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ABSTRACT

Adverse drug reactions (ADRs) are common and represent a major clinical problem. They differ in
their severity, symptomatology and the incidence in different populations. The pathogenic
mechanisms underlying these reactions are not fully understood. Multiple genes and environmental
factors are likely to be involved in the predisposition of these reactions. However, the quantitative
contribution of genetic factors in the predisposition to ADRs is unclear. The genetic contribution of
CYP2C9 and CYP2D6 polymorphisms to ADRs was investigated utilising an ADR database. The
drugs implicated in ADRs were determined and their metabolism was defined from literature sources.
We found that CYP2C9 and CYP2D6 were involved in the metabolism of 20 (13.3%) and 30 (20%),
respectively, of drugs implicated in the ADRs. Analysis of each CYP2C9- and CYP2D6-metabolised
drug showed that the frequencies of some drugs were higher in the ADR group, while others had the
same frequency in the ADR and non-ADR groups. Our data show that metabolism by polymorphic
CYP 450 isoforms predisposes to ADRs with certain drugs. Other factors such as the therapeutic
index are also important in determining predisposition to ADRs. Further work is needed to determine
the role of genetic polymorphisms in drug transporter and drug target genes in predisposition to
ADRs.

Studies have reported associations between genes in the MHC region and hypersensitivity to
carbamazepine (CBZ) and abacavir. However, no association has been found between
sulfamethoxazole (SMX) and genes in the MHC region. The lymphotoxin alpha (LTA) and HSP70
genes are located within the highly polymorphic MHC region. Therefore, we investigated whether
SNPs in the LTA and HSP70 genes may act as predisposing factors, either individually or as
haplotypes, for SMX, abacavir and CBZ-induced hypersensitivity reactions. We did not find an
association between SMX hypersensitivity and polymorphisms in either the LTA or HSP70 genes.
Although there is a good evidence suggesting that SMX hypersensitivity may have an immune
aetiology, environmental factors, especially HIV infection, may be more important than genetic
factors in predisposition to SMX hypersensitivity.

We found that the LTA 80 (AA) genotype was significantly higher in the control groups compared to
abacavir hypersensitive patients, suggesting that haplotype B, which is identified by LTA 80A, may
act as a protective factor. Analysis of haplotype frequencies revealed that TNFa -238 (A), HSP70-
Hom 2437 (C) and HSP70-Hom 2763 (G) were part of a haplotype that was more common in patients
with abacavir hypersensitivity. Our results are consistent with other reports and demonstrate an
association between abacavir hypersensitivity and alleles carried on the ancestral haplotype 57.1.
However, due to the strong LD in the MHC region, it is not possible to state whether the associated
variants are causative or represent LD with other related genes. Therefore, functional studies are
needed to determine the causal variant(s) predisposing to abacavir hypersensitivity.

Haplotype analysis showed that LTA 10A, LTA 80C, LTA 495T and TNFa —308A were all part of a
haplotype block associated with severe CBZ hypersensitivity. However, whether the observed
associations are the casual variants or reflect LD with other closely related genes is unclear.
Functional studies showed no differences in the LTA mRNA and protein expression levels between
cells isolated from CBZ hypersensitive patients and healthy volunteers after stimulation with CBZ. No
significant differences in the LTA mRNA and protein levels were observed between subjects with
different LTA 10, LTA 495 and TNFa -308 genotypes. However, we confirmed that the presence of
the LTA 80 A allele is associated with low LTA protein expression, Subjects with the LTA 80
CA+AA genotype had significantly lower LTA protein levels compared with those with the CC
genotype. Finally, we investigated the effect of CBZ on the expression of HSP70 genes at the mRNA
level in B cell from CBZ hypersensitive patients and healthy volunteers. CBZ induced higher mRNA
levels of HSPAIA and HSPAIB, but not of HSPAIL, in CBZ hypersensitive patients than in healthy
controls. Further studies are needed to evaluate the role of HSP70 genes in CBZ-induced
hypersensitivity in larger numbers and at protein level.

