GIn27 receptor. Additional studies were subsequently performed with
human airway smooth muscle cells, which were obtained from individuals without lung
disease and grown in primary culture (8). The advantages of this system is that it is a
cell type of interest, the endogenous promoter drives the expression of the receptor, and
the levels of expression are “physiologic.” However, there is no way to control the poly-
morphic variation of other genetic loci in genes associated with the signal transduction
pathway of the B,AR, and thus these cells have their limitations. Genotyping of positions
16 and 27 (but notably not in the promoter or untranslated regions) provided groups
of cells to further examine the effects of polymorphisms at these two positions on
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Figure 2 Downregulation profiles for different combinations of the codon 16 and 27 3, adreno-
ceptor polymorphisms following overnight exposure to isoproterenol (isoprenaline) in CHW
cells (A) or primary cultures of human airway smooth muscle (B).

agonist-promoted downregulation. The results were qualitatively quite consistent with the
transfected cell results, again showing the marked increase in downregulation of the Gly16
variant (Fig. 2B).

The SNP at position 164 has not been studied in asthma due to its low allele
frequency (2—5% heterozygotes, no homozygous individual has been reported to date).
However, its properties suggest that in the few patients who carry Ile164, the overall
response to all the available -agonists (such as bronchodilatation) and the duration of
action to the agonist salmeterol may be reduced. In vitro, Ile164 is markedly uncoupled
from stimulation of adenylyl cyclase (Fig. 3A) (6). In addition, salmeterol binding to the
exosite in transmembrane spanning domain 4 is decreased, such that the duration of
action [stimulation of cyclic AMP (cAMP)] isreduced by approximately 50% (Fig. 3B) (10).

As is discussed in the following, multiple studies have found correlations between
one or more of the two major coding polymorphisms and an asthmatic phenotype.
However, it became clear that there was some variability in a given trait (such as the
bronchodilator response) even after stratification of patients by the polymorphisms at pos-
itions 16 and 27. This has prompted the examination of the promoter and 5" UTR regions
of the B,AR gene for genetic variation (9,11). The gene is intronless, and the promoter has
been characterized, to various extents, in several rodent genes as well as in the human
(11-14). To address genetic variability, one group resequenced the 8,AR gene in multiple
individuals from a reference repository composed of Caucasians, African Americans,
Asians, and Hispanic Latinos (9). These results are shown in Table 2. Thirteen SNPs
were noted from —1023 to +523. (of note, because further sequencing in the coding
region had previously not revealed nonsynonymous SNPs, this region was not further
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Figure 3 Effect of albuterol (salbutamol) on adenylyl cyclase activity (A) or cyclic AMP pro-
duction time course (B) in cell lines expressing the Ile 164 and Thr 164 forms of the human (3, adre-
noceptor. Abbreviations: cAMP, cyclic AMP; PBS, phosphate buffered saline.

pursued. And, 3’ UTR sequencing was somewhat problematic, and so was not included in
the analysis). Of the 2'* = 8192 possible combinations of the 13 SNPs, only 12 haplotypes
were detected. This, of course, does not exclude the possibility of additional SNPs, or hap-
lotypes, that are present in the human population (or certain isolated populations). But,
given the diversity of the population groups that were studied, we contend that any
other SNPs/haplotypes found will be uncommon. It is interesting to note that the
number of SNPs for this gene is approximately equal to the number of haplotypes (with
frequencies >1%). This has turned out to be true for other G protein coupled receptor
(GPCR) genes (15) and also for a large group of non-GPCR genes (16). So although
one initially considers that the use of haplotypes could markedly expand the number of
total possibilities, many of those combinations do not exist due to linkage disequilibrium
between the various SNPs. With regards to the 8,AR, some of the haplotypes display sig-
nificant differences in prevalence based on ethnicity. For example, haplotype 1 is ~40-
fold more common in African Americans compared with the Caucasians. Other haplotypes
are cosmopolitan, such as haplotypes 4, 6, and 2. Despite the relative short distances
between these SNPs, the degree of linkage to disequilibrium is sufficiently low for
certain positions (Fig. 4) that it is necessary to genotype multiple loci in order to obtain
a sufficient amount of genetic information to assign the haplotype. Depending on
whether one chooses to identify even the rare haplotypes, or to group certain rare haplo-
types, the number of SNP positions that are required to be genotyped can vary. A grouping
strategy requires genotyping about 4—6 SNP loci. In Caucasians, the most common homo-
zygous haplotypes are haplotypes 2 and 4 (also referred to as haplotypes 2/2 and 4/4).
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Figure 4 Linkage disequilibrium across the human 3, adrenoceptor locus.

These genes were constructed exactly as they occur in nature, in a vector with no other
promoters or enhancers. Transfection studies (9) were carried out in human embryonic
kidney cells, which express a low level of 8,AR, and thus we presumed that there are tran-
scription factors that regulate receptor expression. Haplotype 2 expression (both mRNA
and protein) was greater than that of haplotype 4. Thus in this model system, there
appears to be haplotype-specific directivity of receptor expression. There are a number
of differences between haplotypes 2 and 4. In all, there are eight SNP positions, which
differ between the two. These involve potential cis-acting elements in the 5’ region, includ-
ing sites for AP-4, C/EBP, NF-1, and CP2, as well as the BAR upstream binding protein in
the 5’ leader cistron. In addition, haplotypes 2 and 4 differ at the coding polymorphisms at
amino acids 16 and 27.

Another group has constructed a large number of 5’ upstream haplotypes used to
drive the expression of the luciferase gene, and only a few appeared to have an effect
(17). Of note, the haplotypes that had the most dramatic changes in expression of the
reporter are rare in the human population. In another study, the majority of the promoter
activity for the B,AR was found to be from —549 forward (11). Transfection of the two
major haplotypes with a luciferase reporter construct into COS-7 cells showed differences
in expression. The lower expression was obtained with a construct with a limited haplo-
type encompassed within haplotype 2 of Table 2. Another study analyzed receptor
expression in peripheral blood mononuclear cells, which endogenously express B,AR
(18). Haplotypes were constructed based on positions —367, —47, 446, and +79. No
differences in expression between the four possible B8,AR haplotypes were noted on
these peripheral cells. The basis for the discrepancies in these various reports is not
entirely clear but may lie in the fact that the methods utilized by each study are different.
In addition, there may be a significant contribution of specific transcription factors found
in the host cell, which ultimately sets the phenotype of a given polymorphic B,AR gene.
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CLINICAL CONSEQUENCES OF B,AR POLYMORPHISMS

There have been many studies examining relationships between 8,AR SNPs, genotypic
combinations, or haplotypes, and an asthmatic phenotype. Because the focus of this text
is pharmacogenetics, the findings of studies specifically addressing this aspect will be pri-
marily discussed. It should be noted, though, that a disease modifying effect of a B,AR
variant might act to alter the response to therapy through an indirect, or secondary,
effect. For example, if a polymorphism alters severity, such that baseline lung function
is affected, the clinical response from S-agonist could be altered. Similarly, if B,AR
polymorphisms alter bronchial hyperreactivity by cross talk with receptors, such as the
M;-muscarinic, bronchial hyperreactivity as assessed in methacholine challenge tests
may be altered. So, any disease modifying effect of a variant needs to be taken into
account when assessing results of pharmacogenetic studies. Indeed, there are reports of
B2AR polymorphisms associated with asthma severity (19,20), bronchial hyperresponsive-
ness (21,22), IgE levels (23), and the nocturnal phenotype (24).

The overall clinical response to B-agonist can be considered in several ways. One is
the acute response to a standard dose of agonist [such as inhaled albuterol (salbutamol)].
Clinically, this corresponds to the response to agonist during an acute episode of bronch-
ospasm. Another set of endpoints is the response to chronic $-agonist therapy. Here, both
physiologic data as well as indices of long-term asthma control can be considered. The
waning of responsiveness to agonist during continuous exposure is termed desensitization
in vitro, or tachyphylaxis in vivo. In asthma, the loss of bronchodilatory responsiveness
during chronic agonist treatment can be seen as strict tachyphylaxis, where there is a
loss of the FEV, response, or as an increase in sensitivity to inhaled bronchoconstrictive
agents, which has been termed as loss of the bronchoprotective effect. These two phenom-
ena are interrelated and likely involve agonist-mediated regulation of the B,AR itself and
also other downstream or parallel pathways.

Although there are numerous studies specifically addressing response to therapy,
only a few will be highlighted here. One of the first studies of 3-agonist responsiveness
in asthma examined the acute response to albuterol in 58 Japanese patients stratified by
a Banl restriction fragment length polymorphism. Those with this restriction site
(termed the 2.3-kb fragment) had a greater bronchodilator response than those without
it. This polymorphic site was subsequently shown to be at nucleotide position 523,
which is codon 175 (5). The polymorphism is synonymous (i.e., the encoded amino
acid is not changed) but is in linkage disequilibrium with several SNPs, and indeed con-
tributes to the unique sequence of haplotype cluster 6, 7, 8 compared to the other haplo-
types (Table 2). Interestingly, this SNP-defined haplotype was shown in a study (9) several
years later to also be associated with increased FEV, response to albuterol in Caucasian
asthmatics when it appeared as the 2/6 or 4/6 haplotype pair. In this study, the acute
bronchodilator response in 121 moderate Caucasian asthmatics was carried out by geno-
typing at all the SNP positions shown in Table 2 and haplotypes were assembled. There
was no relationship between multiple clinical variables and SNPs or haplotypes. And
no single SNP predicted bronchodilator response to albuterol. However, there was a
relationship between haplotype and the bronchodilator response (change in FEV,
percent predicted) as shown in Figure 5. Of the homozygous haplotypes, those with 2/2
had a greater response than those with 4 /4. Interestingly, the 4/6 haplotype had the great-
est response, but we were unable to ascertain the effects of 6/6 because there were no
homozygous individuals in the cohort. The heterozygous 2/4 response was greater than
the homozygous 4/4 and less than the 2/2 response, consistent with a gene—dose
effect. In another Japanese cohort of 117 asthmatics, the polymorphisms at amino acid
positions 16 and 27 were determined in order to assess potential relationships with
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Figure 5 FEV, responses by haplotype at the human 3, adrenoceptor locus (see text for details).

methacholine bronchoconstriction and albuterol bronchodilatation (25). The Gly16 poly-
morphism was associated with a decreased bronchodilator response to albuterol.
Heterozygous individuals had an intermediate response. Neither the 16th or 27th position
polymorphism was associated with the constrictive response to methacholine. It should be
noted that the Gly16 allele is part of haplotype 2 (Table 2, nucleotide position 46) and is
one of the SNPs that differentiates haplotype 2 from haplotype 4. And, in the study by
Drysdale et al. (9), haplotype 2 subjects had the greater acute response to albuterol than
those with haplotype 4. Lima et al. (26) also reported similar findings of SNPs at amino
acid position 16in adults, and Martinez et al. (27) reported in children. So, despite the
various designs of these studies, a differential acute bronchodilator response to albuterol
was observed with the same [3,AR genotype, or its analogous haplotype, in asthmatics.
These collective data make the case for one of the genetic determinants for the acute
response to [-agonists having been found. It should be noted, though, that some
studies, which were designed to examine other outcomes or different dosing regimens,
have provided data that could be analyzed for an association between the acute response
and a 3,AR polymorphism [e.g., Refs. (28—30)]. In some cases no associations were
found, but because this was not the primary outcome variable there may be issues of
power or other factors that limit the interpretation.

Israel et al. (28) assessed the relationship between tachyphylaxis to the short-acting
B-agonist albuterol and the 8,AR polymorphisms at amino acids 16 and 27 in 190 asth-
matics. The study was originally designed to ascertain the effects of as needed, compared
with regularly scheduled, albuterol in mild asthmatics. As a group, there was no evidence
that regularly scheduled albuterol had undesirable physiologic or clinical sequelae (31).
However, there was significant interindividual variability in these outcome measure-
ments, which was postulated to be due to the 8,AR polymorphisms. Subsequently, gen-
otyping was carried out on these patients, and the results were stratified by the genotype.
The major findings are shown in Figure 6. Changes in peak expiratory flow rates were
considered the primary outcome variable. As can be seen, patients who were homozy-
gous for Argl6 and who were administered albuterol on a regular schedule (four
times daily) had a progressive decrease in morning and evening peak expiratory flow
rates over the course of the study, which continued during the withdrawal period. In con-
trast, no such changes were observed in the Argl6 homozygotes for patients who used
albuterol on an as needed basis. Those with Gly16, even when on regularly scheduled
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Figure 6 Change in morning peak expiratory flow rate (PEF) in asthmatic subjects homozygous
for the human f3, adrenoceptor Arg 16 or Gly 16 polymorphisms taking either regular or as required
albuterol (salbutamol) (see text for details).

albuterol, had no evidence of tachyphylaxis. Taylor et al. (29) genotyped 115 patients for
a retrospective study on regularly scheduled albuterol and salmeterol. As shown in
Figure 7 the number of major and minor exacerbations was higher in patients on
regular albuterol who were homozygous for Argl6é compared with those homozygous
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Figure 7 Exacerbations (total, A; major, B; minor, C) of asthma by genotype at codon 16 for
the human 3, adrenoceptor following treatment with placebo, salbutamols or salmeterol (see text
for details).
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for Gly16. These data are consistent with those of Israel et al. (28) and indicate that for
short-acting, regularly administered [3-agonists, the Argl6 genotype represents a risk for
deleterious physiologic and clinical outcomes. It should be noted that the homozygous
Argl6 genotype accounts for ~20% of the asthmatic population in the United States.
The number of exacerbations in patients taking salmeterol in this latter study (29) was
too low to assess a genotype association. Tan et al. (30) explored the relationship
between B,AR polymorphisms at amino acid position 16 and tachyphylaxis to the
long-acting [-agonist, formoterol, in 22 moderately severe asthmatics. These results
showed that bronchodilator tachyphylaxis was more prevalent in those with the Gly16
genotype compared with the Argl6 genotype. The discrepancies between this study
and the aforementioned studies with albuterol (28,29) may be due to the different prop-
erties of the two agonists. Formoterol is a long-acting (~12 hours) near full agonist,
whereas albuterol is a short-acting (four to six hours) partial agonist. In contrast to the
association between [,AR genotype and tachyphylaxis to the bronchodilating effects
of formoterol, no association was found with the bronchoprotective effect of the
agonist against methacholine challenge (32). This has led to the first reasonably sized
prospective pharmacogenetic study addressing the potential importance of B,AR geno-
type on treatment response (33). In this study Israel et al. (28) extended the observations
made in the earlier study described previously by undertaking a prospective study stra-
tified by genotype (the BARGE study): only Argl6 and Glyl6 homozygotes were ran-
domized to receive regular or as required albuterol. Again, as seen in the retrospective
study, Argl6 homozygotes had worse outcome for all the major endpoints studied,
including FEV,, morning peak expiratory flow rate, relief medication usage, and
symptom scores. Taken together, these studies suggest that individuals homozygous
for Argl6, or a related haplotype, are less likely to respond as well to regular short-
acting B,AR agonists as the individuals homozygous for Gly16. The critical question
regarding the responses of asthmatics with different genotypes at this locus to long-
acting agents, such as salmeterol and formoterol, remains to be answered.

In considering the mechanism by which coding B,AR variants may alter the clinical
response to repetitive administration of short-acting agonists, we have considered several
scenarios. One is that the SNP at amino acid 16 is in linkage disequilibrium with one or
more SNPs in the 5" or 3’ regions, which defines a haplotype. Although some progress
has been made in defining these haplotypes, additional cell and clinical association
studies are needed to establish a coherent mechanism. Indeed haplotypes may have
unique expression or desensitization /downregulation properties that are yet to be explored
in model cell-based systems, such as endogenously expressing human airway smooth
muscle cells. It is also quite conceivable that the regulation of B,AR is under tight
dynamic control by both endogenous (epinephrine) and exogenous agonists, such as
albuterol. As such, the cell-based downregulation studies, which did not utilize the
endogenous promoter and showed that the Gly16 receptor downregulates to a greater
extent, may not portray this more complex regulatory scheme. This is illustrated in
Figure 8, where the two models, denoted as “static” and “dynamic” regulation, are
depicted in a hypothetical physiologic system (34). In the static model, receptor expression
is unaffected by circulating epinephrine, and tachyphylaxis is observed in subjects
with Glyl6 when an exogenous agonist is administered. In the dynamic model, the
Gly16 receptor is already downregulated prior to exogenous agonist administration due
to its greater propensity to downregulate to chronic epinephrine exposure. Potentially,
then, further downregulation of Gly16 does not occur with the agonist, and so little tachy-
phylaxis is observed. In contrast, Argl6 is not readily downregulated by epinephrine,
and so it is in a state to undergo such regulation by the relatively high doses of exogenous
agonist administered to the lung. Although these are hypothetical, they do help to
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Figure 8 Models for B, adrenoceptor regulation by genotype. In the static model (e.g., cells in
culture) apparent tachyphylaxis is greatest following agonist exposure for the downregulating geno-
type. However, in the dynamic model (e.g., in vivo, where tissue is exposed to endogenous catechol-
amines) apparent tachyphylaxis is greater for the resistant genotype (A). See text for further details.

emphasize the complexity in linking results from cell-based in vitro models to clinical
outcome variables.

Taken together, the aforementioned studies suggest that 8,AR SNPs or haplotypes
may act to modify drug responses in several ways. Indeed, it is possible that one
variant controls one aspect of the response while another is involved in a different
aspect. In the case of asthma, different SNPs /haplotypes may regulate baseline lung func-
tion, the acute response to short-acting 3-agonist, the chronic response to repetitive short-
acting (-agonist, and the chronic response to long-acting 3-agonists. In addition, other
drugs commonly coadministered in treating asthma, such as phosphodiesterase inhibitors,
glucocorticoids, or leukotriene receptor antagonists, may further modify receptor
expression or function through direct or indirect means by allele-specific mechanisms.
Over the next few years these issues will be addressed, as there are numerous ongoing
trials. Ultimately, then, a specific genetic $,AR signature will be available to guide
therapy with B-agonists and improve management through genetic testing.

PHARMACOGENETICS OF THEOPHYLLINE

[3>-agonists act by increasing the cAMP content of the cell; control of cAMP breakdown is
by tissue phosphodiesterases. Theophylline has been used in the treatment of asthma and
COPD for at least 70 years. Theophylline has both bronchodilator and anti-inflammatory
properties. The bronchodilator component of the drug action is thought to be at least in part
mediated by phosphodiesterase inhibition in airway smooth muscle cells, leading to elev-
ated cAMP levels and hence smooth muscle relaxation. The phosphodiesterase (PDE) 4D
subfamily is thought to be the critical family of phosphodiesterases involved in the
hydrolysis of cAMP in airway smooth muscle cells and is probably the main target of theo-
phylline. Polymorphism within the PDE4D gene could potentially influence theophylline
efficacy, but to date no specific gene polymorphisms have been associated with theophyl-
line efficacy or adverse effects in asthma. The development of selective PDE4 inhibitors
for the treatment of COPD will lead to increased interest in this subject area.
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Cys LEUKOTRIENE RECEPTOR PATHWAY POLYMORPHISM

With the increasing use of Cys leukotriene (LT1) receptor antagonists, such as montelu-
kast, and the realization that not all individuals respond to this class of drugs, there has
been considerable attention paid to the possibility that genetic factors may contribute to
response to this class of drugs and also to other drugs active in leukotriene synthesis path-
ways, most notably 5-lipoxygenase (LO) inhibitors.

LTs are important mediators of airway narrowing in asthma. Their actions are
mediated through two receptors, CLTR1 and CLTR2: Of these, CLTR1 is the major
airway receptor and is responsible for mediating bronchoconstrictor effects. CLTR1 antag-
onists have been developed for the treatment of asthma, including montelukast and zafir-
lukast, and in addition there are leukotriene synthesis inhibitors, such as zileuton, which
have also shown some clinical efficacy in trials. There are a number of regulatory steps,
which control the expression of LTs in airway tissue and which are potentially subject
to regulation at the genetic level, that might therefore be of pharmacogenetic interest.
These are summarized in the following.

5-Lipoxygenase

5-LO catalyzes the conversion of arachidonic acid to LTA4 (see Fig. 9 for a summary of
the LT synthesis pathway). The 5-LO gene (ALOXS5) maps to chromosome 10q11.2, spans
approximately 82 kb and is composed of 14 exons and 13 introns. Mutational analysis of
the ALOXS5 promoter identified two polymorphisms (—1708 G/A and —1761 G/A) and a

Cysteiny! leukotrienes I

Nucleus Cytoplasm Extracellular space

Figure 9 The Cys leukotriene synthesis pathway. Elevation of intracellular calcium activates
phospholipase A2 (PLA2) and 5 lipoxygenase (5-LO) via a 5-lipoxygenase activating protein
(FLAP) to convert arachidonic acid (AA) to LTA4. LTA4 can be converted via LTA4 hydrolase
(LTA4H) to LTB4, or via LTC4 synthase (LTC4S) to LTC4 and hence LTD4 and LTE4. There
are multiple potential pharmacogenetic variables which can influence LTD4 synthesis and action,
including known SNPs in all the key regulatory enzymes and a promoter repeat sequence in the
5-LO (ALOX5) gene. See text for further details.
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series of insertion or deletion mutations within the GC-rich transcription factor binding
region at position — 147 to — 176 bp (35). Mutant alleles at this locus (r < or >5) resulted
in reduced Spl/Ergl binding and reporter gene transcription assessed by transient
promoter-CAT transfections of HeLa cells (35). Subsequently a linear relationship was
identified between the number of Spl/Egrl motifs and transcriptional activation using
a Drosophilia SL2 co-transfection system (36).

Drazen et al. (37) undertook a retrospective analysis of a study involving 221 asth-
matics and examined the pharmacogenetic significance of the Spl/Egrl polymorphism
in determining the response to the novel 5-LO inhibitor ABT-761. In this study subjects
possessing only mutant ALOXS alleles were relatively resistant to treatment (37). Mean
FEV, improved by approximately 18.8 + 3.6% (n = 64) for WT homozygotes and
23.3 + 6% (n = 40) for heterozygotes, compared with —1.2 + 2.9% (n = 10) in individ-
uals homozygous for non-wild-type alleles (37). These data provide proof of the principle
that genetic variation in the pathways responsible for regulation of LT synthesis can
influence the efficacy of therapeutics targeting the pathway. Subsequently, the role of
the Sp1/Egrl polymorphism in determining responses to the leukotriene receptor anta-
gonists (LTRAs), montelukast, and zafirlukast was evaluated in a retrospective study
of 52 asthmatics (38). No pharmacogenetic effect was observed for either bronchodilator
response (FEV;, FEF25-75, PEFR) or bronchoprotection (AMP challenge), however,
these data were based on only 40 wild-type homozygotes (5/5) and 12 heterozygotes
[5/4 (11) and 5/6 (1)] individuals (38). In summary, therefore, ALOX5 promoter poly-
morphism may influence the efficacy of 5-LO inhibitors, but the role of the polymorph-
ism in determining the efficacy of CLTR1 antagonists needs further study.

LTC4 Synthase

LTC4 synthase conjugates glutathione with LTA4 to form LTC4, the first cysteinyl-
leukotriene in the 5-LO pathway (Fig. 9). The human LTC4 synthase gene (LTC4S) con-
sists of five exons, ranging between 71 bp and 257 bp, spans 2.51 kb and has been mapped
to chromosome 5q35. LTC4S is a candidate gene for aspirin-intolerant asthma (AIA), a
subphenotype of the disease in which patients experience cys-LT-dependent adverse
respiratory reactions to aspirin and other cyclooxygenase (COX) inhibitors. A fivefold
overexpression of LTC4 synthase in bronchial biopsies of AIA patients compared with
aspirin-tolerant asthma (ATA) patients was demonstrated in one study; in contrast, no
significant differences were observed in other enzymes involved in the biosynthesis of
Cys-LTs (39). Subsequently, a —444A/C promoter polymorphism was identified and
the C variant allele was found to be more common in the AIA patients, compared with
the ATA or the normal subjects (odds ratio 3.9) (40).

A small clinical study examined the role of the —444 polymorphism in severe
asthmatics compared with wild-type (AA) controls. In this study, the presence of the C
allele resulted in an approximate threefold increase in LTC4 production in isolated
blood eosinophils stimulated with calcium ionophore A23187 in the presence of
indomethacin. The response to 2-weeks treatment with zafirlukast (20 mg bd) in severe
asthmatics was influenced by the —444 A/C polymorphism, with FEV increasing by
9 + 12% in individuals with the C allele and decreasing by —12 + 18% in the AA geno-
type group (41). Although based on small numbers, this suggests a possible pharmacoge-
netic effect due to this polymorphism at the LTC4S locus.

These data support this hypothesis that the C allele is associated with increased
LTC4S levels, increased LT production, and therefore greater benefit following
LTRA therapy. Subsequently, these data have been supported by a study of another
LTRA, pranlukast (225 mg twice daily, four weeks) in a Japanese cohort of asthmatic
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subjects (n = 50) (42). Carriers of the C allele (n = 17) responded better to pranlukast
compared with the individuals homozygous for the A allele (n = 31) (14.3 + 5.3% vs.
3.1 £ 2.4% improvement in FEV;) (42). Similarly, in a study of ATA (43) and AIA
(26) patients, the greatest improvements in asthma-related outcomes (morning and
evening PEFR, daytime symptom scores) following montelukast treatment (10-mg
tablet per day, three weeks) was observed in carriers of the —444C allele (43).
These studies provide reasonable evidence that the LTC4S —444A /C promoter poly-
morphism, which has a frequency of around 0.3 in Caucasians (44), can influence
patient responses to a range of LTRAs. The molecular mechanism of this effect
remains unclear, however, with conflicting data regarding the functional effects of
the —444A/C polymorphism on gene transcription (45) and the finding that other,
potentially important promoter polymorphisms are present in the LTC4S gene (44).
More recently, in a meta-analysis of eight studies examining the efficacy of LTRA to
attenuate bronchial hyperresponsiveness, no correlation was observed between the
LTC4S —444 polymorphism and clinical outcome (46).

FLAP and the Cys-LT Receptors

Other candidate genes that may influence patient responses to LT modifier drugs include
5-LO activating protein (FLAP) and the cognate receptors for LTD4, CYSLTRI1 and
-2. FLAP forms a complex with 5-LO, which facilitates the conversion of arachidonic
acid to LTA4 (Fig. 9). Promoter polymorphisms within the FLAP gene (ALOX5AP) pro-
moter have been identified, including a —336G/A and a CA repeat (47). The cysteinyl-LT
receptor 1 (CYSLTIR) gene, which encodes for the receptor that is the major drug target of
LTRAs, is also a strong candidate gene. The CYSLTIR gene is located on chromosome
Xq13-g26, and a synonymous coding region polymorphism has been described at position
927C/T (48). The regulatory regions controlling the gene expression have only recently
been screened for functional polymorphism (Dourodier and Hall, unpublished data),
and the potential contribution of this locus to clinical response remains to be established.
Because the gene is situated in the unique region of the X chromosome, it is possible
that any pharmacogenetic effects resulting from variation at this locus may show
sex-specific features.

GLUCOCORTICOIDS AND TREATMENT RESPONSE

Glucocorticoids remain the mainstay anti-inflammatory agents used in the management of
asthma and many other inflammatory lung diseases, including most forms of interstitial
lung disease, and moderate and severe COPD. In all these conditions it is clear that
response is variable, with some patients responding well to inhaled or oral corticosteroids,
and others having little or no response. A number of groups have therefore attempted to
identify genetic markers associated with treatment response, initially concentrating on
the glucocorticoid receptor itself and more recently expanding to study other potential
genes that may modify the responses. In general, these studies are relatively difficult to
perform mainly because it is difficult and time consuming to get a good measure of treat-
ment response to glucocorticoids. For example, the degree of response in a condition, such
as idiopathic pulmonary fibrosis, will often take weeks or months to become apparent and
will also depend on the exact subtype of the disease present defined by high-resolution CT
imaging or biopsy. Not all patients will have treatment with the same regimen of steroids,
and follow-up may also differ between patient groups, all of which makes assessment of
true treatment response more difficult. Again, the majority of studies that have been
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undertaken in asthma have, in particular, recognized a subgroup of “steroid-resistant”
asthmatics, although again adequate phenotypic definition of these patients is difficult
and time consuming.

Glucocorticoids bind to a cytoplasmic receptor, the glucocorticoid receptor, which
moves to the nucleus and activates steroid-responsive genes containing the glucocorticoid
response element (GRE). The receptor exists as at least two splice variants, which differ in
the ninth exon. Several polymorphisms have been described in the glucocorticoid
receptor (GR) gene, which produce functional consequences; for example, a Val641Asp
polymorphism influences the binding affinity for dexamethasone (49), a Val7291le poly-
morphism confers a fourfold decrease in dexamethasone activity (50), a Asn363Ser
polymorphism is associated with higher sensitivity to dexamethasone (51), and 2314insA
and S651F variants have suppressed GR mRNA and protein levels in a recombinant
system (52). However, several of these polymorphisms are rare and their functional sig-
nificance at a clinical level is unclear. Subsequently, haplotype identification across the
GR gene identified a susceptibility haplotype associated with a lower response to dexa-
methasone using a suppression test in 216 U.K. Caucasians (53).

Recently, sequence variation in the corticotrophin-releasing hormone receptor 1
(CRHRI) gene was found to be associated with enhanced response to therapy in three asth-
matic cohorts (n = 1117, endpoint percent change in FEV, following eight weeks inhaled
corticosteroid treatment) (54). The CRHRI1 is thought to be involved in the regulation of
endogenous levels of corticosteroid and, therefore, may be predicted to influence
responses to exogenously administered corticosteroid. This study is the only study to
show a pharmacogenetic effect for steroid efficacy in an asthmatic cohort and involved
the analysis of 131 SNPs in 14 genes prior to the identification of the positive association
described previously (54).

PHARMACOGENETICS OF MUSCARINIC RECEPTOR ANTAGONISTS

Anticholinergic agents have shown efficacy in the treatment of chronic airway obstruction
and have shown utility in the treatment of asthma. The M2 and M3 muscarinic receptor
genes provide rational candidate genes, which might alter responses to muscarinic recep-
tor antagonists. The M2 receptor gene (CHRM?2) is located on chromosome 7q35-36 and
several polymorphisms have been described within the CHRM?2 gene, including two
degenerate SNPs (1197T/C Thr-Thr, 976A/C Arg-Arg), a 3’ UTR (1696T/A) SNP
(55) and a CA repeat and C/A SNP in the promoter region (56). Functional effects have
been described with different alleles of the promoter CA repeat in transfection studies, but
no clinical studies have been performed to date. The M3 receptor gene (CHRM3) is located
on chromosome 1q41-q44, and the coding region is contained within one exon. Several
polymorphisms have been described including: —708A/G, —627G/C, —513C/A,
492C/T, a CTTT repeat, and a GT repeat (57). Functional data are not currently avai-
lable on these polymorphisms. In summary, therefore, the significance of individual
polymorphism or haplotypes in determining the efficacy of anticholinergic therapy
remains to be resolved. These genes are also likely to be of interest outside the area of
respiratory disease, for example, in CNS disorders including endogenous depression.

SUMMARY

It is clear from these details that pharmacogenetics has considerable potential in the man-
agement of patients with a range of airway diseases and, in particular, in diseases, such as
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COPD and asthma, that are characterized by either fixed or variable airflow obstruction,
and it is likely that the cost-effectiveness of these approaches will be assessed in the
near future. Increasing knowledge of the extent to which genetic factors can be used to
identify subgroups of patients should lead both to better use of existing medication, and
potentially through pharmacogenomic approaches to novel treatments for the management
of these conditions.
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INTRODUCTION

The hematopoietic system is critical for the viability of the human body. Erythrocytes play
the major role in tissue oxygenation, platelets keep the vasculature intact, and white cells
are a primary line of defense against infectious pathogens, among their other roles. In
addition, the hematopoietic system is an important component of many common diseases,
including cardiovascular, central nervous system (CNS), renal, and cancer. Major
advances in the treatment of hematologic disorders have resulted from the recent
revolution in medical interventions. However, significant heterogeneity in the efficacy
and toxicity of drugs is consistently observed across the human population (1). Adminis-
tration of the same dose of a given drug to a population of patients results in a range of
toxicity, from unaffected to lethal events (2,3). Although many clinical variables have
been associated with drug response (age, gender, diet, organ function, disease biology),
genetic differences in drug disposition and drug targets can have a great impact on treat-
ment outcome (1,4,5). The metabolic enzymes and cellular targets for the majority of che-
motherapeutic agents contain genetic polymorphisms (6), but prospective identification of
patients likely to benefit from (or be harmed by) chemotherapy is not currently possible for
most treatments. This is particularly important in the current health care environment,
where cost containment and evidence-based initiatives are having a significant influence
on patient care.

Pharmacogenomics is the study of how genetic inheritance influences response
to drugs. A greater understanding of the genetic determinants of drug response has the
potential to revolutionize the use of many medications, particularly in the challenging
field of oncology. By increasing our ability to prospectively identify patients at risk for
severe toxicity, or those likely to benefit from a particular treatment, pharmaco-
genomics promises to help us move toward the ultimate goal of individualized cancer
therapy. This chapter will discuss distinct clinically relevant examples of hematologic
pharmacogenetics.
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WARFARIN PHARMACOGENETICS

Vitamin K antagonists have been used for more than 50 years to prevent the formation and
extension of thrombosis. In the North America, warfarin is the most commonly prescribed
vitamin K antagonist. In other continents, acenocoumarol, anisindione, dicumarol,
and phenprocoumon are also prescribed. Although the half-lives and relative potency of
these compounds differ, their chemical structure, mechanism of action, and need for
monitoring are similar to that of warfarin.

Pharmacology of Warfarin

After oral administration, warfarin is completely absorbed, and then 99% of it is bound to
albumin in the plasma. Warfarin, which is free, is taken up by the liver where it is biologi-
cally active and metabolized by the cytochrome P450 complex (CYP2C9). Commercially
available warfarin (Coumadin™ and others) is a racemic mixture with each of the two
enantiomers having its own route of metabolism (Fig. 1). The S-enantiomer is converted
to 6- and 7-hydroxywarfarin by CYP2C9 and eventually excreted in the bile, whereas
the R-enantiomer is metabolized by CYP1A1, CYP1A2, and CYP3A4 to an inactive
alcohol that is excreted in the urine (7). The S-enantiomer more strongly blocks the
regeneration of the reduced form of vitamin K, thereby interfering with the vitamin
K-dependent carboxylation of glutamic acid residues on coagulation factors prothrombin
II, VII, IX, and X. Although warfarin also inhibits the synthesis of the anticoagulant
proteins C, S, and Z, its pharmacologic effect is inhibition of the synthesis of functional
clotting factors.

WARFARIN
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Figure 1  After oral absorption, warfarin is transported to the liver, where CYP1A1, CYP1A2, and
CYP3A4 metabolize the R-enantiomer and CYP2C9 metabolizes the more potent S-enantiomer. By
impairing the regeneration of the reduced form of vitamin K, R- and S-warfarin interfere with the
vitamin K—dependent carboxylation of clotting factors prothrombin VII, IX, and X.
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Stereo-Specific Metabolism of Warfarin

In patients who are homozygous for the wild-type allele of (CYP2C9*1), S-warfarin is
cleared normally, resulting in a modest elevation of the international normalized ratio
(INR). In contrast, patients with specific single-nucleotide polymorphisms (SNPs) in
this enzyme (e.g., CYP2C9*2 or CYP2C9*3) have slow clearance of S-warfarin (8) and
an exaggerated INR elevation during warfarin induction (9,10) (Table 1).

Pharmacogenetic Determinants of Warfarin Metabolism

In vivo, these SNPs are associated with increased responsiveness to warfarin (9,11-15).
Aithal et al. (11) compared controls who required typical warfarin doses to patients
whose therapeutic warfarin dose was <10.5 mg/wk. Patients requiring low doses were
more likely to have a supratherapeutic INR at the time of warfarin induction and six
times more likely to have the CYP2C9*2 or CYP2C9*3 SNPs (9,11). Others found that
CYP2C9*3 decreased the selectivity of CYP2C9 for S-warfarin and that amino acid
residue 359 is a component of the warfarin-binding site (16,17).

Increased Risk of Hemorrhage with CYP2C9*2 or CYP2C9*3 SNPs

Recent studies suggest that the CYP2C9*2 and CYP2C9*3 variants are associated with
hemorrhage during warfarin induction but not during maintenance therapy. In their retro-
spective cohort of 180 patients who were given warfarin, Margaglione et al. (10) found
that the odds of bleeding was increased 2.6-fold in patients with the CYP2C9*2 and/or
the CYP2C9*3 SNPs than in the carriers of the wild type. They also found a statistical
interaction between these variants and the presence of a local bleeding source, but the
etiology and significance of that interaction are unclear. In their retrospective cohort of
185 patients who were given warfarin, Higashi et al. (9) found a 2.4-fold increased risk
of hemorrhage among patients with either of the two variant alleles. In contrast to these
two positive studies, Taube et al. (18) found no association between CYP2C9
genotype and bleeding in 561 patients who were taking warfarin for more than
2 months. The most likely explanation for the association between genotype and bleeding
is that patients with the CYP2C9*2 and/or the CYP2C9*3 SNPs metabolize warfarin more
slowly than wild-type patients and, therefore are more likely to be overdosed when begin-
ning warfarin with a traditional dose. Indeed, Aithal et al. (11) found that patients who
required tiny doses of warfarin (<1.5 mg/day) were six times more likely to have
the CYP2C9*2 and/or CYP2C9*3 SNPs and four times more likely to bleed during war-
farin induction.

Table 1 Cytochrome P450 2C9 SNPs that Are Known to Affect Warfarin Metabolism

Effect on
Designation Protein change SNP warfarin dose ~ Allele frequency” References
CYP2C9*1  None None Referent 81.5-93%
CYP2C9*2  Argl44Cys C430T —14% to —20%  5.6-12.8% (8,10,12,18,19)
CYP2C9*3  Tle359Leu A1061C —21%to —49%  1.4-5.7% (10,12,18,19)

4CYP2C9*2 and *3 are most common in white populations.
Abbreviations: SNP, single-nucleotide polymorphism; CYP2C9*1, wild-type allele.
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Promise of Combining Genetic and Clinical Factors to Prevent Bleeding
During Warfarin Induction

The associations between genotype, warfarin dose, and hemorrhage during warfarin
induction suggest that tailoring the initial warfarin dose based on CYP2C9 genotype
might avoid iatrogenic hemorrhages. Several investigators have combined clinical and
pharmacogenetic information to estimate the maintenance warfarin dose (Table 2).
Loebstein et al. (19) found that the maintenance warfarin dose was correlated with
plasma warfarin levels and body surface area (BSA) and inversely correlated with
CYP2C9 SNPs, age, and amiodarone use. Tabrizi et al. (14) found that warfarin dose
was correlated with weight and inversely correlated with CYP2C9 SNPs and age. Gage
et al. (12) found that warfarin dose was correlated with BSA, race, and target INR
value and inversely correlated with age and use of amiodarone or simvastatin. Although
these studies correlated the maintenance warfarin dose to genotype retrospectively,
once validated they can be used to estimate the warfarin prospectively.

Newly Discovered CYP2C9 SNPs Also May Slow Warfarin Metabolism

While genotyping 32 Japanese patients who were slow metabolizers of phenytoin, Imai
et al. (20) found a new polymorphism designated as CYP2C9*4: a T1076C transversion
that leads to an Ile359Thr substitution. This mutation was not present in 100 unselected
Japanese volunteers. The effect on warfarin metabolism is unknown, but because it
alters the same amino acid (359) similar to the 2C9*3 mutation, it could decrease the
metabolism of S-warfarin. Dickman et al. (21) found a C1080G transversion that leads
to an Asp360Glu substitution. They found this mutation, CYP2C9*5, in four out of 120
African American participants and in zero of out 140 European American participants.
The intrinsic clearance (V. /Km) was estimated as 8% of that of the wild type, suggesting
that carriers of CYP2C9*5 will eliminate S-warfarin more slowly than non-carriers. Kidd
et al. (22) reported a null polymorphism, 818delA, which they named CYP2C9*6. The
patient presented with an overdose of phenytoin (an anticonvulsant that is metabolized
by CYP2C9) and was found to have a phenytoin clearance that was only 17% of the
normal. Finally, in a cohort of 89 Chinese patients who were prescribed warfarin,
Leung et al. (23) found several CYP2C9 SNPs in exon 4. The Leu208Val variant was rela-
tively common in this population and was associated with a decreased warfarin dose.

Table 2 Independent Predictors of Warfarin Dose in Three Studies

Variable Reference 19 Reference 14 Reference 12
Model R* 35% 26% 38%

Sample size 156 153 297

Age, yr * * *

BSA, m?> * Not examined *

2C9*3, per allele * * *

2C9*2, per allele * * *

Target INR Not examined Not examined *
Amiodarone * Not examined *

Dietary vitamin K NS Not examined NS

*Statistically significant, p < 0.05.
Abbreviations: R?, percent of variability explained by the model; BSA, body surface area; NS, not significant;
INR, international normalized ratio.
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Table 3 New Cytochrome P450 2C9 SNPs that May Affect Warfarin Metabolism

Effect on
Designation Protein change SNP warfarin dose References
CYP2C9*4 11e359Thr T1076C Not examined (20)
CYP2C9*5 Asp360Glu C1080G Not examined 21)
CYP2C9*6 Null allele 818delA Not examined 22)
Unnamed Tyr358Cys G1061A Not examined (30)

Abbreviation: SNP, single-nucleotide polymorphism.

However, more recent studies suggest that these apparent variants are actually results from
PCR amplification of a pseudogene and are not likely to be of functional relevance. In
summary, further research is needed to determine if these new CYP2C9 SNPs (Table 3)
affect warfarin metabolism significantly.

Long-Term Clinical and Laboratory Outcomes with CYP2C9 SNPs

Two studies have found an association between bleeding during warfarin induction and the
presence of the CYP2C9*2 and CYP2C9*3 SNPs (9,10). In contrast, Taube et al. (18)
found no association between these SNPs and either INR control stability or risk of
excessive anticoagulation during long-term treatment. Thus, it seems likely that
CYP2C9 genotype (and clinical factors) could be used to estimate the maintenance a
priori but that genotyping would not be very helpful in patients who have already found
their maintenance dose empirically.

Warfarin Resistance

The widespread use of blood anticoagulants as rodenticides have selected for warfarin
resistance in the mouse (24) and rat (25-27). In rodents, warfarin resistance (denoted
as Rw in the rat) is inherited as a single autosomal gene with dominant effect. Kohn
and Pelz (26) have placed Rw in relation to several positionally mapped gene-anchored
microsatellite loci in the rat genome, but the gene is yet to be identified.

Case reports have identified warfarin resistance in humans with transmission that
also appears to be autosomal dominant (28). The high plasma levels of warfarin observed
in these patients, suggest that the resistance has a pharmacodynamic basis, rather than a
pharmacokinetic one. Kohn and Pelz (26) identified homologous regions to Rw on
human chromosomes 10q25.3-26, 12q23-q24.3, and 16pl13.1-pl1 and use positional
cloning to identify the putative gene. Once the human gene for warfarin resistance is ident-
ified and validated, then it could be used to identify rare patients who have warfarin resist-
ance and who require unusually large warfarin doses to elevate their INR value.

The Future of Oral Anticoagulants

Eventually, safer drugs with a wider therapeutic index may supplant warfarin. For
example, ximelagatran is an oral thrombin inhibitor that may be a safe and effective
alternative to warfarin therapy, at least for patients undergoing knee arthroplasty who
have no preexisting liver disease (29). However, until the safety and effectiveness of
newer anticoagulants is clear, warfarin and other vitamin K anticoagulants will be used
extensively. The hypothesis that pharmacogenetic-based dosing will prevent iatrogenic
hemorrhages during warfarin induction should be tested prospectively.
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GENETIC POLYMORPHISMS IN HEMOSTATIC SYSTEMS

Multiple cellular and protein activation pathways are involved in formation, and sub-
sequent remodeling, of a hemostatic plug at the site of a vascular injury (Fig. 2).
Hemostasis protein levels vary widely in healthy populations, with typical reference
ranges of 60% to 160% of the mean. Estimates of the genetic contribution to the observed
variation for different proteins range from 22% to 55%, representing the largest
identifiable determinant (31). ABO blood type is a major determinant of both von
Willebrandfactor (vWF) (32), and factor VIII levels. However, even after adjusting for
blood type, there is a genetic component to factor VIII levels that is not associated with
polymorphisms within the factor VIII gene (33). It is likely that multiple genes are
involved in the regulation of expression of most hemostatic proteins. Environmental
factors and gene—environment interactions also contribute to hemostatic protein variabil-
ity. Factor VIII and vWF levels rise during pregnancy and acute stress, and factor VII

Serpins

Platelet
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Figure 2 Formation of a hemostatic plug. (A) Vascular injury: Endothelial disruption exposes
blood to subendothelial collagen (%), vWF, and TF. (B) Primary hemostasis: Circulating platelets
adhere to collagen and vWF via specific surface receptor complexes and undergo activation and
release of prothrombotic granule contents. Conformational changes in the platelet surface integrin
glycoprotein IIbllla permit fibrinogen (FIB) and vWF-dependent aggregation of activated platelets.
(C) Secondary hemostasis: TF accelerates activation of factor VII to VIIa, which converts factor X to
Xa and factor IX to IXa. The phospholipid surface of activated platelets is the primary site of sub-
sequent coagulation factor activation. Factors IXa and VIIIa activate factor X and factors Xa and Va
convert Prothrombin (factor II) to thrombin (factor Ila). Sustained thrombin generation requires
factor Ila activation of nonenzymatic cofactors V and VIII to accelerate activation of factors X
and factor II. (D) Fibrin clot formation: Factor Ila converts fibrinogen to fibrin through distal
amino terminal cleavages of alpha- and beta-chains. Fibrin molecules spontaneously polymerize
and are covalently cross-linked by factor XIlIa, a thrombin-activated transglutaminase. (E) Fibrino-
lysis: PL binds to fibrin molecules during polymerization. tPA, released from endothelial cells,
enters the fibrin clot and activates PL to P. Plasmin degrades fibrin into FDP. (F) Inhibitors: Throm-
bin generation and fibrinolysis are highly regulated processes. The major direct inhibitor of thrombin
is AT, a member of the serine protease inhibitor (serpin) family. Factors Va and VIlla are degraded
by aPC and its cofactor, PS. When bound to TM, an endothelial surface protein, factor Ila activates
PC to aPC. When not bound to fibrin, tPA and plasmin are rapidly inhibited by the serpin PAI-1 and
a, AP, respectively. Abbreviations: vVWF, von Willebrand factor; TF, tissue factor; PL, plasminogen;
tPA, tissue plasminogen activator; P, plasmin; FDP, fibrin degradation products; AT, antithrombin;
aPC, activated protein C; TM, thrombomodulin; PS, protein S; PC, protein C; PAI-1, plasminogen
activator inhibitor-1; a,AP, alpha-2 antiplasmin.
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levels decline with the lowering of plasma lipoproteins. Fibrinogen levels also rise in
response to stress. However, a polymorphism in the fibrinogen beta-chain promoter is
associated with a greater change in fibrinogen concentration after physical exertion
compared with the wild type (34).

The most overt clinical expression of monogenetic mutations affecting hemostasis
occurs in hemophilia, a congenital bleeding disorder due to deficiency of a single clotting
factor. The most common types are hemophilia A and B, characterized by sex-linked
inherited deficiencies of factor VIII and IX, respectively. Other types of hemophilia are
rare and inherited in an autosomal recessive manner. More common than hemophilia A
or B, but with a generally milder bleeding phenotype, is von Willebrand disease. Both
quantitative and qualitative defects of vWF synthesis can cause autosomal dominant
inherited bleeding disorders with incomplete penetrance. Mutations that cause qualitative
vWF defects are clustered within exons that code for specific functional domains (35).
However, mutations that would predict a quantitative deficiency of vWF are rarely ident-
ified at the vWF gene locus, and the range of vWF levels in obligate carriers of vWF
deficiency are wide and overlap with vWF reference ranges, reflecting the combined
impact of both heritable and noninheritable sources of variation on levels of hemostasis
proteins (36).

Platelet activation and aggregation are complex cellular events, involving the inter-
action of various ligands with specific platelet surface receptors and multiple post-receptor
signal transduction pathways, culminating in platelet shape change, release of granule con-
tents, and activation of a surface heterodimer, glycoprotein IIbIlla, which binds fibrinogen
to form attachments to other activated platelets. Inherited quantitative and qualitative
platelet defects are rare, produce mild to moderate bleeding symptoms, and are usually
autosomal recessive heritable disorders. Drug-induced acquired platelet dysfunction is
both a common complication (37) and also an effective therapeutic intervention: aspirin
and clopidogrel for prevention of arterial thromboembolic complications.

Gene polymorphisms affecting platelet membrane receptors and integrins have been
inconsistently associated with arterial thrombotic outcomes without convincing evidences
of biological mechanisms (38).

It is now evident that most heritable risk factors for arterial and venous thromboem-
bolic events are relatively weak, and it is the combination of multiple genetic risk factors
plus environmental interactions that produce thrombotic phenotypes (39). Congenital, het-
erozygous deficiencies of antithrombin, protein C, and protein S (Fig. 2F), are identified in
1% to 5% of the patients with spontaneous venous thromboembolic events (VTE).
However, two recently discovered gains of function coagulation factor polymorphisms
have much higher prevalence in patients with VTEs (40). Factor V Leiden (FVL), a
1691 G to A mutation that substitutes glutamine for arginine at amino acid 506, slows
the rate of factor Va cleavage by activated protein C. The allelic frequency of FVL is
2% to 15% in people of European ancestry, and it is identified in up to 40% of the patients
with spontaneous VTE. The 20210 G to A mutation in the untranslated 3’ region of the
prothrombin gene is associated with higher prothrombin levels and an increased risk for
VTE. It is present in approximately 2% of the Caucasians, and it is identified in up to
20% of the patients with VTEs.

The list of coagulation, fibrinolysis, and platelet membrane protein gene polymorph-
isms with putative links to arterial thrombosis continues to grow (40—42). However, due to
the complexity of the atherosclerotic process and the hemostatic system, it is likely that the
attributable risk will be small for such polymorphisms. Changes in clinical trial designs,
including much larger sample size, will be necessary to validate the significance of
current and future candidate polymorphisms.
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Pharmacogenetic Interactions in Hormone Replacement Therapy

Combined estrogen and progesterone therapy, whether in the form of oral contraceptive
pills (OCP), in premenopausal, or hormone replacement therapy (HRT), in post-
menopausal women, is associated with an increased risk for VTE. Although the absolute
risk of pulmonary embolism (PE), or deep vein thrombosis (DVT), is low in healthy young
women, users of OCP have a three- to sixfold increased risk of VTE compared with the
nonusers (43). Traditionally, the estrogen content has been implicated as the cause for
increased VTE risk. However, third generation OCP containing <50 ug of estrogen and
synthetic progesterones, desogertrel or gestodone, are associated with a higher risk of
VTE than second generation OCPs containing levonorgestrel and norgestrel, supporting
a combined hormonal risk model (44). Based on a recent meta-analysis, the increase
risk of VTE among HRT users was estimated to be 2.14, compared with the controls
(45). The Women’s Health Initiative study randomized 16,1809 postmenopausal
women to daily conjugated equine estrogen (0.625 mg), medroxyprogesterone (2.5 mg),
or placebo. The study was terminated prematurely due to an increase in breast cancer, car-
diovascular endpoints, and VTEs in the treatment arm. The relative risk for VTE was 2.11
in the treatment arm (46).

Both OCP and HRT enhance procoagulant and diminish anticoagulant activities in
the plasma. When estrogen/progesterone therapy is combined with inherited prothrombo-
tic risk factors, the risk of VTE is further increased, confirming a pharmacogenetic inter-
action for this adverse drug reaction. Case-control studies of young women with and
without a history of spontaneous DVT confirm a genetic—drug interaction (47,48). The
risk of DVT was 3.8 and 6 times greater with OCP use, 7.9 and 9 times greater for carriers
of FVL, and 6 times greater for carriers of PG 20210 (48). The relative risks for OCP and
FVL were 20 and 34.7 and for OCP and PG20210, 16.3 (48), respectively, indicating a
multiplicative interaction between drug and heritable risk factors. Both FVL and PG
20210 mutations are associated with an increased risk for cerebral vein thrombosis, and
the risk is markedly increased with OCP use (49).

In a case-control study involving postmenopausal women with and without DVT or
PE, HRT was associated with a 3.3-fold risk, FVL with a 3.9-fold risk, and HRT + FVL
with a 15.5-fold risk for VTE, respectively, again confirming a synergistic interaction
between hormone therapy and an inherited thrombophilic risk factor (50). The results
from the HERS trial are similar, and predict the risk for VTE in postmenopausal
women who are FVL-negative and not taking HRT to be 2/1000 patient-years compared
with 5.8 and 15.2/1000 patient-years in HRT+ women who are FVL-negative
and -positive, respectively (51). It is plausible to predict a similar interaction between
PG 20210 and HRT, although published studies to date have not contained adequate
numbers of carriers for analysis (50).

Estrogen/progesterone replacement therapy is associated with an increased risk for
strokes and myocardial infarctions for premenopausal women with additional risk factors
(smoking, hypertension, diabetes) (52) who use OCP, and for postmenopausal women
taking HRT (46). However, there are inconsistent data regarding a pharmacogenetic
interaction between FVL or PR20210 and OCP/HRT and cardiovascular ischemic
events (53,54).

Heparin-Induced Thrombocytopenia

A common adverse drug reaction is heparin-induced thrombocytopenia (HIT). The patho-
genesis of HIT begins with the formation of antibodies (typically IgG), against platelet
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factor 4 (PF4), a protein released from platelet granules that binds to and inactivates
heparin (55). IgG—heparin—PF4 complexes bind to platelet immunoglobin Fc receptors
(FCvy RIIa), leading to rapid uptake by splenic macrophages and thrombocytopenia.
In addition, FC+y RIla-mediated platelet activation accelerates thrombin generation, con-
tributing to an acquired hypercoaguable state. The risk of developing HIT is dependent
upon many variables, including dose and duration of heparin exposure, heparin formu-
lation (unfractionated >> low molecular weight heparin, bovine > porcine), and clinical
setting (orthopedic surgery > cardiac surgery > medical patients) (56). Thrombocytope-
nia rarely is severe enough to cause bleeding, but thrombotic complications occur in up to
50% of the HIT patients (57).

Although 7.5% to 50% of the patients exposed to heparin form PF4 antibodies, most
do not become thrombocytopenic or develop thrombotic complications (56). In addition,
when exposed to heparin and serum-containing PF4 antibodies, the degree of platelet acti-
vation varies widely among normal donors. Investigations into this variable platelet
response have focused on the G507A polymorphism in the platelet FCy Rlla receptor
that substitutes histidine (H), for arginine (R), at amino acid position 131. When
exposed to HIT-positive serum in vitro, platelets homozygous for 131 H/H polymorphism
are more reactive than platelets homozygous for 131 R/R (58), suggesting that the G507 A
polymorphism could be a risk factor for HIT and thrombotic complications. Five
published studies have compared the frequency of FCy Rlla R/H 131 polymorphism in
HIT patients and controls with inconsistent findings. Three reported a significant increase
in H131 frequency (58-60), one no difference (61), and one an increase in A131 fre-
quency compared with the control populations (62). PF4 polymorphisms are another
potential source of genetic predisposition for developing HIT. However, no polymorph-
isms were found when 10 HIT patients and 10 control PF4 sequences were compared (63).

