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Abstract

Human genetic variation in the form of single nucleotide polymorphisms as well as

more complex structural variations such as insertions, deletions and copy number

variants, is partially responsible for the clinical variation seen in response to

pharmacotherapeutic drugs. This affects the likelihood of experiencing adverse drug

reactions and also of achieving therapeutic success. In this paper, we review key

studies in cardiovascular pharmacogenetics that reveal genetic variations underlying

the outcomes of drug treatment in cardiovascular disease. Examples of genetic

associations with drug efficacy and toxicity are described, including the roles of

genetic variability in pharmacokinetics (drug metabolising enzymes) and

pharmacodynamics (e.g. drug targets). These findings have functional implications

that could lead to the development of genetic tests aimed at minimising drug toxicity

and optimizing drug efficacy in cardiovascular medicine.
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Abbreviations

ABCB1 Human ABC transporter molecule

ACE Angiotensin-converting enzyme

ADRB Beta-adrenergic receptor gene

AF Atrial fibrillation

ApoE Apolipoprotein E

AR Adrenergic receptor

CHD Coronary heart disease

CYP Cytochrome P450 enzyme

DCM Dilated cardiomyopathy

FDA U.S. Food and Drug Administration

FH Familial hypercholesterolemia

GWAS Genome-wide association study

HF Heart failure

LDL Low density lipoprotein

LDL-C Low density lipoprotein cholesterol

LVEF Left ventricular ejection fraction

MI Myocardial infarction

NOS Nitric oxide synthase

Pgp P-glycoprotein

PH Primary hypercholesterolemia

SNP Single nucleotide polymorphism

UGT UDP-glucuronosyltransferase enzyme

VKORC1 Vitamin K 2,3 epoxide reductase complex
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1. Introduction

Pharmacogenetics is the determination of the genetic contribution to individual

variations in response to pharmacotherapy, and is central to the concept of

personalized medicine. Developments in genome-based technology, including the

availability of whole genome single nucleotide polymorphism (SNP) arrays, have

provided researchers with an opportunity to assess variability in human reactions to

pharmacotherapeutics and other exogenous substances as a function of intrinsic

human genetic variability (Caulfield et al., 2003). It has become common practice in

pre-clinical and clinical drug testing to include a pharmacogenetic component, in

order to select for drugs that have greater efficacy with fewer side effects, as well as

fewer variations in individual response.

Pharmacogenetics underlies several observations dating back more than half a

century that suggested the existence of genetic variation in drug metabolism

pathways. Two examples include the enzyme butyrylcholinesterase that metabolizes

suxamethonium chloride (scoline), used to induce muscle paralysis in anesthesia,

and N-acetyltransferase that metabolizes isoniazid which is used in the treatment of

tuberculosis. Reduced or absent enzyme activity in either case leads to toxicity,

which manifests as prolonged muscle relaxation (scoline apnoea) in the case of the

former, and as hepatotoxicity and neurotoxicity in the latter. Another example is

glucose-6-phosphate dehydrogenase deficiency which is the most common disease-

producing enzymopathy in humans, affecting nearly 400 million people worldwide

(Frank, 2005). This enzyme, which is absent in 5-14% of Black individuals, is
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associated with the risk of developing drug-induced haemolytic anemia in response

to a large number of currently employed drugs (Kaplan et al., 2004).

Optimal drug type and dose depends on many factors including age, organ function,

concomitant therapy, lifestyle, ethnicity, drug interactions, gender, the nature of the

disease and pharmacogenetics. Despite this multitude of factors, plasma drug

concentrations, which in many but not all cases mirror drug concentrations at target

sites, frequently reflect genetic variations in molecules involved in drug metabolism.

It is estimated that more than 50% of adverse drug reactions are in fact dose-related

and that in some drug classes, up to 50% of individuals do not respond to a

“standard” dose of the drug.

The potential consequences of genetic polymorphisms on drug metabolism include

the following:

· Drug toxicity and adverse drug reactions

· Reduced compliance

· Decreased effective dose

· Requirement for higher doses in order to be efficacious

· Extended pharmacological effects

· Lack of drug efficacy

· Exacerbation of drug-drug interactions

· Metabolism by alternative pathways leading to the generation of metabolites

with deleterious effects

· Lack of prodrug activation
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From a functional perspective, when considering the underlying genetic contribution

to adverse drug reactions and therapeutic efficacy, two broad categories can be

delineated. These include pharmacokinetics and pharmacodynamics.

Pharmacokinetics describes the fate of drugs following administration to patients. It

includes the extent and rate of absorption (drug entry into the circulation), distribution

(drug dispersion or dissemination in body fluids and tissues), metabolism

(transformation into water-soluble metabolites) and excretion (elimination from the

body). Recently, the term “liberation” has also been included, which describes the

process of drug release from the initial formulation.

Pharmacodynamics describes the study of the physiological effects of drugs on the

body and the mechanisms of drug action including the relationship between drug

concentration and effect. An important example includes drug-receptor interactions.

Pharmacodynamics is often summarized as the study of what a drug does to the

body, whereas pharmacokinetics is the study of what the body does to a drug.