In summary, the studies in this thesis indicate that genetic factors are involved in the predisposition to

ADRs, but it is also important to take into account environmental factors. Concomitant genetic and
functional studies will be important in the future to evaluate the mechanisms of ADRs.
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1.1. Historical overview

The history of pharmacogenetics began in the 5th century. Pythagoras in about 510
B.C., was the first to observe the dangers of ingestion of fava beans. In some, but not
all individuals, fava beans can lead to haemolytic anemia which is due to a
deficiency of glucose-6-phosphate dehydrogenase (G6PD) (Nebert, 1999). In the
1950s, several important genetic polymorphisms were discovered. For example,
prolonged muscle relaxation after administration of the drug succinylcholine (also
known as suxamethonium) was attributed to a deficiency of plasma cholinesterase
(butyrylcholinesterase) (Kalow and Genest, 1957). Other studies found that genetic
differences in the enzyme N-acetytransferase-2 (NAT2) caused peripheral
neuropathy after the administration of the antituberculosis drug isoniazid (Evans et
al., 1960; Hughes et al., 1954). Friedrich Vogel first used the term pharmacogenetics
(Vogel, 1959). Another well-known example of a genetic defect in a drug
metabolising enzyme was the discovery of variability in hydroxylation of the
antihypertensive drug debrisoquine by Mahgoub et al. (1977) and oxidation of
sparteine, an antiarrythmic and oxytocic drug, by Eichelbaum et al. (1979). Gonzalez
et al. (1988) characterised the genetic defect in debrisoquine metabolism, which was
later termed CYP2D6. The human genome project has led to an explosion of genetic
information that is freely available to identify polymorphisms that may determine
drug response. Furthermore, advances in molecular genetics and genotyping
technologies during the last two decades have led to the identification of many
polymorphisms in phase I and phase II drug metabolising enzymes, drug targets, and

more recently in drug transporters.
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1.2. Pharmacogenetics and Pharmacogenomics

Pharmacogenetics is the study of variation in drug response due to heredity and has
largely been used in relation to genes determining drug metabolism.
Pharmacogenomics is a more general term; it refers to the research area that
comprises all genes in the human genome that may determine drug response.
However, the two terms are often used interchangeably (Nebert et al., 1999: Evans
and Relling, 1999). Pharmacogenomics has the potential to offer benefits to the
clinical practice of medicine. The promise of pharmacogenomics is that by using
genetic information from patients, drug therapy can be individualised and new drugs
can be developed based on genetic variation in drug response. Pharmacogenomics
can also improve clinical therapeutic outcome by preventing hospital admissions
related to ADRs, increasing drug efficacy and reducing health care cost (Tsai and

Hoyme, 2002).

Research in pharmacogenomics focuses on two main areas. First, discovery of novel
targets (genes and gene products associated with specific conditions), which may act
as targets for synthesis of new drugs. Second, the identification of genes and their
allelic variants that are associated with response to drugs and adverse drug reactions

(Wolf et al., 2000).

Phillips et al. (2001) in a recent systematic review attempted to evaluate the role of
polymorphisms in drug metabolising enzyme genes in reducing the incidence of
ADRs. They found that of the 27 drugs most frequently cited in adverse drug
reaction studies, 59% were metabolised by at least 1 enzyme with a variant allele
known to cause poor metabolism compared to 7-22% of randomly selected drugs.

Interestingly CYP1A2, which is estimated to metabolise 5% of all prescribed drugs
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was involved in metabolising 75% of ADR related drugs. By contrast, CYP2D6
which is estimated to metabolise 25% of all prescribed drugs was implicated in

metabolising 38% of the ADR-associated drugs.

1.3. Polygenic determinants of drug response

1.3.1. Factors determining response to drugs

Several factors determine response to drugs. In most cases, drug response depends on
an interaction between environmental and genetic factors (figure 1.1.).
Environmental factors include nutrition, concomitant diseases, smoking and alcohol
consumption (Meyer, 2004). Genetic variability in drug response is determined by
pharmacokinetic and pharmacodynamic factors. Polymorphisms in several genes
encoding drug metabolising enzymes and drug transporters affect the
pharmacokinetic pathways. Meanwhile, genetic variation in drug targets (i.e.
receptors, enzymes and ion channels) and disease associated pathways (i.e.
coagulation factors and signal transduction) may affect the pharmacodynamic action

of drugs (Meisel et al., 2003).