Thus, currently, there are no convincing candidate gene polymorphisms to explain
the variable clinical consequences of heparin—PF4 immune complex interaction with
platelets.

Warfarin-Induced Skin Necrosis

Warfarin-induced skin necrosis (WSN) is a rare thrombotic complication that occurs
during initiation of oral anticoagulation therapy in patients with acute thromboembolic
events. The presentation begins with intense skin pain quickly followed by erythema,
hemorrhagic blisters, and, finally, full thickness skin necrosis, typically involving the
breast, buttock, and thigh (64). The incidence of WSN was probably higher when it
was customary to use warfarin loading doses of 15-30 mg, to rapidly obtain a therapeutic
prothrombin time, compared with the current standard practice of starting with 5—10 mg
and adjusting subsequent doses based on daily INR results. A plausible mechanism for this
rare adverse drug reaction is a rapid fall in protein C activity paralleling the decline in
factor VII activity during the first 24 to 48 hours of warfarin therapy because both proteins
have half-lives of approximately 6 hours and their synthesis is vitamin K-dependent (65).
Although the prothrombin time is prolonged due to the decrease in factor VII activity, an
anticoagulated state is not obtained until both factor X and prothrombin activities decline,
which occurs more slowly. The result is a temporary hypercoaguable state and the poten-
tial to form subdermal venous thrombi and skin necrosis. Support for a pharmacogenetic
mechanism is found in sporadic case reports of WSN occurring in patients with hereditary
deficiencies of the natural anticoagulants [protein C (66), protein S (67), and antithrombin
(68)], and FVL (69)]. This model is supported by the spontaneous occurrence of skin
necrosis in neonates born with a homozygous deficiency of protein C (70). Due to the
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rarity of WSN, it is not possible to accurately calculate the risk of this adverse drug reac-
tion in patients with or without inherited hypercoaguable risk factors. Rather than screen-
ing patients with acute VTE for these risk factors before starting warfarin, following
standard anticoagulation practice guidelines for parenteral anticoagulation with heparin
and warfarin is recommended (71).

Aspirin Resistance

Aspirin is an effective drug for prevention of myocardial infarctions, strokes, and periph-
eral arterial occlusions (72). However, in vitro tests indicate only partial or no inhibition of
platelet function in some patients taking aspirin (73), and aspirin resistance has been
associated with arterial thrombotic complications (74). Although there may be many
potential factors involved in aspirin treatment failures, a genetic resistance to the antith-
rombotic action of aspirin would appear plausible.

Aspirin irreversibly inhibits platelet synthesis of thromboxane A, (TxA,), by acet-
ylating cyclooxygenase-1 (COX-1) enzyme (75). TxA, activates platelets through a
specific platelet membrane receptor, although the downstream steps are unknown at this
time. Inactivation of COX-1 enzyme does diminish platelet activation by weak agonists,
such as ADP and epinephrine, and low concentrations of collagen but does not prevent
activation by such stronger agonists as thrombin.

Presently, there is no standard laboratory criterion for aspirin resistance. Typically,
resistance has been defined as in vitro platelet aggregation in response to arachadonic acid
(the substrate for COX-1), epinephrine, or adenosine diphosphate (ADP) that exceeds an
arbitrary threshold (73,76). In most studies, documentation of aspirin ingestion in patients
labeled as aspirin-resistant has been limited to patient reporting without salicylate level
confirmation to assess for poor compliance. Using these laboratory criteria, reported pre-
valences for aspirin resistance range from 8% to 45% (77).

Possible mechanisms for platelet resistance to aspirin include alternative sources of
the product of COX-1 metabolism, prostaglandin H2, from monocytes or endothelial cells
through COX-2, or replenished COX-1 enzyme activity (76). Alternatively, COX-1
mutations could make the enzyme less vulnerable to acetylation. To date, no likely
polymorphisms have been identified in this gene.

However, considerable attention has been focused on a common polymorphism in
the beta integrin (3 that combines with the alpha integrin aqy, to form the platelet
fibrinogen receptor glycoprotein IIbIlla. The nucleotide substitution T1565C encodes
for amino acid change leucine to proline at position 33 (78). This is one of the eight
SNPs in the GPIlla protein that can cause platelet alloimmunization during pregnancy
or following platelet transfusion. In platelet serology nomenclature, the wild-type allele
is PI*! or HPA-1a, and the polymorphic one is PL*? or HPA-1b. The allelic frequency
of HPA-1b is approximately 15% among the Caucasians, and 1-2% are homozygous.
In 1996, Weiss et al. (79) reported that HPA-1b was a risk factor for myocardial infarction
based on a retrospective case-control study involving 71 subjects. Subsequent studies
reported conflicting findings (80,81), including the Physicians Health study (81), which
showed no increased risk for myocardial infarction (MI), stroke, or DVT associated
with the HPA-1b phenotype. HPA-1b has been associated with an increased risk for reoc-
clusions following percutaneous coronary artery stenting in some (82,83), but not all,
studies (84). At present, the evidence for a link between glycoprotein I11Ia HPA-1b poly-
morphism and atherosclerotic complications is inconclusive.
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Meanwhile, the search for a biological mechanism whereby HPA-1b could affect a
prothrombotic phenotype has lead to divergent findings. Feng et al. (85) reported increased
platelet aggregability in response to epinephrine in HPL-1b compared with HPA-1a
subjects among 1336 participants in the Framingham Offspring Study. However, Bray
et al. (86,87), reported similar in vitro platelet aggregation responses to epinephrine and
ADP for HPA-1a homozygous, HPA-1b heterozygous, and HPA-1b homozygous subjects.
When exposed to aspirin, HPA-1b heterozygous platelets were significantly more sensi-
tive to inhibition of epinephrine-induced platelet aggregation than HPA-1a or HPA-1b
homozygous platelets, which do not support clinical aspirin resistance due to HPA-1b
polymorphism (87). Undas (88) indirectly monitored aspirin inhibition of platelet acti-
vation by measuring thrombin generation in blood shed from a bleeding time wound.
Baseline thrombin generation rates were similar for HPA-1a homozygotes (wild-type),
and HPA-1b heterozygotes. After aspirin ingestion, thrombin generation was reduced in
both groups but significantly less so in HPA-1b carriers. The results of a subsequent
study by these investigators, measuring additional markers of thrombin activity in shed
blood, showed that prior to aspirin ingestion, HPA-1b carriers had enhanced prothrombin
activation compared with the HPA-la subjects and that suppression of thrombin
generation by aspirin was impaired in the HPA-1b group (89).

Given the complexities of the molecular mechanisms involved in platelet function, it
is possible that the HPA-1b polymorphism could both increase platelet aggregation and
decrease aspirin suppression of activated platelet generation of thrombin. However, no
conclusions can be drawn from these in vitro data regarding the physiologic consequences
of the PLA-1b polymorphism in terms of atherosclerotic disease progression and choice of
antithrombotic therapy.

THIOPURINE PHARMACOGENETICS

Thiopurines are a family of drugs that include mercaptopurine (MP) [a daily component of
maintenance therapy for childhood acute lymphoblastic leukemia (ALL) treatment (89)
and commonly used in the treatment of inflammatory bowel disease], thioguanine (used
to treat acute myeloblastic lukemias), and azathioprine (a commonly prescribed immuno-
suppressant used in solid organ transplants, rheumatic disease, and dermatologic dis-
orders). The principal cytotoxic mechanism of these agents is the incorporation of
thioguanine nucleotides (TGN) into DNA (Fig. 3). Thus, thiopurines are inactive prodrugs

6-Mercaptopurine ﬂ} 6-MeMP
o (inactive)

3
h-u.]

Thioguanine nucleotides
incorporation into DNA

Figure 3 6-MP is converted by HPRT to TGN, its active metabolites. Thioguanine nucleotides
exert anticancer effects and myelotoxicity via incorporation into DNA. 6-MP is inactivated via
methylation by TPMT to the active metabolite 6-MeMP. Inactivation can also occur through oxi-
dation by xanthine oxidase (XO, not shown). Abbreviations: 6-MP, 6-mercapropurine; HPRT,
hypoxanthine phosphoribosyl transferase; TGN, thioguanine nucleotides; TPMT, thiopurine methyl-
transferase; 6-MeMP, 6-methylmercaptopurine.
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that require metabolism to TGN to exert cytotoxicity. This activation is catalyzed by mul-
tiple enzymes, of which the first one is hypoxanthine phosphoribosyl transferase (HPRT).
Alternatively, these agents can be inactivated via oxidation by xanthine oxidase (XO) or
via methylation by thiopurine methyltransferase (TPMT). TPMT catalyzes the S-methyl-
ation of the thiopurine agents, such as azathioprine, MP, and thioguanine (89,90), thereby
shunting the drug away from TGN formation.

TPMT polymorphisms have been associated with the therapeutic efficacy and
toxicity of MPs. TPMT activity is highly variable and polymorphic in all large popu-
lations studied to date; approximately 90% of the individuals have high activity, 10%
have intermediate activity, and 0.3% have low or no detectable enzyme activity
(91,92). Although eight TPMT alleles have been identified, three alleles (TPMT*2,
TPMT*3A, TPMT*3C) account for about 95% of the intermediate or low enzyme activity
cases (89,93-96). All three alleles are associated with lower enzyme activity due to
enhanced rates of proteolysis of the mutant proteins (97). The presence of TPMT*2,
TPMT*3A, or TPMT*3C is predictive of TPMT activity; patients heterozygous for
these alleles all have intermediate activity, and subjects homozygous for these alleles
are TPMT-deficient (96,98). In addition, compound heterozygotes (TPMT*2/3A,
TPMT*2/TPMT*3C, TPMT*3A/3C) are also TPMT-deficient, as would be expected
(96). Numerous studies have shown that TPMT-deficient patients are at very high
risk of developing severe hematopoietic toxicity if treated with conventional doses of
thiopurines (99,100). Studies have also shown that patients who are heterozygous
at the TPMT locus are at intermediate risk of dose-limiting toxicity (101,102). In a
study of 67 patients treated with azathioprine for rheumatic disease, six patients (9%)
were heterozygous for mutant TPMT alleles, and therapy was discontinued in five of
the six patients because of low leukocyte count within 1 month of starting the treatment
(101). The sixth patient had documented noncompliance with azathioprine therapy.
Patients with wild-type TPMT received therapy for a median of 39 weeks without
complications, compared with a median of two weeks in patients heterozygous for
mutant TPMT alleles. Futhermore, Relling et al. (102) showed that TPMT-deficient
patients tolerated full doses of MP for only 7% of the scheduled weeks, whereas hetero-
zygous and homozygous wild-type patients tolerated full doses for 65% and 84% of the
scheduled weeks of therapy over the 2.5 years of treatment, respectively (102). However,
another study using lower doses of 6-MP found no significant difference between
heterozygous and homozygous wild-type TPMT patients in the median number of
weeks in which 6-MP treatment could not be given at full dose due to hematological
toxicity (103).

These studies demonstrate that the influence of TPMT genotype on hematopoietic
toxicity is most dramatic for homozygous mutant patients but is also of clinical relevance
for heterozygous individuals, which represent about 10% of the patients treated with these
medications. The remaining 90% of the population carry two wild-type TPMT alleles;
these individuals have full TPMT activity and do not require dose reduction. By using
polymerase chain reaction (PCR)-based assays to detect the three signature mutations in
these alleles, a rapid and relatively inexpensive assay is available to identify >90% of
all mutant alleles (96,104). These results can then be used prospectively to determine
safe starting doses for thiopurine therapy. Prospective analysis of TPMT genotype and/
or phenotype are now integrating into standard practice for many areas of medicine, in par-
ticular the treatment of inflammatory bowel disease, rheumatologic disease, and dermato-
logical disorders. However, the use of TPMT testing would benefit from additional
prospective studies of TPMT-guided dosing or some other method for objectively evalu-
ating the utility of testing the patient’s outcome.



Hematological Pharmacogenetics 123

THE FUTURE

The aforementioned examples are only the beginning. There are many areas of hematol-
ogy where unexplained variability in drug effect is the norm, including response to hema-
topoietic growth factors and efficacy of new clotting agents. In addition, hematologic
toxicity is a common side effect of HIV therapy, new antipsychotics, and other drugs
used to treat chronic disorders. Therefore, a greater degree of investigation is needed to
clarify the role of genetics (vs. environmental influences) in these adverse events. There
is also a greater need for definitive clinical trials. Interesting associations do not change
patient care. We need data that mandates a particular therapy or dose of therapy in
order to allow pharmacogenetics to reach its potential as a revolution in medical practice.
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INTRODUCTION

The therapeutic index of most cytotoxic agents is still a matter of concern because drug
activity against malignant cells is associated with toxicity to normal tissues. In addition
to this, new drugs designed to inhibit specific molecular pathways critical to tumor cell
survival, such as imatinib and gefitinib (1), are susceptible to therapeutic failure due to
target mutation or downregulation with activation of alternative signal transduction
pathways. Recent progress in analytical techniques and the sequencing of the human
genome has allowed the discovery of gene variants involved in pharmacokinetic and
pharmacodynamic pathways (Fig. 1), which define cancer chemosensitivity and/or drug
tolerability (2).

Two branches of pharmacology have benefited from the completion of the human
genome project: pharmacogenetics, the study of the genetic basis of drug response, and
pharmacogenomics, the genome-wide analysis of cell and tissues to identify complex
genetic alterations underlying drug responses not explained by the classical pharmaco-
genetic approach or to discover novel targets for drug development. A simple classification
of genetic variability includes:

1. Genetic alterations occurring at low frequency, whose effects suddenly arise
and negatively affect cell function (i.e., inactivating mutations affecting
genes, which encode for drug-metabolizing enzymes).

2. Sequence variants situated at well-defined positions along the gene (i.e., single-
nucleotide polymorphisms, SNPs), appearing at higher frequency in the case
population than that of casually occurring mutations. SNPs may affect exons
(i.e., the effect may be the change in the amino acid sequence), introns
(likely causing the insertion of alternative splicing sites), or the regulatory
region of the gene (with alteration of gene expression) (Fig. 2).
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Figure 1 Influence of genetic factors on the pharmacokinetics and pharmacodynamics of anti-
cancer agents. Abbreviations: SNPs, single-nucleotide polymorphisms; E,.x, maximum effect
(sigmoid effect model); ANC, absolute neutrophil count.

Genetic analysis is based on a wide variety of techniques suitable to decipher the
alterations of genetic material (SNP, deletion or duplication of a few genes up to chromo-
somal rearrangements); and the recent development of DNA microarray technology will
enable genome-wide screening for diagnostic purposes (3,4).

The identification of candidate genes for pharmacogenetic analysis is a complex
process because the activity of anticancer drugs is influenced by (1) metabolic activation
and inactivation (i.e., CYP450 and UGT), (2) expression of drug targets [i.e., thymidylate
synthase and epidermal growth factor receptor (EGFR)], (3) integrity of pathways that
recognize the cellular damage and promote or inhibit apoptosis (i.e., p53 and Bcl-2),
(4) DNA repair systems (i.e., ERCCI, XPD), and (5) active drug transport outside the
cell (i.e., ABC transporters) (5,6).

Codons Codons

Nucleotide(s) deletion: -ATA:CGG-ATT-CGG- -ATA-TGGA-TTC-GG...
i -
7N
A
Nucleotide(s) insertion: -ATA-=CGG-ATT-CGG- -ATA-GAG-GAT-TCG-G...
+ iy

Microsatellites (SLP):  -CTG{TAT-ATA-TAT-ATAJGGT-

-CTG{TAT-ATA-TAT-ATA-TAT-ATA]GGT-
-CTG{TAT-ATA-TAT-ATA-TAT-ATA-TAT-ATAIGGT-

SNP: -ATA-GGG-ATT-CGG- -ATA-GTG-ATT-CGG-

[

Figure 2 Major causes of genetic variability; nucleotide deletions or insertions are responsible for
frame shifts, whereas microsatellites, affecting the regulatory regions of the gene, are associated with
variability in translation efficiency. SNP may be silent or associated with amino acid change in the
encoded protein. Abbreviations: SNP, single-nucleotide polymorphism; SLP, sequence length
polymorphism.
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PHARMACOGENETICS OF DRUG TARGETS:
THEORETICAL BACKGROUND

From a theoretical point of view, the chemosensitivity of a tumor may be influenced by the
genetic background of a disease in three different ways. First, if the drug target plays an
important role in the process of tumor progression (i.e., HER2 /neu) and its expression in
tumor tissue is low at the time of drug treatment, despite efficient target saturation by the
drug, the therapeutic effect is likely to be unsatisfactory. On the contrary, high expression
may indicate a critical dependence of the cancer cell on the specific function of the target,
and thus drug treatment is likely to result in effective cell killing (Fig. 3).

Second, if the drug target is not involved in neoplastic transformation and/or
progression, being an enzyme of nucleotide synthesis, and its expression is low at the
time of drug treatment, it will be saturated, and a high cytotoxic effect will be obtained.
On the contrary, high expression will result in the residual drug target being available
for cell survival with the treatment producing low cell killing. Typical examples of
such targets are thymidylate synthase [TS (7)] and ribonucleotide reductase (RR) (Fig. 4).

Third, mutations may reduce the affinity of the drug for the target, thus resulting in
unbound target and drug resistance (i.e., mutations affecting the kinase domain of c-kit).
Less frequently, mutations affecting the coding sequence may increase the drug affinity of
the target resulting in effective target saturation, high cytotoxicity, and optimal tumor
sensitivity (Fig. 5).

Finally, genetic variation in the drug-metabolizing enzymes may be associated with
a poor- or extensive-metabolizer phenotype. Examples of well-characterized polymorphic

Drug target involved in tumor progression
(i.e., EGFR, HER2/neu)

v '

Low expression High expression
Modest biological role Relevant biological role

Target saturation Critical impairment of
target function
v
| Low cytotoxic effect | | High cytotoxic effect

Figure 3 Relationship between chemosensitivity and the expression of drug targets involved in
neoplastic transformation and/or progression. If the expression is low at the time of drug treatment,
this reflects a secondary role played by the drug target, and, despite efficient saturation, the thera-
peutic effect is likely to be low. In contrast, high expression indicates critical dependence of the
cancer cell on the specific function of the target, and drug treatment is likely to result in effective
cytotoxicity. A typical example of such a target in solid tumors is HER2/neu. Abbreviations:
EGFR, epidermal growth factor receptor; HER2 /neu, human epidermal receptor 2/neu.
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Drug target NOT involved in tumor
progression (i.e., TS, RR)

v '

Low expression High expression

Target saturation Residual target function
| High cytotoxic effect | | Low cytotoxic effect |

Figure 4 The relationship between chemosensitivity and expression of the drug target not
involved in neoplastic transformation and/or progression. If the expression is low at the time of
drug treatment, the drug target will be saturated, and a high cytotoxic effect will be obtained. In
contrast, high expression will result in the residual drug target being available for the cell to
survive and treatment will produce low cytotoxicity. Typical examples of such targets are: TS
and RR. Abbreviations: TS, thymidylate synthase; RR, ribonucleotide reductase.

| Drug target involved in tumor progression |

! }

Mutation (i.e., c-kitAsp816val) Mutation (c-kitVal560Gly)
Reduced affinity Increased affinity

Unbound target Target saturation
| Drug resistance | | High cytotoxic effect |

Figure 5 Relationship between chemosensitivity and the genotype of the drug target. Mutations
may reduce drug affinity with the target (i.e., c-kit"*P3'®V) thus resulting in unbound target and
drug resistance. Conversely, drug-target affinity may be increased (i.e., c-kit* >0y with effective
target saturation, high cytotoxic effect, and optimal tumor sensitivity.
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Figure 6 Poor-metabolizer, wild-type, and fast-metabolizer phenotypes and drug pharmacody-
namics. Progressive increment in drug area under the concentration-time curve (area under the curve,
shaded areas on the left graph) results in the increase in both drug exposure of peripheral tissues and
drug effect (i.e., ANC decrease, right graph). Abbreviation: ANC, absolute neutrophil count.

variants are cytochrome P-450 enzymes (CYP450), folyl-polyglutamate synthase,
thiopurine  S-methyltransferase, UDP-glucuronosyl-transferase, dihydropyrimidine
dehydrogenase, and glutathione S-transferase. The drugs affected are epipodophyllo-
toxins, antifolates, thiopurines, camptothecins and anthracyclines, fluoropyrimidines,
and cisplatin analogs, respectively. The extensive-metabolizer phenotype, with respect
to enzymes of drug inactivation, is associated with reduced drug exposure of cancer
cells and normal tissues, high tolerability, but impaired activity, whereas high activity
of the enzymes involved in prodrug activation (i.e., CYP450 and cyclophosphamide) is
likely to result in poor tolerability but high anticancer activity (Fig. 6).

PHARMACOGENETICS OF DRUG TARGETS AND
ENZYMES OF DRUG METABOLISM

5-Fluorouracil

5-Fluorouracil (5-FU) is still one of the most widely used antineoplastic agents; its effect is
mainly dependent on the inhibition of TS, an enzyme involved in the de novo biosynthesis
of pyrimidines, by the active metabolite 2'-deoxy-5-fluorouridine monophosphate
(2’-dFUMP), whereas the triphosphate metabolites interfere with nucleic acid synthesis
(Fig. 7). It was evident from the time it went into use that some tumor responses to
5-FU were lower than would have been expected, although some patients suffered from
severe toxicity, suggesting that genetic factors may have been responsible for the differ-
ences. High expression of TS in tumor cells is associated with an unsatisfactory response
to chemotherapy (8), and the analysis of the regulatory region of the TS gene led to
the discovery that variability in gene expression depends, at least in part, on the presence
of a polymorphism in the 5'-untranslated region of the promoter (TSER). This consists of a
sequence of 28 bp, which is repeated from two to nine times, with the number of rep-
etitions being related to the level of gene expression (9) (Fig. 8). Clinical studies have
demonstrated that the TSER*2/2 homozygous genotype is associated with lower levels
of TS protein expression compared with individuals homozygous for the allele with
three repeats (TSER*3/3). Higher translation efficiency is thought to be responsible for
the genotype—phenotype relationship (10). Therefore, genotyping the tumor for TSER
status, in combination with the other factors that follow, is potentially useful to predict
cancer sensitivity to fluoropyrimidines.
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Figure 7 Overview of selected genetic determinants of activity and tolerability of fluoropyrimi-
dines, including CE, CDA, DPD, hCNT1/hENTI, TP, and TS. Abbreviations: CE, carboxylesterase;
CDA, cytidine deaminase; DPD, dihydropyrimidine dehydrogenase; hCNT1/hENTI, nucleotide
concentrative and equilibrative transport systems; TP, thymidine phosphorylase; TS, thymidylate
synthase; 5'-dFC, 5'-deoxy-5-fluorocytidine; 5'-dFU, 5’-deoxy-5-fluorouridine; 5-FU, 5-fluorouracil;
5-FDHU, 5-fluoro-5,6-dihydrouracil; 2'-dFUMP, 2’-deoxy-5-fluorouridine monophosphate.

Dihydropyrimidine dehydrogenase (DPD) is the rate-limiting step in 5-FU
catabolism with 85% of the dose of 5-FU being inactivated by the enzyme; therefore, a
genetically determined deficiency of the enzyme is associated with a profound alteration
in metabolism and severe toxicity (Fig. 9) (11). The most common alteration associated
with severe toxicity is the A — G transition at position 1986 (DPYD*2A allele) leading

5-UTR cds
| 248 bp

I I E— primer | TSER*3

220 bp

l 1 primer | TSER*2
28 bp
==

TSER*3/3
TSER*2/3 TSER*2/2 _ Std

248 bp

248 bp

Figure 8 Characterization of SLP variants of the TSER. In this example, PCR amplification with
specific primers (fop) yields fragments of different lengths; separation on an agarose gel (bottom)
shows three genotypes corresponding to heterozygotes for 2/3 repeats (TSER*2/3) and homozy-
gotes for two (TSER*2/2) and three repeats (TSER*3/3). Abbreviations: SLP, sequence length poly-
morphic; TSER, enhancer region of the promoter of thymidylate synthase; 5'-UTR, 5'-untranslated
region of the gene; CdS, coding sequence; bp, base pair.
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Figure 9 Mechanism of 5-FU toxicity depending on the deficiency of DPD. In the normal pheno-
type (left), a substantial proportion of the 5-FU dose is metabolized to the inactive metabolite
5-FDHU, while a minor proportion is anabolized to the active metabolite 2'-dFUMP, which inhibits
TS. If metabolism through DPD is impaired, an excessive amount of 5-FU is converted into
2'-dFUMP, thus resulting in marked TS inhibition and severe damage to normal tissues (right).
Abbreviations: DPD, dihydropyrimidine dehydrogenase; 5-FDHU, 5-dihydro-FU; 2'-dFUMP,
2’'-deoxy-5-fluorouridine monophosphate; TS, thymidylate synthase.

to the skipping of exon 14 and production of an inactive enzyme (12). This variant is
present in up to 3% of the individuals (13). Other mutations have also been discovered
(14,15), and DPD genotyping may be a useful pharmacogenetic test for identifying
patients at risk of life-threatening toxicities. Moreover, low levels of DPD expression in
tumors are associated with poor 5-FU inactivation and higher efficacy rates in patients
with colorectal cancer (16).

Oral bioavailability of 5-FU is poor because of high DPD activity in the gut and
liver; therefore, administration of 5-FU and a DPD inhibitor (i.e., ethynyluracil) or a
5-FU prodrug, such as capecitabine, has proved to be an effective strategy. Capecitabine
is a promising tumor-specific agent because it releases 5-FU in the cancer cells expressing
high levels of thymidine phosphorylase (TP), an enzyme of drug anabolism (Fig. 7). TP,
also known as platelet-derived-endothelial cell growth factor, is associated with high pro-
liferation rate, angiogenesis, and inhibition of apoptosis (17). It has been demonstrated that
higher expression of TP in tumors, with respect to healthy tissues, is associated with exten-
sive metabolism of 5'-deoxy-5-fluorouridine (5'-dFU) to 5-FU (18). Therefore, genetic
stratification of patients to be given capecitabine may include the analysis of TP gene
expression, together with 7S and DPD, to assess their likelihood of response to the treat-
ment (Fig. 7) (16). Indeed, the probability of survival is higher in patients with metastatic
colorectal cancers that have a low expression of TS, DPD, and TP genes (16). Further-
more, the TP/DPD gene expression ratio was significantly different between sensitive
and resistant tumors (19).

Retrospective studies have correlated microsatellite instability (MSI) and survival
with the benefit of adjuvant 5-FU chemotherapy in patients with stages II and III colon
cancer. Patients not given adjuvant chemotherapy, whose tumors displayed high-
frequency MSI (H-MSI), had a better five-year survival with respect to patients with
low-frequency MSI (L-MSI) or microsatellite stability (MSS). On the contrary, adjuvant
chemotherapy with 5-FU improved overall survival among patients with MSS or L-MSI
tumors, whereas no benefit was obtained with adjuvant chemotherapy in the group with
H-MSI (20). However, the predictive value of these genetic markers, including TP53,
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has not been fully validated, and cDNA microarray-generated gene expression profiles of
tumors may allow a much more accurate analysis of 5-FU sensitivity (21).

Methotrexate

Methotrexate (MTX) is a wide-spectrum antimetabolite active against solid and hemato-
logic malignancies. MTX penetrates the cells through the reduced folate carrier (RFC) and
is activated by folylpoly-gamma-glutamate synthase (FPGS); in cancer cells resistant to
MTX, defective polyglutamation due to the loss of FPGS activity (22), reduced expression
of RFC (23), and increased levels of DHFR due to the C829C SNP in the 3’-untranslated
region of the gene (24) have been described. In contrast, DHFR mutations occur rarely,
and it seems unlikely that they play a major role in the acquired resistance to MTX
(25). The 5,10-methylentetrahydrofolate reductase (MTHFR) enzyme is targeted by
MTX; two of the best characterized variants in the genes are the C677T and A1298C
SNPs. The common MTHFR C677T polymorphism decreases enzyme activity; in TT
homozygous patients activity is decreased by 70% with respect to CC subjects, while
TT subjects have significantly lower plasma folate concentrations than the CT and CC sub-
jects (26). The TT genotype is associated with severe MTX-induced oral mucositis and
delayed hematological recovery (27), suggesting that MTHFR genotyping could have a
role in MTX dosing strategies in patients. Finally, screening of the RFC gene revealed
at least seven SNPs, with one resulting in an amino acid substitution (Arg — His) at pos-
ition 27 of the carrier, although it was considered not to be relevant for folate and antifolate
uptake (28). In contrast, a CATG frameshift causes the synthesis of a nonfunctional
carrier, resulting in low MTX transport rates in cancer cells, and is a mechanism for
drug resistance (28).

Gemcitabine

Gemcitabine (difluorodeoxycitidine, dFdC) is an antimetabolite pyrimidine analog clini-
cally used in the treatment of pancreas, lung, breast, and bladder cancers. The drug inhibits
RR by the diphosphate metabolite dFACDP and DNA synthesis by incorporation of the
triphosphate metabolite (dFACTP) during the S-phase of the cell cycle. Biochemical
studies have demonstrated that the prodrug gemcitabine is converted into dFdCMP
by deoxycytidine kinase (dCK), the rate-limiting enzyme of the salvage pathway of
nucleotide synthesis, while cytidine deaminase (CdA) and 5'-nucleotidase (5'-NT) play
an important role in drug catabolism (29,30). Preclinical studies have demonstrated that
the sensitivity of tumor cells to dFdC depends, at least in part, on the expression of
activating and inactivating enzymes, on the intracellular amount of dFdCTP, and also
on the cellular target enzyme RR (29,31). These findings underscore the potential role
of RR, an essential enzyme of DNA synthesis and repair, because it maintains a large
deoxyribonucleotide pool by reduction of ribonucleotides (32). Indeed, chemosensitive
tumors have low expression of RR, while dCK is upregulated; thus gemcitabine is con-
verted into active metabolites, inhibits RR, lowers the deoxynucleotide pool, and
thereby facilitates the incorporation of dFACTP into the DNA (33) (Fig. 10). Conversely,
in tumors resistant to gemcitabine, the expression of RR is high and dCK is low (34).
Experimental studies have demonstrated that downregulation of the catalytic subunit of
RR (RRM2) enhances chemosensitivity to gemcitabine (35) and clinical studies are under-
way to test the clinical advantage achieved by individually tailored chemotherapy on the
basis of gene profiling of the tumor, which includes the regulatory subunit of RR (RRM1)
(36). Finally, alternatively spliced dCK transcripts have been detected at high frequency in
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Figure 10 Overview of molecular determinants of gemcitabine (dFdC) activity and opposite
regulation of dCK and RR activity. A chemosensitive tumor (/eff) is characterized by elevated
expression of dCK and low expression of RR; the opposite genetic signature is associated with
the resistant tumor (right). Abbreviations: MP, DP, TP, mono-, di-, and tri-phosphate metabolites;
dCK, deoxycytidine kinase; RR, ribonucleotide reductase; dCyd, deoxycytidine.

cytarabine-resistant leukemic cell lines and preliminary data indicate that this also occurs
in solid tumors; since this genetic abnormality does not have a dominant-negative inhibi-
tory effect on normal dCK activity, cells must have lost wild-type dCK expression (37).

Irinotecan

Irinotecan is a wide spectrum anticancer agent with a preeminent role in the therapy of
colorectal cancer. Cleavage of the bispiperidine moiety of irinotecan by carboxylesterases
releases the active metabolite SN-38 (Fig. 11), which is up to 1000 times more potent than
the parent compound in inhibiting nuclear topoisomerase I through the formation of the
SN-38—topoisomerase I-DNA ternary complex. This results in DNA fragmentation
during replication (38). Gene sequencing has revealed the presence of several non-
synonymous mutations, potentially associated with drug resistance and mainly involving
exons 12, 13, 15, and 20. Most of them occur in the DNA-binding domain, resulting in
amino acid changes (Gly717Val, Ile721Arg, Asn722Ser, Asn722Ala, Thr7291le, and
Thr729Ala); others affect exons 12 and 13 (Phe361Ser, Arg362Leu, Gly363Cys,
Arg364Gly, Met370Thr, and Glu418Lys), whereas the Ala653Pro mutation in the linker
domain of topoisomerase I results in a marked increase in the re-ligation rate relative to
the wild-type enzyme (39—-41). Therefore, it is conceivable that mutational analysis of
topoisomerase I might be considered to exclude patients from receiving irinotecan
chemotherapy if their genotype suggests drug resistance. Likewise, selection of patients
on the basis of their risk of toxicity is an important goal of clinical pharmacogenetics.
Uridine diphosphate-glucuronosyl transferase, and in particular the UGTIAI isoform,
plays a pivotal role in SN-38 detoxification, leading to the formation of the inactive meta-
bolite SN-38 glucuronate (SN-38G) (42) (Figs. 11, 12). The rate of SN-38 glucuronidation
is genetically determined and variants of uridine glucuronyl transferase (UGT) with low
activity have been described, thus providing a potential reason for the severe neutropenia
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Figure 11 Overview of selected molecular determinants of irinotecan activity and tolerability.
Abbreviations: APC, 7-ethyl-10-[4-N-(5-aminopentanoic acid)-1-piperidino]-carbonyloxy-camp-
tothecin; SN-38G, glucuronide metabolite of SN-38; CYP3A4, cytochrome P450 3A4 isoform;
UGTIAI1]7/9, UGTIA 1, -7, and -9 isoforms; CE, carboxylesterase; ABCBI-C1/2, ATP-binding
cassette drug transporters B1-C1/2; TOPO I, topoisomerase 1.

and dose-limiting diarrhea suffered by some patients. However, the clinical relevance and
utility of UGT variants in irinotecan toxicity remains to be firmly established. The most
common cause of reduced glucuronidation is a polymorphism in the promoter region of
UGTIA1, which consists of a variable number of TA tandem sequences (43). Individuals
who have a high number of TA repeats, that is, TA; (UGTIAI*28) versus wild-type TAg
(UGTIAI*1), have reduced gene expression and diminished UGTIAI production (44).
Additional nucleotide changes in the UGTIAI gene generate a number of variants with
reduced activity (UGTIAI*6, UGTIAI*7, UGTIAI*27, UGTIAI*29, Fig. 12) (45).
Other UGT isoforms involved in irinotecan metabolism also show missense mutations
with moderate to profound reduction in UGT activity, including Met33Thr Asp256Asn
in UGTIA9 (46,47) and Trp208Arg, Asnl29Lys, and Argl31Lys in UGTIA7 (46).
Finally, the influence of irinotecan oxidation to 7-ethyl-10-[4-N-(5-aminopentanoic
acid)-1-piperidino]-carbonyloxy-camptothecin (APC) and to 7-ethyl-10-(4-amino-1-
piperidino)-carbonyloxy-camptothecin (NPC) by CYP3A4 and its genetic variants is an
attractive field of research that awaits further investigation (48).

Taxanes

In mammalian cells, tubulin is a structurally heterogeneous 100-kDa af3 heterodimer with
six a- and seven B-tubulin isotypes. The antimitotics used in chemotherapy, including
taxanes and vinca alkaloids, primarily target B-I tubulin. Paclitaxel is the prototype of
the taxane family of antitumor drugs, which also includes docetaxel. It was the first
natural product shown to induce the formation of microtubule bundles in cells, followed
by impairment of depolymerization and apoptosis by aberrant mitosis or a multinucleated
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Figure 12 UGTIAI gene structure and a partial list of genetic variants affecting promoter
sequences and gene expression (UGTIAI*28) and coding sequences (UGTIAI*6, UGTIAI*7,
UGTIAI*27, and UGTIAI*29), thus resulting in reduced UGT activity.

Gl-like state. Disruption of microtubules also results in the induction of TP53 and inhi-
bition of cyclin-dependent kinases. As a consequence, cells are arrested in the G2-M
phase of the cell cycle, after which they may either undergo cell death by apoptosis or
overcome the G2-M stop and continue in the division cycle depending on the tumor cell
type. However, the mechanisms by which taxanes induce caspase activation and apoptosis
are not yet defined. A possibility is that taxanes are able to induce the phosphorylation
of Bcl-x; /Bcl-2 members and thereby inactivate their antiapoptotic activity and also
upregulate p53 and p21/WAF-1 (49).

A major mechanism of resistance to taxanes involves the overexpression or mutation
of specific tubulin isotypes. Upregulation of the B-III isotype is an important marker of
resistance (50), and high concentrations of a-tubulin are associated with a decrease in
paclitaxel sensitivity in MCF-7 breast cancer cells (51). More recently, the overexpression
of HER2 /neu oncoprotein in NIH3T3 cells was shown to be associated with a threefold
increase in the expression of the B-IVa isotype in comparison with the parental line,
leading to paclitaxel resistance in transformed cells (52).

Tubulin mutations are important determinants of paclitaxel sensitivity. The amino
acid residues 1-31 and 217-233 have a relevant role in paclitaxel binding to the
protein and mutations near these sites, such as Thr274Ile and Arg282Gln, may be associ-
ated with a drug-resistant phenotype (53). Therefore, mutational and gene expression
analysis of tubulin isotypes might be of critical importance in assessing the degree of
sensitivity of cancer cells towards taxanes.

Metabolism of paclitaxel in tissues is primarily dependent on inactivating biotrans-
formation through hydroxylation at the C6’ or C3’ position of the C-13 side chain by cyto-
chrome P450 (CYP) 2C8 and 3A4 isoforms, respectively. Several polymorphisms have
been described in the encoding genes, such as CYP2C8*2, CYP2C8*3, CYP3A4*17,
and CYP3A4*18 (54,55), thereby providing a partial explanation for interpatient variabil-
ity in drug pharmacokinetics (56,57).
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Alkylating Agents

The oxazaphosphorine alkylating agents cyclophosphamide (CTX) and ifosfamide (IFX)
are prodrugs that undergo extensive P450-catalyzed metabolism to yield both active
(4-hydroxylated, i.e., 4-hydroxy-CTX/IFX and ifo/phosphoramide mustard) and thera-
peutically inactive but neurotoxic N-dechloroethylated metabolites (i.e., dechloroethyl-
CTX/IFX and chloroacetaldehyde). Metabolism studies using cDNA-expressed CYP
isoforms have shown that the production of active cytotoxic metabolites mainly
depends on the activity of, in decreasing order of importance, CYP2B6 > 3A4 for CTX
and CYP3A4 > 2B6 for IFX, whereas the production of neurotoxic metabolites almost
exclusively occurs through the CYP3A4 isozyme for CTX and CYP3A4 > 2B6 for IFX
(58). Overexpression of the type 1 (cytosolic) isoform of aldehyde dehydrogenase
(ALDHI1), which irreversibly oxidizes aldophosphamide, the major circulating metabolite
of CTX, to the inactive metabolite carboxyphosphamide may be associated with drug
resistance. Indeed, a retrospective analysis has shown that cellular levels of ALDHI1ALI
were significantly higher in metastatic tumor cells that (i) had survived exposure to
CTX and (ii) did not respond to subsequent treatment with CTX-based chemotherapeutic
regimens than in those that did respond to such regimens. The therapeutic outcome of
CTX-based chemotherapy corresponded to cellular ALDHI1A1 levels in 77% of the
cases, and partial or complete responses to CTX-based chemotherapy occurred 2.3 times
more often when the ALDH1A1 level was low than when it was high (59). Finally, varia-
bility in CYP2B6 activity (60) could be responsible for severe neurological toxicities
induced by IFX, because of the overproduction of dechloroethyl-IFX and chloroacetalde-
hyde, although this is yet to be shown.

The glutathione-S-transferase (GST) gene locus is located on chromosome 11q13
and encodes the A, M, P, and T isozymes. The GST enzymes conjugate electrophilic
groups of toxic compounds, including chemotherapeutic agents, with glutathione. Ampli-
fication of the GSTP gene locus is a common event in head and neck squamous cell cancer;
indeed, tumors with a normal GSTP copy number responded completely to cisplatin-based
neoadjuvant chemotherapy, whereas patients showing GSTP gene amplification did not
respond and died within nine months of the diagnosis (61). The GSTPI gene product
shows a Ile104Val polymorphism; survival of patients with advanced colorectal cancer
when given 5-FU/oxaliplatin therapy varied according to the GSTPI genotype and was
249 months (homozygous 105Val/105Val), 13.3 months (heterozygous 105Ile/
105Val), and 7.9 months (homozygous 105Ile/105Ile) (62). A second GSTPI variant
(Alal13Val) displays higher activity (from 2.5- to 15-fold) with chlorambucil than
other variants of GSTP1 (Ilel04/Vall13, Vall04/Alal13, and Vall04/Valll3) (63).
Finally, a promoter region polymorphism in the GSTAI*B gene is associated with
reduced expression of the enzyme with respect to the wild-type allele. Breast cancer
patients given cyclophosphamide-containing chemotherapy showed a 5-year survival
rate of 66% (0 or 1 GSTAI*B) or 86% (GSTAI*B/*B), the risk of death during the first
five years after diagnosis being significantly reduced in GSTAI*B/*B subjects (64).

Inhibitors of Growth Factor Receptor Tyrosine Kinases

The rationale to target growth factor receptors is compelling; they are frequently upregu-
lated in human cancers and confer either more aggressive clinical behavior or are respon-
sible for malignant transformation (1). The well-characterized drug targets in solid tumors
are erbB1 (EGFR or HERI) and erbB2 (HER?2 /neu), two proteins belonging to the erbB
family, and also the c-kit/stem cell factor receptor (SCFR). ErbBl1 is a 170-kD transmem-
brane glycoprotein that forms homo- (erbB1/erbB1) or heterodimers (erbB1/erbB2,



Pharmacogenetics in Oncology 141

erbB1/erbB3) with other members of the family upon binding with EGF or other ligands,
including transforming growth factor-a (TGF-«) (65). The erbB2 is a 185-kD tyrosine
kinase anchored to the cell membrane; although a ligand for erbB2 has not been identified,
this protein is the preferred heterodimerization partner within the family (65). Gene ampli-
fication, mutation, and increased expression of the erbB members have been reported in
glioblastomas, breast, lung, colon, bladder, and head and neck malignancies (65). The
receptor tyrosine kinase (RTK) inhibitors, gefitinib and erlotinib, block the activation of
the signal transduction pathway initiated by the RTK of erbB1, whereas the monoclonal
antibodies, cetuximab and trastuzumab, target erbB1 and erbB2, respectively (65). Treat-
ment with these drugs results in clinically significant responses in patients with non-small
cell lung cancer (NSCLC) [gefitinb, erlotinib (66)], colorectal cancer (cetuximab), and
breast cancer (trastuzumab) (65). The activity of trastuzumab is dependent on gene
amplification and overexpression of erbB2, whereas the role of target expression and/or
activation of signal transduction pathway of erbB1 is less clear (67). Resistance to
EGF-RTK inhibitors and anti-erbB1 monoclonal antibodies is likely to occur in tumors
bearing the most common EGFR mutation, namely EGFRvIII (AEGFR or del2-
7EGFR), which is characterized by the deletion of exons 2—-7 in EGFR mRNA as a
result of alternative splicing or gene rearrangements, and encodes for a truncated
extracellular EGF-binding domain with ligand-independent constitutive activation (68).

Imatinib is an effective inhibitor of the c-kit/SCFR and platelet-derived growth
factor receptor A (PDGFRA); this receptor is mutated and overfunctioning in a selected
group of malignancies, particularly gastrointestinal stromal tumors (GIST). Activating
mutations of c-kit gene, mostly involving exons 9 and 11, are present in up to 92% of
the GISTs and are likely to play a critical role in the development of these tumors (69).
In patients with GIST-harboring exon 11 c-kit mutations, the partial response rate was
83.5%, whereas patients with tumors containing an exon 9 mutation or no detectable
mutations of c-kit or PDGFRA had partial response rates significantly lower (47.8%
and 0.0%, respectively) (69). Finally, cells bearing the Asp816Phe, Asp816Tyr, and
Asp816Val mutations in the kinase domain of c-kit are resistant to imatinib, whereas
the Val560Gly mutant displays increased affinity for the drug (Fig. 5) (70).

PHARMACOGENETICS OF DNA REPAIR SYSTEMS
AND APOPTOSIS

Antimetabolites

Damage to DNA induced by antimetabolites is recognized by the cell and generates a
signal that blocks proliferation in order to repair the alteration and allows the proliferation
to either resume or depending on the extent of the damage, triggers cell death by apoptosis.
The regulation of this machinery is finely regulated by proapoptotic factors, such as p53,
Bax, and related proteins, and antiapoptotic factors, which are mainly members of the
Bcl-2 superfamily (71).

Defects in the ability of tumor cells to undergo apoptosis may result in drug resist-
ance and poor clinical outcome. The TP53 gene product is characterized by a 3'-5'
exonuclease activity (72) and controls the transactivation of proapoptotic factors (i.e.,
Bax, Bak) and the repression of antiapoptotic pathways (i.e., Bcl-2, Bcl-X; ), hence favor-
ing the death of cells with irrepairable DNA damage (Fig. 13). Given that TP53 is a tumor
suppressor gene, a defective TP53 pathway will allow cell proliferation to proceed in the
presence of damaged DNA, thereby causing accumulation of DNA mutations (73).
Reduced sensitivity of tumor cells to antimetabolites, such as 5-FU, may thus be due to
TP53 gene mutations (74), which is unable to upregulate Bax and downregulate Bcl-2.
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Figure 13 Schematic representation of apoptosis pathways triggered by antimetabolites, alkylat-
ing, and antimicrotubule agents. Proapototic factors (Bax and Bak) are activated by p53, which is in
turn suppressed by MDM?2; Bcl-2 inhibits caspase-dependent and -independent apoptosis initiated by
the release of cytochrome c and ROS, respectively. Abbreviations: PARP, poly (ADP-ribose)
polymerase; BH3, Bcl-2 homology 3 domain; APAF-1, apoptosis protease activating factor 1;
—, inhibition; +, induction; ROS, reactive oxygen species.

Similar findings have been obtained in ovarian cancer, where p53 overexpression or mis-
sense mutations were associated with resistance to platinum compounds, early relapse, and
shortened overall survival (75). Indeed, the ratio between Bcl-x; and Bax is significantly
associated with 5-FU chemosensitivity in colorectal carcinoma cell lines (76), whereas
Bax overexpression in gliomas is sufficient to render the cells more sensitive to apoptosis
even in the presence of a deficient TP53 pathway (77). Finally, the mismatch repair
(MMR) system is the crucial mutation avoidance machinery that recognizes and repairs
mismatched and unpaired bases that arise from replication errors and DNA-damaging
agents. In MMR-proficient cells, inability to repair sublethal damage to the DNA
results in cell cycle arrest and apoptosis; conversely, MMR-deficient cells are not
deleted and accumulate mutations that may result in aberrant biological behavior and
potentially cancerogenesis. The expression of two important MMR members, hMLH1
and hMSH2, is significantly correlated with response to the chemotherapy regimen com-
prising cyclophosphamide, methotrexate, and 5-FU (CMF) in patients with advanced
ductal breast cancer and lymph node metastasis. Patients with low hMLH1 immunoreac-
tivity have a significantly higher failure rate with the CMF regimen than those with high
hMLHI1 expression (78). MMR-deficient tumor cells are resistant to the cytotoxic effects
of 5-FU, and demethylation of the hMLH1 promoter in hypermethylated colorectal cancer
cells restores MMR proficiency and drug sensitivity to 5-FU (79). Finally, loss of chemo-
sensitivity to gemcitabine may arise as a consequence of cisplatin-mediated selection of
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MMR-deficient cells, and the presence of such cells in a tumor may predispose to drug
resistance and treatment failure (80).

Alkylating Agents

Cisplatin and related drugs, including carboplatin and oxaliplatin, inhibit cell proliferation
by irreversibly damaging DNA through the formation of intra- and interstrand cross-links.
Drug resistance occurs because of poor cisplatin accumulation, detoxification, or efficient
repair of damaged DNA by the nucleotide excision repair (NER) system. The NER super-
family is composed of numerous members, including ERCC1, XPA, XPB, XPC, XPD, and
XPF, which display different functions (helicases, 3’- and 5’-endonucleases, and ligases)
(81). Among those factors, the ERCCI (excision repair cross complementing 1) gene
product forms a heterodimer with XPF, and the complex is responsible for the
endonuclease activity required to repair the DNA damage (Fig. 14). In vitro studies
have demonstrated that upregulation of ERCC1-XPF is associated with cisplatin resistance
(82). However, in another study, DNA repair activity was not correlated with cytotoxicity
of cisplatin and melphalan in ovary and colon cancer cells (83).

ERCCI gene expression affects the clinical outcome of patients with NSCLC and
colorectal cancer treated with cisplatin and oxaliplatin, with response and survival
being improved in the presence of low ERCCI expression (84,85). The survival of patients
with relapsed colorectal cancer treated with oxaliplatin/5-FU was 17.4 months in subjects
with the wild-type 751Lys/Lys XPD, whereas survival of patients with 751Lys/Gln and
751GlIn/Gln polymorphism was reduced to 12.8 and 3.3 months, respectively (86). The
O6-alkyl(methyl)guanine-DNA alkyl(methyl)transferase (AGAT/MGMT) is capable of
protecting cells from the mutagenic effect of DNA alkylation and, therefore, from the
cytotoxicity induced by chemotherapeutic drugs, such as BCNU (87,88). Correlation
between pretreatment expression of AGAT/MGMT and response to treatment has so
far been established in primary brain tumors only. Patients with malignant astrocytoma
treated with BCNU had a better objective response when the AGAT/MGMT expression
levels were low (89). Furthermore, low AGAT/MGMT activity, due to promoter methyl-
ation, was associated with statistically significant prolongation of survival and improved

Alkylatinlg agents

DNA damage

ERCC1/XPF
XPA XPC

XPE

Figure 14 Members of the NER system. XPA, XPC, and XPE are involved in DNA damage
recognition by alkylating agents; ERCC1/XPF have 5'-endonuclease activity, XPG has 3’-endonu-
clease activity, while XPB and XPD have helicase activity (109). Abbreviation: NER, nucleotide
excision repair.
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disease-free survival in patients with gliomas treated with the combination of BCNU and
cisplatin (90). Similar results were observed in patients with astrocytomas and glioblasto-
mas; a 60% response rate to temozolomide was obtained if tumor expression of AGAT/
MGMT was low, but the response rate was only 9% in those with high enzyme activity;
tumor MMR status was less predictive of response than AGAT/MGMT (91).

THE ATP-BINDING CASSETTE SUPERFAMILY OF
DRUG TRANSPORTERS

The ATP-binding cassette (ABC) superfamily includes P-glycoprotein (MDR1, ABCBI),
multidrug resistance-associated protein 1 (MRP1, ABCC1I), canalicular multiorganic anion
transporter (cMOAT, ABCC?2), and breast cancer resistance protein/mitoxantrone resist-
ance protein (BCRP/MXR, ABCG?2). These transporters play an important role in drug
distribution and elimination, being expressed in the lower intestinal tract, liver, kidney,
and blood-brain. The transporters also play an important role in resistance to structurally
unrelated anticancer drugs, including mitoxantrone, anthracyclines, paclitaxel, SN-38,
vinca alkaloids, and epipodophyllotoxins (92,93). Many tumors overexpress more than
one ABC transporter; however, ABCBI is the most important member of the family, and
drug resistance characterized by its overexpression is associated with altered distribution
and reduced drug levels intracellularly (94). The ABCBI gene is polymorphic, and several
SNPs have been identified, including A61G, G1199A, C1236T, and G2677T; the C3435T
variant is associated with a lower expression of MDR1 (ABCBI) in homozygous TT
patients with respect to the CC genotype (95,96). Clinical studies on the effect of the
C3435T SNP on MDRI function have produced discrepant results and led to
the suggestion that haplotype analysis of the gene should be considered instead of
simple SNP detection (97). Expression levels of BCRP, LRP, MRP1, MRP2, and MDR1
in breast cancers responding to anthracycline-based chemotherapy were markedly lower
when compared with nonresponding tumors. Furthermore, high expression of MDRI1
was found to be significantly associated with a poor progression-free survival (98). In
addition to this, MDRI1 expression correlated with shorter progression-free survival in
locally advanced bladder cancer. MRP1 expression significantly predicted for higher like-
lihood of response and bladder preservation following neoadjuvant chemotherapy and
high lung resistance—related protein/major vault protein (LRP/MVP) expression was
associated with worse response to neoadjuvant chemotherapy and a decrease in the prob-
ability of bladder preservation (99). Moreover, patients with LRP-positive metastatic tes-
ticular germ-cell tumors had significantly shorter progression-free and overall survival
than LRP-negative patients, suggesting that LRP upregulation at the time of diagnosis
is associated with an adverse clinical outcome (100). Finally, LRP expression correlated
inversely with response to platinum-based chemotherapy in NSCLC (response rates, 33%
and 100% for patients with LRP-positive and LRP-negative tumors, respectively) (101).

CLINICAL PHARMACOGENETICS

The determination of the clinical utility of pharmacogenetics is currently a high research
priority in oncology. A large number of important genetic determinants have been
identified thus far in tumors, but the clinical relevance of most of them currently
remains unconfirmed because the data correlating specific tumor markers with survival
or therapeutic response have been limited by the (i) small number of patients screened
due to the difficulties in obtaining suitable tissue samples, (i) lack of studies primarily
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designed to detect specific correlations between gene abnormalities and drug response
or disease prognosis, and (iii) marked variability in analytical methodology and lack of
quality controls among different studies. TP53 and ErbB2 represent a sound example of
the problematic link between the choice of reference methodology and the determination
of clinical utility. These genes may be analyzed by different methods, including sequen-
cing, fluorescence in situ hybridization, and immunohistochemistry, but even for a single
type of analysis, the specific methodological procedure and the interpretation criteria may
be subjected to considerable variability.

TP53 is the most widely studied gene in gastrointestinal cancer; however, it has not
been validated as a prognostic marker, despite the large number of articles published in the
scientific literature and the continuous interest in methodologic improvement with the aim
of making genetic analysis feasible for routine use. Indeed, there is no single guideline in
gastrointestinal oncology that currently recommends the routine analysis of TP53 status
for the assessment of prognosis or drug response. This is despite the evidence that a
high proportion of mutations are present in colorectal tumors (upto 73.4% cases). Further-
more, using multivariate Cox proportional-hazards analysis, TP53 gene mutations were
found to be a significant and independent predictor of poor prognosis in colorectal
cancer (102). To facilitate the transition of molecular markers from the laboratory
to the clinic, rigorous standardization of analytical methods and tissue banking
(i.e., neoplastic tissue sampling, lymphocytes, tumor protein, and DNA recovered from
peripheral blood) (Fig. 15), and the incorporation of these into large clinical studies, is
required. Therefore, accurate genetic profiling of tumors and optimally designed human
trials are the most important points for future application of pharmacogenetics to the
management of patients with cancer. With respect to the genetic profiling of tumors, it
will be crucial to identify (i) the genetic abnormalities involved in tumorigenesis and
disease prognosis, (ii) the genes affecting drug response, and (iii) the degree of overlap
between the two groups. With respect to clinical trial design, the relevant genetic
markers associated with disease progression and prognosis could be characterized in

Blood ) )
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Figure 15 Sources of nucleic acids and proteins for genomic and proteomic profiling of tumors
and patients. Abbreviations: RTQ-PCR, real-time, quantitative polymerase chain reaction; FISH,
fluorescence, in situ hybridization; IHC, immunohistochemistry; PBMNC, peripheral blood
mononucleated cells. Source: From Ref. 92.
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case-control studies, while retrospective analysis may be used to identify genetic
alterations associated with drug efficacy (predictivity) (Fig. 16). For example, a recent
population-based case-control study demonstrated the presence of a common A870G
polymorphism in the cyclin D1 (CCNDI) gene, the CCNDI 870A genetic variant being
associated with clinically aggressive colorectal cancer (103). The complexity of the
problem is evidenced by the observation in another case-control study of CCNDI
A870G genotype, which showed no correlation between the presence of the A allele
and tumor pathology or patient survival (104). Retrospective studies revealed important
correlations between MSI, survival, and the benefit of adjuvant 5-FU chemotherapy in
stages II and III colon cancer. Patients not given adjuvant chemotherapy, whose tumors
displayed high-frequency MSI (H-MSI), had a better 5-year survival than patients with
low-frequency MSI (L-MSI) or MSS. In contrast, adjuvant chemotherapy with 5-FU
improved overall survival among patients with MSS or L-MSI tumors, but no benefit
was obtained with adjuvant chemotherapy in the group with H-MSI (105).