Environmental Factors

y A

Pharmacokinetic |——| Drug response |<—=| Pharmacodynamic

A A

Genetic Factors

Figure 1.1. Interactions between environmental and genetics factors in determining

drug response (Adapted from Alfirevic, 2005).
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1.3.2. Potential consequences of polymorphisms on drug response

DNA sequence variations can be characterised as mutations or polymorphisms. A
mutation is a change in a DNA sequence which occurs in less than 1% of the
population. Polymorphisms are allelic variants in genes that exist in the normal
population at frequency of at least 1% (Yan and Sadee, 2000). Polymorphisms can
lead to alterations in drug response through different mechanisms; these include
extending the pharmacological effect of the drugs, causing adverse drug reactions
and drug toxicity, leading to alternative pathways of drug metabolism and increased
drug-drug interactions (Tsai and Hoyme, 2002; Wolf et al., 2000). Additionally,
polymorphisms can lead to lack of prodrug activation. For example, codeine is
metabolised to morphine by CYP2D6; lack of an active enzyme in poor CYP2D6
metabolisers will affect the ability to metabolise codeine resulting in a reduced

analgesic effect (Wolf et al., 2000).

There are many different types of genetic variation in the human genome: single
nucleotide polymorphisms (SNPs), insertions/deletions (indels), and copy number

variations (CNVs) (Balakrishan et al., 2005; Feuk et al., 2006). Their definitions and

frequencies in the human genome are presented in Table 1.1.

Single nucleotide polymorphisms (SNPs, pronounced snips) are the most common
form of genetic variation in the human genome. SNPs are single base differences in
the DNA sequence that differ between individuals (Kao et al., 2000). They occur
throughout the human genome with an average density of 1 per 1000 base pairs
(Brazell et al., 2002). According to their location in the genome, SNPs can be

classified into three groups:
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A. Coding SNPs (cSNPs) are located in the coding regions and can lead
to a change in the amino acid sequence of the protein.

B. Perigenic SNPs (pSNPs) can be found in the noncoding region of the
gene, including all introns and upstream regulatory regions; and

Ci Intergenic SNPs (iSNPs), represent the majority of SNPs; they occur
between the genes and have no alleged effect on gene function

(Nebert, 1999; Ingelman-Sundberg, 2001).

SNP mapping of the human genome sequence has identified 1.42 million SNPs
throughout the human genome, with 60,000 SNPs found in the coding region of
genes (Sachidanandam et al., 2001). There are 5,689,286 SNPs currently available in
the SNP database (build 127; access date 8-March-2007;

http://www.ncbi.nlm.nih.gov/SNP).

Table 1.1. Types of genetic variations in the human genome

Variation type Definition Frequency
SNP Single base pair substitution in a ~10 million SNPs in the
DNA sequence human population
Insertion/deletion insertion or deletion of DNA ~1 million
fragment insertion/deletion in the

human genome
Microsatellites short sequences of DNA > 1 million microsatellites
nucleotides (2-6 bases) that are in the human genome
repeated a number of times
Minisatellites tandem repeats of DNA sequences  ~150 000 minisatellites
containing 10-100 nucleotides
Copy number A DNA segment that is >1 kb and 1,447 copy number
variation presents at variable copy number  variable regions (12% of

the human genome)

(Adapted from Feuk et al., 2006) and (Redon et al., 2006).
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1.3.3. Genetic factors and inter-individual variability in drug response

Polymorphisms in drug metabolising enzymes, transporters and drug targets genes
may influence response to drugs. Table 1.2. shows examples of clinically important
genetic polymorphisms. The majority of cytochrome P450 genes are polymorphic
(Ingelman-Sundberg, 2002). Most work has focused on CYP2D6 which metabolises
about 25% of all drugs including the tricyclic antidepressants (e.g. imipramine,
nortriptyline) (Ingelman-Sundberg and Rodriguez-Antona, 2005). The disposition of
nortriptyline is related to the number of active CYP2D6 alleles and the dose required
to obtain the same plasma drug concentrations varies between subjects with different
CYP2D6 phenotypes. Poor metabolisers (PMs; individuals with no functional
enzyme activity) require lower doses (30-50mg) compared to 500mg in ultrarapid
metabolisers (UMs; subjects carrying multiple copies of the CYP2D6 gene) (Dalen et
al., 1998). Furthermore, genetic polymorphisms of CYP2D6 gene may be associated
with adverse drug reactions and clinical response to antidepressants. Rau et al.
(2004) showed that 29% of patients with ADRs to antidepressants were PMs, and
reported high incidence of UMs among non-responders (19%). A study by
Kawanishi et al. (2004) showed a high rate of the CYP2D6 gene duplication among
patients who failed to response to antidepressants. However, there are contradictory
data in the literature, and clinical utility has not been proven (Kirchheiner and

Seeringer, 2007).

Proton pump inhibitors (PPIs) are used for treatment of gastric acid related diseases
such as peptic ulcers, gastro-esophageal reflux disease and in combination with
antibiotics (amoxicillin and clarithromycin) for the eradication of Helicobacter pylori
(Hp). CYP2C19 metabolises several PPIs including omeprazole and lanzoprazole

(Klok et al., 2003).



Chapter 1

Table 1.2. Genetic polymorphisms in drug metabolising enzymes (DME),

receptors, drug target genes and drug response

Gene Drug Clinical response Refs
DME
CYP2C9 Warfarin Dosing, risk of Aithal et al. (1998)
bleeding
CYP2C19 PPIs (omeprazole) H.pylori eradication Sapone et al.
and ulcer cure rate (2003)
CYP2D6 TCAs (nortriptyline)  High incidence of UMs  Rau et al. (2004)
in non-responders
Codeine No response in PMs Wolf et al. (2000)
Drug Transporters
ABCBI1 (MDR1) Digoxin drug plasma level Hoffmeyer et al.
associated with (2000)

C3435T in exon 26

OATP-C Pravastatin drug plasma level Niemi et al. (2004)
related to T521C
genotype
Antidiabetic Increased plasma level Niemi et al. (2005)
(repaglinide) in 521 CC carriers
Drug targets

B,- adrenergic

pB.-agonists Bronchodilatation,

Dishy et al. (2001)

receptor (salbutamol, agonist- induced
isoprotenelol) desensitisation
ACE ACE inhibitors Effect greater and lasts Ueda et al. (1998)
(Insertion/Deletion) (enalaprilat) longer in ACE (I/T)
(I/D) carriers

Serotonin 5-HT

receptors

Atypical Poor clinical response
antipsychotics

(clozapine )

Arranz et al.
(1998)

Adapted from (Tsai and Hoyme, 2002), and (Johnson, 2003).
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In a study by Shirai et al. (2001), the gastric pH and plasma concentration of
omeprazole were related to the CYP2C19 genotype. After repeated doses of 20mg of
omeprazole for 8 days, the mean gastric pH value was highest in PMs (5.9), followed
by that of heterozygous EMs (4.7) and was the lowest in homozygous EMs (4.1).
Sapone et al. (2003) showed that H. pylori eradication was associated with CYP2C19
genotype. The cure rate was 100% in PMs compared to 84% and 60% in

heterozygotes and homozygous EMs, respectively.

Genetic polymorphisms in the gene encoding for the uptake transporter organic anion
transporting polypeptide 1B1 (OATP1BI, also known as OATP-C) may affect the
pharmacokinetics of antidiabetic drug repaglinide. In a recent study, Niemi et al.
(2005) showed that individuals with the 521CC genotype had increased plasma
concentration of repaglinide, and the area under the curve (AUC) of repaglinide in
those subjects was approximately three times higher than that in subjects with 521TT

genotype.

Genetic polymorphisms in drug targets have also been shown to influence drug
response. Two SNPs in the Br-adrenoceptor gene (ADBR2) resulting in the amino
acid changes, arginine to glycine at codon 16 (Argl6Gly) and glutamine to glutamic
acid at codon 27 (GIn27Glu), occur commonly with allele frequencies between 0.40
and 0.65 (Reihsaus et al., 1993). Dishy et al. (2001) showed that individuals who
were homozygous for Argl6 had complete desensitisation in response to a
continuous infusion of isoproterenol. By contrast, no significant changes in
desensitisation were observed in subjects homozygous for Gly16. These findings are

consistent with another study which showed that the forced expiratory volume

10
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(FEV,) after administration of a single dose of albuterol (salbutamol) was higher in

Arg/Arg genotype patients compared with the Gly/Gly genotype (Lima et al., 1999).