Therefore, a critical reappraisal of the role and clinical burden of the many genetic
abnormalities detected in solid tumors is needed. Despite the tremendous advances in
the comprehension of the molecular and genetic pathways leading to solid tumors, such
progress has not yet been translated into better management of patients with cancer
(106). Hopefully, translation of novel knowledge into clinical practice may be overcome
by the results of well-designed prospective clinical trials in which direct comparison is
performed between patient treatment selected on the basis of conventional criteria
versus treatment selection based on tumor genotype (Fig. 16).
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progression (i.e., K-ras)
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analysis studies
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v
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Figure 16 Identification of genetic abnormalities associated with disease progression in
case—control studies and those associated with drug response in retrospective studies. The validation
of the predictive power of genetic profiling within the clinical setting requires the design of
ad hoc randomized clinical trials in which patients are stratified according to their disease
genotype and managed specifically or treated empirically with conventional stratification based
on clinicopathologic factors known to influence disease outcome. Abbreviation: TS, thymidylate
synthase.
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CONCLUSIONS AND FUTURE PROSPECTS

Despite the pessimism, interest in pharmacogenetics is unlikely to vanish in the future.
However, before being stably integrated into the clinical practice, pharmacogenetics
needs to be shown to significantly improve the outcome of drug treatment in order to out-
weigh the extra costs associated with the widespread application of genetic techniques to
patient management. The identification of genes implicated in the response to anticancer
agents has created the scientific basis for novel approaches, for example, using proteomics,
to evaluate the role of gene products in the response of cells to drugs (107). The rationale
behind this approach may be summarized as follows: (i) several mutations are silent and
do not interfere with the function of gene products, (ii) the SNPs affecting a gene may be
so numerous and their different combinations (haplotypes) so complex that the evaluation
of protein function turns out to be simple and more informative, (iii) some genes are
characterized by posttranscriptional regulation, such as TS (108), therefore gene
expression may not be directly related to the synthesis of the protein product, and (iv)
many additional factors may contribute to the function of proteins, making it difficult to
predict the final effect of all factors considered as a whole.

The time delay between drug introduction into clinical practice and the search for
genetic factors affecting outcome and tolerability may be significantly reduced by the
introduction of pharmacogenetics and pharmacogenomics in clinical studies, and it
should be of value in identifying patients at risk of major toxicity or therapeutic failure.

In conclusion, advances in molecular techniques have led to the discovery of genetic
factors related to drug sensitivity or resistance within cancer cells, including those in
metabolic pathways and cellular targets. The ultimate aim of pharmacogenetics will
thus be the segmentation of patients into discrete categories according to their likelihood
of response to drugs and the identification, on an individual basis, of subjects with “rare”
unfavorable genotypes at risk of major toxicities following treatment administration.
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INTRODUCTION

Genetics is challenging the traditional approach to infectious diseases. Until recently,
research was mostly directed to the analysis of the pathogen and of its virulence factors.
However, we are now in a position to investigate the pathogen in the context of the host
genetic make-up. Concepts, such as colonization versus infection and life-threatening
infection versus contained disease, will be revisited to better define pathogen-specific viru-
lence versus host-specific susceptibility. Thus, genetic susceptibility (Table 1) will be the
initial step in defining the need for treatment, to be completed by analysis of pharmaco-
genetic determinants in order to choose the most effective and least toxic therapy for
the individual patient (Fig. 1).

Both genetics of disease susceptibility and pharmacogenetics are of major interest in
the field of infectious diseases: (i) tuberculosis (TB), HIV, malaria, pneumonia, diarrheal
diseases, and sepsis, are among the great medical problems in the world, (i7) all can be
treated but not always effectively or without toxicity, (iii) standard guidelines are drafted
based on drug development and trials in Caucasian populations, although different ethnic
groups may present significant differences in the frequency of the alleles modifying the
drug metabolism (1,2), and (iv) many infectious diseases are treated by complex multidrug
regimens. Here the issue of pharmacokinetics and drug interactions becomes critical.
Genetic prediction would be of interest in preventing toxicity and also for identifying
the most likely component of a multidrug regimen leading to toxicity or lack of efficacy.

The fields of genetics of disease susceptibility and of pharmacogenetics overlap with
the field of immunogenetics (the genetic factors contributing to differences in immune
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Table 1 Association of Genetic Polymorphisms with Disease Severity

Lee et al.

Gene/protein

Role

Polymorphism/
allele

Associated disease

Mannose-binding
lectin

Toll-like receptor 4

Fc gamma receptor
ITA

CD14

Tumor necrosis
factor A

Tumor necrosis
factor B
Interleukin-1B

Interleukin-1-ra
C reactive protein

Interferon-vy receptor 1

Interleukin-10

Interleukin-12
Interleukin-12 receptor

CC chemokine
receptor 5

CC chemokine
receptor 2

Macrophage
inflammatory
prot-1a

Rantes

HLA class 1

Pathogen sensing
Pathogen sensing
Pathogen sensing
Pathogen sensing
Inflammation
Inflammation
Inflammation

Inflammation
Inflammation

Inflammation

Inflammation

Inflammation
Inflammation

Inflammation

Inflammation

Inflammation

Inflammation

Immunity

Codons 52, 54, 57

D299G

H131R

C160T

TNF2

TNFB2

IL-1B (511)

IL-1 RN2

134 bp dinucleotide
repeat
polymorphism

IFNGR1
nonfunctional
alleles

Promoter
polymorphism

Deficiency
Mutation
CCR5 A32

CCR5 pl/pl

CCR2-164

MIP-1a459T

Rantes Inl.1C

B8

Meningococcemia,
respiratory
infections

Gram-negative shock

Meningococcemia,
pneumococcemia

Septic shock

Meningococcemia,
septic shock,
cerebral malaria

Severe sepsis

Meningococcal disease

Severe sepsis

Invasive
pneumococcal
disease

Susceptibility to
mycobacteria

Persistence of
hepatitis B and
altered response to
INF-« therapy in
hepatitis C
treatment.
Accelerated
progression of HIV
infection

Susceptibility to
mycobacteria

Susceptibility to
mycobacteria

Protection from HIV

Accelerated
progression of HIV
infection

Accelerated
progression of HIV
infection

Accelerated
progression of HIV
infection

Accelerated
progression of HIV
infection

Susceptibility to
tuberculosis

(Continued)
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Table 1  Association of Genetic Polymorphisms with Disease Severity (Continued)

Polymorphism/
Gene/protein Role allele Associated disease
B35 Susceptibility to AIDS
B53 Protection from severe
malaria
B5701 Protection from AIDS
Cw*04 Susceptibility to AIDS
HLA class 1T Immunity DRBI*1302 Clearance of
hepatitis B
DRBI*1352 Protection from severe
malaria
DRBI*1101 Clearance of
hepatitis C
DRBI1*04 Protection from
typhoid fever
DR2 Susceptibility to
tuberculosis and
leprosy
DR7 Susceptibility to
hepatitis B
Plasminogen activator Coagulation 4G/4G Meningococcemia,
inibitor-1 severe sepsis
Solute carrier family Transporter — Susceptibility to
11 (NRAMPI, tuberculosis
SLCI1IAI)
Vitamin D receptor Metabolism Tagl restriction Protection from
polymorphism tuberculosis and
leprosy

Source: From Refs. 3, 68, 185, 186.

response among individuals). The study of immunogenetic determinants may become
central for those investigating allergic and hypersensitivity reaction and also disease sus-
ceptibility (3,4). The present chapter will focus on current knowledge of inherited differ-
ences in the metabolism, transport, and disposition of anti-infective drugs, and drugs’
targets (pharmacogenetics sensu stricto). However, attention will also be given to other
genetic determinants of disease progression, as they will help define the need for treatment
or the likelihood of response.

PHARMACOGENETICS OF SPECIFIC INFECTIOUS DISEASES

Inherited differences in response to anti-infective drugs were observed several decades
ago. Indeed, it is in the field of anti-infective therapy that the importance of polymorphisms
in drug disposition was first encountered: the N-acetyltransferase 2 (NAT2) acetylation
polymorphism discovered during isoniazid treatment of TB patients (5) was one of the
first examples of a pharmacogenetic defect influencing drug biotransformation in human
populations. A number of antibiotics and chemotherapeutic agents are substrates of poly-
morphic phases I and II metabolic pathways and transport genes (Table 2). However, there
are currently limited data on the clinical relevance of such genetic variations. In the follow-
ing, we discuss the current pharmacogenetic knowledge relevant to the treatment of four
major diseases and infectious syndromes: HIV, TB, malaria, and sepsis.
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Population Pathogen

Genetic determinants
of susceptibility

Who will be infected?
Who will suffer severe disease?
Who needs treatment?

Pharmacogenetic
determinants

What therapy for maximal efficacy
What therapy for minimal toxicity
No allergic reaction

Figure 1 Genetic markers in the treatment of infection. Genetic determinants of susceptibility
define who should be treated, and pharmacogenetic markers help in the choice of therapy.

HIV

The availability of effective combination antiretroviral therapy since 1995 has changed the
prognosis of HIV disease dramatically. Five drug classes are currently in use: nucleoside
analogs (NRTI), nucleotide analogs (NtRTI), non-nucleoside inhibitors of the HIV reverse
transcriptase (NNRTI), inhibitors of the HIV protease (PI), and peptidic inhibitors of the
viral-cell fusion process. PIs are moderate to strong inhibitors of various cytochrome P450
(CYP450) isoenzymes (Table 2), whereas NNRTIs are inducers of several CYP450 isoen-
zymes. In addition, PIs are substrates of the multidrug transporter P-glycoprotein (P-gp).
There is marked interindividual variation in plasma drug levels, in efficacy, and in suscep-
tibility to adverse reactions (6—8). Antiretroviral agents, in particular NNRTIs and PIs, are
subject to significant drug—drug interactions within combination antiretroviral therapy
and with medications used to treat opportunistic diseases associated with AIDS (e.g., anti-
mycobacterial drugs). In addition, the disease itself can affect enzymatic activity. For
example, patients with AIDS and acute infections have altered patterns of enzymatic
drug metabolism (9). Using caffeine as a probe for NAT2 enzymatic activity, we identified
an increased number of slow acetylators in AIDS patients with an acute infection, com-
pared with the control healthy volunteers and HIV-asymptomatic patients. The patterns
of oxidative metabolism (decreased demethylation, increased 8-hydroxylation) were
also altered. This type of phenomenon might contribute to the increased incidence of
adverse reactions observed in these patients, a phenomenon similar to that described in
the treatment of TB (10-12).

Irrespective of these considerations, polymorphisms in genes encoding for metabo-
lizing enzymes, carrier proteins, and drug transporters are expected to influence antiretro-
viral plasma drug levels, bound and free, and also intracompartmental and intracellular
effective levels (Fig. 2). These three components and their relevance in the treatment of
HIV diseases are discussed in the following sections.

(Text continues on page 162.)
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Figure 2 Schematic representation of known determinants of intracellular drug concentration of
antiretroviral agents.

CYP450 Metabolism

PIs and NNRTIs, unlike NRTIs, are extensively metabolized by CYPP450 isozymes
present in the liver and in the gut wall, with CYP3A being the most important isozyme:
other isozymes, such as CYP2C9, CYP2C19, CYP2D6, and CYP2B6, also contribute
(13—-16). Most PIs are inhibitors of CYP3A, with ritonavir being the most potent and
saquinavir the least (17,18). Because some PIs simultaneously inhibit and/or induce
these enzymatic systems, whereas NNRTIs act as inducers, regimens combining PIs
with each other or with NNRTIs are complicated by influences from both classes of
drugs. In addition, and as described previously, the disease status may also modulate
the enzymatic activity of CYP450. In a study addressing this question, the genotype
and phenotype of CYP2D6 were investigated in 61 HIV-infected and AIDS patients.
The authors found an apparent shift towards the poor metabolizer (PM) phenotype from
the extensive metabolizer (EM) genotype. The authors concluded that a change might
occur in HIV-positive patients such that their CYP2D6 activity approaches that of the
PMs, despite having an EM genotype (19).

Fellay et al. (20) conducted a pilot study on 123 HIV-infected patients to analyze the
association of CYP polymorphims and plasma drug levels and response. Investigation
included CYP3A4*1B and *2 (21), CYP3A5*1, CYP2D6 *3, *4, and *6, and gene dupli-
cation (22-24) and CYP2C19 exons 4 and 9 polymorphisms and also the functional
analysis of CYP3A (midazolam to 1’-hydroxymidazolam oxidation). Patients who were
either homozygous or heterozygous at one CYP2D6 allele associated with a PM phenotype
had higher median plasma nelfinavir levels than patients with a CYP2D6 EM genotype. In
contrast, there was no significant contribution of CYP2C19 genotype to nelfinavir plasma
drug levels, despite the fact that in vitro data identify CYP2C19 as the main P450 isoform
involved in the metabolism of nelfinavir (25,26). Functional and genetic analysis of
CYP3A alleles did not identify an association with drug levels in vivo. Virological and



Pharmacogenetics in Infectious Diseases 163

immunological responses to treatment did not vary among patients with the various CYP
alleles (20). A detailed description of CYP alleles and single nucleotide polymorphisms is
beyond the scope of this chapter; please refer to (27) for precise nomenclature and func-
tional consequences.

P-gp

The MDRIgene codes for P-gp, which is an ABC transporter. PIs are substrates (as well as
inhibitors and/or inducers) of this transporter. The intracellular accumulation and active
transport of PIs have been studied by Jones et al. (28,29). The recent identification of poly-
morphisms in the MDR1 gene associated with changes in transporter function spurred a sig-
nificant amount of research, including in the field of HIV. The current state of knowledge has
been reviewed recently by Kim (30), and there appears to be considerable confusion and con-
troversy (Table 3). Hoffmeyer et al. (31) characterized the MDRI gene in a group of
Caucasian subjects. They reported that individuals homozygous for the MDRI exon 26
3435T allele had significantly decreased intestinal P-gp expression and increased digoxin
plasma concentrations after oral administration. In contrast, Sakaeda et al. (32) showed
that digoxin plasma levels were lower in Japanese subjects carrying the 3435T allele.
Nakanuma also found lower digoxin plasma levels for TT subjects, albeit with a higher
MDRI expression (33). Kim et al. (34) reported that the 3435T /T genotype was associated
with high expression in vitro and low plasma concentrations of fexofenadine, a model sub-
strate drug for the P-gp transporter. In a study investigating MDRI tissue expression, Goto
et al. (35) reported that the 3435C/T polymorphism in exon 26 did not significantly alter
the MDRI level expressed in intestinal enterocytes or correlate with the tacrolimus concen-
tration/dose ratio. In our study, with a cohort of HIV-infected patients, the 3435TT genotype
was associated with lower expression of P-gp (both MDRI mRNA and P-gp levels) in per-
ipheral-blood mononuclear cells, and lower plasma concentrations of nelfinavir and efavir-
enz, as compared with the 3435CC genotype (20). This synonymous 3435T polymorphism is
linked to the nonsynonymous exon 21 2677G/T (Ala893Ser) polymorphism. Therefore, the
possibility exists that some of the observed differences in P-gp activity attributed to the
3435C/T polymorphism may reflect the exon 21 polymorphism and its effects on transporter
activity. Several studies have compared the effects of 2677G/T SNP on P-gp activity.
However, the results obtained so far have been variable and conflicting (Table 3), and
thus recent activity has shifted towards determining the role of MDRI haplotypes on the
functional activity of the protein product.

Many of the drugs that are transported by P-gp are also metabolized by the cyto-
chrome P450 enzymes, especially CYP3A. It is likely that because P-gp can influence
the intracellular concentration of many CYP3A substrates it can also affect the availability
of those substrates to CYP3A and therefore the extent of their metabolism. P-gp thus plays
an important role in modulating the expression of CYP3A and is likely to complicate the
predictability of drug interactions among drugs that are substrates for both P-gp and
CYP3A systems (33). It has been reported that carriers of the 3435T allele have
reduced expression of intestinal CYP3A4 mRNA (35). It is not clear, however, how a
synonymous SNP in MDRI can alter CYP3A4 expression. The role of other transporters
is discussed in a dedicated section that follows.

Alphal-Acid Glycoprotein

The binding of drugs to plasma proteins can influence the pharmacokinetics of that drug. A
large number of drugs, including PIs, bind extensively to alphal-acid glycoprotein (AAG).
Binding is about 95% for the PIs, saquinavir, and ritonavir and 60% for indinavir (36). It has
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been shown in AAG overexpressing transgenic mice that elevated AAG levels reduce the
volume of distribution and systemic clearance of saquinavir (37). Unbound drug represents
not only the drug available for exerting the pharmacological effect, but it also influences the
tissue and cellular penetration of drugs into cells, because only unbound drug in the plasma
can equilibrate with intracellular compartments. This is particularly relevant for PIs, the
activity of which is likely to take place intracellularly during assembly and budding of
new virions. Several in vitro studies have shown that physiological concentrations of
AAG substantially affect the antiviral potency of several PIs. An elevated AAG concen-
tration can reduce uptake and decrease intracellular antiviral activity of various PIs, such
as saquinavir, ritonavir, indinavir, nelfinavir, and amprenavir (36,38—-40).

Genetic polymorphism of ORM (encoding AAG) and various alleles corresponding
to the two loci have been reported (41). The first locus has two main variants (ORM1 S and
ORM1 F1), whereas the second locus (ORM?2) is mainly monomorphic (ORM2 M, orig-
inally called ORM?2 A). These variants determine three main phenotypes for AAG in the
human population, ORM1 F1S/ORM2 M, ORMI F1/ORM2 M, and ORM1 S/ORM?2
M. The two genes differ by 32 nucleotide substitutions in the coding sequence, resulting
in 21 amino acid substitutions (42). Three common ORM1 alleles result from A to G tran-
sitions at the codons for amino acid positions 20 and 156 in exons 1 and 5, respectively (43).

Control of AAG expression is both at the transcriptional and posttranscriptional
level (44—47). One study showed that the proportion of ORM?2 varies threefold, represent-
ing 17% to 48% of the total AAG variants, whereas ORM1 S and ORM1 FI represent
0% to 65% and 0% to 89%, respectively (48). Important differences in polymorphisms
of the AAG gene have been found in different ethnic populations. In African American
populations, up to 14% of the subjects did not express the ORM2 A allele (49), whereas
this allele is virtually present in all Caucasian subjects (41,48,49). On the other hand, in
the Japanese population, ORM duplication occurs at a frequency as high as 20% (50).
No study to date has assessed the relevance of these polymorphisms to the clinical man-
agement of HIV disease.

Tuberculosis

Tuberculosis (TB) kills approximately two million people each year. It has been estimated
that between 2002 and 2020, approximately 1000 million people will be newly infected,
more than 150 million people will get sick, and 36 million will die of TB—if control is
not further strengthened. Treatment requires combination therapy generally including iso-
niazid, rifampin, ethambutol, and pyrazinamide for six to nine months. The success of
therapy is greatly influenced by adherence, and by avoidance of toxicity, including the
occurrence of fatal and severe liver injury associated with the combination of isonizid,
rifampin, and pyrazinamide. Unfortunately, little is known about genetic predictors of tox-
icity with the exception of the association between the acetylator polymorphism and the
neurological toxicity of isoniazid.

Isoniazid continues to play an important role in the management of TB. The metab-
olism of isoniazid takes place in the liver by two metabolic pathways: phase I oxidative
metabolism by the cytochrome P450 enzymes, and phase II N-acetylation mediated by
NAT (51,52). N-acetylation is important in the biotransformation of drugs, such as isonia-
zid, sulfonamides, and dapsone. The human acetylator polymorphism was one of the first
hereditary traits affecting drug response to be discovered (5). This trait was found in
patients who developed numbness and tingling in the fingers and toes after responding
to isoniazid treatment (53). Further studies demonstrated that patients who were slow acet-
ylators and excreted less acetyl-isoniazid were more prone to develop neurologic toxicity.
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It is now known that the population ratio of rapid versus slow acetylators varies
widely among different ethnic groups. The highest proportion of slow acetylators is found
in Egyptians (80%), whereas 40% to 60% of the Caucasians and African Americans,
and only 10% to 20% of the Japanese and Canadian Eskimos are slow acetylators. With
some exceptions, the clinical consequences are that slow acetylators develop more
adverse reactions, whereas rapid acetylators are more prone to have an inadequate
response when prescribed a standard dose of the acetylated drug. Slow acetylators have
been shown to be at risk of developing hypersensitivity reactions to drugs, such as sulfo-
namides and dapsone, particularly in HIV-infected patients. In addition, recent studies
have demonstrated that slow acetylators have a higher risk of isoniazid-induced hepato-
toxicity than rapid acetylators (26.4% vs. 11.1%, respectively) (10). In slow acetylators,
the amount of NAT found in the liver is reduced, and in rapid acetylators the level of
NAT activity present is at least twice as high as that found in slow acetylators (54,55).

Earlier studies suggested that acetylation capacity was a heritable autosomal trait,
where the slow acetylators carried the homozygous gene for slow acetylation and the
rapid acetylators carried either the homozygous or heterozygous gene for rapid acety-
lation. In man, three NAT genes have been found, with only the NATI and NAT2 genes
being expressed (56). NATI shows kinetic selectivity for monomorphic substrates, such
as p-aminobenzoic acid and p-aminosalicylic acid, whereas NAT2 is more important for
clinically relevant substrates, such as isoniazid and sulfamethazine.

The NAT2 acetylation polymorphism is one of the most common polymorphisms
known in human populations (57,58). The reference NAT2*4 is associated with the
rapid acetylator phenotype and at least 25 NAT2 allelic variants have been identified
that account for 95% or more of the alleles in Caucasians, Asians, Hispanics, and
African Americans (59,60). These alleles contain 11 different single-nucleotide poly-
morphisms (SNPs) in the NAT2 coding region. A recent study investigated the functional
effects of each of the 11 SNPs on NAT?2 catalytic activity, protein expression, and stability
(60). In this study, a reduction in catalytic activity for the N-acetylation of sulfamethazine
was observed for NAT2 variants possessing G191A (R64Q), T341C (I114T), A434C
(E145P), G590A (R197Q), A845C (K282T), or G857A (G286T). A reduction in
expression of NAT2 immunoreactive protein was also observed for NAT2 variants posses-
sing T341C, A434C, or G590A. A reduction in protein stability was noted for NAT2 var-
iants possessing G191A, A845C, G857A, and G590A. No significant differences in
mRNA expression or transformation efficiency were observed among any of the NAT2
alleles. The investigators concluded that variations in stability and catalytic activity
were the mechanisms responsible for the slow acetylator phenotype. In patients who are
at high risk of developing adverse effects or inadequate response to therapy, assessing
the acetylator status might be useful in tailoring drug therapy to ensure maximal response.

Malaria

Malaria causes at least 300 million cases of acute illness each year and is the leading
cause of deaths in young children. Pregnant women are the main adult risk group in
most endemic areas of the world. Malaria is one of the major public health challenges
eroding development resources in the poorest countries in the world. Malaria costs Africa
more than US$12 billion annually. The potential toxicity of most antimalarials will
require special surveillance programs as they will be increasingly used for treatment
and prophylaxis. As it is the case with antituberculous medications, there is little knowl-
edge about the molecular basis of drug toxicity or of the genetic markers for prediction of
toxicity or treatment efficacy, with the notable exception primaquine.
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Primaquine was introduced approximately 50 years ago, and it has long been used
for the management of the chronic liver stage of malaria (61). During War World II, pri-
maquine sensitivity was first observed in black soldiers who developed sudden hemolytic
reaction after using the 8-aminoquinolone antimalarial drugs. The cause of primaquine
sensitivity is now known as a deficiency in the hereditary enzyme glucose 6-phosphate
dehydrogenase (G6PD) that causes hemolytic anemia in susceptible individuals after
exposure to certain dietary substances, numerous drugs including the 8-aminoquinolones,
and also other oxidant chemicals.

The enzyme G6PD is present in most cells and tissues and is responsible for the oxi-
dation of glucose-6-phosphate to 6-phosphogluconic acid. This reaction is necessary to
produce NADPH, which functions as a proton donor in the glutathione reductase reaction.
Reduced glutathione protects sulfhydryl-dependent enzymes and other cellular proteins
against oxidation. Primaquine induces hemolysis by causing further reduction in the
level of reduced glutathione in the red cells that already have an impaired mechanism for
the regeneration of NADPH. The hemolysis seen in the reduced glutathione-deficient
state is the result of increased susceptibility of the erythrocyte to mechanical breakage (62).

The gene that encodes G6PD is located on the long arm of chromosome Xq28 and
spans approximately 20 kb with a coding sequence of 1548 bp. Using biochemical tech-
niques, more than 400 variants have been characterized, but only approximately 30 differ-
ent polymorphims have been identified, almost all of which are found in the coding region
(63,64). Two types of mutations are commonly found in Africans: G6PD A and G6PD A-.
The first produces normal levels of red cell activity, and the second is unstable and pro-
duces only about 10% of the normal activity. G6PD A- is caused due to the substitution
of Val to Met at codon 68 (G202 to A) (65). In the African variant G6PD Santamaria, a
second mutation (A542 to T) also causes G6PD deficiency. This mutation causes an
Asp to Val substitution at codon 181. In Mediterranean individuals, a C563 to T change
results in Ser to Phe substitution at codon 188. Little is known about the mutations in
Asians than in Mediterraneans, but one of the more common Asians variants, G6PD
Canton, has an Arg to Leu substitution at codon 459 (66).

Sepsis

Sepsis, best defined as a systemic infection generally accompanied by bacteremia, is a fre-
quent diagnosis leading to hospitalization. It is associated with high mortality despite
advances in medical care and the availability of a broad spectrum of antibiotic therapy,
and it often complicates hospitalization. Its most severe manifestation—septic shock
is the end result of many different insults. This complicates understanding of the pathogen-
esis, diagnosis, and targeted treatment. Thus, host genetics should first of all allow redefi-
nition of the sepsis syndrome leading to a more rational approach in clinical trials. To date,
host factors associated with sepsis have included polymorphic genes involved in pathogen
recognition, inflammation, and coagulation cascades (Table 1). The required studies will
entail the identification of new and additional SNPs associated with predisposition to
severe sepsis, septic shock, and death from sepsis.

The controversy surrounding immune intervention using anticytokine therapy in
sepsis illustrates this point. TNFa is one key mediator of sepsis, and this led to a
number of studies that used anti-TNF« antibodies as therapy. Unfortunately, the complex-
ity in the classification of sepsis described previously has probably limited the potential
use of anti-TNFa as a therapeutic agent. The basic observation is that there is a marked
difference in production of TNFa among individuals, and 60% of the differences can
be attributed to genetic factors (Table 1) (67). A correct classification of the sepsis
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syndrome into separate distinct entities may help identify those individuals most likely to
benefit from better targeting of anti-TNFa therapies (68).

In addition to SNP analyses, large scale analysis of gene expression using micro-
array techniques may help characterize sepsis in a more pathogenesis-oriented classi-
fication with prognostic and therapeutic consequences (69—71). Finally, identification
of specific polymorphisms in drug metabolism, transporter, and receptor genes may
help limit the occurrence of adverse events that complicate intensive care management.

OTHER PHARMACOGENETIC MARKERS OF INTEREST
Drug Transporter Polymorphism

Uptake, distribution, and excretion of endogenous and exogenous compounds including
antibiotics is controlled by polyspecific membrane transporters expressed in intestine,
liver, kidney, placenta, testis, blood cells and the endothelial cell lining of brain capil-
laries, where they constitute the blood—brain barrier. Increasingly, membrane-spanning
proteins involved in the inward or outward transport of a large variety of drugs have
been recognized and characterized over the past years in almost all tissues (Table 2).
Drug transporters can be viewed as completing the enzyme-based detoxification
systems to achieve efficient protection against chemical toxins. Both systems show
similar broad specificity and may even work in synergy. Drug uptake delivers the drug
to the detoxification system facilitating metabolism, and drug efflux decreases the load
on detoxification enzymes, thereby avoiding their saturation, while chemical modification,
which usually increases the amphiphilicity of drugs, provides drug pumps with better
substrates.

Although P-gp (MDRI, ABCBI) is the well-characterized ABC transporter, new
polyspecific drug transporters are being investigated and have the potential for overlap-
ping substrate specificities and for tissue-selective expression. These are the multidrug
resistancel MDR-related proteins, multidrug resistance-associated proteins (MRPs)
(ABCC-family), the OATP-family (SLC21A) of organic anion transport proteins, the
PEPT-family of peptide transporter, and a family of transporters (SLC22A) for cations
(OCTs), anions (OATs), and carnitine and cations (OCTNs) (72-78). This section will
focus on transport proteins for anti-infective drugs or transport proteins, which are other-
wise functionally involved with infectious diseases.

The concerted action of different pumps located both in the basolateral and apical
membranes of epithelial cells accounts for the preferential transfer of drugs from the
gut into the systemic circulation and from the blood to the excretory pathways of the
liver and kidneys. This cooperation is best evidenced in the liver, where OATPs, OCT1
(basolateral uptake) and MDR1 and MRP2 (apical efflux) ensure the unidirectional trans-
fer of drugs into the bile (79). This is also present in the kidney proximal tubules with
OATs, OCTs, MRP1, and OATP-B (basolateral uptake) and MDR1, and MRP2 (apical
efflux) (74). It has also been demonstrated for the transepithelial transport of antibiotics
in the intestine and airway epithelia (80,81).

The activity of pumps can explain the poor bioavailability of several antibiotics
(80,82) and the increased clearance of B-lactam antibiotics modulated by certain com-
pounds (74). Moreover, drug transporters determine the distribution of a drug within
the body, that is, whether the drug levels are high enough for therapeutic effect at their
site of action. The identification of efflux pumps in macrophages (83,84) and the
reduced activity of macrolides, tetracyclines, lincosamides, and rifamycins in transporter
overexpressing multidrug-resistant cells explains the potentially reduced intracellular
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activity of antibiotics (85). Drug efflux pumps reduce the amount of antibiotics to a point
where it may no longer exceed the minimal inhibitory concentration.

The consequences of genetic polymorphisms of transporter proteins for the disposi-
tion and action of drugs have been appreciated only recently (75). As pointed out pre-
viously, a silent exonic C3435T mutation in exon 26 of the MDRI gene has been
associated with diminished intestinal P-gp levels, increased uptake of digoxin from the
gut (31), and reduced rhodamine efflux from lymphocytes (86) (Table 3). Although
P-gp is the well-characterized transporter (see HIV section earlier), new members are
being investigated (Table 2) and have the potential for overlapping substrate specificities
and for cell-selective expression.

The identification of genetic variants with decreased transport function has several
implications for drug development and therapy. However, the extrapolation of the func-
tion, in particular of in vitro data, of a single transporter to clinical in vivo consequences
is difficult. In most cases, the overlap in substrates between drug transporters is extensive,
and other transporters can most likely compensate for the absence of one transporting
system. Otherwise, knockout mice with a full transporter deficiency would not be
viable and fertile (87—-89). Aside from drug clearance and oral bioavailability, the most
important role of transporters for anti-infective treatments is the disposition and tissue
penetration to achieve sufficiently high drug concentrations at the site of action (e.g., intra-
cellularly) for effective treatment. Whether these processes are practically relevant
remains to be investigated and confirmed in clinical studies.

Multidrug Resistance—Associated Proteins

MRP1-9 are all organic anion pumps, but they differ in substrate specificity, tissue distri-
bution, and intracellular localization. MRP1 and MRP2 transport a similar large range of
organic anions, including quinolones (90,91), macrolides (92), and HIV PIs (93). MRP1 is
located in most organs including lung, muscle, kidney, testis, and peripheral mononuclear
blood cells. The tissue distribution of MRP2 is much more restricted than that of MRP1
and is found in hepatic, intestinal, renal cells, brain, and placenta (94). MRP1 is basolateral
and secretes drugs into the body, whereas MRP2 is located in the apical membrane and
moves drugs out of the body (72).

Multidrug resistance—associated proteins (MRPs) have been implicated in the treat-
ment failure of infectious diseases. An increased expression of the P-gp and MRP pro-
teins has been suggested as a potential mechanism for decreased PI availability at
certain intracellular sites that provide sanctuary for HIV (95,96). The expression and
activity of MRPs can also be altered by certain drugs and disease states. MRP2 mRNA
levels are reduced to 30% in hepatitis C virus-infected liver (97), and inhibition of
MRP2 and reduction of the MRP2 expression level has been suggested to cause fusi-
date-induced hyperbilirubinemia (98), leading to the conclusion that subjects with heredi-
tary MRP2 deficiency, such as patients with the Dubin-Johnson syndrome, are
particularly likely to suffer complications.

MRP1 protein protects mice from TB (99) and augments HIV productive infection
in CEM cells (100), and the antimalarial action of trimethoprim-sulfamethoxazole has
partly been attributed to its inhibitory effect on MRP1 (101). Another interesting function
of MRP1 is its ability to act as the major high-affinity transporter of leukotriene C4, which
could influence susceptibility to, and the course of, infectious diseases. MRPI knockout
mice show a diminished response to a nonspecific inflammatory stimulus (102), as
expected, but they are nevertheless more resistant to an experimental Streptococcus pneu-
moniae infection than wild-type mice, presumably because the inability of macrophages,



Pharmacogenetics in Infectious Diseases 171

mast cells, and granulocytes to secrete LTC4 secondarily leads to increased leukotriene B4
excretion and more effective recruitment of phagocytic cells (87).

The MRPI and MRP2 genes have been screened in healthy Japanese subjects and a
number of SNPs, including nonsynonymous amino acid mutations, were detected,
although these were not validated functionally (103—105). The MRP1 G2168A and
MRP2 C-24T SNPs failed to show any correlation with duodenal mRNA levels (106).
Conrad et al. (107,108) identified two rare mutations, of which Gly671Val showed no
difference in organic anion transport, whereas Arg433Ser showed a twofold transport
reduction and a twofold increased sensitivity to doxorubicin. In contrast to MRPI,
mutations in the MRP2 (ABCC?2) gene result in the absence of protein from the canalicular
membrane (105,109—112). These rare mutations cause the conjugated hyperbilirubinemia
of Dubin-Johnson syndrome (113).

MRP4 and MRPS5 are both organic anion pumps with the ability to transport
cyclic nucleotides and nucleotide analogs, a class of organic anions apparently not
transported by MRP1 to 3 or 6. The tissue distribution of MRP4 and MRPS is still
not well known. Recent studies suggest that MRP4 is more widely expressed than
was initially thought, with the highest levels in the kidney and prostate. In contrast,
MRP5 is ubiquitously expressed with the highest levels found in skeletal muscle,
brain, and erythrocytes (72). The transport of nucleotide analogs by MRP4 and 5 can
result in resistance to clinically used base, nucleoside, and nucleotide analogs (114—
117). Cells with high concentrations of MRP4 are highly resistant to PMEA and
AZT but much less resistant to other nucleoside analogs used in antiviral therapy,
such as lamivudine, ddC, and d4T (118). As nucleobase and nucleoside analogs are
used extensively in anticancer and antiviral therapies, there is a potential for MRP4/5
to mediate resistance to these compounds. Screening of DNAs from 48 Japanese indi-
viduals revealed a number of SNPs in MRP4 and MRP5 (104). However, these have not
been validated by in vitro experiments or in clinical studies with disease-susceptibility
and drug response phenotypes.

Organic Anion Transporters

Most B-lactam antibiotics and antiviral drugs are amphiphilic organic anions, which are
actively secreted into renal proximal tubules. Organic anion transporters (OATs) OAT1
(SLC22A6), OAT2 (SLC22A7), and to a lesser extent OAT3 (SLC22AS8), have been
suggested to be responsible for most of the uptake of organic anions, including cephalo-
sporins into proximal tubule cells (119,120). Due to their role in renal drug excretion, they
have an important impact on drug pharmacokinetics and pharmacodynamics. Competition
may lead to decreased renal drug excretion and cause severe side effects with the potential
for drug—drug interactions. For example, the cytotoxicity of adefovir and cidofovir was
prevented by using probenecid, the OAT1 inhibitor, with hOAT1 expressing cells (121).
The genetic variability of OATs, and their relevance for drug response, has however not
yet been established.

Organic Cation Transporters

hOCT1 (SLC22A1) is primarily found in the sinusoidal (basolateral) membrane of hepato-
cytes and, to a lesser extent, in intestinal epithelial cells. Three polymorphisms have been
identified to severely affect hOCT1 function in oocytes. These are Arg61Cys, Cys88Arg,
and Gly401Ser, which result in a reduction of transport of various classical but structurally
diverse organic cation transporter (OCT) substrates by 70%, 87%, and 98%, respectively
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(122). Given the frequency of these alleles, 9%, 0.6%, and 3.2%, respectively, homozy-
gotes and compound heterozygotes for these alleles would be expected to arise in
Caucasian populations with a frequency of approximately 1.5%. Whether these are clini-
cally relevant remains to be investigated. Based on what we know, probably the most
important role of hOCT1 involves the disposition of substrate drugs (or toxins) for
which the relevant pharmacodynamic (therapeutic or side effect) target lies within the
liver. An interesting example is the PI, which is inactivated inside the liver by CYP-
mediated metabolism. For example, plasma levels of desipramine or terfenadine,
increased significantly when coadministrated with ritonavir, an interaction, which has
mainly been explained by inhibition of CYP3A4 (73). However, PIs are only weak sub-
strates but strong inhibitors of hOCT1 (123), and the organic cation desipramine is a sub-
strate for hOCT1 (124). Inhibition of uptake leads to a poorer access of desipramine to
metabolizing enzymes inside the liver. In these cases, even a moderate reduction in
hepatic uptake might make an important difference, and people with genetically
reduced hOCT1 levels might display an increased risk to PI-mediated drug—drug inter-
actions. hOCT2 (SLC22A2) is mainly found in the kidney, most likely in the basolateral
membrane of the renal tubules (74,125,126).

Recently, five rare mutations in hOCT?2 have been reported that affect the transport
function of hOCT?2 in vitro. Collectively, variants P54S, M1651, R400C, K432Q and one
insertion mutation that results in a prematurely truncated protein were present at allelic
frequencies of 1% (5/494) only in African Americans, 0.6% (3/494) in African Americans
and Mexican Americans, and 0.2% (1/494) in Caucasians, respectively (127). All four
nonsynonymous mutations altered transporter function as assayed in oocytes, and the
insertion mutation results in a prematurely truncated protein of 47 amino acids that
almost certainly abolishes transporter function. The extrapolation of this in vitro data to
in vivo renal clearance is currently not known.

Organic Anion-Transporting Polypeptides

OATP-C (SLC21A6), OATPS (SLC21AS8), and OATP-B (SLC21A9) have been established
as the major organic anion-transporting polypetides (OATPs) at the basolateral membrane
of the liver (128,129), although OATP-B is also expressed in placenta, intestine, kidney,
and lung (77). They are the most important carriers for hepatic uptake of amphiphilic
organic anions, such as sulfobromophthalein, bile salts, thyroid hormone, and unconju-
gated bilirubin (78), and antibiotics including rifampicin and rifamycin (128—131).

Tirona et al. (131) described six mutations in five alleles in the SLC2/A6 gene,
which resulted in altered substrate transport in vitro. Variants Phe73Ala (*2 allele),
Val82Ala and Glul56Gly (*3 allele), and [1e353Thr (*6 allele) were present with allelic
frequencies of 2% in the Caucasians. Two variants, Vall74Ala and Gly488Ala, had rela-
tively high frequencies of 14% in the Caucasians and 9% in the African Americans, respec-
tively (131). Two novel mutations in OATP-B, one rare (T392I) and one common variant
(S486F), which occurred with a frequency of 31%, were detected in the Japanese (132).
Interestingly, this common polymorphism led to a decrease in the V., of [(3)H]estrone-
3-sulfate uptake to 43% of that seen with the common variant.

Whether any of the mutations that are associated with impaired transport function
in vitro have any consequences in vivo remains a subject of future investigations.
However, Michalski et al. (133) identified a mutation (L193R), which reduced the
amount of OATP-C protein in a heterozygous liver sample. In vitro validation of this
variant revealed impaired protein maturation with a complete loss of transport function
(133). It is known that hepatic bile salt and bilirubin elimination by human liver
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OATPs can be inhibited by rifampicin or rifamycin (130). Therefore, even with a moderate
reduction in hepatic uptake, the excretory system can be quickly pushed to its limits with
an increased risk of toxic liver injury.

Aminoglycoside-Induced Deafness

Aminoglycoside antibiotic-induced ototoxicity is a major cause of irreversible deafness in
many parts of the world (134,135). In China, because of the widespread use of aminogly-
cosides, in some areas, up to 25% of the cases of deafness were found to be caused by
aminoglycosides (136). The pathogenesis of aminoglycoside-induced ototoxicity is
divided into two types. One is prolonged or high-level drug exposure, and the other is idio-
syncratic reaction resulting from minimal or regular exposure. The latter individuals are
observed to be clustered in certain families, suggesting that genetic factors play a role
in the susceptibility to aminoglycoside-induced ototoxicity. Studies in the Chinese and
Japanese families have shown that the inheritance is exclusively through the maternal
line (137-139).

The mechanism of the antimicrobial action of aminoglycosides is to bind to the 30S
subunit of the bacterial ribosome, which ultimately leads to the inhibition of protein syn-
thesis. It interferes with the initiation complex of peptide formation, which induces mis-
reading of the code on the mRNA template and causes a breakup of polysomes into
nonfunctional monosomes. Recent evidence suggests that the A1555G mutation in the
mitochondrial 12S rRNA gene leads to susceptibility to aminoglycoside ototoxcity (140).
The mutation causes the human mitochondrial rRNA to be more structurally similar to the
bacterial rRNA that is the target of aminoglycoside action (141). The A1555G mutation
has indeed been shown to cause an increase in the binding of aminoglycoside to the mito-
chondrial rRNA (142), and there is a decrease in mitochondrial protein synthesis in cells
carrying the A1555G mutation (143). A T961C has now been discovered in an Italian
family and in a Japanese patient (135,140).

The neuro-otological characteristics in patients with the A1555G mutation have
been described (134). First, these patients exhibit a progressive loss of hearing. In most
patients, the interval between the first complaint of hearing loss after aminoglycoside
exposure and complete deafness was more than 10 years. Second, a better residual
pure-tone threshold was found in these patients, suggesting that the organ of Corti was
more or less preserved. Third, there was a lower threshold for electrical promontory stimu-
lation in patients with the mutation than in those without. Fourth, the vestibular function
was well preserved in these patients suggesting that increased susceptibility to aminogly-
cosides seems to occur mainly in the cochlea. It has been thought that the progressive
hearing loss associated with this mutation is partly due to progressive reduction of the
endocochlear potential production from the stria vascularis, which is known to contain
many mitochondria in the intermediate cells (134). Screening for these mutations may
lead to a reduction in the number of victims of progressive deafness induced by
aminoglycosides.

Helicobacter pylori Infection and PPI

H. pylori is a major cause of gastritis, peptic ulcer disease, and gastric carcinoma. Eradi-
cation of H. pylori with a triple therapy involving a combination of antibiotics (amoxicil-
lin, clarithromycin, metronidazole) and a proton pump inhibitor (PPI) (omeprazole,
lansoprazole, rabeprazole) is effective in the treatment of these diseases. Suppression of
acid secretion by PPIs increases the concentration of antibiotics and allows H. pylori to
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reach the growth phase and thus become more sensitive to antibiotics, and PPIs alone have
an anti-H. pylori effect (144).

Omeprazole, lansoprazole, and to a lesser extent rabeprazole, are metabolized by
CYP2C19 (143). The CYP2C19 PM phenotype comprises 2% to 5% of the Caucasians
and 3% to 23% of the Asians, resulting from a single base pair mutation (A to G) in
exon 5 of the coding region 7. The truncated mutant protein lacks the heme-binding
region and is enzymatically inactive.

Some studies have shown that the therapeutic effects of PPIs and therefore the cure
rates for H. pylori infection are significantly dependent on the CYP2C19 genotype status
[PM, heterozygous extensive metabolizers (hetEM), and homozygous extensive metabo-
lizers (homEM)]. A better cure rate was achieved with dual therapy rabeprazole and amox-
icillin in patients with the PM genotype (93.8%) than the hetEM (91.7%) or the homEM
(60.6%) genotype (145). In a second study using triple therapy including a PPI and amox-
icillin and clarithromycin, the majority of patients without initial eradication of H. pylori
were all EM of CYP2C19 (146). Some studies have failed to document an influence of
CYP2C19 genetic polymorphism on the efficacy of PPI with amoxicillin and clarithromy-
cin in eradicating H. pylori (147-149). These conflicting reports can be partially explained
by the differences in patient inclusion criteria (some included only patients with gastric
ulcer disease) (148), patient characteristics (one study included disproportionate number
of smokers) (147), and dosage differences in the PPI (150). The inclusion of clarithromy-
cin in the triple therapy regimen can also influence the response, because clarithromycin
can interact with the other drugs, leading to an altered response. Despite these conflicting
reports, some authors have suggested that genotyping for CYP2C19 prior to treatment
with a PPI might be a clinically useful and cost-effective tool for optimal treatment of
H. pylori infection (151).

Cephalosporin-Induced Bleeding Disorder

Cephalosporins are important antibiotics that are commonly used in the treatment of
various infections and in the prophylaxis of surgical patients. Some cephalosporins (mox-
alactam, cefamandole, and cefoperazone) have been reported to cause life-threatening
hypoprothrombinemia and hemorrhage (152,153). The cause of cephalosporin-induced
bleeding lies within the chemical structure of these drugs. Cephalosporins contain an
1-methyltetrazole-5-thiol (MTT) leaving group that undergoes S-methylation, which is
catalyzed by thiopurine S-methyltranferase (TPMT). MTT has been shown to be the
cause of hypoprothrombinemia and hemorrhage. MTT inhibits the gamma-carboxylation
of glutamic acid, a vitamin K-dependent reaction required for the formation of active clot-
ting factors (153—155). A recent study showed that 2-methyl-1,3,4-thiadiazole-5-thiol
(MTD), a thiol found in the structure of cefazolin, is found in tissues of patients who
were treated with cefazolin (156). MTD is also a substrate for S-methylation catalyzed
by TPMT, and it is also an inhibitor of gamma carboxylation of glutamate in vitro (152).

TPMT is a genetically polymorphic drug-metabolizing enzyme specifically catalyz-
ing the conjugation of aromatic and heterocyclic sulfhydryl compounds. Individual vari-
ation in S-methylation catalyzed by TPMT may be responsible for differences in
susceptibility to cephalosporin-induced hypoprothrombinemia (153). Those individuals
who have genetically low or absent TPMT and can therefore not effectively catalyze
S-methylation may be more prone to develop adverse events. A trimodal distribution of
TPMT activity has been shown in a large randomly selected population, with 89% of
the subjects having the homozygous trait with high TPMT activity, 11% heterozygous
with intermediate activity, and approximately 1 in 300 subjects homozygous for the
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trait of low or absent TPMT activity (157). Similar TPMT polymorphic patterns have been
observed in Caucasians and Black subjects, with 17% lower TPMT activity in Blacks
(158). The functional gene of TPMT has now been cloned and was localized on chromo-
some 6. At least eight variant alleles that are associated with low levels of TPMT enzyme
activity have been characterized (TPMT*2, TPMT*3A, TPMT*3B, TPMT*3C, TPMT*3D,
TPMT*4, TMPT*5, and TPMT*6). TPMT*2 is a relatively rare allele (159,160), and
TPMT*3A is the most common variant allele in Caucasians, accounting for 55-57% of
all variant forms of TPMT. The mechanism responsible for low TPMT activity in
variant alleles *2, *3A, *3B, and *3C has been shown to be the reduced levels of TPMT
immunoreactive protein due to enhanced protein degradation (161), and for TPMT*4 it
is due to very low mRNA levels (162). Differences in the level of TPMT activity have
also been found to depend on ethnicity, gender, and age; however, the mechanisms under-
lying these findings are not clear (163). Patients with genetically low or absent TPMT who
are treated with cephalosporin antibiotics may be at risk of developing hypoprothrombi-
nemia and hemorrhage as a result of the inability to S-methylate MTT and MTD.

IMMUNOGENETICS IN INFECTIOUS DISEASES
Drug Hypersensitivity

Many hypersensitivity reactions appear to be the result of direct activation of the immune
system. There is strong evidence for a role of drugs or drug metabolites as antigens or
haptens in major histocompatibility complex (MHC)-restricted T-cell activation. Drugs
may be conjugated to intracellular proteins and presented by MHC class I or class II mol-
ecules to CD8™ or CD4 " T-cells (164). They may also directly alter the MHC-associated
peptide complex with subsequent recognition and activation of peptide-specific CD8" T-
cells (165). MHC alleles have been associated with idiosyncratic reactions to nonsteroidal
anti-inflammatory agents, pyrazolone derivatives, trimethoprim-sulfamethoxazole, and
contact allergens (166—169). Two recent studies used immunogenetics to approach the
problem of early, and some times deadly, hypersensitivity reactions to the reverse tran-
scriptase inhibitor abacavir used in the treatment of HIV infection (170,171). The
genetic susceptibility to abacavir hypersensitivity was shown to be associated with the
MHC 57.1 ancestral haplotype. However, the genetic approach to drug hypersensitivity
is not new, and it has so far not led to a dramatic breakthrough in the prevention of
immune-mediated drug reactions, in particular because MHC associations were difficult
to reproduce. Thus, immunogenetics may complement and add to alternative diagnostic
approaches, such as T-cell proliferation assays and epicutaneous tests, as none of these
have much predictive value in unexposed subjects (3).

Response to Vaccination

Hepatitis B vaccination continues to be the best available means of preventing and control-
ling hepatitis B infection. Current recombinant hepatitis B vaccines achieve seroprotection
in greater than 95% of the vaccinated adult population (172). However, approximately 5%
of the adults respond inadequately to the standard three doses of hepatitis B vaccine. Those
adults who have an antihepatitis B (anti-HBs) titer of less than 10 mIU/mL are defined as
poor- and nonresponders. The lack of anti-HBs antibody response has been attributed to
many factors and these include improper storage, advanced age, gender, obesity, renal
failure, and smoking (172,173). In addition, genetic factors, specifically the histocompat-
ibility leucocyte antigens (HLA)-linked immune response genes may control the response
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to hepatitis B vaccine, and a poor antibody response is associated with certain HLA hap-
lotypes. Earlier studies have found that immune response to hepatitis B vaccine is largely
determined by the HLA-DR, -DP, and -DQ genes. Specifically haplotypes DRB1*1101,
and -DQBI1*020 were associated with poor responsiveness. There were also interactions
between the HLA factors contributing to poor responsiveness. For example, HLA-
DPBI*02 was negatively associated with responsiveness when it occurred in association
with haplotypes DRBI*0701/DRB4*0101-DQB1*020*, and DRB4*0101 was negatively
associated with responsiveness when it occurred in association with the haplotype
DRB1*0301/DRB3*0101-DQBI1*020* (174).

More recent studies have shown that different HLA products seem to act as agonists
(C4AQ0 and HLA-DQBI*02) or antagonists (C4AQ0, HLA-DQBI*02, and HLA-
DRBI*11, DQBI*0301) in lowering the humoral response to hepatitis B vaccine (175).
It was found that responders were characterized more for lacking ‘“nonresponder”
alleles than for having specific “responder” ones. Investigations into the associations of
HLA alleles and antibody nonresponse in the Caucasian population have also identified
other HLA-genotypes including C4A3, B44, DR7, FC31, BS, DR3, and SCOI (176—178).
Because genes present in the major histocompatibility complex modulate the immune
response to hepatitis B vaccine, poor- and nonresponders may benefit from a course of
revaccination (176). In fact one study showed that revaccination could enable persistently
nonresponder individuals to produce an anti-HBs antibody response; however, the
response was dependent on HLA haplotype and the dose of vaccine (179).

VALIDATION OF PHARMACOGENETIC MARKERS

The treatment of diseases, such as TB, malaria, and HIV, is highly standardized and would
thus allow acquisition of genetic information at a rapid pace. Similarly, the abundance of
clinical trials in infectious diseases could contribute to a critical resource of response and
toxicity data. In clinical trials, genotype can be used as an exclusion criterion (180,181).
Thus, the study group can be smaller and more homogeneous, although less representative
of the population at large. This approach would be of particular interest in the study of
sepsis, given the great heterogeneity of the syndrome. The genotype can also be used a
posteriori as a stratification factor.

In some diseases, such as HIV infection, patients are expected to be on life-long treat-
ment. Treatment is frequently changed because of toxicity or failure (182), and patients
will possibly participate in multiple trials over the years. In this circumstance, certain
authors propose the use of a “CYP passport” for volunteers who participate regularly in
clinical trials (183). Trials will have to take into account the ethnic origin of the individuals
because of its association with genetic polymorphisms (2). However, ethnic denominations
may only partially reflect the genetic make-up, and genotyping may reveal more precisely
specific associations. A number of X-linked microsatellites and SNP markers are used for
the comprehensive analysis of the ethnical structure of the populations (1).

Adequate cohorts and studies have to be developed to allow a very clear definition of
a clinical phenotype. This should lead to an integrated database allowing segregation,
linkage, and association analysis. Acceptance by participants will be critical in such
endeavors. However, in our own experience of offering participation to genetic testing
to 1000 HIV-infected patients, the rate of approval has been extremely high at 97%.

These issues (Table 4) are critical, as there is a paucity of in vivo validation of the
value of pharmacogenetic markers in predicting treatment response or toxicity of anti-
infective agents. Antiretroviral agents are excellent targets for the validation of
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Table 4 Validation of Pharmacogenetic Markers in Infectious Diseases

Issues Comments

Standardized treatment for many diseases Allows coherent collection of data. Phenotype
should be carefully defined

Abundance of clinical trials Allows rapid collection of data. Genotype can be

used to better define the target population
(smaller and more homogeneous study
population) or for stratification for analysis
Regular participation to consecutive trials Creation of a “genetic passport”
(volunteers, HIV-infected)
Use of anti-infective agents in different ethnic ~ Ethnic denominations may only partially reflect
groups the genetic make-up. Genotyping could reveal
specific associations

pharmacogenetic markers in the clinical arena. In one of the first attempts at evaluating
known genetic and functional polymorphism of the proteins involved in drug metabolism
and disposition, Fellay et al. (20) performed a pilot evaluation in a cohort of well-defined
HIV-infected patients receiving protease- or non-nucleoside reverse transcriptase inhibi-
tor-containing regimens. Genetic analysis included the investigation of key polymorph-
isms of CYP3A4, 3A5, 2D6, 2C19, MDRI, CCR5 (a viral receptor that modifies
susceptibility to infection and possibly response to therapy), and also expression of
P-gp, MRP1, and MRP2 in lymphocytes. Polymorphisms in MDRI (C3435T, Exon 26)
and CYP2D6 genes were associated with differences in plasma drug levels. MDRI
C3435T was also associated with better immune recovery over the first 6 months of treat-
ment. However, this attempt in evaluating the usefulness of pharmacogenetic markers
in vivo generated paradoxical results and considerable controversy. MDR1 3435 TT poly-
morphism, associated with this and with other studies with a reduction in MDRI
expression (Table 3), was associated with low rather that high drug plasma levels. The
association was observed both for the P-gp substrate nelfinavir and surprisingly for
efavirenz, which is recognized not to be a substrate of this transporter. The issue is also
confounded by a potential role of PIs as inducers or inhibitors of P-gp and by evidence
for tissue- and developmental-specific expression of many transporters. Unfortunately,
this paradox, possibly explained by the existence of complex compensatory mechanisms
(184), underscores the difficulties that will be encountered when applying knowledge
obtained from in vitro studies to the clinical field.