1.4. Adverse drug reactions

1.4.1. Epidemiology of ADRs

Adverse drug reactions (ADRs) represent an important clinical issue. Despite the fact
that the majority of adverse drug reactions are mild, many can be severe and
sometimes can cause death (Pirmohamed and Park, 2003a). A meta-analysis by
Lazarou and colleagues suggested that 6.7% of hospital inpatients have serious
ADRs, ADRs have been estimated to cause over 100 000 deaths, making them
between the fourth and sixth leading cause of death in the United States in 1994
(Lazarou et al., 1998). Furthermore, ADRs prolong the length of stay in hospitals and
increase the financial costs of health care (Pirmohamed et al., 1998). In the UK, a
prospective analysis of 18,820 patients showed that 6.5% of hospital admissions
were due to ADRs, suggesting that the equivalent of seven 800-bed hospitals are
constantly occupied by patients with ADRs, at an annual cost to the National Health
Service (NHS) of approximately £0.5 billion (Pirmohamed et al., 2004). In addition,
ADRs are more of a problem in drug therapy and drug development than previously
identified. From an industry perspective, ADRs are one of the most common causes
of drug withdrawal. which cost pharmaceutical companies a huge amount of money
(Pirmohamed and Park, 2001a). It has been estimated that 4% of drugs introduced in
the UK between 1974 and 1994 have been withdrawn from the market because of

ADRs (Jefferys et al., 1998).

11
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1.4.2. Definition and classification of adverse drug reactions

According to the World Health Organisation (WHO) an ADR is defined as “any
response to a drug which is noxious, unintended, and that occurs at doses normally
used in man for prophylaxis, diagnosis, or therapy of diseases (WHO, 1972).
This definition excludes adverse effects due to drug overdose, drug misuse, and poor
compliance (Lazarou et al., 1998). There are other definitions in the literature,
including the following which has been proposed by Edwards and Aronson (2000):
“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 withdrawal of the product .

Different systems have been proposed to classify ADRs. The simplest one divides
the ADRs into two basic types, type A and B. Type A reactions are more common
than type B, accounting for approximately 80% of overall reactions. Type A
reactions represent an augmentation of the known pharmacology of the drug, can be
predictable from the known pharmacology and show simple dose-response
relationships. By contrast, type B reactions are bizarre or idiosyncratic, cannot be
predicted from the known pharmacology of the drug and do not show a clear
relationship to the dose. Moreover, type B reactions are usually more severe than
type A and can be life-threatening (Rawlins and Thompson, 1991). More recently,
Aronson and Ferner (2003) proposed a new classification system for ADRs based on
dose responsiveness, time course of the reaction and patient susceptibility (DoTS).

Examples of this classification are shown in Table 1.3.

12
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Table 1.3. Examples of dose-time-susceptibility classification

Classification
Examples Dose related Time related Susceptibility related
Osteoporosis due to  Occurs at standard ~ Late reaction Age, sex

corticosteroids therapeutic doses

Hepatotoxicity due  Occurs at standard ~ Intermediate =~ Genetic (drug metabolism),

to isoniazid therapeutic doses reaction age, exogenous (alcohol),

disease (malnutrition)

Adapted from (Aronson and Ferner, 2003).

1.4.3. Predisposing factors

Recognition of factors that may predispose to ADRs is important for the detection
and prevention of ADRs. A multitude of factors can predispose to ADRs; these
include poor prescribing (i.e. wrong doses), age, sex, environmental factors (i.e.
concomitant diseases, alcohol, smoking and diet), drug-drug interactions, as well as
genetic factors (Pirmohamed and Park, 2001a; Routledge et al., 2004; Viktil et al.,

2007; Aronson, 2007).

Several studies have shown that women are more likely to develop ADRs than men
(Seidle et al., 1966; Hurwitz, 1969). The elderly also appear to be at greater risk of
suffering ADRs (Castleden et al., 1988; Hurwitz, 1969; Seidle et al., 1966) which
may be related to the fact that the ability to handle drugs decreases with age. Patients
with liver diseases and impaired renal function are more liable to develop ADRs
(Wade et al., 1976). The incidence of ADRs is more likely to increase in patients
who receive multi-drug therapy. Indeed, up to one in six of ADR-related admissions

were due to drug-drug interactions (Pirmohamed et al., 2004).

13
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1.5. Genetic factors and adverse drug reactions

Genetic factors represent an important source of interindividual variation in response
to drugs and may play an important role in susceptibility to many ADRs
(Pirmohamed and Park, 2001a). Polymorphisms may occur in any one of the genes
including those encoding drug receptors and drug transporters. However,
polymorphisms in the genes involved in drug metabolism and disposition are said to
be the most important (Ingelman-Sundberg, 2001). However, whether this is correct
is unclear since (a) we do not understand how many drugs work or cause toxicity,
and (b) most of the drug targets have not been investigated with respect to genetic

predisposition to ADRs.

1.5.1. Genetic polymorphisms of drug metabolising enzyme genes

The majority of phase I and phase Il drug metabolising enzymes are polymorphic
(Ingelman-Sundberg, 2001). The cytochrome P450 (CYP) enzymes are the most
important group of phase I enzymes. They are a multigene family of enzymes which
are responsible for the metabolism of xenobiotics and endogenous compounds
(Ingelman-Sundberg, 2004b). Sequencing of the human genome has revealed the
presence of about 57 CYP genes and 33 pseudogenes, which are grouped into 18
families and 42 sub-families based on their amino acid sequence similarities
(Pirmohamed and Park, 2003b). Updated information of variant CYP alleles is
available on the Human CYP allele nomenclature Committee Web page
(http://www.imm.ki.se/CYPalleles) (Ingelman-Sundberg, 2002). Furthermore, a
current updated list of P450 substrates, inducers and inhibitors is also available on

the Web (http://medicine.iupui.edu/flockhart/) (Ingelman-Sundberg, 2004b). Table

1.4. shows examples of clinically important genetic polymorphisms in drug

metabolising enzymes.
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Table 1.4. Examples of clinically important genetic polymorphisms in drug

metabolising enzymes

Enzyme Drug Drug effect Refs
Phase 1
CYP2C9 Warfarin Risk of bleeding Aithal et al. (1999)
Phenytoin Phenytoin toxicity Kidd etal. (1999)
Tolbutamide Hypoglycaemia Miners et al. (1998)
CYP2C19 Diazepam Prolonged sedation Meyer (2000)
Mephenytoin Neurotoxicity
CYP2D6 Antiarrhythmics Arrhythmias Meyer (2000)
3-Blockers Bradycardia
Tricyclic Confusion
antidepressants
Opioids Dependence
Dihydropyrimidine  5-Fluorouracil Neurotoxicity Van Kuilenberg
dehydrogenase Myelotoxicity (2004)
Phase 2
Thiopurine Mercaptopurine Myelotoxicity Evans (2004)
methyltransferase Azathioprine McLeod et al. (2000)
Thioguanine
N-Acetyl- Isoniazid Peripheral Butcher et al. (2002)
transferase neuropathy
Sulfonamides Hypersensitivity
Cholinesterase Succinylcholine  Prolonged apnoea  Kalow et al. (1957)
UDP glucuronosyl- Irinotecan Diarrhoea, Innocenti et al.
transferase myelosuppresion (2004)

Adapted from (Meyer, 2000), and (Tsai and Hoyme, 2002).
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The amount of different P450 isoforms varies within the liver. The CYP3A
subfamily, the most abundant hepatic P450, represents 30% of P450 enzymes and
metabolises about 50% of therapeutically used drugs (Pelkonen et al., 1998). The
CYP2C subfamily accounts for 15-20% of total hepatic P450s and is responsible for
the metabolism of 20% of all drugs (Lee et al., 2002). There are four members of the
CYP2C subfamily: CYP2C9, CYP2C19, CYP2C8 and CYP2CI8. The major
isoform is CYP2C9, which metabolises a wide range of drugs, including drugs with
narrow therapeutic indices such as S-warfarin, tolbutamide, and phenytoin and
various nonsteroidal anti-inflammatory drugs including ibuprofen, diclofenac and

celecoxib (Schwarz, 2003).

CYP1A2 represents 15% of the P450 enzymes in the liver and has a minor role in
drug metabolism of about 5% of clinically used drugs (Pelkonen et al., 1998; Wolf
and Smith, 1999). CYP2D6 is known to be one of the most characterised
polymorphic drug metabolising enzymes, with more than 75 allelic variants having
been described. CYP2D6 accounts for <5% of total P450 in the liver but is involved
in the metabolism of 25% of all commonly prescribed drugs including
antidepressants (e.g. nortriptyline, amitriptyline), antipsychotics (e.g. haloperidol,
risperidone), beta-blockers (e.g. propranolol, metoprolol) and antiarrhythmics (e.g.
perhexilene, flecainide) (Bernard et al., 2006; Cascorbi et al., 2003). According to
the CYP2D6 enzyme activity, individuals can be classified into four phenotypes: (1)
Poor metabolisers (PMs) are subjects with two deficient CYP2D6 alleles and
therefore lack the functional enzyme; (2) Intermediate metabolisers (IMs) are
individuals heterozygous for the deficient allele and show impaired metabolic
activity; (3) Extensive metabolisers (EMs) have two normal copies of the CYP2D6

gene and exhibit normal enzyme activity; and (4) Ultrarapid metabolisers (UMs)
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have multiple copies of the active CYP2D6 gene and display extremely high levels
of enzyme activity (Chou et al., 2003; de Leon et al., 2006a; Ingelman-Sundberg et
al., 2005). Minor P450 isoforms such as CYP2A6, CYP2B6 and CYP2C8 are also

polymorphic (Daly, 2003).