CONCLUSIONS

The current state of knowledge of pharmacogenetics in the area of infectious diseases
mainly includes the identification of genetic polymorphism leading to changes in the
activity of phase I and phase II metabolic pathways and in transporters. These polymorph-
isms were the first to be recognized because research was specifically directed to relevant
metabolic or transport genes. As a result of genome-wide investigations, a new generation
of markers will be found associated with specific toxicities or lack-of-efficacy pheno-
types. These labor-intensive analyses will lead to identification of additional polymorph-
isms with potential functional relevance. Polymorphisms may remain remote to the gene
of interest (e.g., regulators, suppressor genes) or be present in noncoding regions
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(promoter, intron, 3" untranslated region), contributing to modified expression, splicing, or
protein stability. Transcriptome analysis using microarrays also promises to deliver infor-
mation about individual expression profiles that may lead to genes participating in
complex regulatory or signaling cascades. These cascades may be investigated in detail
to identify polymorphims and modification of function distant to the key metabolic or
transport genes.

Understanding of the genetics of disease susceptibility may also help in the devel-
opment of new drugs. Identification of a polymorphism of the HIV cellular receptor
CCRS5 that resulted in the absence of a functional protein and high-level protection
from HIV infection led to the initiation of an intense research in drug development, includ-
ing that of an orally active CCRS receptor antagonist that blocks the entry of HIV-1,
currently in clinical trial.

Importantly, pharmacogenetics and immunogenetics of anti-infective chemotherapy
will complement the field of genetics of susceptibility to a pathogen. For major pathogens,
such as HIV, malaria, and TB, this has the potential to dramatically improve management
and limit the number of patients requiring therapy. Fortunately, knowledge acquired on
inherited differences in the metabolism, transport, and disposition of anti-infective
drugs will be to a significant extent shared by drugs used in other disciplines. The fields
will thus move forward together.
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INTRODUCTION

Within rheumatic diseases, the therapeutic armamentarium has traditionally been limited
to a relatively small number of drugs. When considering drugs used in rheumatology, it is
useful to consider the therapeutic paradigm for rheumatoid arthritis (RA). RA is the most
prevalent of the inflammatory rheumatic diseases encountered and therefore is a key
example to consider. In this chapter, we briefly review the current therapies used in RA
and consider their relative efficacy and toxicity. Evidence for the genetic basis underlying
these outcomes is then reviewed, and areas of future research are highlighted.

THERAPEUTIC OPTIONS IN THE TREATMENT OF
RHEUMATOID ARTHRITIS

RA is a chronic inflammatory disease of the joints that affects approximately 1% of the
general population. It is characterized by swelling, stiffness, and pain in multiple joints,
and particularly, symmetrical involvement of the small joints of the hands and feet. RA
is a significant cause of disability, and the majority of patients experience progressive
joint destruction, deformity, and functional decline over a 10- to 15-year period (1).
The basic aim of RA management is to reduce pain, improve function, and prevent or
retard long-term disease progression. The major groups of therapeutic agents used are
summarized in Table 1. Symptomatic agents include simple analgesia and nonsteroidal
anti-inflammatory drugs (NSAIDs). These drugs reduce pain and may improve function
but do not fundamentally alter the underlying course of the disease. The second major
class of agents are the disease-modifying antirheumatic drugs (DMARDs). This group
of drugs usually takes several weeks or months to realize their full effect. They not
only cause reduction in pain and swelling but, more importantly, also retard the rate of
joint erosion, thus modulating the disease course. Corticosteroids are also frequently
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Table 1 Classification of Drugs Commonly Used in the Treatment of Rheumatoid Arthritis

Drug group Examples

Simple analgesia Paracetamol, codeine

NSAIDs Ibuprofen, diclofenac, celecoxib, rofecoxib
Corticosteroids Prednisolone, prednisone, deflazocort
DMARDs MTX, sulfasalazine, gold, sodium

aurothiomalate, D-penicillamine,
hydroxychloroquine, AZA, leflunomide

Biologic drugs® Anti-TNF-«a drugs: infliximab, etanercept,
adalimumab; IL-1 receptor antagonists:
anakinra

“Some are classified as disease-controlling antirheumatic drugs (DCARTS).
Abbreviations: NSAIDs, nonsteroidal anti-inflammatory drugs; DMARDs, disease-modifying antirheumatic
drugs; TNF-«, tumor necrosis factor-a; IL-1, interleukin-1; MTX, methotrexate; AZA, azathioprine.

used in the management of RA. These drugs are anti-inflammatory and are employed as
symptomatic agents. There is evidence, however, to support a disease-modifying role
for corticosteroids in RA (2,3). More recently, biologic agents have been introduced for
the treatment of RA (4,5). These drugs are specifically designed to block key mediators
of the RA inflammatory pathway (6). They have considerable potential to retard the
disease process, and the term “disease-controlling antirheumatic therapy (DCART)” has
been coined to reflect the fact that certain of these biologic agents may halt further joint
destruction in a majority of patients.

EFFICACY AND TOXICITY OF ANTIRHEUMATIC THERAPIES

There is evidence to support the efficacy of DMARDs in RA. These drugs are superior to
placebo in reducing signs of inflammation and improving function (7). There is, however,
variability in the response to these agents, and different drugs display different levels of
efficacy. In general, drugs such as sulfasalazine and methotrexate (MTX) have been
found to be more efficacious than such agents as auranofin and hydroxychloroquine (7).
Recently, studies have employed more standardized measures of response. One such
measure is the American College of Rheumatology 20% response criteria (ACR 20).
This level of “response” is generally accepted as the minimum difference that is clinically
noticeable by a patient (8). In randomized trials, an ACR 20 response is achieved by 45%
to 65% of patients treated with sulfasalazine, MTX, and leflunomide (9—11). There are,
therefore, a considerable number of patients who will fail to respond in a clinically import-
ant manner to any single agent. As a result of the limited efficacy of monotherapy, com-
binations of traditional DMARDs are increasingly being employed in the management of
RA. Such combinations appear to have superior efficacy to individual monotherapy
(3,12,13). The other approach to improving therapeutic responses has been to introduce
biologic agents. Although these agents have a more specific mode of action, they are
nevertheless not universally effective. Several trials of antitumor necrosis factor-alpha
(TNF-a) agents have shown that 50% to 60% of the patients will achieve an ACR 20
response (4,5). Similarly 43% of the patients treated with anakinra, an interleukin-1 recep-
tor antagonist (IL-1ra), achieved an ACR 20 response (14).
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In addition to issues of limited efficacy, disease-modifying drugs are also associated
with a significant range of adverse events, which again limit their use. In general, certain
drugs have poor long-term tolerability, for example, the use of intramuscular gold salts and
D-penicillamine (D-Pa) is often limited by the occurrence of rash and proteinuria. In long-
term follow-up, “survival” on a particular drug is therefore limited by either lack of effi-
cacy and/or adverse events. Pincus et al. found in a five-year follow-up study that 60% of
the patients will remain on MTX over this time period. In contrast, <30% remained on D-
Pa or oral gold, both being frequently stopped due to inefficacy and/or toxicity (15).
Morgan et al. (16) have also noted similar trends. This study found that antimalarials
were frequently stopped due to inefficacy, whereas 54% of the patients stopped IM gold
salts due to toxicity. There were significant differences between different DMARDSs in
the proportion of courses ending in inefficacy. Interestingly, it was also noted that there
were significant differences between subjects for the probability of failure on a particular
drug. Overall, 35% of the variance of the probability of failure was due to these between
subject differences. Although compliance and differences in inflammatory mechanisms
between individual patients are likely to be important, individual variability in the meta-
bolic pathways associated with each drug are also hypothesized to be important. Genetic
variability in the absorption and handling of these agents is one aspect that might signifi-
cantly influence the likelihood of response or toxicity. We will now consider several indi-
vidual drugs and evidence for the influence of such genetic variability on the efficacy and
safety of antirheumatic therapies.

NONSTEROIDAL ANTI-INFLAMMATORY DRUGS

Nonsteroidal anti-inflammatory drugs (NSAIDs) are symptomatic agents used in many
rheumatic conditions, including RA. They have analgesic and also anti-inflammatory
properties and are effective in the relief of inflammatory symptoms and signs, such as
joint stiffness, swelling, and tenderness. They also have a widening range of uses
outside of rheumatology: for example, these agents are used for dysmenorrhoea, renal
colic, and postoperative pain. In contrast to many of the drugs that will be reviewed
later, NSAIDs do not fundamentally alter the underlying course of such diseases as RA.
A large number of NSAIDs are currently available and these agents are derivatives of
different acidic compounds, such as salicylic acid, acetic acid, and propionic acid (17).
As a result of their variable chemical structure, there is significant variability in many
of the pharmacokinetic properties of NSAIDs. For example, the elimination of naproxen
and ketoprofen is significantly reduced by renal impairment, whereas sulindac and pirox-
icam are less influenced by renal impairment (17).

Despite variability in their chemical structure and pharmacokinetics, NSAIDs
mediate their principal anti-inflammatory effects by inhibiting the cyclo-oxygenase
(COX) enzyme system. This is a key enzyme in the production of proinflammatory pros-
taglandins from phospholipids and arachadonic acid (Fig. 1). Recently, it has been noted
that there are two distinct forms of the COX enzyme. COX-1 is a constitutive enzyme,
which is important in the production of prostaglandins for physiological purposes, such
as maintenance of the acid barrier in the stomach and also in the control of renal blood
flow and sodium excretion. COX-2, in contrast, is an inducible enzyme, production of
which is upregulated by proinflammatory cytokines, such as IL-1 and TNF-a (17). The
production of prostaglandins by this mechanism is increased at sites of inflammation,
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Figure1 Summary of prostaglandin synthetic pathway and the role of COX enzymes. The COX-1
and COX-2 enzymes (gray boxs) are inhibited to a variable degree by most NSAIDs. Abbreviations:
COX, cyclo-oxygenase; NSAIDs, nonsteroidal anti-inflammatory drugs.

such as the rheumatoid synovium. In recent years, several new NSAIDs have been devel-
oped, which selectively or specifically inhibit the inducible COX-2 enzyme. These agents
are associated with a reduced risk of certain complications, particularly peptic ulceration
and its consequences (18,19).

Pharmacogenetics of NSAIDs

There have been several studies exploring how genetic variability in pathways of
relevance to NSAID metabolism and action may influence drug kinetics and/or the inci-
dence of adverse effects. Recently, Kirchheiner et al. studied genetic variability of the
cytochrome P450 (CYP) 2C9 enzyme and their influence on ibuprofen metabolism.
CYP2C9 polymorphisms were identified, and subjects with various combinations of the

*1, *2, *3 genotypes were studied. Metabolism of the dextrorotatory S-ibuprofen was sig-
nificantly reduced in subjects carrying at least one *3 allele. In subjects homozygous for
the *3 allele, S-ibuprofen clearance was reduced by approximately 50%. These subjects
also displayed more significant inhibition of COX-1 and COX-2 (20). It has therefore
been hypothesized that CYP2C9 genotypes may be associated with an increased risk of
NSAID-associated adverse effects, such as upper GI haemorrhage. Although several
other NSAIDs, including diclofenac and celecoxib, are also CYP2C9 substrates, studies
suggest that the CYP2C9 genotype does not significantly affect the pharmacokinetics of
either agent (21).

There is also a well-recognized risk of asthma being provoked or exacerbated in
patients who use aspirin or NSAIDs. Approximately 10% to 11% of the asthmatics
have been categorized as suffering from “aspirin-induced asthma” (22). The mechanism
of worsening of asthma in this context appears to be mediated by alterations in eicosanoid
metabolism. In particular, prostaglandin E2 (PGE2), produced by COX-1, acts to counter-
balance proinflammatory leukotrienes especially cysteinyl leukotriene (Cys-LT). The
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addition of aspirin or other NSAIDs, which inhibit COX-1, results in rapid depletion of
PGE2 and worsening of asthma and rhinitis symptoms. The enzyme, leukotriene C
synthase (LTC4S) is upregulated in the bronchial mucosa of asthmatics. Patients with
asthma who have an A—C transversion of nucleotide 444 in the LTC4S enzyme have
increased expression of this enzyme in peripheral blood eosinophils. The C444 allele is
also observed more commonly in patients with aspirin-induced asthma, compared with
the healthy controls or asthmatics who are not aspirin-sensitive (23). For a full discussion
of this topic see Chapter 6.

METHOTREXATE
Pharmacology and Mechanism of Action

MTX is currently the cornerstone of drug treatment for RA. It is increasingly employed as
the first DMARD used (24). It can be given orally or subcutaneously, because there is con-
siderable variation in oral absorption (25). MTX was first used in RA and psoriatic arthritis
in the early 1960s; however, the higher dose regimes used then were associated with sig-
nificant and serious toxicity. As a result, it is now used in a low-dose weekly regime of
7.5-25 mg per week. MTX is taken up into cells via the reduced folate carrier and is poly-
glutamated. Polyglutamation prolongs the intracellular half-life (26). Although originally
believed to mediate its effect by inhibition of folate metabolism, it has become increas-
ingly clear that this is not its only mechanism of action (26,27). MTX inhibits a number
of essential enzymes, such as thymidylate synthase, dihydrofolate reductase (leading to
an inhibition of pyrimidine and purine metabolism), and aminoamidazole carboxamide
ribonucleotide transformylase (AICAR) (Fig. 2) (28,29). This leads to release of adeno-
sine, which inhibits leucocyte migration and, acting via the A2a and A3 receptors, has
potent anti-inflammatory actions (30).

Methotrexate

¢ Folylpolyglutamate synthase

MTX-
polyglutamates

Thymidylate AICAR
synthase transformylase
Dihydrofolate reductase
—'
)
Methylenetetrahydrofolate reductase

Thymidylate Inhibits transmethylation Adenosine accumulation
depletion of DNA/RNA Purine biosynthesis

Figure 2 Overview of the mechanisms by which methotrexate mediates its anti-inflammatory
effects in rheumatoid arthritis and related disorders. Key enzymes inhibited by MTX are highlighted
in gray boxes. Abbreviations: DHF, dihydrofolate; MTX, methotrexate; THF, tehrahydrofolate;
AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide.
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Clinically, MTX is capable of significantly reducing joint inflammation and
retarding radiographic progression (31). Clinical trials confirm that ACR20 responses to
low-dose MTX range from 44% to 65%, (9,10,32). In addition, MTX is relatively well tol-
erated, and many patients are able to remain on MTX for long periods of time. Wolfe et al.
(33) found that the median time to discontinuation of MTX was 4.25 years, compared with
two years for other DMARD:s. Pincus et al. (15) also confirmed that over a five year period,
“drug survival” times for MTX were superior to other DMARD:s.

Pharmacogenetics

The effect of polymorphisms in the methylenetetrahydrofolate reductase (MTHFR) gene
has been evaluated. Several polymorphisms have been identified, although two single-
nucleotide polymorphisms (SNPs), C677T and A1298C, have been commonly linked to
adverse drug events. The C677T is a common polymorphism, with mutant homozygotes
representing around 8% of the Caucasian population. This polymorphism leads to an
alanine — valine substitution that makes the enzyme more thermolabile; this variant has
a 30% reduced enzymatic activity compared with the wild-type (29). Van Ede et al. (34)
studied the C677T polymorphism with regard to toxicity and efficacy of MTX in 236 RA
patients. They found that 48% of the patients carried at least one 7 allele and that the pre-
sence of the C677CT or C677TT genotype increased the risk of stopping MTX due to
adverse events (RR 2.01, 95% CI 1.09-3.7), especially increased liver transaminases
(RR 2.38, 95% CI 1.06-5.34). No difference in MTX efficacy was seen between the
groups. In a Japanese cohort of 106 RA patients, Urano et al. (35) studied two polymorph-
isms of MTHFR, the C677T polymorphism and the A1298C polymorphism. The latter poly-
morphism results in a glutamine — alanine substitution and reduced enzyme activity. In
this cohort, MTX toxicity was more frequent in patients with the C677T allele, compared
with those without the T allele (27% vs. 8.6%, RR 1.25, p < 0.05). No correlation was
observed between this polymorphism and treatment efficacy. In 80 patients, the A1298C
polymorphism was also studied. Patients with the C allele required significantly lower
doses of MTX than patients without the allele (RR 2.18, 95% CI 1.17-4.06, p < 0.05),
and there was a trend towards improved efficacy in patients with the C allele, with
greater improvements in the ESR and CRP. There was, however, a higher baseline ESR
in the C/C group. No association was observed between A71298C polymorphism and tox-
icity. They concluded that the C677T polymorphism leads to increased toxicity, whereas
AI298C improved efficacy of MTX. A second study, however, found no association
between MTHFR C677T or AI1298C genotypes and outcome of the MTX treatment in a
Japanese cohort (36).

Clearly there are other potential candidate genes that may affect MTX efficacy and
toxicity, including dihydrofolate reductase, thymidylate synthase, and folylpolyglutamate
synthase (which mediates the polyglutamation of MTX). To date, only a single study (36)
has examined the effect of polymorphisms in the thymidylate synthase gene (TYMS) and
outcome of MTX treatment. Patients who were homozygous for the triple-repeat allele in
the promoter region of the TYMS gene required higher doses of MTX than those carrying
the double-repeat allele (p = 0.033), although all patients were on low doses of MTX. In
addition patients who were homozygous for the deletion allele of the polymorphism in the
3’-untranslated region of the TYMS gene had a higher rate of improvement (measured by a
50% fall in the CRP level) than patients without this polymorphism (p = 0.383). Clearly
these studies require replication, but it is likely that polymorphisms in these and
other enzymes in the MTX pathway will be of importance in predicting efficacy and/or
toxicity to MTX.
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SULFASALAZINE
Pharmacology and Mechanism of Action

Sulfasalazine consists of sulfapyridine and 5-aminosalicylate (the active component in
inflammatory bowel disease). Both components have anti-inflammatory effects (37). Sul-
fasalazine is highly protein-bound and undergoes N-acetylation in the liver before being
excreted via the renal tract. The mechanism of action is unclear and may include
effects on B cell, synoviocyte, and endothelial cell proliferation (37). Other mechanisms
of action include reduction of cytokines, such as IL13 and TNF« (37,38). Sulfasalazine is
commonly used for the treatment of RA. Recent studies comparing sulfasalazine with
other DMARDs have shown efficacy comparable with leflunomide and MTX, with
ACR20 responses of between 44% and 59% (10,11).

Pharmacogenetics

Studies to date have focused on the effect of acetylator status and side effects. Kitas et al.
(39) found no effect of acetylator status on toxicity or efficacy. Pullar et al. (40) found that
there was an increased risk of nausea and vomiting in slow acetylators but no difference in
the rates of serious toxicity. Several studies have examined the effect of the N-acetyltrans-
ferase 2 (NAT?2) polymorphism on treatment outcome. To date, at least 19 SNPs have been
identified within the coding region of NAT2 (41). Tanaka et al. (42) studied a Japanese RA
cohort and found that patients without the NAT2*4 haplotype, which is associated with
rapid acetylation status, had a significantly higher number of adverse events than patients
with the NAT2*4 haplotype (62.5% vs. 8.1%; OR 7.73). Sabbagh et al. (43) also found a
higher rate of side effects with sulfasalazine in slow acetylators with chronic discoid lupus.
However, a study by Ricart et al. (44) in ulcerative colitis patients found no association
between NAT2 polymorphisms and sulfasalazine toxicity. Further studies are required
to resolve these issues.

D-PENICILLAMINE
Pharmacology and Mechanism of Action

D-Penicillamine (D-Pa) is an amino acid with a thiol side-chain. The serum half-life is
approximately two to four hours, although this increases to four to six days (45) in patients
on long-term therapy. Its bioavailability is severely reduced if taken with food. The mech-
anism of action is unclear, although it is thought to act by inhibiting leucocyte myeloper-
oxidases and by effecting T-cell proliferation (37,45). It has also been postulated that the
thiol side-chain acts as a metal chelator with subsequent effects on cell surface receptors
(37). Although efficacious for the treatment of RA (45), it has been generally superseded
by other DMARDs because of problems with side effects and toxicity.

Pharmacogenetics

Initial studies looked at the effect of sulfoxidation status and toxicity with D-Pa. Emery
et al. (46) found a significant association with toxicity and impaired sulfoxidation status
in 66 RA patients. Emery also looked at human leukocyte antigen (HLA) associations
in these patients and found that HLA-DR3 was associated with toxicity independently
of sulfoxidation status. Similarly, Madhok et al. (47) found in a study of 50 RA patients
that those with poor sulfoxidation status were 3.9 times more likely to have an adverse
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event. There was no difference in the two groups in terms of clinical response to D-Pa.
Layton et al. (48) investigated the effect of polymorphisms in the glutathione-S-transferase
(GST superfamily) on therapeutic outcomes in 81 RA patients. The frequency of the
GSTM|1 null allele was higher in treatment nonresponders (n = 18) than in responders
(72.2% vs. 47.6%; OR 3.94). There was also an association between the haplotype
GSTM1*0/GSTM3*A and poor response to D-Pa (OR 7.63).

GOLD
Pharmacology and Mechanism of Action

Gold may be prescribed either orally (auranofin) or parenterally (as aurothiomalate or aur-
othioglucose). Gold is highly protein-bound to albumin. Peak blood concentrations are
reached after two to six hours. Plasma half-life is around seven days for a 50 mg dose
(37). Again, the mechanism of action is unclear but is thought to be via effects on neutro-
phils and monocytes (37). Gold is considered to be as effective for RA as either sulfasa-
lazine or MTX. It has, however, a higher rate of treatment withdrawal for side effects
when compared with other drugs, such as sulfasalazine (49).

Pharmacogenetics

Early studies examined the influence of HLA type on the side effect profile. Singal et al.
(50) showed an increased prevalence of HLA-DR3 in patients with side effects from gold
compared with patients without side effects, although Ten Wolde (51) and Alarcon (52)
failed to replicate the association. Hakala et al. (53) suggested an increased prevalence
of HLA-B40 in patients with gold pneumonitis. Stockman et al. (54) also found an associ-
ation between proteinuria and HLA-DR3 and HLA-BS8 and thrombocytopenia with HLA-A1
and HLA-DR4. Other genes within the major histocompatibility complex (MHC) have also
been studied. One small study by Clarkson et al. (55) found that patients with the C4 null
allele were more likely to develop side effects from either gold or D-Pa. Evans et al. (56)
investigated the association between TNF microsatellite markers and gold intolerance and
found that the haplotypes TNFa5b5 and TNFa6b5 had an increased risk of mucocutaneous
side effects. These studies are suggestive of a role for gene(s) within the MHC in toxicity
to gold, but this obviously requires further investigation.

AZATHIOPRINE
Pharmacology and Mechanism of Action

Azathioprine (AZA) is an immunosuppressive agent that is widely used in inflammatory
rheumatic diseases, including RA, where there is evidence to support its role in suppres-
sion of disease activity (57). A typical dose for RA is 1 mg/kg/day increasing after four to
six weeks to 2-3 mg/day. AZA is a prodrug, which is converted after absorption to the
active agent, 6-mercaptopurine (6-MP). This is then converted by hypoxanthine-
guanine phosporibosyl transferase (HGPRT) to 6-thioguanine nucleotides (6-TGNs).
These play a major role in the development of cytotoxicity when incorporated into
DNA and RNA (58). Two enzymes compete with HGPRT to reduce the intracellular
levels of 6-TGNs. The first, xanthine oxidase, results in the formation of thiouric acid.
This is an important route for the inactivation of 6-MP, and the xanthine oxidase inhibitor
allopurinol significantly increases the risk of toxicity of AZA (59). Xanthine oxidase
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Figure 3 The metabolic pathway involved in the detoxification of azathioprine /6-MP. TPMT is a
key enzyme (gray boxes) in which polymorphic variability can result in an increased risk of
azathioprine toxicity. Abbreviations: HGPRT, hypoxanthine guanine phosphoribosyltransferase;
MP, mercaptopurine; TPMT, thiopurine methyltransferase.
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levels, however, do not appear to vary greatly between individuals. The second enzyme
involved in 6-MP clearance is thiopurine methyltransferase (TPMT). TPMT inactivates
6-MP through the formation of methyl mercaptopurine (58) (Fig. 3).

Studies of TPMT in Rheumatology

Some of the variation in AZA metabolism can be accounted for by the fact that there is
clear variation in TPMT enzyme activity between individuals; the genetic basis for this
has been determined. The TPMT gene, localized to chromosome 6p22.3, displays at
least eight polymorphisms associated with reduced enzyme activity. The nonmutant
gene is designated TPMT* 1, and mutated genes are assigned as TPMT *2—*6. In Cauca-
sians the most common polymorphism associated with reduced enzyme activity is *3A
[point mutation 460 (G — A) and 719 (A — G)] (60). The isolated mutation at position
719 (*3C) is a common cause of low activity in African populations (61,62). Approxi-
mately 89% of the white Caucasian subjects are homozygous (two wild-type alleles) for
the inherited trait of high TPMT activity. Eleven percent are heterozygous (one wild
type and one variant allele) and have intermediate TPMT activity, while approximately
0.3% are homozygous for the trait of very low or absent activity (two variant alleles)
(63-65). There is a good correlation between genotype and functional enzymatic activity,
and both approaches have been studied to assess the risk of toxicity in patients taking
AZA. In a study of patients with RA, the risk of any adverse event was significantly associ-
ated with intermediate or low enzyme activity. In particular, all cases of myelosuppression
and 50% of the GI adverse effects were associated with low enzyme activity. In contrast,
there was no association with idiosyncratic reactions, such as hepatitis (64). Using geno-
typing alone in a cohort of patients with rheumatic diseases, Black et al. (66) found that
bone marrow toxicity only occurred in patients who were heterozygous for a variant
allele. No episodes of bone marrow suppression were observed in those homozygous
for the wild-type gene. What remains unclear, however, is whether knowledge of the
patients’ genotype would avoid the need for any future hematological monitoring.
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Naughton et al. (67) found in a cohort of 135 patients, mostly with systemic lupus erythe-
matosus, that although the single patient homozygous for mutant alleles experienced bone
marrow toxicity, only one of the eleven others with drug-induced neutropenia had a poly-
morphism detected. Clearly, additional unknown polymorphisms may account for some of
these patients. Therefore, genotyping may detect the small number of patients who are
homozygous for TPMT polymorphisms who are clearly at risk of significant toxicity. In
this group, an alternative agent can be used. In heterozygous patients, avoidance of the
drug may not be necessary, although a lower dose may be needed to avoid bone
marrow or GI toxicity. Taking all the current data into consideration, it appears that gen-
otyping alone is insufficient to identify all patients who are at risk of developing AZA tox-
icity, and, therefore, regular monitoring is still necessary even when no TPMT
polymorphisms are detected.

LEFLUNOMIDE
Pharmacology

Leflunomide is an isoxazole derivative first isolated and described nearly 20 years ago.
Leflunomide is a prodrug that is converted nonenzymatically, primarily in the intestinal
mucosa and plasma, but also by the liver, to the active metabolite malononitrilamide,
termed A77 1726 (68). A77 1726 has a long half-life of approximately two weeks. Treat-
ment with oral leflunomide is initiated with a loading dose of 100 mg once daily for three
days and continued at a dose of 10—20 mg once daily. In placebo-controlled trials, leflu-
nomide is superior to placebo in improving signs and symptoms of RA and is comparable
with sulfasalazine and MTX in terms of clinical response rate (9,11,69). It is also compar-
able to MTX (9) and sulfasalazine (11) for reducing the rate of radiographic progression of
RA. The overall withdrawal rates in clinical trials are approximately 28%, and these are
mostly due to adverse effects including diarrhea, nausea, rash, elevated liver transamin-
ases, and alopecia (9,11,69). To date, there are no studies looking at the pharmacogenetics
of this agent in humans. There are however, several potential pathways in which genetic
variability may exert an influence.

Mechanism and Site of Action

A77 1726 inhibits cell proliferation in activated lymphocytes in patients with active RA.
In vitro data indicate that the drug inhibits the enzyme dihydro-orotate dehydrogenase
(DHODH), which is the fourth enzyme utilized in the de novo purine synthesis pathway
(70). By inhibiting uridine 5’-monophosphate (UMP) production, the levels of ribonucleo-
tides and deoxyribonucleotides necessary for DNA and RNA synthesis are reduced. The
interruption to DNA synthesis results in lymphocyte cell arrest (Fig. 4). The induction
of arrest of activated autoimmune lymphocytes by leflunomide thereby reduces the auto-
immune response in RA patients. When antirheumatic activity of leflunomide was
observed, it was unclear as to whether it inhibited DHODH (71) or tyrosine kinases,
which transfer ATPs terminal phosphate to a tyrosine residue on another protein. Davis
et al. (71) established that leflunomide had no inhibitory effects on DHODH or tyrosine
kinases but noted that A77 1726 had a concentration-dependent inhibitory effect on
DHODH, with DHODH requiring both substrate and an electron acceptor. Although it
was found that A77 1726 inhibits the activity of tyrosine kinases, the concentrations
needed were much greater than the usual therapeutic concentrations seen in RA.
DHODase inhibition is therefore potentially the main mechanism of action of this novel
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Figure 4 Proposed inflammatory pathways for the active moiety of leflunomide, A77 1726, in
rheumatoid arthritis. At pharmacological concentrations, inhibition of DHODH (gray box)
appears to be the most important mechanism leading to a reduction in pyrimidine synthesis in pro-
liferating lymphocytes and cell cycle. Abbreviations: NF-«kB, nuclear factor-kB. DHODH, dihydro-
orotate synthase.

immunosuppressive agent. DHODH has two redox sites, oxidation of dihydro-orotate to
orotate, and the oxidation by ubiquinone of dihydroflavin mononucleotide (FMNH,) to
flavin mononucleotide (FMN). The long N-terminal extension forms a helical mem-
brane-associated motif. This forms the mouth of a hydrophobic tunnel leading into the
FMNH,-ubiquinone redox site. A77 1726 binds to a narrow region of the tunnel. The
DHODH sites resemble one another as they all carry out the same reaction. However,
regions near the active sites can differ. The residues that interact with the inhibitors
differ markedly from one organism to another, and a single residue change can lead to
resistance (72). A77 1726 is also reported to possess other activities, such as concen-
tration-dependent inhibition of nuclear factor kappa-B activation and nuclear factor
kappa-B-dependent reporter gene expression (73). It also has inhibitory effects on
oxygen radical, immunoglobulin (Ig)G, and IgM production (74) and interleukin (IL)-
Ib and IL-2 levels (75). Genetic variability of these pathways, especially of the
DHODH enzyme, may therefore account for some of the variability in response to leflu-
nomide observed in clinical practice.

ANTIMALARIAL DRUGS

Antimalarials, such as chloroquine and hydroxychloroquine, are commonly used in the
treatment of RA. Although considered to be weaker agents than MTX and sulfasalazine,
they are often used in mild disease or in combination with other agents (13). It is known
that these drugs accumulate in the acid lysosomes of lymphocytes, macrophages, and
polymorphonuclear cells (37,76), where they alter protease function and protein
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glycosylation. To date there are no studies on genetic polymorphisms and response to
antimalarials.

BIOLOGICAL THERAPIES

A treatment may be termed as biological if it is derived from a living organism, unlike
traditional drugs, which are chemically synthesized. Within RA, particular interest has
focused on two proinflammatory cytokines that have been demonstrated to be critical in
the pathophysiology of RA, IL-1, and TNF-a.

TNF-a Blockade

TNF-a is a pro-inflammatory cytokine that mediates both inflammatory synovitis and
breakdown of articular cartilage. It also induces the production of other cytokines and
matrix metalloproteinases that are important within the rheumatoid joint (77). TNF-«
binds to either of the two cellular receptors, p55 or p75, which also exist in soluble shor-
tened forms in different body fluids. These receptors are thought to be involved in the regu-
lation of TNF-« activity (78). Currently three TNF blockers, infliximab, etanercept, and
adalimumab are available for use in clinical practice.

Pharmacology and Mechanism of Action

Infliximab

Infliximab is a chimeric anti-TNF-« antibody that consists of a murine antigen-binding
region bound to a human IgG1 constant region. It has a high affinity for TNF-« and has
a serum half-life (once in steady-state) of 10 days (78). It is administered as a continuous
infusion and has been licensed for use in RA and Crohn’s disease. It binds to both soluble
and cell-bound TNF-« and prevents binding at the TNF receptor (6). It is highly effica-
cious in the treatment of RA, both in terms of improvement in joint counts and in prevent-
ing radiographic damage. Clinical trials have shown it to be superior to MTX (the current
“gold standard” DMARD) in terms of both clinical and radiological outcomes (4,79).
Immunogenicity is a potential problem with infliximab, with studies showing that up to
25% of the patients develop human antichimeric antibodies (HACA) (80). Within the
use of infliximab for Crohn’s disease, there is some evidence to suggest that patients
who produce antibodies to infliximab have a lower serum concentration of infliximab
and shorter duration of response (81). Within RA, infliximab is usually coadministered
with MTX to avoid this potential problem, and currently it does not appear that antibodies
to infliximab are important in response to treatment.

Etanercept

Etanercept is a recombinant human TNF receptor (p75)—Fc fusion protein. It binds to
soluble TNF-« and is administered subcutaneously in a dose of 25 mg twice weekly. It
has a half-life of 115 hours (6). Several controlled trials have demonstrated that etanercept
has significant benefit in RA, both as monotherapy or in combination with MTX (5,82). It
is also licensed for use in juvenile idiopathic arthritis. As etanercept is fully humanized,
immunogenicity is not clinically relevant.
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Adalimumab (D2E7)

Adalimumab is the first fully human monoclonal antibody that blocks TNF-a. In con-
trolled clinical trials, adalimumab has been shown to be efficacious in treating RA both
with and without MTX (83,84).

Genetics of TNF-a

The TNF-a gene is mapped to the MHC Class III region on the short arm of chromosome 6,
between the HLA-B and HLA-DR genes, and is highly polymorphic. Studies suggest that
approximately 60% of the variation in TNF-«a production is genetically determined (85),
and these genes are potential candidates for both susceptibility and severity in RA. At least
14 SNPs have been identified within the TNF-« gene, and functional data exist for some of
these polymorphisms (85). Two of the polymorphisms, the —238GA genotype and the
+489GA genotype, may be associated with less erosive disease independent of the
shared epitope (85,86). Fabris et al. (87) studied 163 RA patients and divided them into
severe disease (active RA despite combination DMARD therapy) and moderate disease
(responders to MTX). The —238AG genotype was absent in the severe RA group, and
they concluded that the —238GG genotype might be associated with a poorer outcome.
There was, however, a high proportion of controls with the —238GG genotype, and so
its overall significance remains to be confirmed. Cvetkovic et al. (88) investigated TNF
polymorphisms via restriction fragment length polymorphisms (RFLPs) and found that
patients with the A1A2 genotype (equivalent to —308GA genotype) had more severe
disease in terms of both disease activity and functional class, although there was no differ-
ence between the groups in terms of the number of DMARDs used. Other workers have
failed to find an association between disease severity and the presence of this polymorph-
ism (89). One small study aimed to examine the effects of TNF-a polymorphisms on
responses to infliximab in Crohn’s disease, but the results were contradictory between
the cohorts studied (90).

To date, two other studies have examined the effect of polymorphisms in the TNF-«
gene on the outcome of infliximab treatment. Mugnier et al. (91) genotyped 59 patients
with established RA treated with infliximab and found that patients with the TNFa
—308G/G genotype had a better response to infliximab at 22 weeks than patients carrying
at least one copy of the TNFa —308A/G polymorphism. A second study (92) found a
similar association, between the TNFa —308G/G genotype and a good clinical response
to etanercept. In addition a combination of alleles influencing the production of IL-1
receptor antagonist (IL-1Ra) and TGFS1 (A2 allele of the IL-1 receptor antagonist and
TGFB1 +915 GSBC) were also associated with a poor response to etanercept. To date,
there are no published studies evaluating pharmacogenetic markers on outcome of adali-
mumab treatment.

IL-1Ra (Anakinra)

Pharmacology and Mechanism of Action

IL-1 is another key proinflammatory cytokine in the pathogenesis of RA. It is produced by
a variety of cells including monocytes, macrophages, and synoviocytes. There are several
forms of IL-1, membrane-associated IL-1« and soluble IL-1/. Unlike TNF, activation of
the IL-1 pathway also leads to release of its endogenous inhibitor IL-1Ra. Although levels
of IL-1Ra are increased in RA patients compared with the healthy controls, the relative
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increase in IL-1Ra is insufficient to prevent signalling of IL-1 (6,93). Anakinra is a recom-
binant human IL-1Ra and binds IL-1R, thereby preventing binding of native IL-1. IL-1Ra
has a short half-life and is therefore administered daily by a subcutaneous injection. In
clinical trials, it has been shown to be efficacious for both clinical improvement and redu-
cing radiological progression of RA (93,94).

Genetics of IL-1

No studies to date have evaluated genetic predictors of response to treatment with IL-1Ra.
The genes for IL-1 and IL-1Ra are found on the long arm of chromosome 2. In one study, a
polymorphism within the IL-18 promoter sequence (at position 511) was overrepresented
in an RA population who had required joint surgery, compared with both patients who had
not required surgery and healthy controls (95). This polymorphism may therefore be a
marker of RA severity. However, Huang et al. (96) looked at the same polymorphism
in a Taiwanese population and did not find an increased allele frequency in the RA
group compared with the controls. These and other gene polymorphisms in the IL-1
family may be hypothesized to influence responses to IL-1Ra therapy and clearly
require further evaluation.

SUMMARY AND FUTURE DIRECTIONS

Rheumatology is currently in an exciting era of unprecedented new drug development. In
addition, the old paradigm of sequential monotherapy with DMARDs is being superseded
by the use of DMARD combinations and the introduction of biologic drugs. The use of
drugs is still, however, limited by adverse events and limited efficacy and also, in the
case of biologics, by the high unit costs of these agents. The study of pharmacogenetics
in rheumatology is, as can be seen, at an early stage. In most cases, polymorphisms in a
single gene have been studied in isolation. Even using this approach with its inherent limit-
ations, several genes of interest have been identified that may predict efficacy and/or
adverse events and need confirmation. There is also clearly a need to extend this work
to study drug pathways and gene—gene interactions of relevance more completely. With
regard to the biologic agents, pharmacogenetics offers the opportunity to examine predic-
tors of response and nonresponse that may allow better targeting of these expensive thera-
pies to the right patient groups. In the next few years, substantial progress will be made in
delineating the genetic contribution to the kinetics and mode of action of the drugs
employed in rheumatology.
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INTRODUCTION

Cardiovascular disease (CVD), including stroke, is the leading cause of illness and death
worldwide, and is eminently preventable. Genetic studies have demonstrated that in most
cardiovascular conditions, specific inherited polymorphisms can influence the therapeutic
response. Moreover, it is apparent that there is considerable interindividual variation in
the effectiveness of cardiovascular system drugs. These differences are due to both
environmental factors (e.g., salt intake, smoking) and genetic variation. Ultimately, they
result in abnormalities in gene expression (over-, under-, zero-, or defective production
of an enzyme) that yield phenotypic changes that are of pathological significance in
such disorders as hypertension, atherosclerosis, coronary heart disease, myocardial infarc-
tion, and arterial stiffness. Molecular genetic studies have also identified defects in ion
channels, contractile or structural proteins, and signaling molecules that play a role in
disease pathogenesis.

Inherited differences in drug metabolizing enzymes are usually monogenic codomi-
nant traits. However, the overall clinical effect of most drugs is influenced by multiple
genes involved in the mechanistic pathways of drug absorption, metabolism, disposition,
and interaction with the target receptor (1). Therefore, for any given drug, one gene may
determine the extent of drug activation, a second may affect drug excretion, and still a
third may determine receptor sensitivity. The overall effect of a given drug may thus be
influenced by polymorphism in a number of different genes and therefore potentially by
individual-specific combinations and permutations of polymorphic alleles.

In the following sections, we review polymorphisms that are thought to play an
important role in the treatment of CVD.

209
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POLYMORPHISM IN THE HUMAN GENOME

Even at birth the whole individual is destined to die, and perhaps his organic disposition
may already contain the indication of what he is to die from.
—Sigmund Freud, The Dissolution of the Oedipus Complex (1924)

Most polymorphisms are expected to be neutral with respect to fitness. However, those
polymorphisms that occur either within gene coding or promoter regions may affect
either the structure/function of the gene product (2) or the expression of the gene (3)
and may therefore have the potential to be of phenotypic or even of pathological signifi-
cance. It should be noted that although most polymorphisms are of the single nucleotide
(SNP) variety, there are some gene-associated polymorphisms in the human genome of
other types, for example, triplet repeat copy number, gene deletion, gene duplication,
intragenic duplication, microinsertion, inversion, gene fusion, and gene copy number (4).

The mechanisms by which polymorphisms are maintained in human populations are
likely to be varied. The neutralist theory assumes no selection on the alleles of a poly-
morphic locus, and the frequency of an allele may therefore increase simply by genetic
drift (the change of allele frequency due to random sampling). Such “transient polymorph-
isms” often remain at a low frequency in the population before being lost or may instead
increase in frequency under the influence of either genetic drift or positive selection until
one allele reaches fixation. Most known polymorphisms are probably of this type.
However, if the alternative alleles are not neutral with respect to fitness, the DNA poly-
morphisms may be maintained by selection pressure, possibly overdominant selection
(also known as “heterozygote advantage” or “balanced polymorphisms”).

In practice, the relationship between a polymorphism and a disease susceptibility
should usually be interpreted in terms of linkage disequilibrium. Linkage disequilibrium
is said to be present when certain alleles at one locus occur with certain alleles of
another locus on the same chromosome at frequencies greater than can be attributed to
chance alone. For our purposes, it can be considered to be due to a mutation occurring
in a gene a number of generations ago. This mutant gene has then increased in frequency
within the population, affected individuals of succeeding generations inheriting not only
the mutant gene but also the particular alleles of neighboring polymorphisms. Gradually,
the relationship between the marker alleles and the mutant gene will decay due to recom-
bination. As a consequence, marker/disease associations from different populations can
be extremely difficult to interpret, although both polymorphic allele frequency and
linkage phase can be established in any one population. Also either or both can differ dra-
matically between populations.

Association studies employing polymorphisms located within or in close proximity
to potential candidate genes can be a powerful approach to the epidemiological analysis of
complex disorders (5). However, the results of such studies are notoriously difficult to
replicate (6). One of the problems we face both in interpreting and comparing the
results of disease association studies is that these studies will often vary with respect to
the polymorphism(s) used, the population examined, the exact definition of disease phe-
notype employed, and the statistical methodology adopted. The possibility of confounding
factors (e.g., population stratification, life style, nutritional status) is omnipresent, as is the
use of poorly selected and inappropriate controls. Another caveat is reporting bias; there
will be a tendency to only report significant associations whereas negative findings will
either not be published or published only in more obscure lower-impact journals.

In some cardiovascular conditions, disease associations are evident in polymorphic
haplotypes rather than with individual SNPs (7). Haplotypes are specific combinations of
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alleles of closely linked polymorphisms. Disease—haplotype associations are also explic-
able in terms of linkage disequilibrium and probably reflect the nonadditive effects of
individual SNPs on gene function/expression. Interactions between polymorphic alleles
at different loci are also possible. Studies that seek combinatorial effects of polymorph-
isms at multiple loci may however be at risk of failing to allow for multiple testing in
their significance assessment. Indeed, some disease associations may be found only in a
given age or ethnic group or in one sex but not the other. Such findings may simply
allow one to conclude that if one looks hard enough for an association, one will find
another sooner or later. It should therefore be no surprise that significant associations
are sometimes found with alternative alleles in different studies focusing on different clini-
cal phenotypes or on different ethnic groups. Also, unsurprising is the fact that “disconfir-
mation” of previously published positive findings is a common occurrence in this research
area (5).

As discussed below, less common types of gene-associated polymorphisms relevant
to cardiovascular medicine include an indel (combined micro-insertion/micro-deletion)
polymorphism in the apolipoprotein E (APOE) gene (8), a gross insertion polymorphism
involving an Alu sequence introduced into the angiotensin I-converting enzyme (ACE)
gene (9), and a microinsertion/deletion polymorphism in the plasminogen activator
inhibitor-1 (PAII) gene (10). This PAIl polymorphism is due to the insertion or deletion
of a single G residue within the promoter sequence (10); the ins allele contains an inter-
leukin 1-responsive element, which is absent in the del allele, suggesting that individuals
homozygous for the del allele could exhibit an altered PAIl response during the acute
phase reaction (10).

POLYMORPHISM IN CARDIOVASCULAR DISEASE

The list of genes, implicated as playing a significant role in the regulation of cardiovascu-
lar signaling pathways, is certainly large. Table 1 summarizes some of these genes and
their polymorphisms associated with altered cardiovascular function. In this chapter, we
focus on: (i) the major pathways with their “well-established” proteins and polymorph-
isms, (ii) the emerging proteins and polymorphisms of the cardiovascular matrix and arter-
ial stiffening, which are recognized as independent predictors of increased cardiovascular
risk, (iii) the lipid, inflammation and coagulation system polymorphisms that are important
in predicting increased cardiovascular risk, (iv) genetic polymorphism of cardiovascular
drug metabolism (e.g., cytochrome P450 system), (v) evidence for genetic polymorphisms
affecting responses to drugs with adverse reactions, and (vi) a perspective on pharmaco-
genetics in cardiovascular medicine.

Renin—-Angiotensin—Aldosterone System (RAAS)

The Renin—angiotensin—aldosterone system (RAAS) plays a crucial role in the develop-
ment and progression of CVD by promoting sodium absorption, cardiac remodeling and
norepinephrine release, and other potentially detrimental effects (Fig. 1). It also plays a
significant role in controlling several elements of the extracellular matrix components;
manipulating this system can however reverse experimental cardiac fibrosis (11). Drugs
that interfere with this system have proved to be among the most successful therapeutic
agents for a variety of CVDs.
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Figure 1 Components and effects of renin—angiotensin—aldosterone system and polymorphisms.
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Angiotensinogen (AGT) is the most extensively studied of the candidate genes in CVD
and sits at the head of the RAAS pathway. A number of studies have linked the AGT
locus on chromosome 1 to essential hypertension. The Met235Thr polymorphism in the
AGT gene is associated with an increase in plasma AGT levels (12). The relationship of
AGT gene variants to human CVD/myocardial infarction is less certain, with several
studies reporting a positive association (13,14) but others reporting no association
(15,16). In coronary artery disease patients, AGT concentrations were found to be
higher in 235Thr (TT) homozygotes (14). A recent meta-analysis of 45,267 subjects
also confirmed that TT homozygotes and MT heterozygotes for the Met235Thr poly-
morphism exhibited increased AGT levels (17). Tiret et al. (16) also showed that the
number of antihypertensive medications being taken by 235Thr carriers was greater
than in controls. Further, in untreated essential hypertensives, the AGT gene was found
to be an independent predictor of the blood pressure response to ACE inhibitor therapy
(18); the best response occurred in carriers of the 235 Thr allele.

Angiotensin-Converting Enzyme

Another gene in this pathway that has been studied extensively is the ACE gene, on account
of the variable clinical efficacy of drugs that interfere with this pathway, inhibition of which
leads to a decrease in both blood pressure and cardiovascular mortality (19). ACE not only
plays a central role in the renin-angiotensin system but also in the kallikrein-kinin pathways,
thereby promoting the formation of angiotensin II and inactivating bradykinin. The insertion
(I)/deletion (D) polymorphism in intron 16 of the ACE gene located on chromosome 17
(due to the presence/absence of a 287-bp Alu repeat sequence) has received particular
attention because of its influence on circulating ACE activity (9). In fact, some 50% of
the genetic variance in serum ACE levels has been attributed to polymorphic variation in
the ACE gene. Individuals homozygous for the deletion allele (DD) have been shown to
have twice the serum levels compared with those homozygous for the insertion allele
(D), with heterozygous individuals (ID) having intermediate levels (20). The morbidity



Polymorphisms in Cardiovascular Medicine 215

associated with the ACE DD genotype (21) and the D allele (22) in left ventricular hyper-
trophy (23), myocardial infarction (24), cerebral ischemic stroke (25), and increasing carotid
wall thickness (26) suggests that polymorphic variation in ACE gene exerts an important
influence on a variety of different aspects of the heart and vascular tree. The I/D polymorph-
ism also appears to exert an influence on pulse pressure with age and hence may increase
cardiovascular risk (27). Although the D allele has been associated with an increased risk
of various cardiovascular conditions, the situation in hypertension is controversial. The
inconsistent results are exemplified by the fact that the I allele has tended to track with
high blood pressure in some studies, albeit below the level of statistical significance (18,28).

In summary, the homozygous DD genotype of the insertional ACE gene polymorph-
ism may be an independent risk factor for coronary heart disease, especially in individuals
who lack other conventional risk factors, such as hypertension or hypercholesterolemia. If
confirmed, this suggests the possibility of using drugs that act on the renin-angiotensin
system (such as ACE inhibitors) in individuals genetically defined as being at high risk
of heart disease.

The human I/D polymorphism may also play a role in pharmacogenetics (see
section “Renin-Angiotensin System Drugs”). Thus, although some studies have failed
to demonstrate a difference in blood pressure response to ACE inhibitors or other drugs
(18,29,30), recent data indicate that knowledge of ACE genotype may help in the partition-
ing of patients into potential responders and nonresponders and also in helping to deter-
mine the overall prognosis (31).

Aldosterone Synthase

Aldosterone is a mineralocorticoid hormone that controls sodium balance and intravas-
cular volume, thereby helping to regulate blood pressure. It is synthesized in the adrenal
cortex from deoxycorticosterone by a mitochondrial CYP450 enzyme, aldosterone
synthase (known as CYPI1B2). The CYP11B2 gene encoding this enzyme is located on
chromosome 8 and several polymorphisms have been identified in its upstream regulatory
region. The polymorphism at —344 C/T in the promoter region has been associated with
elevated plasma aldosterone levels (32) and also left ventricular diameter and mass in
young adults free of clinically overt disease. In these studies, individuals with a CC gen-
otype exhibited increased aldosterone levels (33), increased arterial stiffness (34), and
increased left ventricular size and mass. The left ventricular size, mass, and to some
extent, diastolic function have also been associated with the —344CC genotype (35).
By contrast, the —344 C/T polymorphism was not found to influence the risk of myocar-
dial infarction either directly or via interaction with other drugs.

B2 Adrenergic Receptor (8,AR)

The human B,AR is a member of the G-protein-linked seven-transmembrane domain
receptor family. B,ARs are of particular interest because the sequence of the human
B>AR gene (ADRB?2) is highly variable, giving rise to a coding region with numerous poly-
morphisms (36,37). The human 8,AR is encoded by an intronless gene located on chromo-
some 5. Four amino acid polymorphisms have been reported within the ADRB2 gene; all
are single-base substitutions. The two common polymorphisms in the extracellular domain
of the ADRB?2 gene, Argl6Gly and GIn27Glu, appear to have functional significance when
exposed to exogenously administered 8,AR agonists. For example, in transfected Chinese
hamster fibroblasts and in primary cultured smooth muscle cells expressing these variants,
the Gly16 version of the receptor undergoes enhanced agonist-promoted downregulation
of receptor number, as compared with the Argl6 form of the receptor. By contrast, Glu27
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B2AR is relatively resistant to such downregulation as compared with the GIn27 form of
the receptor, but only when co-expressed with Argl6 (37,38). The third polymorphism in
the intercellular domain, Thr164Ile, also has several functional effects, which include
lower binding affinities for agonists and deficient coupling of the receptor to adenylate
cyclase. Transgenic mice expressing Thr1641le variant receptor targeted to the heart man-
ifested impaired myocardial signaling and function (39).

B>AR polymorphisms have been implicated in the pathogenesis of essential hyper-
tension, both on the basis of evidence suggesting altered (3,-mediated vasodilatation
(40-42) and on the basis of linkage studies (43). Some studies (44), but not all (45),
have demonstrated the relationship between certain 8, AR polymorphic alleles and hyper-
tension, presumably because the expression of these receptor forms exerts a vasodilatory
influence on vascular smooth muscle. The risk appears to be greater for those possessing
Gly16 and Glu27 alleles, the latter (Glu27 allele) having an odds ratio for occurrence of
hypertension of 1.80 (44). Given the massive heterogeneity of hypertension, it is not sur-
prising to find that 8,AR polymorphisms are responsible only for exerting a relatively
small effect. Several studies have associated the Ile164 allele with heart failure (46).
Indeed, individuals with the Ile164 receptor experienced an increased risk of either
death or transplant compared with the Thr164 homozygotes. A subsequent study measured
exercise capacity and showed substantially reduced exercise capacity in Ile164 allele car-
riers (47). Importantly, several studies have also demonstrated a relationship between
ADRB?2 genotype and some measure of vascular relaxation in response to agonist infusion
(41,42,48,49). In a study by Brodde et al. (50) of healthy subjects, the Ile164 allele carriers
showed decreased responsiveness (heart rate and systolic time interval) to 8,AR agonist
infusions as compared with Thr164 homozygotes. This suggests that the alternative
alleles of the Ile/Thr164 polymorphism have physiologic effects even in the absence of
a disease phenotype, such as heart failure. The clinical implications are that, in patients
carrying the Thr164lle B,AR polymorphism (Ile164 allele), the therapeutic efficacy of
such treatment with B,AR agonists might initially be lower than in patients with the
wild-type genotype (Thr/Thr). However, with ongoing treatment (and thus 8,AR desen-
sitization), this disadvantage might disappear because desensitization in these patients is
likely to be less than in wild-type B,AR patients.

These polymorphisms have also been extensively evaluated in respiratory disease:
these effects are discussed in detail in the relevant chapter 6 in this book.

Nitric Oxide Synthases

Nitric oxide (NO) is an important regulatory molecule involved in cardiovascular homeo-
stasis, neuronal transmission, and immune defence. NO is synthesized from L-arginine by
a family of three enzymes [nitric oxide synthases (NOS)] (51). NO is produced by the
vascular endothelium under basal conditions, and its production is stimulated by a
variety of receptor agonists and also by shear stress. It also acts locally to prevent platelet
and leucocyte adhesion (52). NO dilates all types of blood vessels studied by stimulating
soluble guanylyl cyclase and by increasing cyclic guanosine mono phosphate (GMP) in
smooth muscle cells. NO released by endothelial cells acts as a major endogenous vaso-
dilator, counterbalancing the vasoconstriction produced by the sympathetic nervous
system, the renin-angiotensin system, and endothelin. Further, blockade of NO synthesis
with inhibitory L-arginine analogs leads to significant peripheral vasoconstriction and,
depending on the species studied, increases blood pressure (53).

Abnormal endothelial NOS activity could result from mutations in the coding
sequence of the 26 exon endothelial cell eNOS (NOS3) gene located on chromosome 7.
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The human NOS3 gene exhibits significant interindividual variation. Studies have reported
an association between the Glu298 allele of the Glu298Asp NOS3 polymorphism and
hypertension (54), coronary artery disease (55), myocardial infarction (56,57), and coron-
ary spasm (58). However, further studies are required to determine how this amino acid
substitution exerts its effects. The only study performed on the effect of variation in the
NOS3 gene on aortic stiffness failed to find any association between aortic stiffness and
the Glu298Asp polymorphism, although it did confirm the higher frequency of the
298G allele in hypertensives, as compared with the controls (59). In this study, small
differences in pulse wave velocity (PWV) were noted between different groups (GG
and GT homozygotes had a higher PWV than the TT homozygotes), but these failed to
reach statistical significance. Such small differences could be important, as a 4% differ-
ence in PWV would equate to an ~8% difference in aortic distensibility, which would
be equivalent to aging ~ 10 years (60). This suggests that either larger numbers of subjects
are required or a less variable measure of arterial stiffness may be needed. Indeed, it is
possible that NOS3 could modulate arterial phenotypes other than aortic PWV, such as
wave reflection and stiffness in muscular arteries.

Recently, clinical and experimental studies have identified other proteins associated
with the arterial stiffening process. The following paragraphs describe some of these
matrix proteins and their associated polymorphisms that are involved in the arterial stiffen-
ing process and may thus be associated with increased cardiovascular risk.

ECM Proteins

Premature arterial stiffening has emerged as a key determinant of cardiovascular risk. The
stiffness of the large arteries depends on a number of factors, including structural elements
within the arterial wall (such as elastin and collagen), smooth muscle tone, and distending
(mean arterial) pressure and also a variety of genetic influences. Elastin and collagen are
the main extracellular matrix (ECM) proteins of the arterial wall. The breakdown of
elastin, collagen, and other components of the cardiovascular matrix (e.g., gelatin) is
mediated by enzymes, such as the elastases and matrix metalloproteinases (MMPs). In
recent years, the focus has shifted to the genetic variation in these matrix proteins and
enzymes owing to their involvement in atherogenesis and arterial wall remodeling.

Elastin (ELN)

Elastin is a critical autocrine factor that maintains vascular homeostasis through a combi-
nation of biomechanical support and biologic signaling. The structure and function of this
protein may be altered either by defective synthesis or in response to physiological and
pathological changes in the vessel wall. ELN is encoded by a single gene on human
chromosome 7, whose transcription is influenced by a number of factors, such as
insulin-like growth factor I.

Several lines of evidence support the view that disruption of arterial elastic fibres and
intimal proliferation in the large elastic arteries results in a quantitative and/or qualitative
modification of elastin during vascular development that is of pathogenetic importance
(61,62). Molecular genetic studies on knockout mice (61,62), human genetic disorders
(Supravalvular aortic stenosis, Williams syndrome, Marfan syndrome), and normotensive
adults led to the identification of deletions, more subtle mutations, and several polymorph-
isms in the ELN gene (e.g., Bgl1, Ser422Gly), which disrupt the elastic fibers, leading to
a narrowed lumen, which in turn affects the biomechanical properties of the arterial
wall (63-68). Hanon et al.(68) examined the association between the Serd422Gly
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polymorphism and carotid arterial distensibility in 320 subjects without evidence of CVD
and who had never been treated pharmacologically. The Ser422 allele (AA and AG geno-
types) was found to be associated significantly with decreased distensibility of the carotid
artery, as compared with the individuals with the GG genotype. Moreover, this relationship
was evident even after adjustment for age and mean pressure, and it was more prominent in
patients over 50 years of age. By contrast, no association was observed between these gen-
otypes and arterial parameters at the radial artery. This may be because the carotid artery is
an elastic artery with high amounts of elastin and collagen fibres, whereas the radial artery
is a muscular artery composed principally of arterial smooth muscles.

Although several enzymes, such as serum elastase activity (SEA) and lysyl oxidase
are involved in the degradation of elastin fibres and increased cardiovascular risk, to our
knowledge there are no data to suggest that ELN gene polymorphisms influence levels of
elastase activity or evidence for ELN variants that can be modulated by drugs.

Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are a family of enzymes involved in the process of
normal development and growth and play a fundamental role in the degradation of the
arterial wall (69). Under normal physiological conditions, the proteolytic activities of
MMPs are precisely regulated at a variety of levels, including transcription, activation
of the precursor zymogens, interaction with specific ECM components, and inhibition
by endogenous inhibitors in the vascular wall, involving tissue inhibitors of metalloprotei-
nases (TIMPs). Various cytokines, hormones, and growth factors, as well as shear stress
and oxidative stress, are known to modulate these enzymes. Recent observations
suggest that genetic diversity of expression of various members of the MMP family
may contribute to the progression of CVDs (70). Increased expression of MMPs, as
assessed by mRNA and protein levels, gelatinolytic activity, and decreased TIMP levels
have been demonstrated in aneurysmal aortae (71). A 10-fold higher level of MMP9
expression is observed in aneurysm tissues than in normal aorta.

A total of 15 MMP genes have been identified (70). The polymorphisms that influ-
ence MMP gene expression and that are associated with susceptibility to coronary heart
disease, aortic aneurysm, and age-related arterial stiffening are summarized in Table 2.
These polymorphisms have an effect on transcription and may, consequently, play a
role in the regulation of ECM proteolysis. Of all the MMPs, the MMP9 (also known as
gelatinase B) gene located on chromosome 20 (72) may be particularly important in arter-
ial wall remodeling as it has been associated with adverse cardiovascular outcomes. More-
over, a recent study of the MM P9 locus identified 10 sequence variants, four of which were
in the promoter region, five in the coding region, and one in the 3’ untranslated sequence.
The promoter polymorphisms are thought to be functional because they exhibit different
transcriptional activities and they may consequently play a role in the regulation of ECM
proteolysis. Interestingly, MMP9 concentration is also predictive of cardiovascular mor-
tality in patients with coronary artery disease (73,74). Indeed, Blankenberg et al. (73)
reported significantly higher circulating MMPO levels in patients who had had a fatal car-
diovascular event than in those who did not. Increased levels of MMPs have also been
observed during the development and progression of atherosclerosis (75). However, the
possible role of MMPs in hypertension remains confusing because both increased and
decreased MMP levels have been reported (76—78). Nevertheless, recent in vivo studies
demonstrated that MMP inhibitors could be used to prevent the degradation of elastic
fibers following vascular injury and reduce the development of neointima formation.
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A functional 5A/6A polymorphism has also been described in the promoter of the
MMP3 (Stromelysin-1) gene located on chromosome 11. MMP3 levels degrade ECM and
are associated with atherogenesis and plaque rupture. Interestingly, at the clinical level,
both alleles have been associated with coronary events and aortic aneurysms (79,80).
By contrast, the 6A allele has been claimed to be associated with increased carotid
intima media thickness, progression of coronary artery disease in post-bypass patients,
and elastic properties of large arteries (81-85). Individuals homozygous for the 6A
allele exhibited greater progression of angiographically evident disease than those with
a SASA genotype (84). In the study by Medley et al. (85) the SA6A heterozygous genotype
was found to be associated with large artery stiffness in older but not in younger individ-
uals at low cardiovascular risk. Moreover, individuals homozygous for the SA allele
exhibited a fourfold higher level of MMP3 gene expression in dermal biopsies, as com-
pared with subjects who were heterozygous. Because large artery stiffness is the
primary cause of isolated systolic hypertension, the clinical implications of this study
includes a predisposition to this condition in individuals homozygous for the MMP3
promoter polymorphism.

In older populations, where isolated systolic hypertension is more common, treat-
ment with long-term ACE inhibitors and calcium antagonists results in some pressure-
independent decreases in arterial stiffness [review by Dart et al. in Ref. (86)]. In the
REGRESS study (87), patients with SA6A and 6A6A genotypes on medication (statins)
experienced fewer clinical events than the placebo group. The LOCAT study also pre-
sented similar findings (88). These results suggest that stromelysin gene promoter poly-
morphisms confer a genotype-specific response to medication.

Although statins decrease the secretion of MMPs in experimental models, their role
in reducing MMPs in vivo is unclear. The only data from aneurysm patients, indicated a
reduction in both the total and active MMP levels with statin treatment (89). MMP inhibi-
tors, such as marimastat, reduced MMP2 activity in an in vitro model (90), but the role of
other MMP inhibitors and antihypertensive therapy in reducing MMP levels is controver-
sial. However, antihypertensive treatment with calcium channel blockers significantly
increased plasma concentrations of active MMP9 (76) and collagen metabolism (92,91).

Fibrillinl
Fibrillinl (FBNI) (encoded by the FBNI gene on chromosome 15 and known to be
involved in Marfan syndrome) is the major component of 10—12-nm microfibrils. FBNI
plays a role in tropoelastin deposition and elastic fiber formation, in addition to possessing
both load-bearing and anchoring functions within the arterial wall. There is some evidence
that subtle and relatively frequent abnormalities of FBNI function might contribute to
arterial disease, albeit to a lesser exent than the rarer pathological mutations do in
Marfan syndrome. Recently, a tandem nucleotide repeat polymorphism has been identified
in the FBNI gene. Some alleles have been found to be associated with systemic sclerosis
(93) with pulse pressure in healthy subjects (94) and most recently with increased arterial
stiffness in coronary artery disease patients (95). Medley et al. (95) showed that patients
with the 2-3 genotype of the TAAAA repeat tended to have stiffer arteries, higher pulse
pressure, and more severe coronary artery disease than patients with other genotypes
(2-2 or 2-4). This suggests that the 2-3 genotype in the FBNI gene may be an important
factor contributing to risk associated with pulse pressure and large artery stiffening.
Genetic variations in the proteins constituting the aortic wall and regulating the turn-
over of the ECM are likely to influence elastic properties and therefore are good candidates
for involvement in determining large artery stiffness. Subjects in future studies, not just in
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Marfan syndrome but also in other groups, such as coronary artery disease, should be gen-
otyped to investigate whether the variable response to beta blockade observed in Marfan
syndrome can be predicted by genotype and whether alternative drugs should be used to
protect the aorta in some patients.

Lipid Pathway

Elevated cholesterol and other dyslipidemias are major risk factors for atherosclerotic dis-
eases and CVDs. Several polymorphisms in lipid pathways (Fig. 2), involving apolipopro-
teins A-I and 1V, B, E, C-II and III, cholesteryl ester transfer protein (CETP), and others
have been associated with cardiovascular conditions. The following section describes
apolipoprotein E (ApoE) and CETP polymorphisms.

Apolipoprotein E (ApoE)
The gene that is most comprehensively studied in this pathway is that encoding ApoE on
chromosome 19. ApoE is synthesized in the liver and intestine and is found in association
with triglyceride-rich lipoproteins. Polymorphism in the APOE gene determines the great-
est fraction (around 5%) of the population variance in low-density lipoprotein (LDL)
cholesterol of the known gene variants related to lipoprotein metabolism. In humans,
there are three common alleles, designated E2, E3, E4, that give rise to three homozy-
gous—?22,33,44—and three heterozygous genotypes—32,42,34. Corbo et al. (96) found
that the E3 allele was the most frequent in all human populations tested and that its
frequency was always negatively correlated with that of E4. The E4 allele is also one
of the few polymorphisms that has repeatedly been shown to be a good predictor of
CVD/myocardial infarction (97-99) and is thus potentially an important genetic
marker for risk stratification. The most likely explanation for the increased risk associated
with the E4 allele is that these individuals have a preponderance of small dense LDLs,
which are prone to oxidation.

The APOE gene variants also differ with respect to response to statin therapy: Indi-
viduals with an E4 allele tend to have a lesser response, and those with the E2 allele a
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greater response to statins. Importantly, in the 4S study, the risk of death or a major cor-
onary event in survivors of myocardial infarction was related to the APOE genotype. The
E4 allele carriers had nearly a twofold increased risk of dying in the follow-up period,
compared with other patients. Also, E4 allele-bearing patients on statins benefited more
than those without the £4 allele (100). APOE genotypes that have been shown to influence
plasma cholesterol level had, however, no effect on the hypolipidemic efficacy of colesti-
pol (101). Reports of response to fibrates in relation to the APOE gene variation are con-
flicting (102,103). With regard to HMG Co-A reductase, there have been no reports of
variants of the gene itself that influence the efficacy of the treatment.

Cholesterol Ester Transfer Protein (CETP)

CETP is involved in reverse cholesterol transport, and several polymorphisms with a func-
tional impact on plasma high-density lipoprotein (HDL) cholesterol and triglycerides have
been identified (104). CETP mediates the transfer of neutral lipids between lipoproteins
and plays a central role in HDL metabolism. The B2 allele of the TagIB polymorphism
of the CETP gene located on chromosome 16, a silent base change in the nucleotide
277 of the first intron, is associated with decreased CETP activity and increased HDL con-
centration (105,106). Kuivenhoven et al. (105) reported a significant genotype-dependent
association of the CETP TaqlB polymorphism with the progression of coronary athero-
sclerosis in the placebo group, as compared with the treatment group: carriers of the
B1B1 genotype had the highest CETP and the lowest HDL concentrations and the
fastest progression of atherosclerosis. Ordovas et al. (106) found the CETP activity to
be decreased in B2 allele carriers. In addition to the TagIB polymorphism, several other
CETP SNPs have also been associated with interindividual variation in CETP plasma
and HDL cholesterol levels and the risk of CVD (107-109).

Interestingly, polymorphisms in the CETP gene have been shown to influence the
effectiveness of hypolipidemic drugs and dietary intervention. In the REGRESS study,
statin therapy slowed the progression of coronary atherosclerosis in the BIB1 CETP
TaglIB carriers but not in the B2B2 carriers (105). However, in the WOSCOPS trial this
association was not observed. Nevertheless, the BIB1 CETP TagIB homozygotes have
also been shown to serve as a marker of lipoprotein response to dietary intervention
(110,111). These results suggest that polymorphisms in the CETP gene could influence
the effects of therapy (diet or statins) in the general population.

Inflammation

Inflammation is a key component of atherosclerosis, and genes coding for inflammatory
proteins and cytokines are therefore good candidates for coronary heart disease risk.
Inflammation is characterized by a local reaction, which may be followed by activation of
systemic acute phase reactant proteins [such as C-reactive protein (CRP) and interleukin6
(IL6)], which are associated with increased cardiovascular risk.

C-Reactive Protein (CRP)

CRP has emerged as a strong, independent predictor of vascular risk and is associated with
endothelial dysfunction (112-116). Recent studies have also demonstrated a relationship
between increased pulse pressure, PWV, and CRP (117,118). Recently, we demonstrated a
link between CRP and pulse pressure and PWV in apparently healthy individuals (119).
Some common polymorphisms (—717G>A and +1441C>T) have been identified in
the chromosome 1-located CRP gene. In the Brull et al. (120) study, the 4-1444T allele
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was associated significantly with the elevated CRP levels, even after adjustments for other
confounding factors. In healthy subjects, the +1444TT homozygotes had higher CRP
levels than +1444C allele carriers, both at baseline and after exercise. In coronary
artery bypass graft (CABG) patients, genotype did not influence the baseline CRP,
although +1444TT homozygotes had raised CRP levels compared with the +1444C
allele carriers. This result is in keeping with the hypothesis that this variant increases sus-
ceptibility to vascular disease. However, if the CRP level is a marker for, rather than a
mediator of, atherosclerosis, then future studies of this polymorphisms will be required
to establish the genotype-specific risk thresholds for CRP in the prediction of CHD risk.

Interleukin6 (IL6)

IL6 is a pleiotropic cytokine involved in the regulation of the acute phase response. Elev-
ated levels of IL6 are associated with the development and severity of coronary disease
(121,122). Two common polymorphisms (— 174 G>C and —572 G>C) have been ident-
ified in the promoter region of the /L6 gene located on chromosome 22. The role of IL6 in
determining the pathogenesis of aneurysmal disease is evidenced by the finding that — 174
C allele carriers have increased IL6 levels and display increased mortality with a relative
risk of 2.95 over a 5-year follow-up period (123). In patients with CABG, 6 hours after the
procedure, peak IL6 levels rose to a significantly higher level in patients with the —572C
allele (CC and CG genotypes) than in those with the —572GG genotype (124). In the same
cohort, the —174CC homozygotes had significantly elevated IL6 levels, when compared
with — 174G allele carriers. These effects were significant even after adjustment for other
variables. Two other studies also demonstrated the link between the —174C allele and
higher CHD mortality (125,126). In the WOSCOPS study, subjects with the —174CC gen-
otype and on medication exhibited a reduced risk of coronary heart diseases with pravas-
tatin treatment (127). These results strongly support the role of the genotype not just with
plasma IL6 levels in an acute inflammatory situation but also with mortality.

Coagulation Factors Vil and V

The blood clotting system requires precise control of factors within and outside the coagu-
lation cascade to prevent fatal bleeding or unwanted thrombosis. One common coding
sequence polymorphism (Arg/GIn353) has been found in the coagulation factor VII
(F7) gene. Plasma levels of factor VII vary significantly in the general population, are
associated with cardiovascular risk, and are known to be influenced by a number of differ-
ent environmental factors, including sex, age, and cholesterol and triglyceride levels. The
Gln variant, which occurs at a frequency of ~10% in various populations, is associated
with a 20% to 25% reduction in the level of plasma factor VII activity as a result of
impaired secretion (128). This relatively high frequency is suggestive of a balanced poly-
morphism and could indicate that the Gln variant confers some benefit, for example, pro-
tection against thrombosis, myocardial infarction, or arterial disease (129).

Another missense polymorphism of hemostatic significance is factor V Leiden.
Factor V (F5) Leiden increases the risk of myocardial infarction, stroke, and venous
thrombosis in men (130), and in a subgroup of patients, thrombosis is associated with coin-
heritance of gene mutations that modify the factor V Leiden phenotype (131). The variant,
which underlies the phenomenon of activated protein C resistance, results from the substi-
tution of Arg506 by Gln in coagulation factor V (F5). Factor Va serves as a cofactor in the
activation of prothrombin by factor Xa, and the factor V Leiden variant is relatively resist-
ant to activated protein C-mediated inactivation. Between 1% and 7% of the Caucasian
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population possess the factor V Leiden mutation (132), which may therefore be regarded
as a fairly frequent polymorphism with phenotypic effect. Because the factor V Leiden
mutation is also associated with a relative risk of ~6.0 for venous thrombosis, this also
represents a polymorphism with clinical effect. Why is this factor V variant so
common? Its high frequency in the general population suggests that it confers, or has con-
ferred, some selective advantage on its bearers. Dahlback (132) speculated that a slight
hypercoagulable state associated with possession of the factor V Leiden variant might
have been advantageous in certain situations, such as traumatic injury and childbirth. Con-
sistent with this postulate, carriers of the factor V Leiden variant have a significantly
reduced risk of bleeding during surgery (133) and childbirth (134), despite a higher
than normal risk of fetal loss (135).

CYP450 System

The cytochromes are a family of proteins (enzymes) that play a key role in the oxidative
metabolism of drugs (e.g., B-blockers, antihypertensives, antiarrhythmics, monoamine
oxidase inhibitors, and so on). Approximately 70% of the human liver CYPs are accounted
for by CYP1A2, CYP2A6, CYP2B6, CYP2C, CYP2D6, CYP2EIL, and CYP3A (136).
CYP2D6 is of particular clinical importance both because a number of commonly pre-
scribed drugs are substrates of this enzyme and also due to interindividual and ethnic
differences in its ability to perform its role in drug metabolism. In addition, CYP2D6 poly-
morphism has been extensively studied and associated with metabolism of debrisoquine
and sparteine. The CYP2D6 gene on chromosome 22 that encodes this enzyme is
highly polymorphic and more than 50 allelic variants have been identified, although
many of these occur in a very small number of individuals. Although most of these var-
iants are polymorphic, these do not have any direct effect on the expression or activity
of the enzyme they encode. Nonetheless, these variants partition the population into
three phenotypes in terms of their ability to metabolize drugs to either active or inactive
metabolites: extensive metabolizers (EM), poor metabolizers (PM), and ultrarapid meta-
bolizers (URM), as shown in Figure 3. Individuals capable of efficient drug metabolism
are termed EM, whereas individuals with a deficiency in metabolism, typically resulting
from the mutation or deletion of both alleles of the gene, are termed PM. Conversely,
over-expression due to CYP2D6 gene amplification results in URM. The prevalence of
genetic variants and their clinical impact varies substantially in the three groups across
all racial and population groups. For example, approximately 5% to 10% of the Caucasians
and 2% to 3% of the black Americans, and 1% of the Asians are PMs of CYP2D6
(137,138).

From the alleles identified, CYP2D6*4 is the most common allele among PMs. This
allele is associated with a splice site mutation and as a consequence does not produce a
functional enzyme (139). In addition, the CYP2D6*3 allele, which contains a frame-
shift mutation, also produces a PM phenotype. The CYP2D*5 allele, which is a complete
gene mutation, also produces this PM phenotype. The earliest evidence for polymorphic
expression of CYP2D6 was observed in the clinical trials of antihypertensive treatment
debrisoquine. Liver biopsy studies established that those patients who were PMs of deb-
risoquine had a deficiency in CYP450 mono-oxygenase activity resulting from ineffective
binding of substrate to the enzyme (140). Because the CYP2D6 polymorphisms are reces-
sive traits, the heterozygous individuals with one active and one mutant allele manifest
metabolism of the substrate, which does not differ overtly from a person of normal phe-
notype. However, these heterozygous individuals may display a slightly increased meta-
bolic rate that points to a deficiency of, or a reduction in, metabolic capacity. These
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PM | EM

Increasing metabolic capacity

Figure 3 Cytochrome P450 enzyme showing polymorphic distribution. Abbreviations: PM, poor
metabolizers; EM, extensive metabolizers; URM, ultra rapid metabolizers.

individuals are the EMs and represent the great majority of the population. URMs, on the
other hand, occur as a result of the duplication of the CYP2D6*2 allele. The enzyme pro-
duced by the CYP2D6*2 allele is similar to that produced by the CYP2D6*1 allele.
However, certain individuals may inherit 2, 3, 4, 5, or as many as 13 gene copies arranged
in tandem and thus produce proportionally higher amounts of the enzyme (141). The other
SNPs detected are numbered as indicated in the standardized CYP2D6 nomenclature (142).

As mentioned previously, a number of drugs are metabolized by these enzymes, and
it is possible that the CYP2D6-related genotype interacts with target polymorphisms (e.g.,
beta-adrenergic receptor polymorphisms) and polymorphisms in genes involved in cardi-
ovascular pathophysiology (e.g., ACE I/D polymorphism) to influence overall response to
beta-blockers. One study found that the clearance of the R(4) enantiomer of carvedilol
was 66% lower, and the area under the concentration-versus-time curve was 156%
higher among PMs than EMs (143). CYP2D6 allelic variants also associated with
adverse drug reactions through various mechanisms (see the chapter on adverse drug
reactions) (144,145). CYP2D6 PMs manifest reduced clearance of the antianginal drug
perhexilene, which accumulates in such organs as liver and nerves, causing hepatotoxicity
and peripheral neuropathy (146). Although tremendous progress has been made in eluci-
dating the molecular basis of variation in P450 enzyme expression and activity, the
adverse effect in PMs probably represents the greatest impact of CYP2D6 polymorphic
variant observed in clinical practice.

GENETIC POLYMORPHISMS AND RESPONSE TO DRUGS

It is now commonly accepted that individual drug response is determined by both genetic
and nongenetic factors. Polymorphisms may influence drug response in three ways,
through (i) pharmacokinetic interactions (e.g., caused by the polymorphisms in the
CYP450 system), (ii) pharmacodynamic gene—drug interactions (e.g., that involve gene
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products expressed as receptors, which are relevant to the pharmacodynamics of drugs
such as [-adrenergic receptor antagonists), and (iif) genes that are in the causal
pathway of disease and are able to modify the effect of drugs, such as APOE (147). There-
fore, identifying genetic variants that discriminate between responders and nonresponders
and using these to ascertain which patients are likely to be susceptible to adverse drug
reactions promises to revolutionalize drug therapy. In the following section, we discuss
some polymorphisms that influence individual responses to various cardiovascular drugs.

Renin—Angiotensin System Drugs (ACE Inhibitors)

The renin—angiotensin system (RAS) has an important role in cardiovascular health and
disease, and polymorphisms of the ACE, AGT, angiotensin-II type 1 receptor (AGTRI),
and CYPIIB2 genes have been targeted for pharmacological research owing to the
genetic variation they manifest (refer to previous section). The possibility that variation
in these genes may alter drug response is therefore of considerable interest. ACE inhibitors
and AT,R blockers have proved efficacious in managing CVDs, such as heart failure,
myocardial infarction, hypertension, vascular disease, and nephropathy.

As mentioned earlier, the ACE D allele has been associated with higher circulating
and tissue-activity levels and greater AGTRI1 expression than the I allele (9,148—150).
Similarly, hypertensive patients on ACE inhibitors and carrying the DD genotype
showed significant reductions in blood pressure and plasma angiotensin II levels
(151,152). Left ventricular hypertrophy and endothelial function also improved in individ-
uals bearing the DD genotype, in comparison with those with the II genotype (29,153). By
contrast, other reports showing the pharmacogenetic basis of ACE inhibitors and ACE
genotypes were inconsistent (18,150). This suggests that genetic mechanisms are not
always disease-specific. Disparities in results may be due to differences in the therapeutic
agents used, the duration of drug exposure, or the dose administered. In addition, differ-
ences in the study populations may also have influenced the results, particularly
because the RAS polymorphisms are known to differ in frequency between racial
groups. The other possible explanation for these conflicting data is that other genetic var-
iants in the RAS, including AGT and AGTRI polymorphisms, interact with the ACE 1/D
polymorphism to influence drug response (Fig. 1).

The AGT gene Met235Thr polymorphism also affects RAS activity and drug
responses. The 235Thr allele has been found to be associated with higher AGT levels and
enhanced blood pressure response to ACE inhibitors (14,18,154). In the Schunkert et al.
(154) study, the systolic and diastolic blood pressures were higher, and the likelihood of
using two or more antihypertensive medications was 2.1 times higher, with the 235Thr allele.

The vascular AGTR1 mediates many detrimental effects of angiotensin II, including
vasoconstriction, cardiac remodeling, and aldosterone secretion. The 1166C allele of the
gene encoding AGTRI A1166C polymorphism has also been associated with increased
arterial responsiveness to angiotensin II in ischemic heart disease and increased arterial
stiffness in hypertensives (155-158). Benetos et al. (157) showed that the 1166C allele
was associated with a greater response to ACE inhibitor therapy. The carriers of the C
allele manifested a threefold reduction in carotid to femoral PWV (a measure of aortic
stiffness) when given perindopril as compared with the AA homozygotes. The AGTRI
gene was also found to be predictive of the blood pressure response to a single dose of
losartan, with significantly greater reductions in mean arterial pressure in the 1166C
allele carriers than in the 1166A homozygotes (159). However, a study of hypertensives
did not reveal any association between this polymorphism and blood pressure responses
to ACE inhibition (18).



Polymorphisms in Cardiovascular Medicine 227

The aldosterone synthase (CYPI1B2) gene polymorphism C-344T has also been
associated with responsiveness to ACE inhibition (160). Following treatment, the left ven-
tricular ejection fraction improved in patients who harbored the 344C allele to a greater
extent than those with the 344T allele.

RAS polymorphisms associated with adverse reactions to ACE inhibitors: In general,
ACE inhibitors are well tolerated in young and older adults and improve a variety of car-
diovascular functions. However, the RAS polymorphisms have been associated with
adverse reactions, such as the “ACE inhibitor-related cough” and other effects (e.g.,
angioedema). The II genotype has been associated with increased susceptibility to the
development of cough during the treatment period (161). After 4 weeks of therapy, the
threshold of cough was significantly reduced for individuals bearing the II genotype but
not in individuals bearing the DD genotype. The reported incidence of dry cough is vari-
able, and the reason why ACE inhibitors cause coughing in only certain individuals is still
unclear. However, the appearance of this cough in association with ACE inhibitors is
thought to be related to the activity of the bradykinin B2 (BDKRB2) receptor gene
(162), because treatment with these agents increases the concentration of bradykinin.
This in turn may lead to the activation of proinflammatory peptides (e.g., prostaglandins)
and to the local release of histamine in airways, which is responsible for the adverse reac-
tion, such as cough, in some patients. It has also been speculated that these adverse effects
are genetically predetermined: in particular, involving variants of the genes encoding
ACE, chymase and bradykinin B2 receptor (BDKRB?2). Interestingly, a recent study sup-
ports this view; a significant association has been observed between the TT genotype
and T allele of the -38C/T polymorphism in the bradykinin B2 (BDKRB2) gene and
ACE inhibitor-related cough in patients with a history of cough, compared with cough-
free subjects receiving ACE inhibitors.

Much of the data on RAS polymorphisms and drug response indicates that a geno-
typic test may predict the therapeutic efficacy of ACE inhibitors. However, inconsistencies
in the reported data means that the situation remains unclear at present. These discordant
results are not surprising in view of the complex signaling pathway of RAS as shown in
Figure 1.

B-Adrenoreceptor Blocking Drugs (B-Blockers)

B-Blockers are extensively used in cardiovascular conditions, such as heart failure and
hypertension. Polymorphisms in the RAS genes, and the « and 3-ARs have been assessed
for their impact on B-blocker response. The best example of the pharmacogenetic inter-
action between B-blockers and the ACE 1/D polymorphism is provided by patients with
heart failure. McNamara et al. (31) studied the influence of ACE I/D polymorphism in
heart failure and showed reduced survival in patients carrying the D allele. The D allele
has previously been suggested to be deleterious in conditions, such as myocardial infarc-
tion, left ventricular hypertrophy, and hypertrophic cardiomyopathy (22,163). B-Blocker
treatment abolished the deleterious effects on heart-failure prognosis associated with the D
allele, whereas the adverse impact was increased in patients who were not on 3-blockers at
the time of entry into the trial (31). This suggested a possible pharmacogenetic interaction
between ACE I/D polymorphism and B-blocker therapy. However, the mechanisms
underlying this remain unclear, and these findings have not, as yet, been replicated in
other studies. It nevertheless appears that increased angiotensin Il concentrations associ-
ated with the D allele may cause increased activation of the sympathetic nervous system
and that patients with the D allele may thus derive greater benefit from pharmacological
intervention to decrease sympathetic nervous system activity (e.g., 3-blocker therapy).
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The response to -agonists has also been reported to be influenced by the ;- and
B2AR gene polymorphisms. Homozygosity for the Arg389 genotype of the 3;-adrenergic
receptor (ADRBI) gene was shown to be associated with hypertension and a higher double
product (blood pressure x heart rate) than patients with at least one 389Gly allele
(148,164). However, whether the antihypertensive effect of B-blocker therapy is influ-
enced by these polymorphisms is less certain. The one study of Arg389Gly polymorphism
and its possible effect on response to 3-blockade (atenolol and bisoprolol) in hypertensive
patients reported that both heart rate and blood pressure fell by a similar amount irrespec-
tive of genotype after four weeks of B-blocker treatment (165). The other well-studied
drug receptor is the 8,AR, and three polymorphisms (Argl6Gly, Gln27Glu, Thr164Ile)
in the ADRB2 gene have been associated with hypertension, heart failure, and also
asthma and other respiratory phenotypes. The Gly16 allele imparts attenuated vasodilatory
responses to catecholamines (42) and is also a major determinant of [3,-agonist broncho-
dilator response (166,167). As discussed previously, the 164lle allele of the B,AR has
been shown to affect the clinical outcome in heart failure patients (46). The increased
risk of death and/or cardiac transplant was estimated to be almost fivefold in patients
with the 1641Ile allele. B-Blocker treatment did not influence the risk associated with
this polymorphism. The other two polymorphisms, Argl16Gly and GIn27Glu, did not influ-
ence the clinical outcome in these patients.

Polymorphisms in the gene coding for the CYP2D6 enzyme, which catalyzes the
metabolism of B-blockers, such as metoprolol, carvedilol, timolol, and propanolol, may
also affect B-blocker response. It is possible that the CYP2D6-related genotype interacts
with drug target polymorphisms (e.g., B-AR polymorphisms) and polymorphisms in
genes involved in cardiovascular pathophysiology (e.g., ACE 1/D polymorphism) to influ-
ence the overall response to B-blockers.

B-AR polymorphisms associated with adverse reactions to [3-blockers: Although
B-blockers are very effective agents in the treatment of heart failure and hypertension,
they are also associated with several adverse effects, particularly fatigue, slow heart
rate, coldness of the extremities, sleep disturbances, shortness of breath, dizziness, and so
on. It is not known whether any polymorphic alleles or a particular genotype of the S-AR
(ADRB) gene influence these adverse effects. As mentioned previously, however, the
CYP2D6 genotype might be involved because the P450 enzyme metabolizes these agents.

Lipid-Lowering Drugs (Statins, Fibrates)

Hydroxymethylglutaryl coenzyme-A (HMGCoA) reductase inhibitors, better known as
“statins,” are the most potent lipid-lowering agents, consistently documented to prevent
or reduce cardiovascular events in primary and secondary prevention (168—170). The
therapeutic potential of this type of drug is probably far greater than previously anticipated
(171). Many of the nonlipid lowering effects of statins could be of major relevance to a
variety of disease processes. For example, statins enhance nitric oxide production and
improve endothelial function, display anti-inflammatory potency, inhibit integrins, and
lower circulating adhesion molecules (172,173). As with statins, fibrates have also been
shown to reduce coronary risk (LOCAT study); the beneficial nonlipid effects with
respect to atherosclerotic prevention include antithrombotic effects (decrease in fibrinogen
and PAIl), anti-inflammatory activity (inhibition of TNF-a-induced endothelial
expression of VCAM-1 and IL6), and decrease in plasma uric acid (174).

A number of studies of candidate genes involved in the lipid pathway have identified
genetic polymorphisms influencing the clinical response to statins, not only on LDL plasma
levels but also in terms of lipid-lowering outcomes and/or clinical events (Table 3).
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Although a number of variants have been identified, this section deals with polymorphisms
(e.g., APOE and CETP) associated with lipid-lowering therapy. In addition, the pharmaco-
genetic interaction of statins with ACE I/D (175) and MMP3 (84) is also discussed.

Despite a majority of publications describing a cholesterol reduction in APO E4 car-
riers (105,106,176—178), there are some contradictory reports (100,102) on the effects of
APOE polymorphism on the efficacy of hypolipidemic drugs. APOE genotype probably
plays a key role in the LDL cholesterol-lowering response to statins. As discussed
earlier, in the 4S study, the risk of death or coronary event in survivors of myocardial
infarction was related to the APOE genotype (100). Among patients who received
placebo and who had at least one APO E4 allele, the relative risk of death from all
causes was 1.9. The detrimental impact of the E4 allele was not evident among patients
who received simvastatin. From the literature, it is evident that APO E4 allele is also
associated with an enhanced response (in terms of LDL reduction) to dietary intervention
but a reduced response to statin-induced LDL cholesterol-lowering. This modest effect of
LDL cholesterol reduction in response to statins seen in APO E4 individuals may actually
be due to the low HMGCo-A reductase activity itself (179).

CETP provides another example of a pharmacogenetic intervention interacting with
the genotype to bring about lipid-lowering. CETP plays a key role in distributing choles-
teryl esters among HDLs, LDLs, and very low-density lipoproteins (VLDLs). As men-
tioned previously, one variant in the CETP gene is referred to as B/ and its absence as
B2. The B2 allele of the TagIB polymorphism has been shown to be associated with
decreased CETP activity, increased HDL cholesterol, and faster progression of coronary
atherosclerosis (105). However, there was no difference in plasma lipoprotein response
to statins between the genotypes (B1B1, B1B2, B2B2). Moreover, B2B2 carriers with
low CETP and high HDL levels did not respond to therapy in terms of disease regression.
The pravastatin-treated patients with a B2B2 genotype derived no benefit from the treat-
ment, as measured by changes in mean coronary artery lumen, whereas B1B1 genotype-
treated patients had significantly less atherosclerotic progression than the placebo group.
The WOSCOPS study also did not find any interaction between CETP genotype and statin
therapy (180). However, untreated patients with angiographic coronary artery disease who
carried the B2 allele had higher rates of death/nonfatal myocardial infarction over
2.4 years follow-up (181). Statin therapy was associated with greater benefit in these
high-risk B2 carriers than in the B1B1 homozygotes. Although both APOE and CETP var-
iants are promising as drug targets, additional clarification of risk and pharmacogenetic
associations is needed.

From this literature, it is clear that the response to statins is not based on lipid levels
but rather upon genotypes. These studies have identified genetic subgroups of placebo-
treated patients with ischemic heart disease who had an increased risk of major coronary
events. In general, treatment abolished the harmful effects associated with the genetic
variant. The evidence is based on clinical outcome data. Therefore, future large-scale
population studies are required to complement the results from the clinical trials and
small-scale selected population cohorts.

It has also been demonstrated that statins may reduce ACE activity (175). However,
the data regarding the influence of the ACE I/D polymorphism on the effectiveness of
statins are controversial (182,183). In the LCAS study, subjects with the DD genotype dis-
played the strongest reduction of coronary atherosclerosis with statin therapy, whereas in
the REGRESS trial, statins reduced coronary atherosclerosis less strongly in DD than ID
or IT genotypes. A CARE substudy focused upon whether the glycoprotein Illa (ITGB3)
PI*'*? and ACE 1/D polymorphisms were associated with fatal coronary events or
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non-fatal myocardial infarction (183). In this study, the greatest benefit of pravastatin
treatment occurred in patients with a glycoprotein Illa PI*'A? genotype who also
carried at least one D allele of the ACE gene.

A functional polymorphism in the stromelysin-1 (MMP3) gene (5A/6A) has been
described (84). Evidence suggests that stromelysin activity is important in connective
tissue remodeling associated with atherogenesis and plaque rupture. In this study, patients
homozygous for the 6A allele displayed greater progression of angiographic disease than
those with other genotypes. de Maat et al. (87) in their REGRESS study, investigated the
influence of 5A/6A polymorphism on statins and showed no differences in prognostic
baseline characteristics, disease severity, or lipid values among the three genotypic
groups (5A5A, SA6A, 6A6A). But, pravastatin therapy reduced clinical events most effec-
tively among the 6A allele carriers (SA6A or 6A6A genotypes). Moreover, these beneficial
changes were independent of the effects of pravastatin on lipid levels, raising the possi-
bility that this agent exerts a pleiotropic effect not merely on stromelysin expression or
activity. Similar findings were observed in the LOCAT study (88). These results indicate
that the stromelysin-1 gene promoter polymorphism confers a genotype-specific response
to statins.

Although statins decrease the secretion of MMPs in vitro models, their role in redu-
cing MMPs in vivo is unclear. The only data from aneurysm patients demonstrated a
reduction in both total and active MMP levels in the tissue with statins (89). To our knowl-
edge, there are no reports of variants in other MMPs, such as MM P2, 9, or 12, that could be
modulated by drugs. Should this be the case, then such treatment may provide new ways to
manipulate and target arterial wall remodeling in specific arterial beds in individual
patients.

Polymorphisms in the lipid pathway associated with adverse reactions to statins: In
general, HMGCo-A reductase inhibitors are well tolerated, although in a minority of
patients severe adverse effects, such as myopathy or rhabdomyolysis, may develop. The
incidence of these potentially life-threatening side effects increases with (i) coadministra-
tion of drugs that are metabolized via the same pharmacokinetic pathways and (i7) high-
dose statin therapy (e.g., dementia).

Other Drugs

Antiplatelet (e.g., aspirin) and anticoagulant (e.g., warfarin) agents are commonly used
to prevent and treat cardiovascular thrombolic events. Several genetic polymorphisms
have been identified in the coagulation F5 and F7 genes. The G1691A variant in the
F5 gene and the G20210A variant in the prothrombin (F2) gene are established risk
factors for venous thrombosis. In women who carried the prothrombin variant and
were on oral contraceptives, the OR rose from 10.2 to 149. The relative risk was
sixfold higher for prothrombin A20210 variant and ninefold higher for F5 A1691 car-
riers (184) in deep vein thrombosis patients. There is also evidence that the F5 geno-
type is directly correlated with prothrombotic phenotype and anticoagulant/antiplatelet
treatment. However, the treatment that is currently available is not ideal, in that war-
farin requires regular monitoring and lowers natural anticoagulant levels and also pro-
coagulant factors. This is likely to change soon with the introduction of orally active
direct thrombin inhibitors, such as ximelagatran. The effects of the anticoagulant
“warfarin” are discussed in detail in the relevant chapter on hematological aspects of
pharmacogenetics.
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A PERSPECTIVE ON PHARMACOGENETICS IN
CARDIOVASCULAR MEDICINE

It is clear from the numerous examples reviewed here that genetic polymorphisms can be
an important determinant of predicting cardiovascular risk. It is equally clear that these
genetic variants determine drug disposition and response in humans. The outcome data
with HMGCo-A reductase inhibitors (statins) are particularly interesting in this respect.
These studies, conducted in fairly large populations and with specific clinical endpoints
(beyond lipid-lowering), focused on the polymorphic genes encoding the proteins, such
as APOE, CETP, and stromelysin-1, and showed how the genotype might be associated
with worse prognosis.
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INTRODUCTION

Diabetes mellitus (DM), hyperlipidemia, and osteoporosis are common diseases, respon-
sible, directly and indirectly, for significant morbidity and mortality worldwide. Each con-
dition presents a variety of very specific management problems, but they are unified by a
common theme—they are frequently asymptomatic and often manifest through their com-
plications. This chapter focuses on the current level of understanding and the role of phar-
macogenetics in the management of these three metabolic diseases. The influence of genes
on the pharmacokinetics of the currently available drugs is discussed, and the interaction
between genes and the environment in pathophysiology, including the response to drug
therapy, is also considered.

DIABETES MELLITUS

DM is an increasing global health burden affecting more than 150 million people world-
wide, with an ever increasing incidence and a prevalence that varies from population to
population (1). The vast majority of patients suffering from DM have type 2 DM, a multi-
faceted and heterogeneous metabolic syndrome characterized by fasting and postprandial
hyperglycemia—due to peripheral insulin resistance—resulting in a decreased insulin-
mediated glucose disposal, increased endogenous glucose production (mainly from the
liver), and impaired pancreatic insulin secretion (2—4). Insulin resistance, or reduced
responsiveness to circulating concentrations of insulin, is an early defect in type 2 DM
and is often present years before the onset of hyperglycemia and the clinical diagnosis
of diabetes (5). Therapeutic strategies with single or combination therapy have targeted
the metabolic defects seen in type 2 DM either individually or in concert.

Diabetes as a Genetic Disease

Heredity plays a significant, but variable, role in the etiology of DM—both type 1 and
type 2 diabetes show a familial predisposition, indicating the involvement of genetic
factors in determining individual susceptibility to the disease. The etiology and
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pathophysiology of each type of DM, however, is very different, suggesting that different
genes are likely to be involved in this predisposition. The genetic basis of type 1 DM is
complex and likely to be due to genes of both large and small effect. Population-based
twin studies have confirmed an increased concordance in monozygotic (MZ) pairs, with a
concordance of 30% to 40% compared with a concordance rate in dizygotic (DZ) pairs of
5% to 10% (6,7). Based on the results of these twin studies, it is clear that susceptibility to
type 1 DM is determined, in part, by genetic risk factors but that probably <50% of the
total risk can be attributed to the effects of shared genes. Similarly, in type 2 DM, twin
studies have shown higher concordance rates in MZ than DZ twins, but there is a substantial
amount of variability in concordance rates between different populations (6,8,9). It appears
that the genetic model for type 2 DM is more complex, with multiple genes located on differ-
ent chromosomes being associated with this condition (10). These findings are similar to
those obtained for other common human disorders that exhibit familial aggregation but not
simple Mendelian patterns of transmission of risk and is further complicated by numerous
environmental factors that also contribute to the clinical manifestation of the disorder.

In type 2 DM there is evidence for a genetically programmed S-cell dysfunction that
is unmasked by the failure to compensate for increasing insulin resistance (11). The work
of Morris et al. (12) illustrates the synergism between genetic predisposition and the
environmental pressure represented by obesity. Furthermore, in the case of maturity-
onset diabetes of the young (MODY), the genetic cause of diabetes is an important deter-
minant of the response to oral hypoglycemic drugs. This has implications for the wider
management of diabetes in the future. The hope is that identification of the genes involved
in B-cell dysfunction in MODY will lead to the uncovering of genes for the more common
non-MODY forms of type 2 DM.

Diabetes largely exerts its effects on morbidity and mortality via its long-term
macrovascular and microvascular complications (summarized in Table 1). There is now
increasing evidence to show that genetic factors, together with elevated blood glucose,
play an important role in the susceptibility to these complications. Polymorphisms of

Table 1 The Complications of Diabetes

Organ system/disease Clinical manifestations
Eye disease Retinopathy
Cataracts
Neuropathy Autonomic
Diffuse symmetrical polyneuropathy
Mononeuropathies
Nephropathy
Hypertension
Dyslipidemia
Macrovascular disease Cerebrovascular disease
(atherosclerosis) Coronary artery disease (angina, acute coronary

syndromes, heart failure)
Peripheral vascular disease

Diabetic foot disease Foot ulceration

Miscellaneous Charcot’s arthropathy
Cheiroarthropathy
Necrobiosis lipoidica diabeticorum
Dermopathy

Osteopenia
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different genes, mainly from the renin—angiotensin system, have been studied extensively,
and some of them have been suggested to contribute to the development of complications,
especially nephropathy. This clearly has potential implications in management. However,
very little is understood about the specific interaction between drugs and genes in this area,
and therefore this review will focus on the role of pharmacogenetics in the management of
type 2 DM per se. This is the field that has attracted the most research attention thus far.

Antidiabetic Drugs and Genetic Polymorphisms
of CYP450 Enzymes

Cytochrome P450 (CYP) 2C9 hydroxylates a wide array of drugs in a diverse range of thera-
peutic categories—about 16% of the drugs in current clinical use, including drugs used for
DM. The sulfonylureas, tolbutamide, glibenclamide, glimepiride, and glipizide are all
CYP2C9 substrates (13—15). Nateglinide, an amino acid (6-phenylalanine) derivative that
improves early-phase insulin secretion and reduces mealtime glucose excursions, is also pre-
dominantly metabolized by CYP2C9 (and to a lesser extent by CYP3A4) (16-21).

Polymorphisms in CYP2C9 (especially *2 and *3 variants) are known to reduce
enzyme activity to 5% to 12% of the wild-type (CYP2C9*1) activity. Thus, polymorph-
isms in CYP2C9, especially in the rare individuals who are homozygous for the
CYP2C9*3 alleles, are likely to lead to a reduced dosage requirement and predisposition
to severe toxicity—specifically the risk of life-threatening hypoglycemia.

The archetypal antidiabetic drug most widely studied with respect to CYP2C9
polymorphisms is tolbutamide (22). It is metabolized almost exclusively by methylhydro-
xylation process that accounts for 85% of the tolbutamide clearance; this is the initial and
rate-limiting step in metabolism (23,24). In vitro and in vivo evidence suggests that
CYP2C9 solely mediates the hydroxylation of tolbutamide. This drug is therefore
widely accepted as a prototypic substrate for the assessment of hepatic CYP2C9 activity
and indeed has been used a probe substrate in many pharmacokinetic studies (25,26).
An early study of tolbutamide metabolism suggested that approximately 30% of the sub-
jects were poor metabolizers (PMs) (27). The pharmacokinetics of tolbutamide in 50 non-
diabetic subjects, including twins, showed an almost ninefold variation in the elimination
rate constant, with half-lives varying from 2.9 hours to 25.0 hours. However, at the time of
those studies, the genetic basis of interindividual variability had not been defined.
Although many subsequent studies failed to find a single individual who could be classi-
fied as a PM (28), later studies incorporating genotyping have shown that prolonged half-
life is a consequence of the possession of allelic variants of the CYP2C9 isoform (29-31).
In accordance with this, expressed recombinant CYP2C9*3 has been shown to exhibit
lower intrinsic clearance (Vi.x/Ky) for tolbutamide methylhydroxylation than the wild
type, caused by a higher K, value without a change of the V., values. In a further
study, the relationship between CYP2C9 genotype and tolbutamide plasma clearance
(CL/F) in 23 healthy subjects expressing all six CYP2C9 allele combinations has been
evaluated and is summarized in Table 2 (32). According to this study, intermediate and
slow metabolizers may be predicted to comprise approximately 12% and 1% of the popu-
lation, respectively. These results are consistent with other work in this field (33,34). Most
of these studies have been performed in Caucasians, and it is therefore important to
remember that interethnic differences in the frequencies of the allelic variants may lead
to varying prevalences of adverse effects associated with sulfonylureas.

Pharmacodynamic monitoring remains the rational option for monitoring tolbutamide
treatment (35). To evaluate the pharmacokinetic—pharmacodynamic relationship, nondia-
betic healthy subjects were monitored for blood/serum glucose (and plasma insulin)
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Table 2 The Relationship Between CYP2C9 Genotype and Phenotype

Tolbutamide Metabolizer
clearance (Lhr ") Genotype phenotype
0.97 *1/*1 Extensive
0.88 *1/*2 Extensive
0.75 *2/*2 Extensive
0.56 *1/*3 Intermediate
0.45 *2/*3 Intermediate
0.16 *3/*3 Slow

Abbreviations: */, Wild-type allele; *2, Arg144Cys; *3, Ile359Leu.
Source: From Ref. 14.

following tolbutamide administration (500 mg administered orally) with or without a
glucose/dextrose challenge in three prospective studies (32-34). No relationship between
glucose or insulin concentrations and CYP2C9 genotype was reported by Lee et al. (34)
and Kirchheiner et al (32). Furthermore, hypoglycemia was not observed, even without
additional carbohydrate administration after tolbutamide. In contrast, in another study, eval-
uating Korean subjects, the enhancement in serum glucose increase relative to baseline was
significantly lower in CYP2C9*1/*3 heterozygotes, compared with homozygotes for the
wild-type allele (33). The reason for such a difference is not entirely clear, but CYP2CI9
may also contribute to the metabolism of tolbutamide, and there is a relatively high
CYP2C19 PM genotype frequency in Korean and East Asian populations (compared with
the Caucasians).

Genetic polymorphisms of CYP2C9 have also been shown to affect the pharmaco-
kinetics of glibenclamide and glimepiride in healthy volunteers (14,15). Glibenclamide
AUC (area under concentration curve) was 280% higher in individuals heterozygous for
the CYP2C9 *3 allele (15). In CYP2C9*3 homozygotes, the oral clearance was reduced
by more than 50% in comparison with the individuals with CYP2C9*1/*1 genotype
(14). Similar results have also been shown for glimepiride, with the AUC in CYP2C9* 3 het-
erozygotes being increased by 267%, compared with individuals with the *1/*I genotype
(15). In both studies, however, blood glucose responses to glibenclamide and glimepiride
were not significantly affected, whereas the insulin secretion after glibenclamide ingestion
was higher in subjects with the *3/*3 genotype, compared with the other genotypes (14).

The effect of genetic polymorphisms in another CYP2C gene product, CYP2C8, on
the pharmacokinetics and pharmacodynamics of the new meglitinide analog, repaglinide,
has been studied in 28 healthy volunteers (36). There were 19 subjects (68%) with the
CYP2C8*1/*1 genotype (wild-type), six subjects (21%) with the CYP2C8*1/*3 genotype,
and three subjects (11%) with the CYP2C8*1/*4 genotype. Unexpectedly, the CYP2C8*3
variant allele was associated with reduced plasma concentrations of repaglinide. The mean
AUC of repaglinide was 45% lower, and the peak concentration in plasma was 39% lower
in subjects with the CYP2C8*1/*3 genotype, compared with those with the CYP2C8*1/*1
genotype. However, no statistically significant differences were found in the blood glucose
response to repaglinide between the genotypes.

The clinical consequences of CYP2C9 polymorphisms for the treatment with oral
hypoglycemic agents are largely unclear because the relevant patient studies have not
been undertaken. Further data are necessary to evaluate whether dosage adjustment on
the basis of genotype is needed in diabetic patients. There appears to be discordance
between the pharmacokinetic and pharmacodynamic responses elicted. This is likely to
be multifactorial—a reflection of study design, the fact that the studies have been
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carried out in healthy volunteers rather than diabetic patients, but most importantly this
may be attributable to the complex counterregulatory mechanisms that exist in glucose
homeostasis. Blood glucose levels in nondiabetics are regulated by several factors, the
most important being the counteracting hormones, insulin and glucagon. Decreases in
blood glucose caused by oral hypoglycemic-triggered insulin secretion may have been
concealed by a counteracting glucagon secretion that keeps the blood glucose levels con-
stant. In diabetic patients, however, the regulation of blood glucose levels and insulin
secretion is of course impaired, and thus a greater risk for hypoglycemia cannot be
excluded in diabetic people with reduced CYP2C9 activity and higher concentrations of
antidiabetic drug. Given the relative ease of pharmacodynamic monitoring and the lack
of correlation between the kinetics and dynamics of antidiabetic compounds, it can be
argued that monitoring of blood sugar, rather that genotyping, may be more clinical and
cost-effective. Whether this is true or false awaits further study. Nevertheless, a clearer
understanding of the pharmacokinetic—pharmacodynamic relationship in diabetic patients
in the presence of CYP2C9 polymorphisms is required.

The Chlorpropamide-Alcohol Flush (CPAF)

The CPAF is one of the earliest recognized examples of pharmacogenetics in the manage-
ment of DM. Many diabetics who take the sulfonylurea, chlorpropamide, experience facial
flushing after drinking even small amounts of alcohol. Sulfonylurea-induced alcohol intol-
erance is seen mainly, but not exclusively, with chlorpropamide and is similar to the inter-
action between alcohol and disulfiram. The mechanism of the reaction, however, is
unclear. The main symptom is facial flushing that occurs more commonly in diabetic
than in nondiabetic subjects. It has therefore been proposed that this symptom could be
used as a diagnostic test for a certain subset of patients with type 2 DM (37,38). Interest-
ingly, patients who demonstrate CPAF have a noticeably lower prevalence of late
complications of diabetes (microangiopathy, macroangiopathy, and neuropathy) than
nonflushers. The flush reaction is accompanied by an increase in blood acetaldehyde
concentrations, suggesting an inhibition of aldehyde dehydrogenase activity (39,40).

Different prevalences of CPAF have been reported by different authors in type 1
DM, type 2 DM, or healthy subjects. This could be due to different methodological
approaches or the different criteria for evaluating CPAF. Bonisolli et al. (41) investigated
the association between CPAF and the fast acetylator phenotype (AP) in type 1 and type 2
diabetic patients. An association between fast AP and CPAF was found in type 2 but not in
type 1 DM. In addition, a linear relationship was found between the rate of acetylation and
the speed of ascent of facial skin temperature after chlorpropamide and alcohol in type 2
diabetics but not in type 1 diabetics. However, many authors do not consider the CPAF test
to be sufficiently sensitive and specific, and despite a great deal having been published on
the test, its value remains poorly defined (42—45).