The CYP families 1, 2, 3 are responsible for 70-80% of phase I dependent
metabolism of therapeutic drugs (Ingelman-Sundberg, 2002). Polymorphisms in
cytochrome P450 genes can cause enzyme products with abolished, altered, or
increased enzyme activity (Daly. 2003). Abolished enzyme activity can occur
because of whole gene deletion or where mutations cause altered splicing, present
stop codons, alter transcriptional initiation sites or introduce deleterious amino acid
changes. Moreover, altered enzyme activity may occur where mutations in the
folding region cause a change in protein folding altering substrate specificity. as seen
for example with CYP2D6*10. Increased enzyme activity can appear where there are
multiple copies of active gene as seen with CYP2D6*2xN and CYP2A6 (Ingelman-

Sundberg, 2004b; Pirmohamed and Park, 2003b).

Polymorphisms have been identified in other phase I enzymes, such as alcohol
dehydrogenase, acetaldehyde dehydrogenase and dihydropyrimidine dehydrogenase
(DPD) (Ingelman-Sundberg, 2001). The anticancer drug S-fluorouracil (5-FU) is
used to treat patients with solid tumours of the head, neck, breast and gastrointestinal
tract. DPD metabolises more than 80% of the administered 5-FU and individuals
with absolute or partial DPD deficiency appear to be at greater risk of developing
severe ADRs such as myelotoxicity and neurotoxicity (van Kuilenburg, 2004; Iyer
and Ratain, 1998). To date, 42 variant alleles have been discovered in the DPD gene

(van Kuilenburg, 2006).
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With respect to phase Il enzymes, the most important polymorphisms occur in
glutathione transferase M1 (GSTM1), N-acetyltransferase-2 (NAT-2) and thiopurine
methyltransferase (TPMT) (Ingelman-Sundberg. 2001). There are two N-
acetyltransferase isoforms: NAT1 and NAT2, which are responsible for acetylation
of a variety of drugs and chemicals. NAT2 is involved in the metabolism of
arylamine and hydrazine drugs such as isoniazid, procainimide and
sulphamethoxazole (Butcher et al., 2002). The NAT2 gene exhibits genetic variation
more commonly than NATI1. A list of variants alleles is updated and published at

http://www.louisville.edu/medschool/pharmacology/NAT.html (Hein, 2002).

Concerning polymorphisms in NAT2, the population can be divided into two groups,
slow and fast acetylators. Both groups are susceptible to ADRs (Tsai and Hoyme,
2002). Furthermore, the percentage of slow acetylators differs among ethnic groups,
with a frequency of 90% in North African, 50% in Caucasian and 10% in Asian

populations (Daly, 2003).

1.5.2. Genetic polymorphisms of drug transporter genes

Transporters are membrane proteins that play a crucial role in the absorption,
distribution and elimination of nutrients and drugs (Yan and Sadee, 2000).
Membrane transporters can be divided into two systems: uptake and efflux systems.
Uptake carrier systems include organic anion transporters (OATPA, solute carrier
family SLC21A), organic cation transporters (OCT, SLC22A), dipeptide transporters
(PEPT, SLC15A), nucleoside transporters (CNT, SLC28A) and monocarboxylate
carriers (MCT, SLC2A). Meanwhile, efflux carrier systems are composed of the

large ATP binding cassette family (ABC) (Gerloff, 2004).
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Genetic polymorphisms can occur in transport proteins and may contribute to inter-
individual variation in drug response (Yan and Sadee, 2000). Yan and Sadee have
constructed a human membrane transporter database (HMTD) (Lee et al., 2001). The
database contains data on general characteristics of more than 250 human membrane
transporters and related proteins, their sequences, gene family, structure, function,
substrates, tissue distribution, and associated disease. The database is accessible on

the internet (http:/lab.digibench.net/transporter) (Yan and Sadee, 2000).