Sulfonylurea Sensitivity and MODY

MODY is a relatively rare form of familial diabetes and is part of the differential diagnosis
of diabetes presenting in the first three decades of life. MODY is now known to differ fun-
damentally from type 2 DM in its etiology and is classified separately as type 3A. The key
characteristics of this condition are an young age of onset (often before the age of 25
years), noninsulin dependence (absence of features of type 1 DM, with C-peptide positiv-
ity and no requirement for insulin within five years of diagnosis), and an autosomal-
dominant mode of inheritance (46). At least two consecutive generations are affected
with a family member diagnosed (before the age of 25). This is very much a heterogeneous
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group of disorders with wide variability in the severity of the hyperglycemia and the age at
which it becomes clinically manifest. Several genetic subtypes of MODY have now been
described, and these are all characterized by mild fasting hyperglycemia in otherwise
normal individuals (Table 3) (47). Mutations in six genes have been shown to cause
MODY, with two different types of monogenic mutation (48). Glucokinase MODY is
caused by mutations in the gene for the glycolytic enzyme glucokinase, and transcription
factor MODY is caused by mutations in transcription factors (such as hepatocyte nuclear
factor genes HNF-1a, HNF-4a, and HNF-1 and insulin promoter factor-1) (49). There
are clear clinical differences between these two different types of MODY, reflecting quan-
titative and qualitative differences in pancreatic B-cell dysfunction. Glucokinase MODY
is relatively mild and characterized by nonprogressive hyperglycemia, which is caused by
a stable defect and resetting of the pancreatic glucose sensor. It can be treated with
diet alone, and complications are rare. In contrast, MODY caused by mutations in the tran-
scription factors lead to a progressive (-cell defect in insulin secretion, an increasing
requirement for treatment, and all the complications usually associated with type 2 DM
(50). Diagnostic molecular testing is available for the more common genes involved,
although approximately 15% to 20% of the families fitting MODY criteria do not have
mutations in any of the known genes (48). A stepwise approach to the etiological inves-
tigation of young adults with DM is recommended (51,52). Alternative molecular tests
may also be appropriate to identify these patients, with markers downstream of the
genetic defect. For example, the haploinsufficiency of the gene coding for HNF-I«a is
associated with reduced serum apolipoprotein M levels, which may be a useful marker
for MODY?3 patients (53).

Heterozygous mutations in the HNF-1« gene are the most common cause of MODY
accounting for between 1% and 2% of all cases of DM (57). Isolated case reports have
suggested that patients with HNF-1a MODY (MODY 3) are more sensitive to the hypogly-
cemic effects of sulfonylureas, compared with the patients with type 2 DM (58-61).
Hyperexcitability of the pancreas to sulfonylureas has been described in one healthy
glucose-tolerant person with an HNF-1« mutation who showed a greater response to intra-
venous tolbutamide than healthy controls (62). This has subsequently been demonstrated
in a randomized cross-over trial comparing the response to a sulfonylurea and metformin
in patients with diabetes caused by either HNF-[ « mutations or type 2 DM (63). Patients

Table 3 Most Common Maturity-Onset Diabetes of the Young Subtypes

Approximate
Subtype Mutation Chromosome frequency End result References
MODY1 HNF-4a 20q 5% Impaired (54)
pancreatic
B-cell
function
MODY?2 GCK 7p 10% Defect in (55)
(glucokinase) glucose
sensing
MODY3 HNF-la 12q 65% Impaired (56)
pancreatic
B-cell

function




Pharmacogenetics and Metabolic Disease 249

with diabetes caused by mutations in the HNF-1« gene showed a greater improvement in
glycemia in response to treatment with the sulfonylurea gliclazide, in comparison with
matched (for body-mass index and degree of glycaemia) patients with type 2 DM. This
was not attributable to changes in the hepatic metabolism of the drug but reflects preserved
B-cell function and a preserved insulin secretory response to sulfonylureas in patients with
MODY. This has important implications for the management of such patients—the
increased sensitivity to sulfonylureas would suggest that this class of drug should be
used, alongside an appropriate diet, as initial treatment, instead of a biguanide, or even
insulin therapy, and at a reduced dosage to improve glycemic control (63). Hypoglycemia
may be more common in these patients, and thus the use of very low doses of sulfonylureas
is important. Pearson et al. (63) recommend a starting dose of 20—40 mg gliclazide (or
equivalent) in this subgroup of patients. Furthermore, cessation of sulfonylureas should
be undertaken cautiously as there may be a marked deterioration in glycemic control.

The effects of sulfonylureas are initiated by the drug binding to ATP-sensitive K™
(Katp) channels, inducing membrane depolarization, activation of voltage-gated Ca**
channels, and subsequent degranulation of insulin-containing vesicles (64). Mice
lacking the HNF-1a gene have a dramatic reduction in insulin secretory response to
glucose (65,66) and a good insulin secretory response to glibenclamide. Although this
has been demonstrated to be accompanied by impaired hepatic clearance and elevated
plasma concentrations of the drug (67), the expression of the glycolytic enzymes, gluco-
kinase and liver pyruvate kinase, is also reduced in the pancreatic islets of HNF-Ia-
deficient mice compared with the wild-type mice (68,69). This suggests that the glucose
metabolism pathway is a key site of action on HNF-/«, and that in HNF-]« deficiency,
the genetic B-cell defect is upstream of the sulfonylurea receptor. Therefore, it is proposed
that the good insulin secretory response to sulfonylureas in spite of the poor response to
glucose in MODY?3 diabetes is the result of a bypass in a severe defect in glucose metab-
olism and that the signaling pathway downstream of the sulfonylurea receptor is preserved
(63). This is illustrated in Figure 1. The challenge for pharmacogenetics in the future is to
assist in the identification of a larger group of patients who will respond to specific treat-
ments depending on the predominant underlying pathophysiology.

The PPARy Gene and Sensitivity to Thiazolidinediones

Thiazolidinediones are a novel class of antidiabetic medication that exert multiple effects
beyond glycemic control and may have beneficial effects on cardiovascular risk factors.
They decrease insulin resistance and reduce cardiovascular risk by improving various
aspects of the cardiovascular dysmetabolic syndrome. They may reduce accelerated ather-
osclerosis associated with type 2 DM not only by improving glycemia and decreasing
plasma insulin levels but also by increasing high-density lipoprotein (HDL) and decreas-
ing triglyceride levels, improving blood pressure, improving fibrinolysis, and reducing
vessel wall abnormalities.

Although discovered more than two decades ago, it was not until the mid-1990s that their
molecular mechanism of action was elucidated. Thiazolidinediones are synthetic ligands that
activate nuclear receptors called peroxisome proliferator-activated receptors (PPARs). Once
activated, the PPARs form heterodimers with another nuclear receptor, the 9-cis-retinoic
acid receptor (RXR). By binding to specific DNA sequences, these PPAR /RXR heterodimers
regulate transcription and translation of proteins involved in glucose and lipid metabolism
(70,71). There are three subtypes of PPARs currently identified: PPAR«, PPARS (also
known as PPARS, NUC-1, and FAAR), and PPARy. The antidiabetic actions of thiazolidine-
diones correspond to their ability to activate PPARy receptors found in key target tissues
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Figure 1 Glucose-induced insulin secretion, sulfonylureas, and the HNF-la mutation.
Abbreviations: GLUT-2, glucose transporter in hepatocyte and pancreatic (B-cell; ATP, adenosine
triphosphate; K-ATP, potassium-ATP channel. Source: Adapted from Ref. 63.

of insulin action, namely, adipose tissue, skeletal muscle, and liver. Currently, two structurally
diverse PPARy agonists are used in clinical practice: pioglitazone (Actos™) and rosiglitazone
(Avandia®). Troglitazone was withdrawn from the market in March 2000 because of its associ-
ation with idiosyncratic hepatotoxicity, an effect that had been postulated to be influenced by
mutations of the glutathione-S-transferase genotype (72). In a study by Watanabe et al. (72)
genotype analysis was performed on 110 patients who had been prescribed troglitazone, eval-
uating 68 polymorphic sites in 51 candidate genes relating to drug metabolism, apoptosis, pro-
duction and elimination of reactive oxygen species, and also the signal transduction pathways
of PPARY2 and insulin. A strong correlation with transaminase elevations was observed only
in patients with the combined glutathione-S-transferase GSTT1-GSTM1 null genotype.

The interaction between Thiazolidinediones and the PPAR represents another model
of pharmacogenomics. Thiazolidinediones has been shown to decrease plasma glucose
concentrations in patients with type 2 DM (73-75), but clinical studies have shown that
10—-25% of the patients treated with thiazolidinediones do not achieve a 15% reduction
in fasting plasma glucose or do not convert from impaired glucose tolerance to normal
glucose tolerance (76). The molecular reasons for the differential responses have not
been determined, although it has been postulated that that differences in the PPARy gen-
otype may modify the response to thiazolidinedione treatment. Different genetic variants
of the PPARy gene have been shown to affect drug action in vitro (77). The most common
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variant in the PPARy gene, the Prol2Ala variant, occurs at a frequency of 12% to 15%
(78-83), whereas other mutations are very rare (84-86). In a clinical study, the
Prol12Ala and the Prol2Pro variants in the PPAR"y gene, however, were not associated
with a favorable response to pioglitazone in patients with type 2 DM (87). Although
these preliminary results would suggest that these variants in the PPAR7y gene do not
determine the response to pioglitazone, it is unclear whether other variants in the gene,
or indeed variants in downstream pathways from this receptor, are important determinants
of efficacy or adverse effects, such as fluid retention. Interestingly, in an animal model it
has been shown that the CD36 fatty acid transporter gene is an important determinant of
the insulin-sensitizing actions and subsequent metabolic effects of pioglitazone (88). The
fatty acid transporter CD36 is one of a number of molecules that mediate the uptake of
(free fatty acids) FFA by adipocytes and muscle cells and is a well-known target for
PPAR ligands (89,90). Clearly this is an area for future research.

HYPERLIPIDEMIA

Hyperlipidemia, the elevation of lipid concentrations in plasma, is the manifestation of a
disorder in the synthesis and degradation of plasma lipoproteins. The major concern in
patients with hyperlipidemia is their increased risk of cardiovascular disease. Statins are
inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, the rate-
determining enzyme for cholesterol synthesis. They reduce cholesterol by stimulating an
increase in low-density-lipoprotein (LDL) receptors on hepatocyte membranes, thereby
increasing the clearance of LDL from the circulation. Their main effect is to reduce
LDL-cholesterol (LDL-C), but they may also reduce triglycerides to a modest extent
and increase HDL-cholesterol (HDL-C). They are generally considered to be the most
effective of all lipid-lowering drugs currently available. Large-scale clinical trials in the
primary and secondary prevention of coronary heart disease (CHD) have unequivocally
demonstrated the efficacy of statins in reducing the risk of cardiovascular events (91-96).

HMG-CoA reductase inhibitors are a generally well-tolerated class of drug,
although in a minority of patients severe adverse effects, such as myopathy or rhabdomyo-
lysis, may occur. The incidence of these potentially life-threatening side effects increases
with increasing dose or with the coadminstration of drugs that affect the kinetics or
dynamics of statins. The withdrawal of cerivastatin as a result of deaths from rhabdomyo-
lysis illustrates the clinical importance of such interactions. On the other hand, not all
patients respond to statin therapy with a reduction in CHD risk. Large clinical trials
with statins have demonstrated varying reductions in cardiovascular events associated
with similar changes in LDL-C, suggesting that at least some of the benefit of statin
therapy may be derived from nonlipid mechanisms of disease attenuation, such as the
modification of the inflammatory response, endothelial function, plaque stability, and
thrombus formation (97).

Statins Reduce Risk in Specific Populations

Allelic variants in several candidate genes have been identified as markers for CHD, and
their relationship with the response to statin therapy (based on metabolic, angiographic,
and clinical outcomes) has been evaluated through retrospective analyses in many of
the large statin trials. Although treatment with statin therapy results in similar improve-
ments in lipoprotein profiles in all patients (among both carriers and noncarriers of the
variant allele), it appears that statins preferentially benefit individuals in terms of the
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number of cardiovascular events and mortality who carry the high-risk variant genotypes
for these risk factors, as compared with the individuals who have the wild-type genotype
(98). Several polymorphic candidate genes have been identified as predictors of disease
severity; these are summarized in Table 4.

Apolipoprotein E

Apolipoprotein E (ApoE), a constituent of very low-density lipoprotein (VLDL), is
derived from the liver and serves in the transport and redistribution of lipids among
various tissues throughout the body (99). Carriers of the &4 allele have a 40% increased
risk of developing CHD when compared with carriers of the €2 or &3 alleles (100).
During the follow-up period of a substudy of the Scandinavian Simvastatin Survival
Study (4S), placebo-treated carriers of the £4 allele were almost twice as likely to die
as noncarriers (15.7% and 9.0%), corresponding to a mortality risk ratio of 1.8 (101).
Treatment with simvastatin resulted in a 61% reduction in the number of deaths in carriers
of the &4 allele (from 15.7% to 6.0%), whereas in non-g4 carriers, simvastatin was associ-
ated with a 43% decrease in mortality (from 9.0% to 5.1%).

Table 4 Genetic Markers of Statin Response

Marker Nature High-risk variant allele References
Apolipoprotein E Constituent of liver- &4 (compared with &2 (100)
(ApoE) derived very low- and &3 alleles)

density lipoprotein
Transport and
redistribution of lipids

3-Fibrinogen Deposited in -455G/A (wild type- (105)
atherosclerotic plaques 455G/G)
Cholesterol ester Mediates exchange of Taql polymorphism B/ (110)
transfer protein lipids between allele (compared with
(CETP) lipoproteins B2 allele)
Hepatic lipase (HL) Lipolytic enzyme C allele (compared with (114,115)
involved in the T allele)

metabolism of
triglycerides, LDL, and

HDL
Lipoprotein lipase Involved in the Asp(9)Asn LPL (116)
(LPL) metabolism of mutation
triycerides in
lipoproteins
Platelet Induces neointimal PI** polymorphism (122)
glycoprotein III proliferation
Stromelysin-1 Associated with 6A (compared with 5A (123)
connective tissue allele)

remodeling in
atherogenesis and
plaque rupture

Abbreviations: VLDL, very low-density lipoproteins; HDL, high-density lipoproteins; LDL, low-density
lipoproteins.
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J-Fibrinogen

Polymorphisms in the B-fibrinogen gene, particularly the -455G /A single-nucleotide poly-
morphism (SNP), have been associated with differences in the plasma levels of fibrinogen
and the severity of arterial disease. It has thus been postulated that patients with the -455A
allele have an increased rate of progression of CHD when compared with the wild type
(-455GG) because their fibrinogen levels may increase more when the acute-phase
response is triggered (102—104). The -455A allele was identified in 257 (4% homozygous,
34% heterozygous) out of 697 men enrolled in a study from the Regression Growth Evalu-
ation Statin Study (REGRESS) (105). All patients had similar baseline lipid values and
disease history, but the -455A homozygotes had significantly higher baseline fibrinogen
levels (but less angiographic evidence of CHD) when compared with the other genotypes.
However, after a two-year period of follow-up, placebo-treated patients with the -455AA
genotype experienced a significantly greater progression of CHD as assessed by coronary
angiographic parameters when compared with the -455GA and -455GG genotypes. The
authors hypothesize that the -455A allele may promote a stronger acute-phase response
in fibrinogen and that the resulting higher fibrinogen levels may form the pathogenetic
basis for the stronger progression of coronary atherosclerosis. Despite similar reductions
in LDL-C in the pravastatin-treated groups, only carriers of the A allele demonstrated
angiographic regression of the disease. Although carriers of the high-risk allele, particu-
larly the homozygotes, were associated with higher plasma fibrinogen levels and more
rapid progression of the atherosclerotic lesions, pravastatin therapy seemed to offset
this deleterious effect. The fact that the more rapid progression in the -455AA genotype
was not apparent in the pravastatin group may be explained by a much larger positive
effect of pravastatin treatment than the deleterious influence of the fibrinogen -455G /A
polymorphism on the development of the disease.

Cholesteryl Ester Transfer Protein

Cholesteryl ester transfer protein (CETP) has a central role in the metabolism of HDL-C,
mediating the exchange of lipids between lipoproteins. The CETP-enzyme has a central
role in reverse cholesterol transport (RCT), whereby cholesterol from peripheral tissues is
transported back to the liver where it is preferentially excreted into bile (106). This results
in the net transfer of cholesteryl ester from HDL to other lipoproteins and the subsequent
uptake of cholesterol by hepatocytes (107). This is illustrated in Figure 2. The presence of
a polymorphism in the CETP gene (which is also called TagIB) is associated with elevated
concentrations of CETP, which in turn leads to reduced concentrations of HDL-C, a strong
and independent risk factor for the development of CHD (107,109). Individuals with the
Taq1B polymorphism in the CETP gene may therefore be at higher risk for the development
of CHD (110). In the study of 807 men by Kuivenhoven et al. (107), the term B/ was used to
denote the presence of Tag!, and B2 was used to denote absence of Tag!. The respective fre-
quencies of the B/BI, BIB2, and B2B2 genotypes were 35%, 49%, and 16%, respectively.
The B1 allele was associated with lower HDL-C concentrations and higher CETP concen-
trations in all patients. Baseline LDL-C concentrations were similar in all genotypes, but
on following a 2-year period of follow-up, placebo-treated patients with the B/B1 genotype
showed the most pronounced angiographic progression of atherosclerosis, when compared
with the BIB2 and B2B2 genotypes. Although patients with each genotype achieved
similar reductions in LDL-C from pravastatin therapy, both the B/ homozygotes and hetero-
zygotes experienced less (angiographically-determined) progression of coronary disease
when compared with individuals with the respective genotype who received placebo.
Conversely, no significant differences in disease progression were observed between the
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Figure 2 The proteins involved in HDL-mediated reverse cholesterol transport. Abbreviations:
VLDL, very low-density lipoproteins; HDL, high-density lipoproteins; LDL, low-density lipopro-
teins; ATP, adenosine triphosphate.

placebo and pravastatin-treated B2B2 homozygotes. However, there was only a small
decrease in plaque regression in the pravastatin-treated group (the decrease in mean
luminal diameter was 0.05 + 0.16 mm for the BI/BI genotype, 0.07 + 0.20 mm for the
BI1B2 genotype, and 0.09 + 0.16 mm for the B2B2 genotype), and whether this leads to
a long-lasting clinical benefit is unclear.

Hepatic Lipase

Hepatic lipase (HL) is a plasma lipolytic enzyme that plays an important role in the
metabolism of triglycerides, LDL, and HDL. Increased HL activity has been associated
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with reduced HDL levels and smaller HDL particles, and also an increased number of
small, dense LDL particles (111,112). The presence of a C-T substitution at position -
514 in the promoter region of the HL gene accounts for approximately one-quarter of
the variance in HL activity in men and women (113,114). The presence of the C allele
has been associated with higher HL activity, more atherogenic LDL particles, and lower
levels of anti-atherogenic HDL lipoproteins (115). Results from one study suggest that
this promoter region gene polymorphism is responsible for the differential lipoprotein
and angiographic response to lipid-lowering therapy (114). In the 49 men included in the
analysis, 25 had the CC genotype, 20 had the CT, and 4 had the 77 genotype at position
-514 of the HL gene promoter. At baseline, men with the CC genotype had greater HL
activity, lower HDL-C, and lower LDL buoyancy, when compared with those with the
TT genotype. Lipid-lowering therapy (lovastatin plus colestipol or niacin plus colestipol)
was associated with an 18% decrease in HL activity and a 12% increase in LDL buoyancy
in patients with the CC genotype, whereas HL activity and LDL buoyancy did not signifi-
cantly change in patients with the 77T genotype. Furthermore, lipid-lowering therapy was
also associated with a 2.1% reduction in coronary stenosis among men with the CC geno-
type, whereas progression of stenosis was observed in men with the 77 genotype.

Lipoprotein Lipase

Lipoprotein lipase (LPL) is an enzyme that is involved in the metabolism of triglycerides
in lipoproteins, such as chylomicrons and VLDL (111). Common mutations in the LPL
gene that lead to deficient LPL activity have been associated with hypertriglyceridemia
and low HDL levels, which results in affected individuals being at increased risk for pre-
mature CHD (116). In one study, the nature and frequency of the aspartic acid to aspara-
gine substitution at position 9 in exon 2 of the LPL gene (Asp9Asn) has been examined
(117). The authors hypothesized that the presence of the Asp9Asn LPL polymorphism
in a given patient would increase susceptibility to atherosclerosis and therefore be associ-
ated with greater progression of the CHD. Indeed, the Asp9Asn mutation was identified in
4.8% of the population (38 men), and carriers of the polymorphism were more likely to
have a positive family history of CHD and a lower HDL-C level at baseline, when
compared with patients without the mutation. After a two-year period of follow-up,
placebo-treated carriers of the Asp9Asn LPL polymorphism showed greater progression
of angiographically significant CHD when compared with the noncarriers. Although the
lipid-lowering effect of pravastatin was attenuated in patients carrying the Asp9Asn sub-
stitution, the deleterious effects of this polymorphism on the progression of atherosclerosis
could apparently be reversed by pravastatin.

Platelet Glycoprotein II1

Studies have identified an association between the polymorphism of the gene encoding
platelet glycoprotein Illa (P*? polymorphism) and acute coronary syndromes, subacute
stent thrombosis, restenosis development following coronary stent implantation, and
increased platelet aggregability (118—122). Statin therapy has been shown to reduce the
increased rate of restenosis associated with the high risk PI*? allele and significantly
improved clinical outcomes in a consecutive series of patients undergoing coronary
stent implantation (122). In a study of 650 patients (78% of whom were homozygous
for the PI*! allele, and 22% of the patients carried the P allele) by Walter et al.
(122), restenosis rates at 6 months were significantly reduced by statin therapy. Although
the extent of cholesterol lowering by statin therapy was identical in both carriers of the
PI*? allele and patients homozygous for PI*’ and there were no significant differences
in baseline parameters, statin-treated carriers of the PI*? allele had a 22.3% lower rate
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of restenosis than PI*? carriers without statin therapy (28.6% vs. 50.9%, respectively;
p = 0.01). Furthermore, statin-treated patients homozygous for the PI*’ allele had a
slight reduction in the restenosis rate when compared with the PI*/ homozygotes who
did not receive statin therapy. In the patients who received placebo, the PI*? allele was
associated with an increased rate of restenosis when compared with the PF*’ allele
(50.9% vs. 34%; p = 0.01), although there were no differences in the rate of restenosis
observed between statin-treated carriers of either allele. The significantly lower restenosis
rate observed in statin-treated carriers of the PI*? allele was associated with a significant
improvement in the six-month event-free survival (49.3% in PI*? carriers without statin
treatment vs. 28.2% in statin-treated PI*? carriers; p < 0.01), whereas statin therapy
had a minimal effect on six-month event-free survival among those homozygous for PI*/.

Stromelysin-1

Stromelysin-1, a matrix metalloproteinase, is involved with the connective tissue remodeling
processes associated with atherogenesis and atherosclerotic plaque rupture (123). The 6A
allele of the 5SA6A polymorphism in the stromelysin-1 gene promoter region has been
linked to a rapidly progressive form of coronary stenosis due to atherosclerosis (124). In a sub-
study of the REGRESS, de Maat et al. hypothesized that the presence of the stromelysin-1
6A allele may be associated with an increased risk of clinical events or requirement for
repeat angioplasty due to clinical restenosis (123,125). Greater than 75% of the 494
men evaluated in this analysis carried the variant allele (6A) (50% heterozygous and
26% homozygous), and after two years of follow-up, no significant differences in angio-
graphic measures of coronary artery obstruction were found among the three genotypes
that were treated with pravastatin or between placebo and pravastatin-treated patients.
However, nearly twice as many clinical events [myocardial infarction (MI), CHD death,
symptom-driven percutaneous transluminal coronary angioplasty or coronary artery
bypass graft surgery, stroke and transient ischemic attack, and death] were observed in
the placebo-treated patients with the SA6A and 6A6A genotypes (26% in both groups)
when compared with those homozygous for the 5A allele (12%) (p < 0.05). It must be
stated, however, that in this study the baseline risk in the 5A5A group was already
lower than for the 5A6A and 6A6A groups. Compared with the placebo, treatment with pra-
vastatin was associated with a 48% increase in frequency of clinical events among patients
with the 5A5A genotype, whereas patients with the 5A6A and 6A6A genotypes experienced
a71% and a 54% reduction in clinical events, respectively. Pravastatin was also associated
with an increase in the frequency of symptom-driven repeat angioplasty among patients
with the 5A5A genotype (from 11% to 28%), whereas patients with the SA6A and 6A6A
genotypes experienced reductions in the frequency of repeat angioplasty (from 37.5%
to 0%, and 40% to 15%, respectively p < 0.002) compared with the placebo.

Thus, it appears that patients with the 5A5A genotype receive no additional benefit
from pravastatin, indicating that the response to pharmacological intervention showed a
genotype-specific effect, solely benefiting carriers of the 6A allele. The results from the
Lopid Coronary Angiography Trial (LOCAT), using gemfibrozil, corroborate the findings
from REGRESS and suggest that both statins and fibrates offer a protective effect on
disease progression solely in carriers of the 6A allele, whereas the degree of protection
in patients with the 5SA5A genotype is marginal (126,127).

Statins and the Genetics of Metabolism and Disposition

Pravastatin is not significantly metabolized by the CYP450 system; the CYP3A family
metabolizes lovastatin, simvastatin, atorvastatin, and cerivastatin, whereas CYP2C9
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metabolizes fluvastatin (128). Fluvastatin is a synthetic HMG-CoA reductase inhibitor
and is a racemic mixture of (—)-3S, SR-fluvastatin and (+)-3R, 5S-fluvastatin. The
latter has a 30-fold higher therapeutic activity (129). Fluvastatin is eliminated from
the human body almost entirely by hepatic biotransformation, primarily being metab-
olized to 5-hydroxy-, 6-hydroxy-, and N-deisopropyl-fluvastatin by CYP2C9. In vitro
data show that about 50—80% of fluvastatin metabolic clearance is due to CYP2C9
(130). Kirchheiner et al. (130) studied the impact of the two frequent CYP2C9 amino
acid polymorphisms on enantio-specific fluvastatin pharmacokinetics and pharmacody-
namics in healthy volunteers (130). The pharmacokinetics of both enantiomers of fluvas-
tatin depended on the CYP2C9 genotype, with a threefold group mean difference in the
active enantiomer and even greater differences in the inactive enantiomer. The
CYP2(C9*2 variant did not have any significant influence on fluvastatin kinetics. However,
differences in plasma concentrations were not reflected in cholesterol-lowering after 14
days of fluvastatin intake in healthy volunteers. The latter result is unsurprising for a
number of reasons. First, the baseline cholesterol levels differed between the genotype
groups because the study groups were stratified for the CYP2C9 genotype but not for
the baseline cholesterol concentration. Second, fluvastatin steady-state kinetics were
not measured after 15 days of treatment, and kinetic differences between genotype
groups might have been smaller at steady-state than after a single dose. Third, the
sample size of this study was determined for pharmacokinetics analyses, and a larger
sample would be necessary to assess the pharmacodynamic impact. As discussed pre-
viously, the pharmacodynamic effect of statins is influenced by multiple variables
including other pharmacogenomic predictors of HMG-CoA reductase inhibitor efficacy,
such as polymorphisms in the LDL receptor, CETP, ApoE, and the S-fibrinogen genes.

Drug transporters are increasingly recognized to be important in drug disposition
and response. Polymorphisms in the MDRI gene, encoding P-glycoprotein (P-gp),
affect the pharmacokinetics of many commonly used drugs, including statins, many of
which are substrates for P-gp (131,132). P-gp is a member of the large ATP-binding cas-
sette (ABCBI) family of proteins. It is found in the small intestine on the brush border of
enterocytes and may thus influence the oral bioavailability of statin therapy (128,133).
However, the extent of this has not yet been quantified. It is also evident that many sub-
strates of P-gp are also CYP3A4 substrates, and this is well demonstrated in the case of
statins. The overlap between CYP3A4 and P-gp substrates may have resulted in part
from the coordinated regulation and tissue expression of CYP3A4 and MDRI in organs,
such as the liver and intestine. Interestingly, both genes are located on the same chromo-
some in close proximity, 7q22.1 and 7q21.1 for CYP3A4 and MDRI, respectively (134).
Future studies of the relevant statin should therefore take into account both the metaboliz-
ing and transport capabilities of individuals, as failure to correct this confounding factor
may lead to contradictory data from different studies.

OSTEOPOROSIS

Osteoporosis is a major healthcare problem internationally with significant morbidity and
mortality. It is a common problem affecting older women and a large number of older men.
The health care costs are estimated at $30 to $50 million per year per million of population
across many developed countries (135,136). Furthermore, there is also an increased risk of
death in both men and women with all types of osteoporotic fractures (137). The pathophy-
siology of the disease is complex and involves both endogenous and environmental factors.
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Bone mass is influenced by hormonal changes, such as puberty and menopause, and
by lifestyle factors, such as smoking and calcium intake. Total bone mass increases
approximately threefold over just a few years just before puberty with bone mass remain-
ing stable thereafter until the onset of menopausal and age-related bone loss (138). Age-
related bone loss may start in the early forties in both men and women and accelerates with
aging (139-141), although androgen deficiency may also result in bone loss in younger
men (142—144). There is a considerable amount of variability in the rate of bone loss
seen in postmenopausal women. Interestingly, similar variability is also observed with
the effects of corticosteroids on bone loss, due to a wide range in sensitivity (145).
Such variations in hormonal sensitivity may reflect an interaction between gene(s) and
environmental factors.

Osteoporosis and Genes

Family and twin studies have shown that genetic factors play an essential role in bone mass
regulation and, apart from rare instances, the heritability of bone mineral density (BMD)
and osteoporosis is polygenic. Peak bone mass, as measured by quantitative radiological
techniques, also seems to be under genetic control. This has been most clearly shown in
studies of MZ and DZ twins (146—148). A positive family history of an osteoporotic frac-
ture has been found to be a risk factor for the development of osteoporotic fracture in
numerous epidemiological studies (149—151). Human and animal studies have shown
high levels of heritability (45—-80% of variance) in the density and structure of bone for
any age or group (148-150), and the fact that this heritability is apparent before
puberty would suggest that genetic factors are responsible for programming inherent
bone structural characteristics.

The twin model has been primarily been used to assess heritability but, twin studies,
particularly in MZ twins, can also be used to investigate the impact of the environment and
other lifestyle factors (152,153). Environmental factors known to affect bone density,
including skeletal loading, calcium intake, smoking, and alcohol use, have been investi-
gated in this manner. Physical loading on the skeleton, ranging from immobilization
and microgravity to loading in elite athletic sports, has been shown to affect bone mass
(152,154—-157). Furthermore, there is considerable debate regarding the most appropriate
daily calcium intake. Figures ranging from 800 to more than 1000 mg/day have been rec-
ommended (141,158,159). However, in Asian populations where the dairy intake is rela-
tively low, the dietary calcium intake is closer to 400 mg/day, and yet the incidence of
osteoporotic fractures is unexpectedly lower than in comparable Caucasian populations
(160,161). Although other lifestyle factors may be important, this suggests that ethnic
or racial differences in calcium absorption and handling may represent another example
of gene—environment interactions.

A Summary of the Management of Osteoporosis

Different approaches to the management of osteoporosis have been advocated, including
changes in lifestyle, interventions to reduce falls, the use of drugs to decrease bone resorp-
tion, such as calcium, estrogens, calcitonins, and bisphosphonates, and also the adminis-
tration of drugs to stimulate bone formation, such as sodium fluoride (162-165).
Prevention is the most effective method of dealing with osteoporosis because once bone
mass has decreased, it is difficult to replace. Optimizing peak bone mass is therefore
important. Regular, moderate weight-bearing exercise and adequate dietary calcium
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during growth have been advocated (138,166). After the third decade of life, interventions
should be aimed at reducing the rate of bone loss. In postmenopausal women, hormone
replacement therapy (HRT) slows or eliminates postmenopausal bone loss at all skeletal
sites. However, the potential value of long-term HRT must be balanced against the poten-
tial risks, particularly breast cancer. Alternatives to HRT for the prevention of post-
menopausal osteoporosis include the bisphosphonates, alendronate, etidronate, and
risedronate. In postmenopausal women, the effects of calcium supplementation (about
1 g of calcium daily by mouth) have been conflicting (167,168).

In postmenopausal women with established osteoporosis, HRT increases bone mass
and reduces the incidence of fractures. Alternatively, a bisphosphonate, such as alendro-
nate or etidronate, may be used (169). Improvements in bone mass and fracture rate have
also been shown with raloxifene (170). Calcitonins may also have a role. Studies using the
vitamin D substance calcitriol for the treatment of osteoporosis have produced conflicting
results; although some have reported an increase in spinal bone density and a reduction in
the rate of new vertebral fractures, others have found no significant effects (171-173).
Vitamin D supplements have beneficial effects in the elderly and may be particularly
important in frail or housebound individuals, who are at high risk of vitamin D deficiency
and resulting hyperparathyroidism (165,174). The extent of the variability observed,
and some of the conflicting findings of studies across this field, may, at least in part,
be explained by genetic differences. The influence of drugs on osteoporosis may be
another example of the interaction between genes and the environment.

VDR Gene Polymorphism

It has been shown that polymorphisms in the vitamin D receptor (VDR) gene are associ-
ated with bone density and that the VDR gene is associated with a particular bone density
pattern that varies with chronological age, sex, and anatomical site (175,176). The VDR
gene polymorphism is also related to a higher prevalence of vertebral fractures
(177,178). Polymorphic alleles of the VDR gene were the first to be associated with
bone turnover and bone density in a nonstructural gene (179), though a number of sub-
sequent studies have identified weaker or no effects (180,181). However, two meta-
analyses support a role for the VDR gene alleles, though with somewhat less strength
than originally reported (182,183). An additional start codon polymorphism of the VDR
gene has been associated with differences in bone density in some but not all population
groups (181,184). Markers of bone turnover, such as the procollagen type I propeptide,
which is cleaved and released when collagen is produced, have also been shown to be
genetically linked in some but not all studies (185,186). There may be a relationship
between the VDR alleles and the risk of fracture (187), although this has not been
found in all studies (188). Several other “candidate” gene loci have been associated
with bone density or fractures. These are summarized in Table 5. In each of these
cases, the initial positive (association) results have been counterbalanced by some if not
several negative (no association) studies. Such contradictory data may be due to several
factors, including lack of power, differences in inclusion criteria and clinical phenotyping
of patients, and unforeseen population stratification (189). This also makes it difficult to
relate any drug effects to genotypes that may be involved in determining the pathogenesis
of the disease itself, because the effect of the drug will vary depending on the interaction of
the gene with the disease itself.

It is, however, interesting to note that the anti-osteoporotic treatments show signifi-
cant variability in terms of the gain in BMD. This variability may be a reflection of the
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Table 5 Some of the Candidate Gene Loci Associated with Bone Density

Nature Gene References
Hormone receptor Vitamin D receptor (145)
Estrogen receptor (205)
Calcitonin receptor (206)
Parathyroid hormone receptor (207)
Cytokines Interleukins-4 and -6 (206,208)
Interleukin-1 receptor antagonist (209)
TGF-1 (210)
TGEF receptor 211)
Insulin-like growth factor-I (212)
Lipoproteins Apolipoprotein E (198)

phenomenon of the regression to the mean or the influence of as yet unidentified genetic
factors. Dietary calcium intake is an obvious factor that may affect responsiveness of VDR
genes. Calcium intake commonly ranges from less than 400 to more than 1000 mg/day in
different population groups. In some studies, genotype-related differences in calcium
handling have been observed. In one study, homozygous BB subjects for the VDR gene
did not show an increase in their gut calcium absorption on lower dietary calcium
intakes, when compared with the homozygous bb subjects, whereas in another study,
urinary calcium excretion was higher in the bb subjects (190,191). A separate study has
also found a 42% difference in gut calcium absorption between alternate homozygotes
for the VDR start codon polymorphism (192). Similarly, longitudinal studies have
shown differences in the bone density response to calcium intake according to VDR gen-
otype. In one study, VDR gene heterozygotes responded to calcium intake while the alter-
nate homozygotes either gained or lost bone irrespective of calcium intake (193). In
contrast, Krall et al. (194) found that the BB homozygotes gained some bone when sup-
plemented from a very low basic calcium intake.

Despite apparent differences in gut calcium absorption, this is not reflected in differ-
ences in intestinal VDR levels (195). Differences in response of bone density to the
vitamin D metabolites and analogs have been reported according to the VDR genotypes,
particularly in Japanese studies (196—198). The more common bb genotype in Japanese
cohorts (about 75% of the subjects) was more responsive, compared with the heterozy-
gotes, who either did not respond or whose bone density actually deteriorated. Given
that the heterozygote is the most common genotype in most Caucasian groups, these
differences parallel the differences that have been observed in response to the active
vitamin D compounds in clinical studies of osteoporosis between Japanese and Caucasian
groups. In another study, the response to vitamin D varied according to VDR genotype
(199). In the study by Graafman et al. (199), the mean increase in BMD in the vitamin D
group—relative to the placebo group, expressed as percentage of baseline BMD—was
significantly higher in the BB (6BMD: 4.4%) and Bb genotype (SBMD: 4.2%), compared
with the bb genotype (6BMD: —0.3%, p = 0.61). The VDR genotype-dependent effect of
vitamin D supplementation in the elderly subjects investigated here suggests a functional
involvement of the VDR gene variants in determining BMD.

VDR gene polymorphisms have also been shown to modify the BMD response to
cyclic etidronate therapy and also HRT (200-202). Palomba et al. (203) demonstrated
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in postmenopausal women with osteoporosis that the effectiveness of raloxifene on bone
metabolism seems to be controlled by different VDR genotypes. Raloxifene is a non-
steroidal drug that inhibits bone resorption and reduces the risk of vertebral fracture in post-
menopausal women (170). In this study, the lumbar spine BMD increased significantly
more in women homozygous for the BB genotype than in those homozygous for the bb gen-
otype (203). Serum and urinary levels of bone turnover markers also showed a more signifi-
cant decrease in women homozygous for BB than in those homozygous for bb. An
intermediate change of lumbar BMD, serum osteocalcin (OC) and urinary deoxypyridino-
line (DPD) was observed in heterozygotes, in keeping with a gene dose effect of the B allele.

The mechanism by which any changes in the VDR alleles may account for changes in
calcium and bone homeostasis is not clear. It is possible that subtle differences may exist in
the regulation of the gene or in the stability of the mRNA product. Some initial in vitro
studies suggested that change in stability of mRNA product may be responsible (204).
However, this finding has not been replicated. Another mechanism may relate to changes
in alternative transcripts from the recently reported multiple promoters of the single
human VDR gene (204). In any case, the hope is that in the future it may be possible to
select the optimal anti-osteoporotic regimen of treatment on the basis of genetic evaluation.

CONCLUSIONS

Metabolic diseases, such as DM, hyperlipidemia, and osteoporosis, are major health pro-
blems, responsible for significant morbidity and mortality worldwide. They represent a
drain on health care resources internationally, and with the ever-increasing focus on
evidence-based medicine, this is only likely to expand, with the requirement to treat a
wider, asymptomatic population. DM is a heterogeneous disorder, with a multifactorial
etiology. However, the understanding of the pathophysiology and genetic influence of
certain specific subtypes of the disease may further our ability to utilize the tools of phar-
macogenetics in the wider patient population. In the case of hyperlipidemia, cholesterol-
lowering is used as an endpoint, but, more importantly, a reduction in cardiovascular
disease progression, morbidity, and mortality is required. There are populations with
certain genetic polymorphisms that can be identified to respond well to statin therapy,
demonstrating not only a beneficial change in lipid profile but also a reduction in cardio-
vascular risk. The case of osteoporosis highlights the interaction between genes and
environment at all levels, both in terms of physiology and pharmacology. VDR gene poly-
morphisms result in changes in calcium and bone homeostasis and may modify the
response to anti-osteoporotic therapy, but further work is needed in this area not only in
relation to the vitamin D receptor gene but also with respect to the many genes that are
known to influence bone metabolism and turnover (Table 5).

In the case of metabolic disease, the current understanding of pharmacogenetics
extends beyond the knowledge of genetic polymorphism and its role in drug metabolism
and disposition. Indeed, these are relatively unimportant in most cases given the relatively
wide therapeutic indices and favorable safety profiles of the therapies available and the
relative ease of pharmacodynamic monitoring. The challenge for pharmacogenetics in
the future is to establish which specific populations are most likely to respond effectively
and efficiently to the drugs available. The aim is not to deny treatment to the individual but
to ensure that the most appropriate drug is selected for their management—the right drug,
at the right dose, and at the right cost.
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INTRODUCTION

A subgroup of patients receiving a drug may fail to respond to the medication or develop
adverse reactions. Such interindividual variability in drug response has a major impact in
both clinical practice and drug development. Several host factors, including the patient’s
age, gender, smoking habit, alcohol consumption, renal and liver function, and disease
factors are likely to influence drug response. In addition to this, genetic factors may
also be important (1—4). This chapter reviews the evolving concepts and potential appli-
cations of such genetic factors, a field of study termed pharmacogenetics, and more
recently pharmacogenomics (5), in gastrointestinal and liver diseases. Much of the
focus of pharmacogenetics is on single-nucleotide polymorphisms (SNPs) which are the
most common source of variation in the human genome, occurring at approximately 1
in 1000 base pairs (6).

APPLICATION OF PHARMACOGENETICS IN CLINICAL
GASTROENTEROLOGY AND HEPATOLOGY

The liver has a complex detoxification system in which several enzymes participate in the
metabolism of a large number of xenobiotics. Essentially, all of the major human drug
metabolizing enzymes (DMEs) responsible for phase I (modification of functional
groups of the xenobiotics) or phase II reactions (conjugation with endogenous substrates)
exhibit common polymorphisms at the genomic level (1). The clinical relevance of these
polymorphisms depends on how they affect individual susceptibility to disease or response
to therapy (efficacy and toxicity). The potential applications of pharmacogenetics in
various aspects of clinical gastroenterology and hepatology are summarized in Table 1.

Association of Polymorphisms in DME and Drug Transporters with
Disease Susceptibility and Progression

The association of DME polymorphisms with disease susceptibility has mainly been explored
in models of environmental carcinogenesis (7). In theory, genetic polymorphisms could
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Table 1 Application of Pharmacogenetics in Clinical Gastroenterology and Hepatology

Disease susceptibility and phenotype
DME polymorphism in alcoholic liver disease
mEH polymorphism in HCV-related liver disease
mEH and GSTM1 polymorphism in hepatocellular carcinoma
MDRI gene polymorphism in inflammatory bowel disease
Efficacy of therapy
Drug metabolism and disposal
TPMT genotype in treatment of IBD with azathioprine
CYP2C19 genotype and efficacy of proton pump inhibitors
Drug targets
SERT polymorphism and treatment of IBS with alosetron
Mutations in the ISDR and treatment of HCV-1B infection
Adverse drug reaction
Adverse gastrointestinal reactions
Irinotecan toxicity
Adverse hepatic reactions
Gilbert’s syndrome and Indinavir-induced hyperbilirubinemia
NAT?2 polymorphism and isoniazid-induced hepatotoxicity
HLA association of co-amoxiclav-induced jaundice

Abbreviations: DME, drug-metabolizing enzymes; HCV, hepatitis C virus; TPMT, thiopurine methy] transferase;
HLA, human leukocyte antigen; IBD, inflammatory bowel disease; IBS, irritable bowel syndrome; SERT, sero-
tonin transporter gene; ISDR, interferon sensitivity-determining region.

account for heterogeneity in disease progression and also in the predisposition to compli-
cations. They may therefore assist in identifying phenotypic subgroups of common diseases.

Alcoholic Liver Disease

Deaths from chronic liver disease have increased threefold in the United Kingdom during
the last three decades (8). The mortality can largely be attributed to alcoholic liver disease
and viral hepatitis. Two-thirds of deaths from liver cirrhosis occur in patients under the age
of 65 years (8). Alcohol is a major contributor to death, injuries, and illness, accounting for
10.3% of disability adjusted life years among established market economies, compared
with 11.7% for tobacco and 2.3% for illicit drugs. The U.S. Veterans Administration
Twin Panel Study showed a higher concordance for cirrhosis in monozygotic twins
(17%) compared with dizygotic twins (5%), indicating that genetic factors contribute to
susceptibility although most of the liability for cirrhosis occurs due to the shared risk
for alcoholism (9,10). The strongest genetic association with alcoholism has been
shown to be with genes encoding alcohol-metabolizing enzymes.

Ethanol is rapidly absorbed from the gastrointestinal tract with most being metab-
olized in the liver. Hepatic oxidation of ethanol to acetaldehyde is carried out by the
alcohol dehydrogenase (ADH) in the cytosol, with variable contribution by cytochrome
P450 2E1 (CYP2E1) in microsomes and catalase in peroxisomes (Fig. 1). Aldehyde dehy-
drogenases (ALDH), especially the mitochondrial form ALDH?2, convert acetaldehyde to
acetate. The resultant production of acetaldehyde and reactive oxygen species may lead to
liver injury either by inducing lipid peroxidation or by formation of protein adducts, which
in turn leads to liver injury through an immune-mediated mechanism (11). Polymorphisms
in the alcohol and aldehyde dehydrogenase genes result in considerable interindividual
variation in the rate at which both ethanol and acetaldehyde are metabolized.
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Figure 1 Pathways of alcohol metabolism. Abbreviations: ADH, alcohol dehydrogenase; NAD,
nicotinamide-adenine dinucleotide; NADH, nicotinamide-adenine dinucleotide, reduced; NADPH,
nicotinamide-adenine dinucleotide phosphate, reduced; NADP, nicotinamide-adenine dinucleotide
phosphate; ALDH, aldehyde dehydrogenase.

Humans have two polymorphic ADH gene loci, ADH2 and ADH3 (12). Alleles with
high enzyme activity (ADH2*2 and ADH3*I) appear to be less frequent in alcohol-
dependent subjects as these are associated with a high acetaldehyde concentration,
which has an aversive effect. Possession of the ADH2*2 allele has been associated with
increased susceptibility to alcoholic liver disease in the Japanese (13). However, the evi-
dence for such an association in Caucasians has been inconsistent, with two small studies
suggesting an association of ADH3*1 with advanced liver disease (14,15), whereas three
other studies found no difference in ADH genotype frequencies between cases and con-
trols (16—18). A polymorphism in ALDH?2 is common in Asians, and individuals homo-
zygous for the variant allele (ALDH2*2) lack mitochondrial ALDH2 enzyme activity.
Accumulation of acetaldehyde in these subjects leads to facial flushing, tachycardia,
nausea, and vomiting even with moderate alcohol consumption. As the point mutation
acts as a dominant negative, those heterozygous for the variant ALDH?2 allele have a
marked reduction in the activity of ALDH2. Asians with the ALDH2*2 allele have an
increased susceptibility to advanced liver disease, presumably through the accumulation
of acetaldehyde (19). There is currently no evidence for the existence of similar poly-
morphisms in the ALDH?2 gene in Caucasians.

CYP2EL1 is associated with NADPH-CYP450 reductase in the microsomal mem-
brane and oxidizes ethanol to acetaldehyde (20). CYP2EI has a high K, for ethanol but
is inducible by chronic drinking. Metabolism of ethanol by CYP2E1 generates reactive
oxygen species including the hydroxyl radical (OH ), superoxide anion (O ), and hydro-
gen peroxide (H,0,), and hence could induce lipid peroxidation. Several restriction frag-
ment length polymorphisms (RFLPs) in the upstream and noncoding regions of CYP2E1
have been identified. Although individual studies have found an association of the variant
CYP2EI*5 allele with advanced liver disease among Caucasians (17,21), a meta-analysis
of published studies did not confirm the association with alcoholic liver disease (22).
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Viral Hepatitis

An estimated 0.5% to 1% of the U.K. population and 170 million people worldwide are
infected with the hepatitis C virus (HCV). Chronic hepatitis related to HCV is the most
common cause of cirrhosis and hepatocellular carcinoma in Europe and the United
States. Overall, about 20% of the infected individuals develop cirrhosis or hepatocellular
carcinoma over a 20- to 30-year period (23). Several environmental, host, and viral factors
are likely to interact in determining individual susceptibility to progressive disease. Risk
factors, such as male gender, age at infection, mode of transmission, alcohol consumption,
and hepatitis B virus coinfection, are associated with more rapid disease progression,
although these account for only a small part of the variability in the disease.

Epoxide hydrolase catalyzes the irreversible hydration of highly reactive alkene
epoxides and arene oxides generated by CYP450-dependent oxidation to yield metabolites
that can be readily conjugated and excreted (24). In the liver, the distribution of epoxide
hydrolase parallels that of CYP450 being located in the centrilobular region (zone 3). The
enzyme plays an important role in detoxifying electrophilic epoxides that might otherwise
bind to proteins and nucleic acids and cause cellular toxicity and genetic mutation. Micro-
somal epoxide hydroxylase (mEH) is involved in the metabolism of a wide variety of
xenobiotics and has been found in virtually all tissues, including liver, kidney, lung,
and testis (25). Two point mutations in exons 3 and 4 lead to the amino acid changes,
Tyrl113His and His139Arg, respectively, which affect mEH activity by influencing
protein stability (26,27). In a study involving 394 patients at different stages of HCV-
related liver disease, patients homozygous for the exon 3 variant allele (113 His/His)
were overrepresented in advanced stages of the disease (28), being associated with a three-
fold increased risk of cirrhosis and a fivefold increased risk of hepatocellular carcinoma.
The association was stronger in men. When the exon 3 and exon 4 genotypes were com-
bined to express the metabolic phenotype, very slow metabolizers were highly prevalent
among patients with cirrhosis and hepatocellular carcinoma (28). The independent role of
mEH polymorphisms in cancer risk suggests that the reduced disposal of specific classes
of compounds, such as aflatoxin B1, may be important in the pathogenesis.

Aflatoxin B1 is considered to be a hepatocarcinogen in humans. It has been postu-
lated that aflatoxin B1 induces carcinogenesis by causing a mutation in the tumor suppres-
sor gene p53 at codon 249 (29,30). An individual’s capacity to detoxify the mutagenic
metabolite aflatoxin 8,9-epoxide by mEH and glutathione-S-transferase (GST) Ml
could determine the amount of epoxide available to bind to DNA. In two populations in
Ghana and China, a significant association was found between the mEH exon 3 variant
allele and presence of the aflatoxin B1-albumin adduct (indicative of exposure to aflatoxin
B1) and hepatocellular carcinoma (31). In addition, a synergistic relationship between the
mEH variant allele and hepatitis B surface antigen was demonstrated. Thus, individuals
with only the mEH variant allele had a threefold increased risk, those with hepatitis B
infection had a 15-fold increased risk, whereas subjects with both the hepatitis B
surface antigen and the mEH variant allele had a 77-fold risk of hepatocellular carcinoma,
whereas compared with individuals without either of the risk factor. The frequency of the
GSTM 1 null genotype, which abolishes GSTM1 enzyme activity (32), was also greater in
patients with hepatocellular carcinoma, although the association was not as strong. The
p53 codon 249 mutation was observed only among hepatocellular carcinoma patients
with one or more of the high-risk genotype for either mEH or GSTM1 (31).

Inflammatory Bowel Disease

Crohn’s disease and ulcerative colitis are common causes of gastrointestinal morbidity in Western
countries, with a combined prevalence of 100 to 200 cases per 100,000 population (33).
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Microbial, immunologic, and genetic factors are thought to be involved in the pathogen-
esis of inflammatory bowel disease. An experimental model of UC in mice deficient for the
multidrug resistant 1 (mdr 1a) gene product P-glycoprotein (Pgp) showed that adenosine
triphosphate (ATP)-binding cassette transporters probably have an important barrier
function in protecting against xenobiotics, bacteria, and their toxins (34,35). In humans,
Pgp (ABCBI) is localized to the apical membrane of epithelial cells in both the small
and large intestines (36). The exon 26 C3435T polymorphism in the MDR1 gene affects
Pgp expression in the intestine, with individuals homozygous for the T allele having the
lowest expression (37). Presumably, impairment of barrier function in these subjects
makes them more susceptible to the development of ulcerative colitis (38). In contrast,
high Pgp expression may be associated with poor response to medical therapy in patients
with inflammatory bowel disease (39). In addition, the MDRI C3435T polymorphism may
also play an important role in determining the disease phenotype. In a case-control study,
subjects with the CC genotype had a higher prevalence of penetrating or stricturing
Crohn’s disease (38). The 3435CC genotype was also found to have a higher prevalence
in patients with Crohn’s disease requiring azathioprine or 6-mercaptopurine (38).

Association of Genetic Polymorphisms with Drug Efficacy

A patient’s response to a drug depends on many factors, including absorption and distri-
bution of the drug, drug metabolism and elimination, concentration of the drug at the target
site, and the number and function of the target receptors. It is possible to identify genetic
polymorphisms in all of these processes, which could theoretically influence the drug
response phenotype in individual patients, and allow identification of those patients
with a greater chance of responding to the particular medication.

Genetic Polymorphisms in Drug Metabolism and Disposal

Studies investigating associations between specific drug metabolizing enzyme genotypes
with drug response have sometimes reached different and, at times, apparently conflicting
conclusions. There may be many reasons for this, including differences in ethnic popu-
lations studied, heterogeneous disease phenotypes, differences in the endpoints used to
define response, and the polygenic nature of many drug effects.

Azathioprine in Inflammatory Bowel Disease. Immunomodulatory therapy
with azathioprine and 6-mercaptopurine has been shown to be effective in both steroid-
dependent and resistant cases of inflammatory bowel disease, achieving and maintaining
remission in 70% of the patients (40). However, a delay of 7 to 14 weeks before the onset
of therapeutic benefit and concern regarding toxicity have limited their use in inflamma-
tory bowel disease. Azathioprine is a prodrug, which is converted to 6-mercaptopurine by
non-enzymatic cleavage (Fig. 2) (41). 6-mercaptopurine is rapidly taken up by erythro-
cytes and other tissues. Intracellular biotransformation of 6-mercaptopurine occurs via
two competing routes. The drug is catabolized into the inactive 6-methylmercaptopurine
by thiopurine methyl transferase (TPMT) or anabolized to the active thioguanine nucleo-
tides by hypoxanthine phosphoribosyltransferase. Incorporation of 6-thioguanine
nucleotides into lymphocyte DNA induces cytotoxicity and immunosuppression.

Interindividual and interethnic variability in TPMT activity is caused by polymorph-
isms in the gene (42). Measurement of TPMT activity in erythrocytes has shown that about
1 in 300 of various European populations have undetectable activity (homozygous for
variant alleles TPMT"), 11% inherit intermediate levels (heterozygous TPMT" /
TPMT"), whereas 89% have high enzyme activity (homozygous for wild-type TPMT")
(43). The molecular basis of the variation in enzyme activity has been studied. Although
a number of variant TPMT alleles have been described, the most common polymorphisms
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Figure 2 Metabolism of azathioprine and 6-mercaptopurine.

result from two substitutions at position 460 (G460A, Ala-to-Thr) and at position 719
(A719G, Tyr-to-Cys), resulting in the TPMT*3A (both G460A and A719G) and
TPMT*3B (only G460A) genotypes (44—46). These genotypes account for 75% of the
variant alleles associated with absence of catalytic activity.

Both measurement of erythrocyte TPMT activity and genotyping have been used in
optimizing azathioprine or 6-mercaptopurine therapy in patients with inflammatory bowel
disease. Dubinsky et al. (47) in a study of 92 pediatric IBD (inflammatory bowel disease)
patients (79 with Crohn’s disease) reported higher 6-thioguanine levels in patients hetero-
zygous for TPMT (TPMT" /TPMT"), all of whom responded to therapy. A prospective
study thereafter demonstrated that measurement of 6-thioguanine levels could be used
to achieve remission in patients with Crohn’s disease who had initially failed to
respond to conventional dosing with azathioprine (48). However, a large study of 170
patients (130 with Crohn’s disease) found no correlation between 6-thioguanine nucleo-
tide levels and disease activity, as measured by an inflammatory bowel disease question-
naire. However, the study design led to the inclusion of only those who had responded to
and tolerated the treatment and hence would not have allowed evaluation of the role of
measuring 6-thioguanine levels in the management of inflammatory bowel disease (49).
Overall, the strength of the observed correlation between 6-thioguanine nucleotide
levels and therapeutic efficacy suggests that monitoring metabolites may identify those
patients not responding to azathioprine or 6-mercaptopurine because of either inadequate
dosing or noncompliance (41).

Metabolic variability also appears to influence the prevalence of adverse reactions.
Reduced TPMT activity and high 6-thioguanine levels have been associated with
azathioprine-induced leukopoenia (47,50). Variant TPMT allele can be found in up to
27% of the patients with Crohn’s disease who develop myelosuppression, and the toxicity
appears early in the course of treatment (within six weeks) in subjects homozygous for the
variant allele (51). In a subgroup of patients with inflammatory bowel disease who fail to
respond to azathioprine /6-mercaptopurine therapy, dose escalation does not result in
optimal 6-thioguanine nucleotide production but rather results in the preferential
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production of 6-methyl mercaptopurine ribonucleotide, which has been associated with
hepatotoxicity (47,52).

CYP2C19 Polymorphism and Efficacy of Proton Pump Inhibitors. Proton
pump inhibitors, such as omeprazole and lansoprazole, are mainly metabolized by
CYP2C19 in the liver. Rabeprazole is nonenzymatically converted largely to thioether-
rabeprazole and partially metabolized to demethyl rabeprazole by CYP2C19. The
variant alleles CYP2C19m1 (G to A substitution in exon 5 at position 681, which produces
acryptic splice site resulting in a truncated nonfunctional protein) and CYP2C19m2 (G to A
substitution in exon 4 at position 636, which creates a premature stop codon) are respon-
sible for the CYP2C19 poor metabolizer phenotype (53,54). CYP2C19ml is found in
both Asians and Caucasians, but CYP2C19m2 is not found in Caucasians. The effects of
lansoprozole, omeprazole, and rabeprazole on intragastric pH have been shown to depen-
dent on the CYP2C19 genotype (55,56). Studies in small groups of patients have shown that
Helicobacter pylori eradication rate on dual therapy (combination of proton pump inhibitor
and amoxicillin) was significantly higher in those homozygous for the poor metabolizer
genotypes (57,58). However, the CYP2C19 genotype did not significantly affect cure
rates for H. pylori infection by triple therapy (combination of proton pump inhibitor,
amoxicillin, and clarithromycin) (59). CYP2C19 genotype also seems to partly determine
the efficacy of lansoprazole in gastroesophageal reflux disease: patients homozygous for
the extensive metabolizer genotype had the lowest plasma lansoprazole levels and the
lowest cure rate (60). Overall, however, the influence of the CYP2C19 genotype on efficacy
of proton pump inhibitor therapy is likely to be greatest in Asians, where the frequency of
the poor metabolizer phenotype is five times greater compared with the Caucasians.

Genetic Polymorphisms in Drug Targets

Drugs usually exert their effects via an interaction with membrane receptors (about 50% of
drugs), enzymes (about 30%), or ion channels (about 5%) (61). Many of the genes encod-
ing these drug targets exhibit genetic polymorphisms, which alter their sensitivity to the
medication and thereby response to therapy. Mutations in transporters involved in the
reuptake of neurotransmitters may alter neurotransmitter levels within the synaptic cleft
and thereby lead to an altered response to both agonists and antagonists.

Serotonin-Transporter Polymorphism and Response to Alosetron. Irritable
bowel syndrome affects about 15% of the adults (62). Diarrhea-predominant irritable
bowel syndrome is associated with an accelerated transit and rectal hypersensitivity.
Serotonin (5-HT) modulates the sensorimotor function in the digestive tract with the
5-HT type 3 receptors, in particular, mediating the postprandial colonic motor response
(63), which is often associated with cramping, urgency, and diarrhea in patients with
the syndrome. Alosetron, a 5-HT3 receptor antagonist, results in the relief of pain and
normalization of bowel function in women with diarrhea-predominant irritable bowel
syndrome (64,65).

5-HT undergoes reuptake by a transporter protein (SERT), which controls its
activity locally. A 44-base pair insertion/deletion polymorphism, approximately 1-kb
upstream of the serotonin transporter gene SERT, has been identified (66). Homozygosity
for the short variant results in less transcript, less protein expression, and hence less re-
uptake of serotonin (66,67). In a study involving 30 patients, the SERT polymorphism
was associated with the colonic transit response to alosetron (68) with the long homozy-
gous patients showing greater response (slowing of colonic transit) to alosetron, compared
with the heterozygous patients.
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Polymorphisms in HCV and Response to Interferon. The efficacy of interferon
therapy in HCV infection varies depending on viral genotype; infection with genotype 1b
is associated with a sustained virologic response in 10% to 25% of the patients (69). The
efficacy of interferon therapy in HCV1b infection can be predicted based on the HCV
RNA levels and the number of amino acid mutations in the interferon sensitivity-
determining region (ISDR in the 2209 to 2248 region of NS5A gene) (70-72). A recent
study using a decision analysis model showed that interferon therapy was not useful in
patients aged 50 to 60 years with HCV-1b infection without mutations in the interferon
sensitivity-determining region and HCV RNA levels exceeding 1.0 mEq/mL (73).

Genetic Susceptibility to Adverse Drug Reactions

An adverse drug reaction (ADR) is defined as any response to a drug that is noxious, unin-
tended, and occurs at doses normally used in humans for the prophylaxis, diagnosis, or
therapy of disease (74). ADRs result in significant morbidity, mortality, and excess
medical care costs. In the United States, more than two million hospitalized patients
suffer serious ADRs annually (75). There are many different types of ADRs (chap. 5).
“Idiosyncratic,” or type B, ADRs are not predictable from a knowledge of the pharma-
cology of the drug, and mechanisms are not clearly understood. A postulated mechanism
involves covalent binding of reactive metabolites to proteins, which then either directly
interferes with cellular function resulting in cytotoxicity or induces an immune response
(76,77). Susceptibility to ADRs could therefore theoretically depend on genetic factors
that determine the metabolism and also on the biochemical and immunological responses
to the metabolites. It is therefore likely that drug therapy based on an individual’s genetic
make-up may result in a clinically important reduction in ADRs (4).

Gastrointestinal Adverse Drug Reactions

Of the many different types of adverse reactions that can be induced by drugs, gastro-
intestinal ADRs are the commonest cause of hospital admission (78), accounting for
about 18% of cases (79,80). Although gastrointestinal bleeding, nausea, vomiting, and
antibiotic-induced diarrhea account for the majority of the events, a wide variety of
other drug-induced gastrointestinal adverse effects have also been reported.

Irinotecan Toxicity. Irinotecan (7-ethyl-10-[4-(1-piperidino)-1-piperidino] car-
bonyloxy camptothecin or CPT-11) is an anticancer agent that inhibits topoisomerase I
activity (81). Clinical trials have established the role of irinotecan (in combination with
5-fluorouracil /leucovorin) in the treatment of metastatic colorectal cancer (82,83). The
most common adverse effects of irinotecan are bone marrow toxicity and ileocolitis
leading to diarrhea (84). These adverse effects may lead to the discontinuation of an other-
wise effective anticancer treatment.

Irinotecan is a prodrug—metabolism by tissue and serum carboxylesterases
generates the more active metabolite 7-ethyl-10-hydroxycamptothecin (SN-38) (85).
Metabolism of SN-38 by glucuronidation and subsequent elimination through biliary
excretion is the primary route of detoxification (Fig. 3) (86). Diarrhea due to irinotecan
therapy is due to the toxic actions of unconjugated SN-38 on the intestinal mucosa.
SN-38 can be absorbed into epithelial cells from both the basolateral (blood) and apical
(luminal side) surfaces, targeted for glucuronidation, and effluxed back into the lumen
(87). There is an inverse relationship between SN-38 glucuronidation rates and
severity of diarrhea in patients treated with irinotecan (88,89). Two major hepatic
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Figure 3 Biotransformation of irinotecan.

UDP-glucuronosyltransferases (UGT), UGT1A1 and UGT1A9, and the extrahepatic
UGT1A7, are involved in SN-38 glucuronidation (90).

More than 50 variants have been reported in UGTIAI; many of these are found in
patients with Gilbert’s syndrome, an inherited condition of impaired bilirubin conjugation,
occurring in 5% to 10% of the general population (91). One of the most common geno-
types leading to Gilbert’s syndrome is UGTIA1*28, wherein the promoter contains a
sequence of [A(TA);TAA] compared with the wild-type UGTIAI with a sequence of
[A(TA)¢ TAA]. The UGTIA1*28 polymorphism is present in about 40% of the Caucasians
of whom 8% have Gilbert’s syndrome (92). UGTIAI*28 is associated with a 70%
reduction in transcriptional activity compared with the wild-type UGTIAI. In a case-
control study, 46% (12/26) of the patients with severe toxicity due to irinotecan (leuko-
cyte count <0.9 x 10/1 or diarrhea >5 days/bloody diarrhea/diarrhea with dehydration)
were carrying the UGTIAI*28 allele (either heterozygous or homozygous), compared
with 14% (13/92) of the controls (93). Multivariate analysis suggested that subjects carry-
ing UGTIAI*28 were seven times more likely to get irinotecan toxicity. All three patients
heterozygous for UGTIAI*27 also suffered adverse effects, whereas there was no associ-
ation with UGTIA1*6. None of the subjects in the study had UGTIAI*7 or UGTIAI*29
alleles, and hence their role could not be evaluated (93).

UGT1A7 is the most efficient of the UGTs in metabolizing SN-38 (90). The influ-
ence of the UGT1A7 genotype in predisposing to irinotecan toxicity may be different to
that due to Gilbert’s syndrome (87). UGT1A7 is not expressed in the small or large intes-
tine, unlike UGT1A1 (94). Thus, the majority of the SN-38 in the intestine results from
cleavage of SN-38 glucuronide by bacterial B-glucuronidase allowing reabsorption of
SN-38 (86). Therefore, extensive metabolizers with a UGTIA7*1 or UGTIA7*2 genotype
may have reduced plasma SN-38 levels but may still be at increased risk of gastrointestinal
toxicity because of increased fecal SN-38 after deconjugation of SN-glucuronide (87).
Common variants of UGTIA7, UGTIA7*3 (N'*K;R"*'K;W??R), and UGTIA7*4 (W?%R)
could be at risk of bone marrow suppression as they are associated with reduced SN-38 glu-
curonidation. However, a recent case-control study has not shown any association between
the UGTIA7 genotype and irinotecan-induced adverse reactions (95).
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Adverse Reactions Involving the Liver

Because the liver is central to the biotransformation of virtually all drugs and foreign sub-
stances, drug-induced liver injury is a potential complication of nearly every medication
that is prescribed. The liver is the most common target organ for toxicity encountered
during the course of drug development (96). Despite considerable progress in toxicologi-
cal studies, the correlation between liver toxicity in animals and man remains poor (97).
As the “high-risk” agents have been replaced, relatively rare reactions to commonly pre-
scribed “low-risk” agents have contributed to the total burden of the drug-induced liver
disease (98). The incidence of symptomatic hepatic ADRs is estimated to be 14 per
100,000 population, 16 times greater than the number noted by spontaneous reporting
to the regulatory authorities (99). Adverse hepatic drug reactions have been the leading
cause of postmarketing withdrawals in the last four decades (98,100).

The basic mechanism underlying drug-induced hepatotoxicity is considered to be
metabolic or immunologic idiosyncrasy. Metabolic idiosyncrasy implies that the patient
developing the adverse reaction metabolizes the drug in a different way than most indivi-
duals or lacks adequate protective mechanisms to neutralize any reactive metabolites that
are formed. Immunologic idiosyncrasy implies that the susceptible individual has an
immune system that would more readily recognize any formed neoantigens. Genetic
factors influencing the development of drug-hepatotoxicity can be grouped into factors
affecting the amount of reactive metabolite formed and therefore the levels of the
protein adduct, and factors affecting the immune response to the adducts.

Metabolic Idiosyncrasy. Initial studies investigating the role of DME polymorph-
isms in drug-induced liver disease used phenotyping experiments in small groups of
patients. Polymorphism in debrisoquine oxidation (CYP 2D6) has been shown to result
in accumulation of perhexiline, leading to liver injury in poor metabolizers (101), and
to increase the formation of reactive metabolites, leading to chlorpromazine hepatotoxi-
city in extensive metabolizers (102). Defective hepatic sulfoxidation has also been
shown to contribute to chlorpromazine jaundice (102). Polymorphism in mephenytoin
hydroxylation (CYP 2C19) has been associated with Atrium (phenobarbital, febarbamate,
and difebarbamate)-induced hepatotoxicity, with poor metabolizers being at increased risk
(103). More recently, genotyping for drug metabolizing enzyme gene polymorphisms has
been used to study genetic susceptibility to drug-induced liver disease.

Isoniazid hepatotoxicity. The growing prevalence of drug-resistant Mycobacter-
ium tuberculosis strains and the increasing number of patients with acquired immuno-
deficiency syndrome (AIDS) has lead to the worldwide resurgence of tuberculosis.
Regimens containing isoniazid, rifampicin, ethambutol, and pyrazinamide are used as
first-line therapy for tuberculosis. The incidence of antituberculosis drug-induced hepato-
toxicity varies from 13% to 36% in different populations (104—107), with a 1% to 10%
case-fatality rate. Isoniazid is the major drug incriminated, and liver injury secondary to
this drug continues to be reported worldwide (108—111).

The enzyme N-acetyltransferase (NAT) is responsible for the metabolism of isonia-
zid to acetylisoniazid, which in turn is hydrolyzed to acetyl hydrazine (Fig. 4) (112). The
latter could be oxidized by CYP2E1 to form N-hydroxy-acetylhydrazine, which further
dehydrates to yield acetyldiazene. Acetyldiazene may itself be the toxic metabolite or
may break down to the reactive acetylonium ion, acetyl radical, and ketene, which
could bind covalently to hepatic macromolecules resulting in liver injury (112-114).
NAT is also responsible for further acetylation of acetylhydrazine to the nontoxic diace-
tylhydrazine. Therefore, slow acetylation results not only in accumulation of the parent
compound but also of monoacetylhydrazine. Acetylation of acetylhydrazine is further sup-
pressed by isoniazid itself. In addition, direct hydrolysis of isoniazid without acetylation
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Figure 4 Metabolism of isoniazid.

produces hydrazine that could cause liver injury (115). Metabolism of isoniazid through
this minor pathway is increased 10-fold in slow acetylators, especially when given with
rifampicin (116).

Two human NAT functional genes (NATI and NAT2) and one pseudogene (NATP)
have been cloned (117). NAT2 is polymorphic in humans and has a 10-times lower K, for
aromatic amines than that of NATI. The presence of any two of the several variant alleles
of the NAT2 gene leads to the slow acetylator phenotype, whereas fast acetylators have one
or more wild-type NAT2*4 alleles (117). Acetylation activity in vitro is progressively
reduced in association with the NAT2*4 > NAT2*7 > NAT2*6 > NAT2*5 alleles (118).
In a recent study involving 224 patients who received antituberculosis therapy, patients
possessing the NAT2 genotypes associated with slow acetylation were four times more
likely to develop isoniazid-induced hepatotoxicity (105). In addition, the hepatic injury
in slow acetylators was more severe than that seen in rapid acetylators. Patients with
the NAT2*6/6 and NAT2*6/7 genotypes had a significantly higher risk than those with
other genotypes.

Indinavir-induced hyperbilirubinemia. Indinavir is a viral protease inhibitor used
in the treatment of HIV infection. Indinavir therapy is associated with unconjugated hyper-
bilirubinemia in 6% to 25% of the subjects (119,120). This could lead to unnecessary inves-
tigations and inappropriate withdrawal of the medication. Although indinavir is
predominantly metabolized by the CYP450 enzyme system, the drug is also a substrate
for UGT (121). Indinavir competitively inhibits conjugation of bilirubin by UGT1Al in
rat hepatoma cell culture (122). In experiments with Gunn rats, a strain deficient in
hepatic bilirubin-conjugating activity caused by a mutation in the UGTIAI gene, adminis-
tration of indinavir results in a greater elevation of serum bilirubin in heterozygous (j/+)
animals than in wild-type controls (4 /+) (122). Consistent with this, an increase in serum
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bilirubin following indinavir therapy has been found to be more pronounced in patients
with one or more variant UGTIA] alleles (122). Therefore, hyperbilirubinemia secondary
indinavir is likely to be most pronounced in individuals with reduced hepatic UGT activity,
such as those with Gilbert’s syndrome.

Immunologic Idiosyncrasy. The second group of genetic factors influencing
susceptibility to immune-mediated hepatic drug reactions are those involved in
immune regulation. Genetic polymorphisms in the major histocompatibility complex
(MHC) are the most obvious example. The presence or absence of a given human
leukocyte antigen (HLA) molecule may determine the efficient presentation of an alkyl-
ated immunogenic peptide. Associations have been reported between HLA All and
hepatotoxicity due to halothane, tricyclic antidepressants and diclofenac; HLA DR6
and liver injury secondary to chlorpromazine and nitrofurantoin, and HLA BS8; and
clometacine-induced hepatitis (123). However, patients with liver injury due to a hetero-
geneous group of drugs were included in this study, and, hence, the association of the
genotype with the liver injury should be considered to be preliminary and requires
replication.

Co-amoxiclav-induced jaundice. Co-amoxiclav is a commonly used antibiotic,
that causes cholestatic jaundice. The frequency of this ADR is about one case per
5000-80,000 prescriptions, and the risk increases with advancing age (124-126).
Clavulanic acid rather than amoxicillin has been considered to be responsible for immu-
noallergic hepatitis. Two case-control studies involving Caucasians have demonstrated
that co-amoxiclav-induced jaundice is strongly associated with the HLA DRBI*1501-
DRB5*0101-DQB1*0602 haplotype (126,127). Subjects carrying the extended haplotype
had a ninefold higher risk of cholestasis (126). These findings suggest that HLA class II
molecules are important in presenting the drug-metabolite to the T-cell receptor of
CD4+ helper T-cells with the subsequent stimulation of B-cells and cytotoxic T-cells
and development of the immune reaction.

CANDIDATE GENE CASE-CONTROL ASSOCIATION STUDIES

Until recently, genetic polymorphisms in drug metabolism were typically described on the
basis of phenotypic differences among individuals in a population. With recent advances
in molecular sequencing technology, SNPs, especially in the regulatory or coding regions,
are being discovered and are followed by biochemical studies assessing the phenotypic
effects. Ultimately, clinical studies may allow the elucidation of polymorphisms in
DME genes that have important consequences in patients. Such a framework may
permit the elucidation of polymorphisms in DME that have more subtle, yet clinically
important consequences for interindividual variability in drug response.

Population-based case-control studies with appropriately matched cases and con-
trols are a widely used method for detecting genetic associations. The first step in design-
ing a case-control study is to decide on the candidate gene or genes to be studied. The
relevance of the candidate gene in the pathogenesis of the particular disease or ADR,
and the functional effects of a particular polymorphism may indicate the importance of
the association that is detected (128,129). With the availability of data from the human
genome project, many studies now attempt to relate the phenotype to polymorphisms in
multiple genes. The study of the genetic susceptibility to diclofenac-induced hepatotoxi-
city is an example where “both metabolic” and “immune” factors potentially involved in
the development of liver injury have been investigated.
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Diclofenac is a widely used nonsteroidal anti-inflammatory drug that can rarely
cause potentially serious hepatotoxicity. Severe liver injury occurs in 3.6 per 100,000
users, and 8% of those who are jaundiced die of hepatic failure (130). Because of its
common use, diclofenac hepatotoxicity has been one of the common causes of hepatic
ADRs with 180 confirmed cases reported to Food and Drug Administration during the
first three years of marketing in the United States (131). The major pathway of metabolism
of diclofenac is through 4’-hydroxylation by CYP2C9 (Fig. 5) (132,133). Minor pathways
include the formation of 5-hydroxydiclofenac catalyzed by a number of P450s, including
CYP3A4, CYP2C8, CYP2C18, and CYP2C19 (134-136), and 3’-hydroxydiclofenac cata-
lyzed by CYP2C9 (134). Both diclofenac and its metabolites undergo glucuronidation and
sulfate conjugation, with acylglucuronide appearing to be the most common glucuronic
acid conjugate. Conversion of diclofenac to diclofenac acylglucuronide is mediated by
UGT2B7 (137). Diclofenac acylglucuronide can form adducts with hepatocellular proteins
(138—-140), resulting in immune-mediated destruction of hepatocytes (141). There is some
in vitro evidence to suggest that 5-hydroxydiclofenac can also bind covalently, leading to
the formation of protein adducts (135).

It has been hypothesized that susceptibility to diclofenac-induced hepatotoxicity
may be genetically determined by factors affecting the amount of the reactive metabolite
and, therefore, protein adduct formed and factors affecting the immune response to those
adducts (142). Impaired 4’-hydroxylation or increased metabolism via the minor pathways
of metabolism could lead to increased formation of the diclofenac reactive metabolites and
hence, adduct formation. Polymorphisms in the CYP2C9 gene, which is responsible for the
4’-hydroxylation of diclofenac, have not been found to be a risk factor for the development
of hepatic injury (143). A recent study has found an association between an upstream
(C-161T) UGT2B7 polymorphism and diclofenac-induced liver injury (144). Preliminary
results indicate that individuals carrying at least one variant -161T allele, which is associ-
ated with increased glucuronidation, are at ninefold increased risk of developing an
adverse hepatic reaction to diclofenac (144). Therefore, formation of high levels of

Diclofenac
CYP3A4, CYP2CS,
CYP2CI18, CYP2C19 UGT2B7
CYP2C9
5-hydroxydiclofenac
3'-hydroxydiclofenac J

5-hydroxydiclofenac 4 hydroxydiglotenac

glucuronide

3'-hydroxydiclofenac Diclofenac acyl
glucuronide + glucuronide

4'-hydroxydiclofenac
glucuronide

Figure 5 Metabolism of diclofenac in humans.
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diclofenac acylglucuronide in hepatocytes may be an important step in the production of
antigenic covalent drug-protein adducts.

The pattern and magnitude of the immune response to drug-protein adducts is likely
to vary between individuals, potentially explaining differences in susceptibility to hepato-
toxicity. A major determinant of interindividual variation in immune reactions is likely to
be interindividual variation in the production of immunoregulatory cytokines, such as
interleukin-10 (IL-10) and -4 (IL-4), both of which are encoded by polymorphic genes.
A small case-control study has shown an association between diclofenac-hepatotoxicity
and the -627*A allele in the IL-10 gene (which reduces transcription) and -5907 allele
in the IL-4 gene, which increases transcription (145). Low IL-10 and high IL-4 levels
would favor a Th-2-mediated antibody response to neoantigenic stimulation and hence
could be associated with disease susceptibility. The risk of hepatotoxicity was increased
by fivefold in subjects carrying variant alleles for both the IL-10 and IL-4 genes (145).

FUTURE DEVELOPMENTS

Cross-sectional association studies are a crude method to assess the role of low-penetration
genetic traits in polygenic disorders (146), because they are biased by the lack of controls
for disease duration, disease expression, and timing of diagnosis. In addition, the overall
effect of xenobiotics is determined by the interplay of several genes encoding proteins
involved in the multiple pathways of drug metabolism, disposition, and effects. The
high degree of complexity and redundancy in the metabolic pathways, combined with
the limitations of hypothesis-driven research, may delay the discovery of novel pathways
(147). Therefore, more comprehensive pharmacogenomic studies are required to define
traits that are determined by multiple polymorphic genes. The Human Genome Project,
coupled with DNA array technology, high-throughput screening systems, and advanced
bioinformatics may allow rapid elucidation of the complex genetic components of
human disease and drug response (1). In contrast to the candidate gene approach, a new
pharmacogenomic paradigm is emerging in which the entire human genome is screened
for SNPs that may be associated with drug response (148). SNP maps could be used to
correlate genetic information with the response to a drug. It would thus not be necessary
to identify actual genes involved in determining the response to a drug, but the pattern of
SNP markers would suffice (149). The hypothesis-free approach to pharmacogenomics
may also allow the identification of new drug targets for further exploration.
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INTRODUCTION

Antipsychotic drugs constitute the mainstay of treatment for schizophrenia; they are used
to treat acute psychotic episodes and reduce risk of relapse (1). However, a significant pro-
portion of treated patients (25—-50%) fail to show satisfactory recovery, and 80% will have
a relapse within five years (2,3). In addition, between 50% and 70% of the patients develop
severe and lasting side effects as a result of long-term antipsychotic treatment (4). Failure
to find an appropriate treatment is associated with poor prognosis and may reduce chances
of recovery. Early and effective treatment is therefore important. There are two major
classes of antipsychotics, classical and atypical drugs, with different pharmacological pro-
files and varied success in the treatment of the disease. However, at present it is not poss-
ible to determine, other than by a trial of treatment, which individuals will respond to
which drugs. Pharmacogenetic and pharmacogenomic research approaches aim to identify
genetic factors that influence response variability and to use that information for treatment
prediction and selection. Pharmacogenetic research has produced in recent years interest-
ing results that have been translated into useful clinical applications (i.e., determination of
metabolic status). Pharmacogenomic research is producing a wealth of information on
response-related factors, although the clinical utility of this approach will only become
apparent over the next decade.

PHARMACOGENETIC AND PHARMACOGENOMIC RESEARCH

Treatment variability in response to antipsychotic treatment has been hypothesized to be a
result of genetic and environmental factors. Nongenetic observations, such as demo-
graphic or clinical measurements, have been investigated as indicators of therapeutic
outcome. Female gender and early onset have been associated with unsatisfactory response
to treatment with the antipsychotic clozapine, whereas the history of drug-induced side
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effects and paranoid symptoms predict good response (5). Weight gain during clozapine
and olanzapine treatment predicts satisfactory improvement (6,7). Duration of episodes
and severity of illness can predict neuroleptic response (8), and a combination of clinical
measurements was reported to predict clinical response with more than 90% success using
a mathematical model (9). These findings illustrate the contribution of nongenetic and
environmental factors to treatment variability. However, their predictive capability is of
limited value, and most observations are obtained during drug treatment.

Genetic research provides a different approach towards the prediction of treatment
response. The main aim of pharmacogenetics and pharmacogenomics is to provide
response predictors at early stages of the illness, before chemical intervention is started.
Initially, research focused on a selected number of genes and their influence on treatment
response (pharmacogenetics). However, the development of high-throughput techniques
for the rapid examination of gene sequence and expression facilitates the simultaneous
study of differences in a large number of genes and individuals (pharmacogenomics).
Pharmacogenetic research has produced important information on factors determining
treatment response, which has already translated into clinically applicable tests (i.e., detec-
tion of metabolic polymorphisms), and research on prediction tests for a number of anti-
psychotic drugs is underway. Pharmacogenomic research is producing a wealth of
information on sequence and expression differences between individuals that will accel-
erate the identification of genetic influence on treatment variability. These genetic strat-
egies have succeeded in the identification of response-related factors in metabolic
pathways and neurotransmitter systems. The following sections summarize the findings
in metabolic enzymes, in neurotransmitter receptors and transporters, and in signal trans-
duction genes.

Metabolic Enzymes

The absorption, distribution, and elimination of antipsychotic drugs require a series of
metabolic processes that take place mostly in the liver. Phase I (oxidation and hydrolysis)
and Phase II (conjugation with glucuronic acid, glycine, glutathione or with acetate,
sulfate, and methyl groups) reactions are the main mechanisms whereby antipsychotic
drugs are metabolized. Most antipsychotics are converted to hydrophilic compounds
[mainly by cytochrome P450 (CYP) enzymes] and are then conjugated [mainly by N-
acetyltransferases, UDP-glucuronosyltransferases (UGT), and thiopurine methyltransfer-
ases (TPMT)] to facilitate renal excretion. Alterations of these processes may influence
the serum and tissue concentrations of antipsychotics and their metabolites and modify
their therapeutic effect. Functional mutations have been described that render metabolic
enzymes inactive or ultra-active, resulting in accumulation or rapid elimination of the
drug and metabolites. Subjects presenting slow (poor metabolizers, PM) or fast (ultrarapid
metabolizers, UM) metabolizing phenotypes will not be responsive to therapeutic doses or
will present toxic reactions due to accumulated drug metabolites. The frequency of meta-
bolic alterations varies considerably among populations, a fact that is considered to con-
tribute to response variability. Pretreatment genotyping of metabolic variants can help to
identify patients who will not respond to average therapeutic doses of antipsychotics and
who may, as a result of poor metabolism, develop adverse reactions. Genetic identification
of individuals with altered metabolic enzymes constitutes one of the first and most import-
ant clinical applications of pharmacogenetics in psychiatry and will be discussed later in
the chapter. In this section we are going to review polymorphisms described in cyto-
chrome P450 (CYP) and N-acetyltransferase (NAT) genes, as these enzymes are involved
in the metabolism of the vast majority of commonly used antipsychotics.
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CYP Enzymes

The metabolism of most antipsychotics is initiated by CYP enzymes. Four families of CYP
enzymes (CYP1-CYP4) are directly involved in drug metabolism, each divided into sub-
families and subtypes (10). In particular, the CYP1A2, CYP2D6, and CYP3A4 subtypes
are the most important for the metabolism of psychotropic drugs (Table 1), and several
functional polymorphisms have been described in their genes that determine blood drug
concentrations.

CYP1A2. The CYPIA?2 subfamily accounts for nearly 15% of the liver cyto-
chromes and is one of the major metabolic pathways of the antipsychotics clozapine, olan-
zapine, and haloperidol (Table 1) (11,12). CYPIA2 PM are relatively frequent in the
population (5—10%), although significant ethnic variations are known (13). Several var-
iants with a functional effect on metabolic rate have been described in the promoter
region of the CYPIA2 gene (*1C, *I1F) (14,15). The CYPIA2 *F variant has been associ-
ated with drug-induced tardive dyskinesia (16). Although this finding is yet to be con-
firmed, it illustrates the clinical effect of alterations in metabolic rates.

CYP2D6. Genetically determined metabolic alterations were first discovered in
the 1970s when several individuals treated with debrisoquine, a substrate for CYP2D6,
and presenting with adverse reactions were found to possess a mutation in the gene that
rendered the enzyme inactive (17). Since then, several genetically determined forms of
the enzyme have been described with different levels of activity, including poor, inter-
mediate, extensive, and UM (18). The frequency of these phenotypes varies greatly
among populations: PMs constitute 5% to 10% of Caucasian populations and 1% to 2%
of Asian populations (18,19). However, the greatest variation is observed among
African populations, ranging from 0% to 19% of the PMs (20). The antipsychotics olan-
zapine, risperidone, chlorpromazine, and haloperidol are metabolized, at least partially, by
this enzyme (18,19). However, although several reports have associated CYP2D6 genetic
mutations with drug blood levels and drug-induced side effects (21-23), no clear relation
with general therapeutic response has been reported (24,25).

Table 1 List of Metabolic Polymorphisms in CYP Enzymes and Their Associations with
Antipsychotic Response Traits

Functional
Enzyme Substrate(s) polymorphism Reported association

CYP1A2 Clozapine, *IF Tardive dyskinesia (16)
olanzapine,
haloperidol

CYP2D6 Olanzapine, *3, %4, *5, *10 Susceptibility to tardive
risperidone, dyskinesia (21-23)
chlorpromazine,
haloperidol

CYP3A4 Chlorpromazine, *4, %5, %6, *17, *18 No reported association
clozapine,
haloperidol,
risperidone,
sertindole,
ziprasidone

Abbreviation: CYP, cytochrome P450.
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CYP3A4. This subtype is one of the most abundant forms of CYP in the human
liver (26) and participates in the metabolism of the antipsychotics chlorpromazine, cloza-
pine, haloperidol, risperidone, sertindonle, and ziprasidone, among others (Table 1).
Numerous mutations have been described in the CYP3A4 gene, and several have been
reported to cause functional alterations of the enzyme activity (27,28). However, few
studies have investigated the potential implications of these polymorphisms on treatment
variability and their influence on clinical response remains to be elucidated.

Phase Il Enzymes

Conjugation reactions with an exogenous substance or group to facilitate renal excretion
are catabolised by phase II enzymes, such as NAT, TPMT, and UGT. These enzymes are
known to exist in different forms with variable levels of activity.

NAT enzymes catalyze the acetylation of drugs and their metabolites. Two NAT
subtypes, NAT1 and NAT?2, have been described, of which several forms with variable
activity levels are known (29,30). As is the case with other metabolic polymorphisms,
the frequency distribution of these variants is subject to geographical differences. In par-
ticular, NAT2 slow acetylators constitute 40% of the Caucasians but less than 10% of the
Japanese and 30% of other Asian populations.

Several polymorphisms (*2, *3A, *3C) have been described in individuals with slow
TPMT metabolism, which present ethnic variations (31,32). Similarly, several naturally
occurring mutations in the UGT gene have been described that may alter enzyme activity
(33,34). As in the case of NAT polymorphisms, their influence on antipsychotic response
is yet to be investigated.

Clinical Relevance of Metabolic Polymorphisms

Given the high frequency in the population and the detrimental effects of metabolic
polymorphisms, their importance in the success of antipsychotic treatment cannot be
underestimated. As many as 70% of the successfully treated patients develop side
effects that may be partially caused by metabolic polymorphisms (4). In addition,
normal metabolizing individuals may still experience toxic reactions due to simul-
taneous treatment with drug acting as substrates for the same metabolic enzyme. Pre-
treatment genotyping of CYP polymorphisms could be helpful to avoid extra-pyramidal
side effects caused by toxic accumulation of drug metabolites and also provide infor-
mation on the appropriate therapeutic doses for each individual according to their meta-
bolic rate.

Neurotransmitter Systems

Aside from the pharmacokinetic influence of metabolic polymorphisms, therapeutic effi-
cacy of antipsychotic drugs is determined by their interaction with neurotransmitter
systems. Dopaminergic, serotonergic, histaminergic, muscarinic, glutamergic, and adre-
nergic receptors are targeted to a variable extent by antipsychotic compounds. The two
major classes of antipsychotic drugs, conventional and atypical antipsychotics, have a
marked difference in their sites of action. Classical conventional antipsychotics, such
as chlorpromazine and haloperidol, have dopaminergic receptors as their main targets,
whereas atypical antipsychotics have a wider range of receptor targets (35). Clozapine,
the archetypal atypical antipsychotic, displays high affinities for histamine, serotonin,
dopamine (D), muscarinic, and adrenergic receptors (35,36). Different pharmacological
properties may translate into different therapeutic characteristics: classical antipsychotics
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are reported to improve positive psychotic symptoms (e.g., hallucinations, delusions) and
induce severe extra-pyramidal side effects (EPS), whereas atypical antipsychotics are
reported to improve positive and negative (loss of energy and motivation) symptoms
with low induction of EPS. Drug—receptor interactions may be altered by mutations in
receptor genes, a fact that can be reflected in the clinical outcome. This hypothesis has
been extensively tested during the last decade. Drug-targeted receptor genes have been
systematically screened for naturally occurring mutations. Reported mutations were
investigated in groups of treated patients differing in their response traits (e.g., general
response, presence of side effects) in the search of response-related variants. Difference
in the frequency representation of a mutation between groups would indicate a direct or
indirect relation with response variability. This strategy has proven the therapeutic value
of D and serotonin receptor targeting and has identified variants in neurotransmitter trans-
porters that contribute to individual variability. Further investigations in other neurotrans-
mitter systems and in signal transduction genes are likely to produce information on
additional contributing factors. The following sections summarize the most relevant find-
ings in the area.

Dopaminergic Receptors

The D hypothesis of schizophrenia suggests that enhanced dopaminergic activity is
partly responsible for the etiology of the disease (37,38). This hypothesis is supported
by studies suggesting that blockade of D receptors relieves psychotic symptoms
(36,39). Most conventional antipsychotics display high affinities for D receptors,
particularly the type 2 (D2) receptors (40). However, antagonism of D2 receptors is
also associated with severe and long-lasting EPSs (4,40). Type 3 (D3) and type 4
(D4) receptors are also targeted by conventional and atypical antipsychotics, although
their exact contribution to antipsychotic activity is still being debated (41-43).

Genetic variation has been suggested to influence the clinical efficacy and side
effects associated with D antagonism. This hypothesis is supported by reports of associ-
ation between D2 receptor variants and early response to treatment with the antipsychotic
haloperidol (Table 2) (44). Response to the atypical antipsychotic clozapine is allegedly
influenced by D2 and D3 receptor variants (45,46).

Investigation of more specific traits, such as symptom variability or side-effect
induction, may facilitate the finding of related factors. According to a recent study,
D3 polymorphisms are associated with improvement in positive symptoms after treat-
ment with the atypical antipsychotic clozapine (47), a fact that supports the mediation
of the dopaminergic system in schizophrenia symptomatology. As interesting as the pre-
diction of response is the forecast of adverse reactions: several studies have reported
association between a D3 polymorphic variant, Ser9Gly, and tardive dyskinesia
(48-50). Although several studies fail to repeat this finding, a recent meta-analysis con-
firmed the validity of the association (51). Studies on Japanese schizophrenia patients
have shown that D2 mutations may be related to neuroleptic malignant syndrome
(NMS) (52), although this finding was not repeated in an independent study (53) and
needs further investigation. In general, therefore, it seems that an increased frequency
of D2 and D3 mutations is observed in patients presenting tardive dyskinesia (54,55).

It is important to mention that inconsistent findings such as those summarized here
have been reported in many other disease areas (56). Genetic association studies are
prone to produce false-positive or false-negative results, and reports with seemingly oppo-
site findings are frequently found in pharmacogenetic research. Contradictory reports may
be the result of experimental error, small study size, or a reflection of differences in clinical
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Table 2 List of Polymorphisms in Dopamine Receptor Genes and Their Association with
Antipsychotic Response Traits

Receptor Targeted by Polymorphism Reported association

D2 Haloperidol, —141-C Ins/Del Early response to clozapine (45)
chlorpromazine, Taqg 1 Early response to haloperidol (44)
risperidone, Related to neuroleptic malignant
ziprasidone, syndrome (52)
amisulpride

D3 Haloperidol, Ser9Gly Tardive dyskinesia (48-51)
chlorpromazine, Improvement in positive symptoms
risperidone, after olanzapine treatment (47)
olanzapine, Improvement in positive symptoms
ziprasidone, —205-G/A after olanzapine treatment (47)
amisulpride

Abbreviations: D2, dopamine type 2 receptor; D3, dopamine type 3 receptor.

or demographical characteristics of the patients investigated (57). Nevertheless, repeated
association reports should be considered as reliable evidence. Therefore, dopaminergic
mediation of antipsychotic activity is supported by pharmacogenetic results and suggests
that genotyping of D variants may help to predict treatment outcome and adverse responses.

Serotonergic Receptors

Dysfunction of the serotonergic system has been implicated in the etiology of mood dis-
orders and in schizophrenia symptomatology (58—60). Because of this involvement, ser-
otonin (5-HT) receptors are candidate targets for antipsychotic activity. In particular,
atypical antipsychotics strongly target serotonin type 2 (5-HT2) receptors, a characteristic
that has been suggested to mediate their success in the treatment of negative symptoms of
schizophrenia (36,60,61).

As in the case of the D research, studies investigating 5-HT polymorphisms and
therapeutic response have produced inconsistent results. A number of reports suggesting
association between 5-HT2A variants and response to a variety of antipsychotics, cloza-
pine, and risperidone have been published (61-66), and also studies with contradicting
findings (Table 3) (67—69). 5-HT2A mediation of therapeutic activity seems to be
proved by a meta-analysis of association studies indicating a strong relation between
the presence of genetic variants in the receptor gene and variability in response to the anti-
psychotic clozapine (70). Other 5-HT receptors have been less studied, although associ-
ations between 5-HT2C polymorphisms and clozapine response (71) and tardive
dyskinesia (72), and 5-HT6 variants and clozapine response (73) have been suggested.
5-HT2C variants have also been related to weight-gain, a drug-induced side effect of
particular relevance following treatment with the atypical antipsychotics clozapine and
olanzapine (74,75).

Taken together, these studies strengthen the hypothesis of serotonin involvement in
the mechanisms of antipsychotic action. As it will be discussed later, genotyping of ser-
otonin polymorphisms greatly contribute to the pretreatment prediction of antipsychotic
response.
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Table 3 List of Polymorphisms in Serotonergic Receptors and Their Associations with
Antipsychotic Response Traits

Receptor Targeted by Polymorphism Reported association

5-HT2A Chlorpromazine, 102-T/C & —1438-G/A Response to clozapine (61,63,65)
clozapine, Response to risperidone (66)
risperidone, His452Tyr Response to clozapine (62,64)
olanzapine,
ziprasidone

5-HT2C Clozapine, Cys23Ser Response to clozapine (71)
risperidone, Related to tardive dyskinesia (72)
olanzapine, —759-C/T Associated to clozapine-induced
ziprasidone weight gain (74)

5-HT6 Clozapine, 267-C/T Response to clozapine (73)
olanzapine,
ziprasidone

Abbreviations: 5-HT2, serotonin type 2; 5-HT6, serotonin type 6.

Adrenergic Receptors

Adrenergic transmission is implicated in cognitive and emotional behavior. Dysfunction
of this system is observed in patients suffering mood disorders, depression, or schizo-
phrenia. Therefore, targeting of adrenergic receptors is thought to have therapeutic prop-
erties. However, pharmacogenetic studies have only produced a scarce number of reports
showing no association between adrenergic polymorphisms and treatment response
(76,77), although adrenergic variants may be involved in drug-induced weight gain
(75). Given the involvement of the adrenergic system in the symptomatology of mental
disorders, analyses of the influence of adrenergic mutations on defined traits, such as
depression and negative symptoms, will likely produce more definite results.

Other Neurotransmitter Receptors

Histaminergic, muscarinic, and glutamate receptors are drug-targeted for their involve-
ment in the etiology of mental disorders. Dysfunction of these systems has been strongly
related with the etiology of schizophrenia, although investigations of the genetic contri-
bution of alterations in these genes towards the development of mental disorders are still
underway. Systematic screening for the genes coding for histamine receptors (H1, H2,
H3), muscarinic receptors (M1, M2, M3, M4, M5), and several genes of the glutamate
system has revealed the presence of numerous mutations, but their full contribution to clini-
cal outcome is yet to be investigated (78,79). Nevertheless, several reports have suggested
that mutations in histamine receptors contribute to determine clozapine response (80,81).

Neurotransmitter Transporters

Transporter proteins regulate the availability of neurotransmitter for brain transmission.
Therefore, they exert an important role in the control and regulation of neurotransmitter
systems. In particular, D and serotonin transporter genes have been investigated, and a
series of interesting associations have been reported. D transporter type 1 (DATI)
allelic variants have been associated with poor response to methylphenidate, a drug
used for the treatment of children with attention-deficit and hyperactivity disorders
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(ADHD) (82,83). Functional and nonfunctional polymorphisms of the serotonin transpor-
ter (5-HTT) gene have been associated with clozapine response (84), a result not found in
a later study on a variety of antipsychotics (85). However, the strong associations
detected between 5-HTT polymorphisms and response to antidepressants (86,87)
support the mediating role of this transporter protein in the mechanism of action of
psychotropic drugs.

Signal Transduction

The efficacy of antipsychotic drugs is mediated by neurotransmitter receptor targets linked
to downstream cellular responses through an intricate network of signaling pathways.
Receptor-linked heterotrimeric G-proteins play a particularly important role in this
process, by stimulating effector molecules that activate or inhibit second messenger mol-
ecules. These responses in turn regulate key biological functions, including gene transcrip-
tion, cell proliferation, differentiation, and development. G-proteins consist of three
subunits («, B, and 7y), for which there are known to be /16Ga, 5Gf3, and 12Gy human
genes. Functionally important genetic variants have been identified throughout these
genes, and growing evidence implicates their involvement in the etiology of depression
and its treatment (88,89). However, the extent to which these mutations contribute to
the treatment of psychiatric disorders remains to be fully determined.

CLINICAL APPLICATIONS OF PHARMACOGENETICS AND
PHARMACOGENOMICS

The previous sections described a number of genetic factors influencing treatment response
identified through genetic association studies. However, these individual findings have had
no immediate application in clinical practice, because they do not provide a sufficiently
high degree of prediction as they account for a relatively small fraction of response varia-
bility. This fact may be a reflection of the multitarget profile of most drugs. Antipsychotics
interact with several neurotransmitter systems to a different extent, and alterations in all/
most of the genes controlling drug—target interactions may contribute to response variabil-
ity. Pharmacogenetic and pharmacogenomic research has attempted the combination of
genetic information in relevant genes for the prediction of antipsychotic response with
promising results. Pharmacogenetic research has already produced some useful
applications, particularly in the detection of side effects related to metabolic alterations.
Pharmacogenomic research is relatively new in the field, and it is expected to produce clini-
cally useful results in the next decade. The current applications of pharmacogenetics and
pharmacogenomics include individual detection of PMs, selection of population groups for
clinical trials, and novel target detection for drug development.

Applications in Individual Prescription

The characterization of an individual’s metabolic status is the first and most used clinical
application of pharmacogenetics. Most antipsychotic drugs are metabolized by four cyto-
chrome CYP enzymes, namely CYP1A2, CYP2D6, CYP2C9, and CYP3A4 (90,91).
Detection of the most common polymorphisms in the genes coding for these enzymes
will facilitate the identification of individuals likely to present adverse reactions or treat-
ment failure related to deficient metabolism. Pretreatment genotyping of CYP
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polymorphisms will allow for the adjustment of therapeutic doses for slow metabolizers
and UMs. This practice has already been recommended for a number of antidepressant
drugs (92) and will be particularly beneficial in cases where the use of drugs with
narrow therapeutic ranges is considered. Several protocols are already standardized for
the rapid detection of metabolic polymorphisms, including simple polychain reaction
(PCR) techniques (93,94) and DNA arrays for the simultaneous genotyping of the most
frequent polymorphisms (95,96).

Preliminary studies incorporating information in drug targets have also proved
their value as predictors of therapeutic response. A combination of mutations in a
relatively small number of genes resulted in the successful prediction of clozapine
response in 76% of the cases (80). Similar strategies are being developed for
other antipsychotic drugs, such as olanzapine (47). Tailoring of antipsychotic treatment
will incorporate genetic information for the prediction of therapeutic response and
drug-induced side effects. Although still under investigation, these strategies will
form the basis of future tailoring of antipsychotic treatment according to the
individual’s requirements.

Applications in Drug Development and Clinical Trials

Pharmacogenomic research will have an obvious impact in drug development. High-
throughput technologies involving DNA chips, robotized handling of samples, and com-
puterized analyses permit the investigation of a large number of genes simultaneously and
will greatly accelerate the identification of therapeutic targets. These high-throughput
technologies can be used to investigate functional alterations (i.e., differential gene
expression) in tissue samples from brains of probands, thus identifying putative thera-
peutic areas. The same high-throughput technologies can be used to investigate drug-
induced expression changes of neurotransmitter and receptor proteins in animal and
human brains, thus helping to confirm/discard current targets. In addition, taking advan-
tage of the sequence knowledge produced by the human genome mapping project (97),
novel targets can be fished out by comparing genomic sequences with proteins of
proven therapeutic relevance (98).

Pharmacogenetic applications in clinical trials are already in use. Routine CYP
genotyping is carried out to select patients for clinical trials according to their metabolic
characteristics. In this way, adverse reactions caused by poor metabolism of the studied
drug can be easily detected and prescription could be restricted to population groups with
favorable genetic profiles. Although the economic gains may not be substantial as it can
result in a reduction of market share, this practice can help to obtain the optimal thera-
peutic dose for each patient and to avoid adverse reactions caused by deficient metab-
olism, therefore contributing to the success of the drug and facilitating their approval
by regulatory bodies. Further applications of pharmacogenetics, namely identifying
patients likely to respond according to their pharmacodynamic profile, may take
longer to be introduced in clinical trials. However, this practice can be very beneficial
in cases where the use of successful antipsychotics have been found to cause severe
side effects in a number of cases (e.g., clozapine). Pretreatment pharmacogenotyping
will identify patients likely to show positive response without developing side effects.
This practice may help patients to access beneficial treatments, which otherwise would
not have been considered.
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FUTURE RESEARCH: INVESTIGATIONS ON GENETIC EXPRESSION

The completion of the human genome mapping project showed a lower number of genes
(25,000-30,000) than expected. This number can hardly explain the differences between
humans and others species (99). To explain this apparent discrepancy, it has been hypoth-
esized that evolution depends not only on the number of genes but other genetic phenom-
ena, such as differential expression, RNA editing, and alternative splicing (100,101). These
genetic events play an important role in evolution and can have important implications in
the efficacy and safety of drugs (i.e., the most common CYP2D6 functional alteration
causes a splicing event). Therefore, future pharmacogenomic research will expand from
the study of DNA sequence mutation alone to functional alterations in the hope of better
understanding the complexity of drug—target interactions and response variability.

REFERENCES

1. Davis JM, Kane JM, Marder SR, Brauzer B, Gierl B, Schooler N, et al. Dose response of
prophylactic antipsychotics. J Clin Psychiatry 1993; 54(suppl):24-30.

2. Kane JM. Factors which can make patients difficult to treat. Br J Psychiatry 1996;
31(suppl):10—14.

3. Prudo R, Blum HM. Five-year outcome and prognosis in schizophrenia: a report from the
London Field Research Centre of the International Pilot Study of Schizophrenia. Br J Psychia-
try 1987; 150:345-354.

4. Cunningham Owens DG. A guide to the extrapyramidal side-effects of antipsychotic drugs.
Cambridge: Cambridge University Press, 1999.

5. Lieberman J, Safferman AZ, Pollack S, Szymanski S, Johns C, Howard A, et al. Clinical
effects of clozapine in chronic schizophrenia-response to treatment and predictors of
outcome. Am J Psychiat 1994; 151(12):1744—-1752.

6. Meltzer HY, Perry E, Jayathilake K. Clozapine-induced weight gain predicts improvement in
psychopathology. Schizophr Res 2003; 59(1):19-27.

7. Czobor P, VolavkaJ, Sheitman B, Lindenmayer JP, Citrome L, McEvoy J, et al. Antipsychotic-
induced weight gain and therapeutic response: a differential association. J Clin Psychophar-
macol 2002; 22(3):244-251.

8. Chanpattana W, Chakrabhand ML. Combined ECT and neuroleptic therapy in treatment-
refractory schizophrenia: prediction of outcome. Psychiatry Res 2001; 105(1-2):107-115.

9. Franchini L, Spagnolo C, Rossini D, Smeraldi E, Bellodi L, Politi E. A neural network
approach to the outcome definition on first treatment with sertraline in a psychiatric popu-
lation. Artif Intell Med 2001; 23(3):239-248.

10. Bertilsson L, Dahl ML. Polymorphic drug oxidation—relevance to the treatment of psychia-
tric disorders. CNS Drugs 1996; 5(3):220-223.

11. Jerling M, Dahl ML, Aberg-Wistedt A, Liljenberg B, Landell NE, Bertilsson L, et al. The
CYP2D6 genotype predicts the oral clearance of the neuroleptic agents perphenazine and
zuclopenthixol. Clin Pharmacol Ther 1996; 59(4):423-428.

12. Ring BJ, Catlow J, Lindsay TJ, Gillespie T, Roskos LK, Cerimele BJ, et al. Identification of
the human cytochromes P450 responsible for the in vitro formation of the major oxidative
metabolites of the antipsychotic agent olanzapine. J Pharmacol Exp Ther 1996;
276(2):658—-666.

13. Wooding SP, Watkins WS, Bamshad MJ, Dunn DM, Weiss RB, Jorde LB. DNA sequence
variation in a 3.7-kb noncoding sequence 5" of the CYP1A2 gene: implications for human
population history and natural selection. Am J Hum Genet 2002; 71(3):528-542.

14.  Sachse C, Brockmoller J, Bauer S, Roots I. Functional signficance of a C/A polymorphism in
intron I of the cytochrome P450 CYP1A2 gene tested with caffeine. Brit J Clin Pharmacol
1999; 47(4):445-449.



The Genetics of Antipsychotic Response 305

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nakajima M, Yokoi T, Mizutani M, Kinoshita M, Funayama M, Kamataki T. Genetic poly-
morphism in the 5'-flanking region of human CYP1A2 gene: Effect on the CYP1A2 induci-
bility in humans. J Biochem 1999; 125(4):803—-808.

Basile VS, Ozdemir V, Masellis M, Walker ML, Meltzer HY, Lieberman JA, et al. A func-
tional polymorphism of the cytochrome P450 1A2 (CYP1A2) gene: association with tardive
dyskinesia in schizophrenia. Mol Psychiatry 2000; 5(4):410-417.

Weber WW. Pharmacogenetics. 1st ed. New York: Oxford University Press, 1997.
Bertilsson L, Dahl ML, Dalen P, Al-Shurbaji A. Molecular genetics of CYP2D6: Clinical
relevance with focus on psychotropic drugs. Brit J Clin Pharmacol 2002; 53(2):111-122.
Eichelbaum M, Evert B. Influence of pharmacogenetics on drug disposition and response.
Clin Exp Pharmacol Physiol 1996; 23(10—11):983-985.

Bradford LD, Kirlin WG. Polymorphism of CYP2D6 in Black populations: implications for
psychopharmacology. Int J Neuropsychopharmcol 1998; 1(2):173—-185.

Kapitany T, Meszaros K, Lenzinger E, Schindler SD, Barnas C, Fuchs K, et al. Genetic
polymorphisms for drug metabolism (CYP2D6) and tardive dyskinesia in schizophrenia.
Schizophrenia Research 1998; 32:101-106.

Lam LCW, Garcia-Barcelo MM, Ungvari GS, Tang WK, Lam VKL, Kwong SL et al.
Cytochrome CYP2D6 genotyping and association with tardive dyskinesia in Chinese schizo-
phrenic patients. Pharmacopsychiatry 2001; 34(6):238-241.

Scordo MG, Spina E, Romeo P, Dahl ML, Bertilsson L, Johansson I, et al. CYP2D6 genotype
and antipsychotic-induced extrapyramidal side effects in schizophrenic patients. Eur J Clin
Pharmacol 2000; 56(9-10):679-683.

Arranz MJ, Dawson E, Shaikh S, Sham P, Sharma T, Aitchison K, et al. Cytochrome P4502D6
genotype does not determine response to clozapine. Brit J Clin Pharmacol 1995; 39:417-420.
Spina E, Gitto C, Avenoso A, Campo GM, Caputi AP, Perucca E. Relationship between
plasma desipramine levels, CYP2D6 phenotype and clinical response to desipramine: a pro-
spective study. Eur J Clin Pharmacol 1997; 51(5):395-398.

Wrighton SA, Stevens JC. The human hepatic cytochromes P450 involved in drug metab-
olism. Crit Rev Toxicol 1992; 22(1):1-21.