The most thorough investigations have been performed on the efflux carrier P-
glycoprotein (P-gp), the gene product of multidrug resistance (MDR1) or ABCBI. P-
gp was initially identified in tumour cells as an important factor in causing multidrug
resistance against anticancer agents (Ueda et al., 1987). A wide range of clinically
used drugs are transported by P-gp and these include anticancer agents,
antihypertensive drugs, cardiac glycosides, HIV-protease inhibitors and
immunosuppressants (Marzolini et al., 2004). Polymorphisms on the MDR1 gene can
modify the function and expression levels of P-gp. Recent studies have characterised
more than 50 single nucleotide polymorphisms (SNPs) in MDR1, but most of these
were either intronic or non-coding (Gerloff, 2004; Kimchi-Sarfaty et al., 2007). The
C3435T polymorphism in exon 26 of MDR1 (rs1045642) was the first MDR1 SNP
to be reported and associated with the expression level and function of P-gp.
Individuals homozygous for the T allele had lower intestinal P-gp expression levels
and consequently the highest digoxin plasma level compared to those homozygous
for the C allele and heterozygous carriers CT (Hoffmeyer et al., 2000). The clinical
relevance of this polymorphisms is the subject of controversy. Other studies have
either produced the opposite findings (Sakaeda et al., 2001) while others have failed

to demonstrate any association (Becquemont et al., 2001; Gerloff et al., 2002).
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Similar contradictory data exist for HIV-protease inhibitors, which are substrates for
P-gp. Fellay et al. (2002) showed that individuals with the TT genotype in the exon
26 (C3435T SNP responded better after 6 months treatment with antiretroviral
therapy and had greater recovery of CD4+ cell count in comparison to subjects with
CC and CT genotypes. However, this has not been replicated in further studies (Nasi
et al., 2003; Brumme et al., 2003). Similar controversy exists in almost every other
therapeutic area (Leschziner et al., 2007). The reasons for these contradictory results
are likely to be multiple. One aspect relates to the functional importance of this SNP:
a recent study has suggested a novel mechanism by which the C3435T SNP may
have a functional role. Kimchi-Sarfaty et al. (2007) reported that the C3435T SNP
affected the timing of cotranslational folding which may result in a change in the

substrate specificity of P-gp.

For the uptake-carrier systems, 9 isoforms have been reported for OATPs (Tamai et
al., 2000). OATP substrates include numerous important drugs such as the HMG-
CoA reductase inhibitor pravastatin (Hsiang et al., 1999), the antihistamine
fexofenadine (Cvetkovic et al., 1999) and the angiotensin-converting enzyme
inhibitor enalapril (Pang et al., 1998). OATP-C facilitates the uptake of its drug
substrates from the blood into hepatocytes and certain SNPs in the gene coding for
OATP-C have been associated with reduced transport activity (T521C, Vall74Ala)
(Tirona et al., 2001). Niemi et al. (2004) found a significant association between the
OATP-C T521C and G11187G SNPs and high plasma concentrations of pravastatin

in healthy volunteers.
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1.5.3. Drug target polymorphisms

Drug target genes including those coding for receptors, ion channels and specific
enzymes are subject to genetic polymorphisms (table 1.5.). f>-adrenoceptor agonists
are the most important bronchodilator drugs used in the treatment of asthma (Fenech
and Hall, 2002). Genetic variations in the ,-adrenoceptor gene may be an important
determinant of the response to bronchodilator treatment, and the severity and
duration of asthmatic symptoms (Reihsaus et al., 1993). Studies have shown that the
Ba receptor polymorphism that substitutes glycine with arginine in the 16™ amino
acid residue is associated with more severe asthma, increased nocturnal worsening
and decreased albuterol (salbutamol) efficacy (Turki et al., 1995; Martinez et al.,

1997).

Genetic factors might determine individual predisposition to drug-induced QT
prolongation. Indeed, different mutations in genes that encode ion channels, which
are responsible for ventricular repolarization have been identified (Shieh et al.,
2000). These mutations can prolong repolarisation either by gain of function of Na"
or Ca™ currents (increase the inward currents) or loss of function of K™ currents
(decrease the outward current). Individuals carrying these mutations may be at high
risk for the occurrence of arrhythmias following administration of drugs that prolong

the QT interval (Escande, 2000).
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