Hsieh KP, Lin YY, Cheng CL, Lai ML, Lin MS, Siest JP, et al. Novel mutations of CYP3A4
in Chinese. Drug Metab Dispos 2001; 29(3):268-273.

Dai D, Tang J, Rose R, Hodgson E, Bienstock RJ, Mohrenweiser HW, et al. Identification of
Variants of CYP3A4 and Characterization of Their Abilities to Metabolize Testosterone and
Chlorpyrifos. J Pharmacol Exp Ther 2001; 299(3):825-831.

de Leon JH, Vatsis KP, Weber WW. Characterization of naturally occurring and recombinant
human N-acetyltransferase variants encoded by NATI. Mol Pharmacol 2000;
58(2):288-299.

Wikman H, Thiel S, Jager B, Schmezer P, Spiegelhalder B, Edler L, et al. Relevance of
N-acetyltransferase 1 and 2 (NAT1, NAT2) genetic polymorphisms in non-small cell lung
cancer susceptibility. Pharmacogenetics 2001; 11(2):157-168.

Reis M, Santoro A, Suarez-Kurtz G. Thiopurine methyltransferase phenotypes and genotypes
in Brazilians. Pharmacogenetics 2003; 13(6):371-373.

Larovere LE, de Kremer RD, Lambooy LH, De Abreu RA. Genetic polymorphism of thiopur-
ine S-methyltransferase in Argentina. Ann Clin Biochem 2003; 40(Pt 4):388-393.

Ciotti M, Marrone A, Potter C, Owens IS. Genetic polymorphism in the human UGT1A6
(planar phenol) UDP-glucuronosyltransferase: pharmacological implications. Pharmacoge-
netics 1997; 7(6):485-495.

Clarke DJ, Moghrabi N, Monaghan G, Cassidy A, Boxer M, Hume R, et al. Genetic defects of
the UDP-glucuronosyltransferase-1 (UGT1) gene that cause familial non-haemolytic uncon-
jugated hyperbilirubinaemias. Clin Chim Acta 1997; 266(1):63-74.

Leysen JE. Receptor profile of antipsychotics. In: Ellenbroek BA, Cools AR, eds. Atypical
Antipsychotics. Basel/Switzerland: Bikhéduser Verlag, 2000:57-81.

Meltzer HY, Gudelsky GA. Dopaminergic and serotonergic effects of clozapine. Implications
for a unique clinical profile. Arzneimittelforschung 1992; 42(2A):268-272.



306

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Arranz et al.

Seeman P, Kapur S. Schizophrenia: more dopamine, more D2 receptors. Proc Natl Acad Sci
USA 2000; 97(14):7673-7675.

Heinz A. Dopaminergic dysfunction in alcoholism and schizophrenia—psychopathological
and behavioral correlates. Eur Psychiatry 2002; 17(1):9—-16.

Kapur S, Zipursky R, Jones C, Remington G, Houle S. Relationship between dopamine D(2)
occupancy, clinical response, and side effects: a double-blind PET study of first-episode
schizophrenia. Am J Psychiatry 2000; 157(4):514-520.

Kerwin RW, Osborne S. Antipsychotic drugs. Medicine 2000; 28(4):23-25.

Cohen BM, Ennulat DJ, Centorrino F, Matthysse S, Konieczna H, Chu HM, et al. Polymorph-
isms of the dopamine D-4 receptor and response to antipsychotic drugs. Psychopharmacology
1999; 141:6-10.

Shaikh S, Makoft A, Collier DA, Kerwin RW. Dopamine D4 receptors: potential therapeutic
implications in the treatment of schizophrenia. CNS Drugs 1997; 8:1-11.

Gurevich EV, Bordelon Y, Shapiro RM, Arnold SE, Gur RE, Joyce JN. Mesolimbic dopamine
D3 receptors and use of antipsychotics in patients with schizophrenia. A postmortem study.
Arch Gen Psychiatry 1997; 54(3):225-232.

Schafer M, Rujescu D, Giegling I, Guntermann A, Erfurth A, Bondy B, et al. Association of
short-term response to haloperidol treatment with a polymorphism in the dopamine D(2)
receptor gene. Am J Psychiatry 2001; 158(5):802—804.

Malhotra AK, Buchanan RW, Kim S, Kestler L, Breier A, Pickar D, et al. Allelic variation in
the promoter region of the dopamine D2 receptor gene and clozapine response. Schizophrenia
Research 1999; 36(1-3):92-93.

Scharfetter J, Chaudhry HR, Hornik K, Fuchs K, Sieghart W, Kasper S, et al. Dopamine D3
receptor gene polymorphism and response to clozapine in schizophrenic Pakistani patients.
Eur Neuropsychopharm 1998; 10(1):17-20.

Staddon S, Arranz MJ, Mancama D, Mata I, Kerwin RW. Clinical applications of pharmaco-
genetics in psychiatry. Psychopharmacology (Berl) 2002; 162(1):18-23.

Basile VS, Masellis M, Badri F, Paterson AD, Meltzer HY, Lieberman JA, et al. Association
of the Msc I polymorphism of the dopamine D3 receptor gene with tardive dyskinesia in
schizophrenia. Neuropsychopharmacology 1999; 21:17-27.

Segman R, Neeman T, Herseco-Levy U, Finkel B, Karagivech L, Schlafman M et al.
Genotypic association between the dopamine D3 receptor and tardive dyskinesia in chronic
schizophrenia. Molecular Psychiatry 1999; 4:247-253.

Steen VM, Lovlie R, MacEwan T, McCreadie RG. Dopamine D3-receptor gene variant and
susceptibility to tardive dyskinesia in schizophrenic patients. Molecular Psychiatry 1997;
2(2):139-145.

Lerer B, Segman RH, Fangerau H, Daly AK, Basile VS, Cavallaro R, et al. Pharmacogenetics
of Tardive Dyskinesia. Combined Analysis of 780 Patients Supports Association with
Dopamine D3 Receptor Gene Ser9Gly Polymorphism. Neuropsychopharmacology 2002;
27(1):105-119.

Mihara K, Kondo T, Suzuki A, Yasui-Furukori N, Ono S, Sano A, et al. Relationship between
functional dopamine D2 and D3 receptors gene polymorphisms and neuroleptic malignant
syndrome. Am J Med Genet 2003; 117B(1):57-60.

Kishida I, Kawanishi C, Furuno T, Matsumura T, Hasegawa H, Sugiyama N, et al. Lack of
association in Japanese patients between neuroleptic malignant syndrome and the Taql A
polymorphism of the dopamine D2 receptor gene. Psychiatr Genet 2003; 13(1):55-57.
Inada T, Arinami T, Yagi G. Association between a polymorphism in the promoter region of
the dopamine D2 receptor gene and schizophrenia in Japanese subjects: replication and evalu-
ation for antipsychotic-related features. Int J Neuropsychopharmcol 1999; 2(3):181-186.
Liao DL, Yeh YC, Chen HM, Chen H, Hong CJ, Tsai SJ. Association between the Ser9Gly
polymorphism of the dopamine D3 receptor gene and tardive dyskinesia in Chinese schizo-
phrenic patients. Neuropsychobiology 2001; 44(2):95-98.

Wong AHC, Buckle CE, Van Tol HHM. Polymorphisms in dopamine receptors: what do they
tell us? Eur J Pharmacol 2000; 410:183-203.



The Genetics of Antipsychotic Response 307

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Arranz MJ, Munro J, Osborne S, Collier DA, Kerwin RW. Difficulties in replication of results.
Lancet 2000; 356:1359—-1360.

Hernandez I, Sokolov BP. Abnormal expression of serotonin transporter mRNA in the frontal
and temporal cortex of schizophrenics. Mol Psychiatry 1997; 2(1):57-64.

Pralong D, Tomaskovic-Crook E, Opeskin K, Copolov D, Dean B. Serotonin(2A) receptors
are reduced in the planum temporale from subjects with schizophrenia. Schizophr Res
2000; 44(1):35-45.

Meltzer HY. The role of serotonin in antipsychotic drug action. Neuropsychopharmacology
1999; 21(2):s106-s115.

Joober R, Benkelfat C, Brisebois K, Toulouse A, Turecki G, Lal S, et al. T102C polymorph-
ism in the SHT2A gene and schizophrenia: relation to phenotype and drug response variabil-
ity. J Psychiat Neurosci 1999; 24:141-146.

Masellis M, Basile VS, Meltzer HY, Lieberman JA, Sevy S, Macciardi F, et al. Serotonin
subtype 2 receptor genes and clinical response to clozapine in schizophrenia patients. Neurop-
sychopharmacology 1998; 19:123-132.

Arranz MJ, Collier DA, Sodhi M, Ball D, Roberts G, Price J, et al. Association between
clozapine response and allelic variation in the 5-HT2A receptor gene. Lancet 1995;
346:281-282.

Arranz MJ, Collier DA, Munro J, Sham P, Kirov G, Sodhi M, et al. Analysis of a structural
polymorphism in the 5-HT2A receptor and clinical response to clozapine. Neurosci Lett 1996;
217:177-178.

Arranz MJ, Munro J, Owen MJ, Spurlock J, Sham P, Zhao, J et al. Evidence for association
between polymorphisms in the promoter and coding regions of the 5-HT2A receptor gene and
response to clozapine. Molecular Psychiatry 1998; 3:61-66.

Lane HY, Chang YC, Chiu CC, Chen ML, Hsieh MH, Chang WH. Association of risperidone
treatment response with a polymorphism in the 5-HT(2A) receptor gene. Am J Psychiatry
2002; 159(9):1593-1595.

Malhotra AK, Goldman D, Ozaki N, Breier A, Buchanan R, Pickar D. Lack of association
between polymorphisms in the 5-HT2A receptor gene and the antipsychotic response to
clozapine. Am J Psychiatry 1996; 153(8):1092—1094.

Masellis M, Paterson AD, Badri F, Lieberman JA, Meltzer HY, Cavazzoni P, et al. Genetic
variation of 5-HT2A receptor and response to clozapine. Lancet 1995; 346(8982):1108.
Nothen MM, Rietschel M, Erdmann J, Oberlander H, Moller HJ, Nober D, et al. Genetic vari-
ation of the 5-HT2A receptor and response to clozapine. Lancet 1995; 346(8979):908-909.
Arranz MJ, Munro J, Sham P, Kirov G, Murray RM, Collier DA, et al. Meta-analysis of
studies on genetic variation in 5-HT2A receptors and clozapine response. Schizophrenia
Research 1998; 32:93-99.

Sodhi M, Sham P, Makoff A, Collier DA, Arranz MJ, Munro J, et al. Replication and meta-
analysis of alleleic association of a 5-HT2C receptor polymorphism with good response to
clozapine. Molecular Psychiatry 1999; 4(1):225-226.

Segman RH, Heresco-Levy U, Finkel B, Inbar R, Neeman T, Schlafman M, et al. Association
between the serotonin 2C receptor gene and tardive dyskinesia in chronic schizophrenia: addi-
tive contribution of 5-HT2Cser and DRD3gly alleles to susceptibility. Psychopharmacology
(Berl) 2000; 152(4):408-413.

Yu YWY, Tsai S-J, Lin C-H, Hsu C-P, Ynakg K-H, Hong C-J. Serotonin-6 receptor variant
(C267T) and clinical response to clozapine. Neuroreport 1999; 10:1231-1233.

Reynolds GP, Zhang ZJ, Zhang XB. Association of antipsychotic drug-induced weight gain
with a 5-HT2C receptor gene polymorphism. Lancet 2002; 359(9323):2086—-2087.

Basile VS, Masellis M, MclIntyre RS, Meltzer HY, Lieberman JA, Kennedy JL. Genetic dis-
section of atypical antipsychotic-induced weight gain: novel preliminary data on the pharma-
cogenetic puzzle. J Clin Psychiatry 2001; 62(suppl 23):45—-66.

Tsai SJ, Wang YC, Yu Younger WY, Lin CH, Yang KH, Hong CJ. Association analysis of
polymorphism in the promoter region of the alpha2a-adrenoceptor gene with schizophrenia
and clozapine response. Schizophr Res 2001; 49(1-2):53-58.



308

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Arranz et al.

Bolonna AA, Arranz MJ, Munro J, Osborne S, Petouni M, Martinez M, et al. No influence of
adrenergic receptor polymorphisms on schizophrenia and antipsychotic response. Neurosci
Lett 2000; 280:65-68.

Mancama D, Arranz MJ, Munro J, Makoff A, Kerwin RW. The histamine 1 and histamine 2 recep-
tor genes—candidates for schizophrenia and clozapine response. GeneScreen 2000; 1:29-34.
Mancama D, Munro J, Arranz MJ, Makoft A, Kerwin RW. Association analysis of muscarinic
acetylcholine receptor polymorphisms in clozapine treated schizophrenics. Am J Med Gen
2000; 96(4):269.

Arranz MJ, Munro J, Birkett J, Bolonna AA, Mancama D, Sodhi M, et al. Pharmacogenetic
prediction of clozapine response. Lancet 2000; 355:1615-1616.

Schumacher J, Schulze TG, Wienker TF, Rietschel M, Nothen MM. Pharmacogenetics of the
clozapine response. Lancet 2000; 356(9228):506—507.

Winsberg BG, Comings DE. Association of the dopamine transporter gene (DAT1) with poor
methylphenidate response. ] Am Acad Child Psych 1999; 38(12):1474—-14717.

Roman T, Szobot C, Martins S, Biederman J, Rohde LA, Hutz MH. Dopamine transporter
gene and response to methylphenidate in attention-deficit/hyperactivity disorder. Pharmaco-
genetics 2002; 12(6):497-499.

Arranz MJ, Bolonna AA, Munro J, Curtis CJ, Collier DA, Kerwin RW. The serotonin trans-
porter and clozapine response. Molecular Psychiatry 2000; 5:124—130.

Kaiser R, Tremblay PB, Schmider J, Henneken M, Dettling M, Muller-Oerlinghausen B, et al.
Serotonin transporter polymorphisms: no association with response to antipsychotic treat-
ment, but associations with the schizoparanoid and residual subtypes of schizophrenia. Mol
Psychiatry 2001; 6(2):179-185.

Smeraldi E, Zanardi R, Benedetti F, Di Bella D, Perez J, Catalano M. Polymorphism within
the promoter of the serotonin transporter gene and antidepressant efficacy of fluvoxamine.
Molecular Psychiatry 1998; 3:508-511.

Kim DK, Lim S-W, Lee S, Sohn SE, Kim S, Hahn CG, et al. Serotonin transporter gene
polymorphism and antidepressant response. Neuroreport 2000; 11(1):215-219.

Exton MS, Artz M, Siffert W, Schedlowski M. G protein beta3 subunit 825T allele is
associated with depression in young, healthy subjects. Neuroreport 2003; 14(3):531-533.
Zill P, Baghai TC, Zwanzger P, Schule C, Minov C, Riedel M, et al. Evidence for an associ-
ation between a G-protein beta 3-gene variant with depression and response to antidepressant
treatment. Neuroreport 2000; 11(9):1893-1897.

Coutts RT, Urichuk LJ. Polymorphic Cytochromes P450 and Drugs used in Psychiatry. Cell
Mol Neurobiol 1999; 19(3):325-355.

Prior TI, Chue PS, Tibbo P, Baker GB. Drug metabolism and atypical antipsychotics. Eur
Neuropsychopharmacol 1999; 9(4):301-309.

Kirchheiner J, Brosen K, Dahl ML, Gram LF, Kasper S, Roots I, et al. CYP2D6 and
CYP2C19 genotype-based dose recommendations for antidepressants: a first step towards
subpopulation-specific dosages. Acta Psychiatr Scand 2001; 104(3):173—-192.

Hersberger M, Marti-Jaun J, Rentsch K, Hanseler E. Rapid detection of the CYP2D6*3,
CYP2D6*4 and CYP2D6%6 alleles by tetra-primer PCR and of the CYP3D6*5 allele by multi-
plex long PCR. Clinical Chemistry 2000; 46(8):1072—-1077.

Roberts R, Sullivan P, Joyce P, Kennedy MA. Rapid and comprehensive determination of
cytochrome P450CYP2D6 poor metabolizer genotypes by multiplex polymerase chain reac-
tion. Human Mutation 2000; 16(1):77-85.

Sheffield LJ. The hunt for new genes and polymorphisms that can control the response to
drugs. Pharmacogenomics 2002; 3(5):679—-686.

de Longueville F, Surry D, Meneses-Lorente G, Bertholet V, Talbot V, Evrard S, et al. Gene
expression profiling of drug metabolism and toxicology markers using a low-density DNA
microarray. Biochem Pharmacol 2002; 64(1):137-149.

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, et al. Initial sequencing
and analysis of the human genome. Nature 2001; 409(6822):860-921.



The Genetics of Antipsychotic Response 309

98.

99.
100.

101.

Whittaker PA. What is the relevance of bioinformatics to pharmacology. Trends Pharmacol
Sci 2003; 24(8):434-439.

Rubin GM. The draft sequences. Comparing species. Nature 2001; 409(6822):820—-821.
Bracco L, Kearsey J. The relevance of alternative RNA splicing to pharmacogenomics.
TRENDS in Biotechnology 2003; 21(8):346—353.

Oleksiak MF, Churchill GA, Crawford DL. Variation in gene expression within and among
natural populations. Nature Genetics 2002; 32:261-266.






Index

AAG. See alphal-acid glycoprotein
Abacavir, 55
ABC. See ATP-binding cassette
ACE. See angiotensin converting enzyme
acetaldehyde production, 276
Actos, 250
AD. See Alzheimer’s disease
adalimumab, 201
ADAS. See Alzheimer’s Disease Assessment
Scale
adenosine 5'phosphosulfate (APS), 24
adenosine diphosphate (ADP)
epinephrine, 121
adenosine triphosphate (ATP), 3, 73
binding cassette
protein, 3
superfamily, 144
transporter gene, 74
ADH. See alcohol dehydrogenases
ADHD. See attention deficit/hyperactivity
disorder
ADR. See adverse drug reactions
adrenergic receptor (AR), 8, 215-216, 303
blocking drugs, 227-228
coding region variants, 93
haplotypes, 96
locus, 97
polymorphism, 91-97
polymorphisms
clinical consequences, 98—102
regulation
genotypes, 102
schematic representation, 92
variants
clinical responses, 101

adverse drug reactions (ADR), 54
classification, 66
data, 59
definition, 66
environmental factors, 68
examples, 68
gain-of-function, 71
genetic factors, 67
genetic susceptibility, 280
genetic variability, 73-74
historical overview, 66—67
MDRI gene, 73
mechanisms, 69
pharmacodynamic drug effects, 69
pharmacogenetics, 62, 65-66
public health problems, 65
variability, 67-73
adverse hepatic drug reactions, 282
aggregation, 117
AGT. See angiotensinogen
AHR. See allergen-induced airway
hyper-responsiveness
AIDS. See autoimmune seficiency
syndrome
airway smooth muscle cells, 94
albuterol, 95, 99
alcohol
metabolism pathways, 276
alcohol dehydrogenases (ADH),
276
alcoholic liver disease, 276-277
aldosterone synthase, 215
alkylating agents, 143—144
allelic discrimination
principles, 22-23

311



312

allergen-induced airway hyper-responsiveness
(AHR), 11
alosterone
serotonin-transporter polymorphism
response, 279
ALOXS. See 5-lipoxygenase
alpha 1-acid glycoprotein (AAG),
163-166
Alzheimer’s disease (AD), 7, 52
Alzheimer’s Disease Assessment Scale
(ADAS), 8
American College of Rheumatology,
190
Amersham Biosciences, 40
aminoglycoside antibiotic-induced
ototoxicity, 173
aminoglycoside-induced deafness, 173
aminoglycosides
antimicrobial action, 173
amphiphilic organic anions, 171
Anakinra, 201-202
angiotensin converting enzyme (ACE),
9-10, 78, 211, 214-215
inhibition
blood pressure, 226
inhibitors
RAS polymorphisms, 227
angiotensinogen (AGT), 214
gene RAS activity, 226
anions, 169
anti-infective drugs
inherited differences, 159-161
anti-inflammatory effects
rheumatoid arthritis, 193
anticancer agents
genetic factors influence, 130
anticancer drugs
influences, 130
anticancer therapy, 4
anticoagulant, 231
antidiabetic actions
TZD, 249-251
antidiabetic drugs
CYP, 245
antihepatitis B (anti-HBs), 175
antimalarial drugs, 199-200
antimetabolites, 141-143
antimicrobial action
aminoglycosides, 173
antiplatelet, 231
antipsychotic drugs
schizophrenia, 299
antipsychotic response
genetics, 295-304

Index

antipsychotic treatment
variability, 295
antiretroviral agents
schematic representation, 162
antirheumatic therapies
efficacy, 190-191
toxicity, 190-191
apolipoprotein E (ApoE), 7-9, 211,
221-222
variants
drug targets, 230
very low-density lipoprotein, 230
apoptosis
and DNA repair systems, 141-143
pathways
schematic representation, 142
APS. See adenosine 5'phosphosulfate
AR. See adrenergic receptor
area under the curve (AUC), 3
aromatase inhibitors, 4
arterial thrombosis, 117
aspirin, 231
resistance, 120-121
platelet resistance mechanisms,
120-121
assay principles, 24
asthma, 107
genotype exacerbations, 100
Japanese patients, 98
polymorphisms, 98
SNPs, 98
therapy, 98
atherosclerosis
inflammation, 222
REGRESS, 256
ATP. See adenosine triphosphate
ATP-binding cassette (ABC)
protein, 3
superfamily, 144
drug transporters, 144
transporter, 144
MDRI gene codes, 163
ATP-binding cassette transporter gene
(ABCA4), 74
attention deficit/hyperactivity disorder
(ADHD), 7
AUC. See area under the curve (AUC)
Autoimmune deficiency syndrome
(AIDS), 158
Avandia, 250
azathioprine (AZA), 196—-198
action mechanisms, 196—198
detoxification, 197
inflammatory bowel disease, 276277



Index

[azathioprine (AZA)]
metabolism, 278
pharmacology, 196—197

B-type natriuretic peptide (BNP), 46
BDKRB?2. See bradykinin B2
bead array, 29
Belmont Report, 52
[3 adrenoreceptor

coding region variants, 93

schematic representation, 92

variants

clinical responses, 101
B adrenoreceptor blocking drugs
(blockers), 227-228
B3> adrenoceptor polymorphism,
91-97

clinical consequences, 98—102
bioethics

limitations, 52—53
biological therapies, 200—202
Biosite product assays, 46
biotransformation

irinotecan, 281
bleeding prevention

warfarin induction, 114
blood clotting system, 223
blood pressure

ACE inhibition, 226
BMD. See bone mineral density
BNP. See B-type natriuretic peptide
body surface area (BSA), 114
bone density

gene loci association, 260
bone mineral density (BMD), 258
bradykinin B2 (BDKRB2), 227
breast cancer therapy

herceptin, 55
BSA. See body surface area

CA. See clozapine-induced
agranulocytosis
CAF. See CDS antiviral factor
cAMP. See cyclic AMP
cancer
pharmacogenetic targets, 3—6
treatment response, 10
cancer marker discovery
proteomics, 45
carbamazepine (CBZ), 75
carcinoembryonic antigen (CEA), 36
cardiovascular disease (CVD), 209
conditions
MMPs gene polymorphisms, 219

313

pharmacogenetic perspective, 232
polymorphism, 209-232, 211-225
treatment, 209
risk
genetic polymorphisms, 231
cations, 169
CBZ. See carbamazepine
CCND1. See cyclin D1
CD8 antiviral factor (CAF), 43
CEA. See carcinoembryonic antigen
central nervous system (CNS), 7, 111
diseases, 76
disorders, 106
pharmacogenetic targets, 6—8
cerebrospinal fluid (CSF), 36
cerezyme therapies, 37
CETP. See cholesteryl ester transfer protein
CGH. See comparative genomic
hybridization
CHD. See coronary heart disease
chemosensitivity
relationship
genotype, 132
neoplastic transformation, 131
tumor, 131
chemotherapeutic agents
genetic polymorphisms, 111
chemotherapy
drug resistance, 11
chloropropamide-alcohol flush
(CPAF), 247
chlorpromazine, 297-302
cholesterol reduction
LDL, 251
cholesteryl ester transfer protein (CETP), 60,
221,222
HDL-C, 253
lipid lowering, 230
variants
drug targets, 230
chronic airway obstruction
treatment, 106
chronic myeloid leukemia (CML), 36
chronic obstructive pulmonary disease
(COPD), 91, 105, 107
chylomicrons
LPL, 255
CK-MB. See creatinine kinase
clinical pharmacogenetics, 144—147
clozapine, 295, 296, 297-303
clozapine-induced agranulocytosis
(CA), 75
CML. See chronic myeloid leukemia
CNS. See central nervous system



314

collagen
extracellular matrix (ECM)
proteins, 217
comparative genomic hybridization
(CGH), 10
COPD. See chronic obstructive pulmonary
disease
coronary heart disease (CHD), 251
death, 256
marker identification, 251
risk
CRP, 222
risk reduction
statin, 253
corticotrophin-releasing hormone (CRHR1),
106
COX. See cyclo-oxygenase
CPAF. See chloropropamide-alcohol flush
C-reactive protein (CRP), 222-224
CHD risk, 223
creatinine kinase (CK-MB), 46
CRHRI. See corticotrophin-releasing
hormone
Crohn’s disease, 276
cross-sectional association studies
polygenic disorders, 286
CSF. See cerebrospinal fluid
CTX. See cyclophosphamide
CVD. See cardiovascular disease
cyclic AMP (cAMP), 94
cyclin D1 (CCND1), 146
cyclo-oxygenase (COX), 191
cyclophosphamide (CTX), 140
CYP. See cytochrome P450
CYP1A2, 71, 297
CYP2C9, 2
genotype
phenotype relationship, 246
hypoglycemia, 2
CYP2C19, 3
polymorphism
proton pump inhibitors, 279
CYP2CR, 112
clinical consequences, 246
CYP2D6, 2, 297
CYP3A4, 297
cys leukotriene receptor
FLAP, 103
pathway polymorphism, 103—-105
CYSTIR gene, 103
cytochrome family, 224
cytochrome P450 (CYP450), 2, 71, 139, 192
antidiabetic drugs, 245
antipsychotics, 296

Index

[cytochrome P450 (CYP450)]
complex, 112
enzyme
polymorphic distribution, 225
enzymes
metabolic polymorphisms, 297
gene family, 1
genetic polymorphisms, 245
genotyping, 303
system, 224-225
cytotoxic agents
therapeutic index, 129

D-penicillamine, 195-196
action mechanisms, 195
pharmacogenetics, 195-196
pharmacology, 195
DASH. See dynamic allele-specific
hybridization
DAT1. See dopamine transporters
DCART. See disease-controlling
antirheumatic therapy
dCK. See deoxycytidine kinase
deep vein thrombosis (DVT), 118
deficient tumor cells
MMR, 142
2-deoxy-5-fluorouridine monophosphate
(2-dFUMP), 133
deoxycytidine kinase (dCK), 136
deoxynucleotide triphosphates
(dNTPs), 24
detoxification
AZA, 197
2-dFUMP. See 2-deoxy-5-fluorouridine
monophosphate
diabetes mellitus (DM), 243-251
complications, 244
genetic diseases, 243
metabolic diseases, 261
MODY, 247
diarrheal diseases, 155
diclofenac
description, 285
human metabolism, 285
diclofenac-induced hepatotoxicity
immune factors, 284
metabolic factors, 284
dihydropyrimidine dehydrogenase
(DPD), 134
TS, 135
disease biomarkers
examples, 38
disease-controlling antirheumatic therapy
(DCART), 190



Index

disease modifying antirheumatic drugs
(DMARD), 189
biologic drugs, 202
sequential monotherapy, 202
disease progression
genetic abnormality identification, 146
disease response genes, 10
dizygotic (DZ) pairs, 244
DM. See diabetes mellitus
DMART. See disease modifying antirheumatic
drugs
DME. See drug metabolizing enzymes
DNA
chips, 303
pooling, 30
protein analysis, 145
repair systems
and apoptosis, 141-143
pharmacogenetics, 141-144
sequencing, 304
dNTPs. See deoxynucleotide triphosphates
dopamine receptors, 7
genes
polymorphism list, 300
dopamine transporters (DAT1), 7
dopaminergic receptors, 299
double-stranded DNA (dsDNA), 25
DPD. See dihydropyrimidine dehydrogenase
drug discovery process
pharmaceutical companies, 53
drug efficacy
genetic polymorphisms, 277-280
drug hypersensitivity
infectious diseases, 175
drug-induced hepatotoxicity, 282
drug metabolism
drug targets, 133—141
pharmacogenetics, 133—141
drug metabolizing enzymes (DME),
67-73, 273
polymorphisms, 67
association, 273-277
drug pharmacodynamics, 133
drug pricing, 58
drug resistance
chemotherapy, 11
drug response
disease diagnosis, 209
genetic factors, 225-226
genetic polymorphisms, 225-226
genetic variants role, 209
nongenetic factors, 225-226
drug sensitivity
molecular techniques, 147

315

drug targets
ApoE variants, 230
CETP variants, 230
drug metabolism, 133-141
genetic polymorphisms, 279
miscellaneous, 77-78
neoplastic transformation, 131
pharmacogenetic variation, 77
pharmacogenetics, 131-133
drug therapy
genetic diversity, 1
drug transporter polymorphism, 169—170
drug transporters, 3
ABC superfamily, 144
enzyme-based detoxification chemical
systems, 169
genetic variability, 73-74
polymorphism association, 273-277
druggable proteins, 37
dsDNA. See double-stranded DNA
DVT. See deep vein thrombosis
dynamic allele-specific hybridization
(DASH), 27
DZ. See dizygotic (DZ) pairs

EAE. See experimental autoimmune
encephalitis
ECM. See extracellular matrix
EGFR. See epidermal growth factor receptor
elastin
extracellular matrix (ECM) proteins, 217
endonuclease cleavage assays, 22
eNOS. See exon endothelial cell
enzyme-based detoxification chemical
systems
drug transporters, 169
epidermal growth factor receptor (EGFR), 5
ER status, 36
epinephrine
ADP, 121
epoxide hydrolase, 276
EPS. See extrapyramidal side effects
ER. See estrogen receptors
ERCCI1 gene expression
NSCLC, 143
estrogen receptors (ER), 5, 11
therapeutic responses, 36
etanercept, 200
ethanol, 274
Ettan DIGE, 41
exon endothelial cell (eNOS), 216
5’exonuclease assay, 29
experimental autoimmune encephalitis
(EAE), 12



316

extracellular matrix (ECM)
proteins, 217-221
collagen, 217
elastin, 217
genetic variations, 221
extrapyramidal side effects (EPS), 299

FBNI1. See fibrillinl
FDA. See Food and Drug Administration
FEV. See forced expiratory volume in
1 second
fiberoptic bead array, 30
fibrates, 228231
fibrillinl (FBN1), 220-221
FLAP
Cys-LT receptors, 105
flavin mononucleotide (FMN), 199
fluoropyrimidines
genetic determinants, 134
5-fluorouracil (5-FU), 133
toxicity
mechanisms, 135
FMN. See flavin mononucleotide
folylpoly-gamma-glutamate synthases
(FPGS), 136
Food and Drug Administration (FDA), 4, 43
forced expiratory volume in 1 second (FEV,)
response, 98
haplotypes, 99
FPGS. See folylpoly-gamma-glutamate
synthases
Freud, Sigmund, 210
FU. See 5-fluorouracil

G-protein couple receptors (GPCRs), 37
gastroenterology, 273-286
pharmacogenetics, 273-284
pharmacogenetics application, 274
gastrointestinal ADR, 280
gastrointestinal cancer, 145
gastrointestinal stromal tumors (GIST), 141
Gaucher disease, 37
gemcitabine, 136
molecular determinants, 137
gene(s)
osteoporosis, 258
target discoveries, 11
gene case-control association studies, 284
gene coding
polymorphisms, 228
gene loci association
bone density, 260
gene polymorphisms
examples, 212-213

[gene polymorphisms]
MMPs
cardiovascular conditions, 219
platelet membrane receptors, 117
GeneChip assay, 27
genetic(s)
antipsychotic response, 295-304
infectious diseases, 155
genetic abnormality identification
disease progression, 146
genetic diversity
drug therapy, 1
genetic drift, 210
genetic expression
investigation, 304
research, 304
genetic factors
ADRs, 67
drug response, 225-226
influence on anticancer agents, 130
genetic markers
statin responses, 252
genetic polymorphisms
cardiovascular risk, 232
chemotherapeutic agents, 111
CYP, 245
disease severity, 156—157
drug efficacy, 277-280
drug response, 225-226
drug targets, 279
hemostatic systems, 116—121
identification of infectious
diseases, 177
lipid pathway, 221
ORM, 166
therapeutic agents responses, 229
genetic variability, 130
ADRs, 73-74
drug transporters, 73—74
genetic variants role
disease diagnosis, 209
drug response, 209
genetics metabolism
statin, 256-257
genomic discovery
aspects, 37
genomic populations
pharmacogenomic drugs, 54
genotype
adrenoceptor regulation, 102
chemosensitivity relationship, 132
exacerbations
asthma, 100
methods, 21-32

Index



Index

[genotype]
SNP, 21
sorting methods, 32
genotyping
applications, 30-31
pooling strategy, 30
methods
developments, 32
5’ nuclease assay, 27—-30
test principles, 22-27
GIST. See gastrointestinal stromal
tumors
Glaxo SmithKline, 61
glibenclamide
affecting PKs, 245
glimepiride
affecting PKs, 245
Glivec, 36
glucocorticoid, 11
receptor, 106
treatment response, 105-106
glucocorticoid response element
(GRE), 106
glucokinase, 249
glucokinase MODY, 248
glucose-induced insulin, 250
glucuronosyl transferase isoforms, 70
glutamate receptors, 301
glutathione-S-transferases (GST), 72,
140, 276
GM-CSF. See granulocyte colony
stimulating factor
gold, 196
action mechanisms, 196
pharmacogenetics, 196
pharmacology, 196
GPCR. See G-protein couple receptors
GO6PD. See 6-phosphate dehydrogenase
granulocyte colony stimulating factor
(GM-CSF), 12
GRE. See glucocorticoid response element
growth factor inhibitors
RTK, 140-141
GST. See glutathione-S-transferases
GSTP gene locus, 140

HAART. See highly active antiretroviral
therapy
haloperidol, 297-303
haplotypes, 210
adrenergic receptor, 96
construction, 97
downregulation properties, 101
FEV, responses, 99

317

HCV. See hepatitis C virus
HDL. See high-density lipoprotein
heart failure
treatment, 228
Helicobacter pylori, 46, 173174
hematological pharmacogenetics,
111-123
hematopoietic toxicity
TPMT genotypes, 122
hemostasis influence
monogenetic mutations, 117
hemostatic plug
formation, 116
hemostatic systems
genetic polymorphisms, 116—121
heparin-induced thrombocytopenia (HIT),
118-119
hepatic lipase (HL), 254255
hepatitis B vaccination, 175
hepatitis C virus (HCV), 276
polymorphisms
interferon, 280
hepatology
pharmacogenetics, 273-284
pharmacogenetics application, 274
hepatotoxicity
drug-induced, 282
hetEM. See heterozygous extensive
metabolizers
heterozygotes, 31
heterozygous extensive metabolizers
(hetEM), 174
HGM-CoA. See hydroxy-methylglutaryl
coenzyme A
high-density lipoprotein (HDL), 222
mediated reverse cholesterol transport
proteins, 254
high-density lipoprotein cholesterol
(HDL-C), 12
CETP, 253
high throughput (HT)
genotyping laboratory, 23
genotyping methods, 22, 23
test principles, 22-27
methods, 22
MS, 44
software, 23
highly active antiretroviral therapy
(HAART), 75
histaminergic receptors, 301
HIT. See heparin-induced
thrombocytopenia
HIV. See human immunodeficiency virus
HL. See hepatic lipase



318 Index

HLA. See human leukocyte antigen [infectious diseases]
hormone replacement therapy (HRT), MRPs, 170
118, 259 pharmacogenetic markers, 177
HPRT. See hypoxanthine phosphoribosyl pharmacogenetics, 155-178
transferase inflammation, 222-223
HRT. See hormone replacement therapy atherosclerosis, 222
HT. See high throughput inflammatory bowel disease (IBD), 276-277,
human genome 278
polymorphism, 210-211 azathioprine, 277
Human Genome Project, 286 inflammatory pathways
human immunodeficiency virus (HIV), 155, leflunomide, 199
158-166, 283 infliximab
patients, 176 action mechanism, 200
pharmacogenetics, 157 pharmacology, 200
tandem MS, 43 inhibitors
therapy, 123 MMPs, 218
treatment, 176 INR. See international individual ratio
human leukocyte antigen (HLA), 67, 284 interferon
hybridization-based assays, 31 HCV polymorphisms, 280
hybridization-based genotyping, 27 interleukin-1 receptor antagonist
hydroxy-methylglutaryl coenzyme A (IL-1ra), 190
(HGM-CoA), 9 International Conference on
hyperlipidemia, 243, 251 Harmonisation, 66
metabolic disease, 261 international individual ratio (INR), 70
hypertension IPG. See immobilized pH gradient
treatment, 228 irinotecan, 137-138
hypoglycemia activity
CYP2C9, 2 molecular determinants, 138
hypoxanthine phosphoribosyl transferase biotransformation, 281
(HPRT), 122 toxicity, 280
isolated systolic hypertension, 220
iatrogenic hemorrhages isolectric focusing (IEF), 40
warfarin, 115 isoniazid, 166
IBD. See inflammatory bowel disease metabolism, 283
IEF. See isolectric focusing isoniazid hepatotoxicity, 282
ifosfamide (IFX), 140
IFX. See ifosfamide joint inflammation
I1lumina, 29 MTX, 194
IL-1ra. See interleukin-1 receptor antagonist
ImageMaster, 40 Kepler™, 40
imatinib, 36
immobilized pH gradient (IPG), 39 lab-on-chip technology, 38
immunogenetic polymorphisms, 74—-76 lansoprazole, 174, 279
immunogenetics laser capture microdissection (LCM), 42
infectious diseases, 175-178 LDL. See low-density lipoprotein
immunologic idiosyncrasy, 284 leflunomide, 198—-199
indinavir, 283 action mechanisms, 198—-199
indinavir-induced hyperbilirubinemia, action sites, 198—199
283 inflammatory pathways, 199
infectious diseases pharmacology, 198
drug hypersensitivity, 175 leukotriene (LT)
genetic polymorphism identification, 177 pathway pharmacogenetics, 8—9
genetics, 155 receptor pathway polymorphism,

immunogenetics, 175-176 103-105



Index 319

leukotriene C4 synthase (LTC4), 8, 104—105 mercaptopurine (MP), 55, 121
patient influences, 105 metabolism, 280
SNP, 9 TGN, 121
linkage disequilibrium, 210 metabolic diseases
lipid lowering CETP, 230 DM, 261
lipid-lowering drugs, 228-231 hyperlipidemia, 261
lipid pathway, 221-222 pharmacogenetics, 243-261
genetic polymorphisms, 221 metabolic idiosyncrasy, 282
lipoprotein lipase (LPL), 255 metabolic polymorphisms
chylomicrons, 255 clinical relevance, 298
VLDL, 255 CYP enzymes, 297
5-lipoxygenase (ALOX5), 8, 103—-104 metabolism
liver pyruvate kinase, 249 azathioprine, 277
long QT syndrome (LQTS), 77 diclofenac, 285
low-density lipoprotein (LDL), 9, 221 isoniazid, 282
cholesterol reduction, 230, 256 6-mercaptopurine, 277
plasma levels, 228 paclitaxel, 138
LPL. See lipoprotein lipase pathways
LQTS. See long QT syndrome alcohol, 274
LT. See leukotriene metabolizing enzymes
lung disease, 105 pharmacogenetics, 2—3
Lyme disease, 60 methotrexate (MTX), 78, 136, 191, 193-194
Lynxgen, 32 action mechanisms, 193-194
joint inflammation, 194
major histocompatibility complex pharmacology, 193-194
(MHC), 284 methyl mercaptopurine
genes, 75 TPMT, 197
malaria, 155, 167168 methylenetetrahydrofolate reductase
pharmacogenetics, 157 (MTHFR), 78, 136
treatment, 176 polymorphism effect, 194
MALDI-TOF. See matrix-assisted laser 1-methyltetrazole-5-thiol (MTT), 174
desorption/ionization time-of-flight MHC. See major histocompatibility
marker identification complex
CHD, 253 MI. See myocardial infarction
mass spectrometry (MS), 25-27 microarray
MassExtend assay, 27 primer extension, 28
matrix-assisted laser desorption/ionization microarray analysis, 27
time-of-flight (MALDI-TOF), 25 RNA, 11
MS, 25 microarray response genes, 10
matrix metalloproteinase (MMP), 218-220 microsatellite instability (MSI), 135
gene polymorphisms microsatellite stability (MSS), 135
cardiovascular conditions, 219 microsphere sorting, 32
inhibitors, 220 mismatch repair (MMR)
statins, 231 deficient tumor cells, 142
maturity-onset diabetes of the young (MODY), mitogen-activated protein kinases
244 (MKK), 44
common types, 248 MKK. See mitogen-activated protein kinases
diabetes, 247 MMP. See matrix metalloproteinase
heterozygous mutations, 248 MMR. See mismatch repair
sulfonylurea sensitivity, 247-249 MODY. See maturity-onset diabetes of the
Max Planck Institute for Molecular Genetics, young (MODY)
43 molecular determinants
MDRI. See multidrug resistance gene gemcitabine, 136

menopause, 258 irinotecan activity, 138



320

monogenetic mutations
hemostasis influence, 117
monozygotic (MZ) pairs, 244
MP. See mercaptopurine
MRP. See multidrug resistance associated
proteins
MS. See mass spectrometry; multiple
sclerosis
MSI. See microsatellite instability
MSS. See microsatellite stability
MTHEFR. See methylenetetrahydrofolate
reductase
MTT. See 1-methyltetrazole-5-thiol
MTX. See methotrexate
MudPIT analysis, 42
multidrug resistance associated proteins
(MRPs), 170
infectious diseases, 170
TB, 170
multidrug resistance gene (MDR1),
3,163
ADR, 73
codes
ABC transporter, 163
polymorphisms, 257
functional consequences,
164—165
multiple sclerosis (MS), 12, 38
high throughput, 44
primer extension, 26
muscarinic receptor antagonists
pharmacogenetics, 106
muscarinic receptors, 301
myocardial infarction (MI), 78, 256
MZ. See monozygotic (MZ) pairs

N-acetyltransferase (NAT), 6, 157
TB, 166
NADPH, 168
NAT. See N-acetyltransferase
National Health Service (NHS), 59, 64
National Institutes of Health (NIH), 56
neoplastic transformation
chemosensitivity relationship, 131
drug targets, 131
NER. See nucleotide excision repair
neurotransmitter receptors, 301
neurotransmitter systems, 298—302
neurotransmitter transporters,
301-302
NHS. See National Health Service
NIH. See National Institutes of
Health
nitric oxide synthase (NOS), 216

Index
[nitric oxide synthase (NOS)]
family, 216
NNRTI. See non-nucleoside inhibitors reverse
transcriptase

non-nucleoside inhibitors reverse transcriptase
(NNRTI), 158
non-small cell lung cancer (NSCLC), 5
ERCCI1 gene expression, 143
nonsteroidal anti-inflammatory drugs
(NSAIDs), 189, 191-193
pharmacogenetics, 192-193
NOS. See nitric oxide synthase
NRTI. See nucleoside analogs
NSAID. See nonsteroidal anti-inflammatory
drugs
NSCLC. See non-small cell lung cancer
NtRTI. See nucleotide analogs
5" nuclease assay, 27-30
genotyping methods, 27-30
nucleic acids
protein sources, 145
nucleoside analogs (NRTI), 158
nucleotide analogs (NtRTI), 158
nucleotide excision repair (NER)
system, 143
members, 143

OATP. See organic anion-transporting
polypeptides
OATS. See organic anion transporters
OCP. See oral contraceptive pills
OCTs. See organic cation transporters
olanzapine, 296-303
omeprazole, 174, 279
oncology
pharmacogenetics, 129—147
one-dimensional (1D) Laemlli gels, 41
oral absorption
warfarin, 112
oral anticoagulants, 115
oral contraceptive pills (OCP), 118
organic anion transporters
(OATs), 171
organic anion-transporting polypeptides
(OATPs), 172-173
organic cation transporters (OCTs),
171-172
ORM
genetic polymorphism, 166
osteoporosis, 243, 257-261
genes, 258
management summary, 258-259
metabolic disease, 261
ovarian cancer, 142



Index

paclitaxel
metabolism, 139
PBM cells, 11
PCR. See polymerase chain reaction
PD. See pharmacodynamic (PD)
monitoring
PDE. See phosphodiesterase
PDGFRA. See platelet-derived growth factor
receptor
PE. See pulmonary embolism
peak expiratory flow rate (PEF), 100
PEF. See peak expiratory flow rate
penicillamine, 195-196
action mechanisms, 195
pharmacogenetics, 195-196
pharmacology, 195
peroxisome proliferator activated receptor
(PPAR), 249-251
pharmaceutical companies
drug discovery process, 53
pharmacodynamic (PD) monitoring, 245, 261
pharmacogenetic(s)
ADRs, 62, 65-66
application
gastroenterology, 274
clinical practice, 65-79
clinical utility, 144
definition, 111
D-penicillamine, 195-196
development issues, 51-63
DNA repair systems, 141-144
drug targets, 131-133
ethical issues, 56—-61
gastroenterology, 273-284
genetic research, 296
gold, 196
impact assessment, 51
individual’s metabolic status, 302
infectious diseases, 155-178
metabolic disease, 243-262
muscarinic receptor antagonists, 106
oncology, 129-147
pharmacogenomic research, 297-304
policy implications, 62—63
products
price, 59
respiratory disease, 91-107
rheumatology, 189-202
social issues, 56—61
sulfasalazine, 195
theophylline, 102
pharmacogenetic-based therapies, 58
pharmacogenetic determinants
warfarin metabolism, 113

pharmacogenetic markers
infectious diseases, 177
validation, 176—-177
pharmacogenetic targets
cancer, 3—6
cardiovascular diseases, 9—10
CNS disorders, 6—8
respiratory disorders, 8—9
pharmacogenetic variation
drug targets, 77
pharmacogenomics, 1
drugs
genomic populations, 54
genetic research, 296
pharmacokinetics
and glibenclamide, 246
and glimepiride, 246
pharmacology
azathioprine (AZA), 196—197
branches, 129
D-penicillamine, 195
infliximab, 200
leflunomide, 198
MTX, 193-194
sulfasalazine, 195
pharmacoproteomics, 35—-47
current activities, 43—-47
historical perspective, 35-38
6-phosphate dehydrogenase (G6PD), 168
phosphodiesterase (PDE), 102
pioglitazone, 250
Plasmodium falciparum, 46
platelet activation, 117
platelet-derived growth factor receptor
(PDGFRA), 141
platelet generation
thrombin, 121
platelet glycoprotein III, 255-256
platelet membrane receptors
gene polymorphisms, 117
platelet resistance mechanisms
aspirin resistance, 120—121
pneumonia, 155
polyacrylamide gel, 39
polygenic disorders
cross-sectional association studies, 286
polymerase chain reaction (PCR)
methods, 22
techniques, 303
polymorphic distribution
CYP 450 enzyme, 224
polymorphic ventricular tachycardia, 77
polymorphism
association DME, 273-277

321



322

[polymorphism]
asthma, 98
cardiovascular medicine, 209-232
clinical consequences, 98—102
CVD, 211-225
drug metabolizing enzymes, 67
gene coding, 228
human genome, 210-211
MDRI gene, 257
MTHEFR, 194
SNP, 210
treatment
CVD, 209
pooling strategy
genotyping applications, 30
PPAR. See peroxisome proliferator activated
receptor
PPI. See proton pump inhibitor
primer extension
microarray, 28
MS, 26
prostaglandin synthetic pathway
schematic representation, 192
prostate-specific antigen (PSA), 36
prostate-specific membrane antigen
(PSMA), 36
prostate stem cell antigen (PSCA), 36
protein analysis
DNA, 145
RNA, 145
protein sources
nucleic acids, 145
proteomic techniques, 38—43
proteomics
cancer marker discovery, 45
clinical diagnostics, 45-46
proton pump inhibitor (PPI), 173-174
CYP2C19 polymorphism, 279
Prozac®, 56
PSA. See prostate-specific antigen
PSCA. See prostate stem cell antigen
Pseudomonas aeruginosa, 46
PSMA. See prostate-specific membrane
antigen
puberty, 258
public health problems
ADR, 65
pulmonary embolism (PE), 118
pulse wave velocity (PWV), 217
PWV. See pulse wave velocity
pyrosequencing, 24-25

quantitative trait loci (QTL), 11
RA. See rheumatoid arthritis

Index

RAAS. See renin-agiotensin-aldosterone
system
rabeprazole, 174
RAS. See renin-angiotensin system
RCT. See reverse cholesterol transport
receptor tyrosine kinase (RTK), 141
growth factor inhibitors, 140—141
receptors, 76
Regression Growth Evaluation Statin Study
(REGRESS), 253
atherosclerosis, 256
renin-agiotensin-aldosterone system (RAAS),
211-215
components, 214
renin-angiotensin system (RAS), 226
activity
AGT gene, 226
drugs, 226
polymorphisms
ACE inhibitors, 227
respiratory disease
pharmacogenetics, 91-107
respiratory disorders
pharmacogenetic targets, 8—9
response genes
treatment identification, 1-12
restriction fragment length polymorphisms
(RFLPs), 275
retinoic acid receptor, 249
reverse cholesterol transport (RCT), 253
RFLPs. See restriction fragment length
polymorphisms
rheumatoid arthritis (RA), 189
anti-inflammatory effects, 193
drug classification, 190
therapeutic treatment options,
189-190
rheumatology
pharmacogenetics, 189-202
TPMT studies, 197-198
risperidone, 297-301
Ritalin®, 7
RNA
microarray analysis, 11
protein analysis, 145
Roses, Allen, 61
Rosetta™, 40
rosiglitazone, 250
RTK. See receptor tyrosine kinase

salbutamol, 95, 100

salmeterol, 100

SAP. See shrimp alkaline phosphates
SCFR. See stem cell factor receptor



Index

schizophrenia
antipsychotic drugs, 295
SDS. See sequence detection systems
SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), 40
SEA. See serum elastase activity
SELDI. See surface enhanced laser
desorption
selective estrogen-receptor modulator
(SERM), 4
selective serotonin reuptake inhibitors
(SSRIs), 6
sepsis, 155, 168—169
pharmacogenetics, 157
sequence detection systems (SDS), 28
SEREX. See serological analysis of
recombinantly expressed clones
SERM. See selective estrogen-receptor
modulator
serological analysis of recombinantly
expressed clones (SEREX), 42
serotonergic receptors, 300
polymorphism list, 301
serotonin receptors, 7
serotonin transporter (SERT), 7
serotonin-transporter polymorphism
response
alosterone, 279
sertindole, 297-298
serum elastase activity (SEA), 218
shrimp alkaline phosphates (SAP), 26
single nucleotide polymorphism (SNP), 3,7, 9,
92,113, 194
asthma, 98
detection methods, 31
genotyping, 21
influences
warfarin metabolism, 115
laboratory outcomes, 115
long-term clinical outcomes, 115
LTC4 synthase, 9
polymorphism, 210
single-stranded DNA (ssDNA), 24
SJS. See Stevens-Johnson syndrome
SLP variants
TSER, 134
SMX. See sulfamethoxazole
SNP. See single nucleotide polymorphism
ssDNA. See single-stranded DNA
SSRIs. See selective serotonin reuptake
inhibitors
statin, 228-231
CHD risk reduction, 251
genetics metabolism, 256—257

[statin]

MMPs, 231

polymorphisms, 231

responses

genetic markers, 252
therapy
CHD risk, 251

stem cell factor receptor (SCFR), 140
stereo-specific metabolism

warfarin metabolism, 113
Stevens-Johnson syndrome (SJS), 75
Streptococcus pneumoniae, 170
Stromelysin-1, 256
sulfamethoxazole (SMX), 72
sulfasalazine, 195

action mechanisms, 195

pharmacogenetics, 195

pharmacology, 195
sulfonylurea sensitivity

MODY, 247-249

323

surface enhanced laser desorption (SELDI)

technology, 43
Swiss Institute of Bioinformatics, 40

Tandem MS
HIV, 43
TagMan®, 28—-29
tardive dyskinesia (TD), 76
target discoveries
genes, 11
Task Force on Genetic Testing, 56
taxanes, 138—139
resistance, 139
TB. See tuberculosis
TD. See tardive dyskinesia
TGN. See thioguanine nucleotides
theophylline
pharmacogenetics, 102
therapeutic index
cytotoxic agents, 129
thiazolidinediones (TZD)
antidiabetic actions, 249-250
sensitivity, 249-251
thioguanine nucleotides (TGN), 121
MP, 121
thiopurine medication-related toxicity
TPMT, 6
thiopurine pharmacogenetics, 121-122
thiopurine S-methyltransferase (TPMT),
5-6, 55,79, 122, 174
antipsychotics, 296
genotypes
hematopoietic toxicity, 122
methyl mercaptopurine, 197



324

[thiopurine S-methyltransferase (TPMT)]
studies
rheumatology, 197—198
thiopurine medication-related toxicity, 6
thrombin
platelet generation, 121
thymidylate synthase, 131
thymidylate synthase gene (TYMS), 194
TIMPs. See tissue inhibitors of
metalloproteinases
tissue inhibitors of metalloproteinases
(TIMPs), 218
TNF. See tumor necrosis factor
toxic metabolites
formation metabolites, 71-72
toxicity
antirheumatic therapies, 190-191
dose-dependent, 70
5-FU mechanisms, 135
toxicology
drug testing markers, 36
toxicoproteomics, 46
TPMT. See thiopurine S-methyltransferase
trastuzumab, 55
TS gene, 133
DPD, 135
TSER, 133
SLP variants, 134
tuberculosis (TB), 155, 166—-167
MRPs, 170
NAT, 167
pharmacogenetics, 157
treatment, 176
tumor
abnormality detection, 146
chemosensitivity, 131
detection
advances, 146
tumor necrosis factor (TNF)
blockade, 200
two-dimensional (2D) electrophoresis, 38
principles, 38—39
two-dimensional (2D) gel
electrophoresis
dynamic range, 41
technology, 38-39

Index

two-dimensional (2D) proteomics
challenges, 39

TYMS. See thymidylate synthase gene

TZD. See thiazolidinediones

UDP-glucuronosyltransferases

(UGT), 281
antipsychotics, 298

UGT1AL1 gene structure, 139

ulcerative colitis, 276

ultrarapid metabolizers (URM), 224

U.S. Genomics, 32

U.S. National Commission for the Protection
of Human Subjects, 52

variable number tandem repeats
(VNTR), 9

very low-density lipoprotein (VLDL)
ApoE, 252
LPL, 255

viral hepatitis, 276

vitamin D receptor (VDR)
gene polymorphisms, 259
polymorphism, 259-261

warfarin, 231
dosage
independent predictors, 114
iatrogenic hemorrhages, 115
induction
bleeding prevention, 114
metabolism, 113
pharmacogenetic determinants, 113
reducing, 114
SNPs influences, 115
stereo-specific metabolism, 113
oral absorption, 112
pharmacogenetics, 112—115
pharmacology, 112
resistance, 115
safer drugs, 115
warfarin-induced skin necrosis (WSN),
119-120

ziprasidone, 297-301