To date, the large majority of pharmacokinetic studies have focused on genetic

polymorphisms of the cytochrome P450 (CYP450) family of enzymes as well as a

growing list of transporter proteins that influence drug absorption, distribution, and

excretion. CYP450 enzymes are responsible for the biotransformation of xenobiotic

compounds and the metabolism of most commonly prescribed medications. The

most intensely studied have been CYP2D6, CYP2C9, and CYP2C19, for which

polymorphic forms have been implicated in a significant number of adverse drug

reactions as well as lack of response/efficacy. However, developments in the field
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have also extended to pharmacodynamic determinants of drug response which

include cellular receptors.

In this review, we have highlighted areas that are currently topical in both

pharmacodynamic and pharmacokinetic aspects of cardiovascular drug

pharmacogenetics. However, it is not our intention to provide an exhaustive overview

of either pharmacodynamics or pharmacokinetics, and as will become apparent, data

is lacking in either one of these areas for several classes of cardiovascular drugs

which has affected the symmetry of the review. As a result we have had to limit our

discussion to one of the two areas (i.e. either pharmacodynamics or

pharmacokinetics) for certain drug classes.

2. Cardiovascular drug classes and pharmacogenetics

Cardiovascular risk factors are highly prevalent, remain under diagnosed and

inadequately treated (Hunt et al., 2009). For example, hypertension, a major

cardiovascular risk factor, is a common disorder that effects  approximately  950

million adults worldwide (Kearney et al., 2005). Most drugs are approved and

developed on the basis of their performance in large population groups, and

although guided by evidence from well controlled clinical trials, they are less

informative when treating individual patients. As a result, there is a growing need for

ways to better identify people who have the greatest probability of benefiting from

pharmacological interventions, and those who have the lowest risk of developing

side-effects when exposed to cardiovascular drugs.
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2.1 Beta-adrenergic receptor blockers

Beta-blockers are among the most widely prescribed of all drug classes, with an

estimated 130 million prescriptions per annum in the United States over the past 5

years (IMS Reports and Forecasts, 2010). The European Society of Cardiology has

recommended beta-blockers for all patients already receiving standard diuretic and

angiotensin-converting enzyme (ACE) inhibitor treatment for heart failure (HF) and

coronary heart disease, including patients diagnosed with cardiomyopathy or

reduced left ventricular ejection fraction (LVEF) (Swedberg et al., 2005).

It is estimated that 25-43% of HF patients suffer adverse side effects from beta-

blocker therapy (Muszkat & Stein, 2005).  25-26% of patients require discontinuation

of therapy due to intolerance (Tandon et al., 2004). Results of numerous studies now

suggest that this variability may be accounted for, in part, by genetic polymorphisms

that determine patient-to-patient variability in drug response (Azuma & Nonen,

2009). This affects the ability of health-care professionals to predict which patients

will improve clinically, which will be unaffected by or which will have adverse drug

reactions to beta-blocker therapy.

2.1.1 Beta-adrenergic receptor blocker pharmacokinetics

Polymorphisms in the CYP2D6 gene appear to be the most clinically relevant of the

presently known polymorphic genes with respect to drug therapy in general. Pre-

prescription or retrospective genotyping can explain many cases of adverse drug

reactions or non-responders in patients treated with drugs metabolized by this
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enzyme (Azuma & Nonen, 2009). However, the link between CYP2D6

polymorphisms and adverse drug reactions is not always clear, particularly when the

metabolite(s) have biological activity which is similar to the parent compound. At

least 80 functional isoforms of CYP2D6 have been identified and patients can be

classified as ultra-rapid metabolizers (UM), extensive metabolizers (EM),

intermediate metabolizers (IM), or poor metabolizers (PM) based on the presence of

polymorphisms/mutations and the number of copies of functional alleles (Raimundo

et al., 2004). The prevalence of CYP2D6 PMs is approximately 6-10% in Caucasian

populations, but is lower in most other ethnic groups. CYP2D6 gene duplication

varies from a frequency of 1% in Europe to 24% in northern Africa (Aklillu et al.,

1996), and the occurrence of CYP2D6 UMs appears to be greatest amongst Eastern

and Northern African populations (Pereira & Weinshilboum, 2009). The technology

for testing a wide range of CYP2D6 polymorphisms is currently available, and is

FDA/EU approved.

CYP2D6 partially metabolizes most beta-blockers, with metoprolol being the most

highly dependent on this enzyme; between 70−80% of its metabolism is directed

through this pathway (Shin & Johnson, 2007). Several studies have demonstrated

that despite the dramatic effects of CYP2D6 genotype on beta-blocker

pharmacokinetics, this does not appear to translate into differences in efficacy or

adverse effects during treatment with all beta-blockers (Fux et al., 2005; Zineh et al.,

2004). For example, in the case of carvedilol, although one might expect increased

adrenergic receptor (AR) antagonism in PMs, patients with normal/increased

metabolism also have increased AR antagonism due to the biological activity of the

carvedilol metabolite, 4’-hydroxyphenyl (Table 1).
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2.1.2 Beta-adrenergic receptor blocker pharmacodynamics

To date, the number of beta-1 and beta-2 AR  variants that have been described is

26 and 20 respectively. Two beta-1 AR variants (Ser49Gly and Arg389Gly) and two

beta-2 AR variants (Arg16Gly and Gln27Glu) are found commonly and are also the

most frequently studied because of their effects on cardiovascular function (Azuma &

Nonen, 2009). In a prospective analysis of 171 patients with idiopathic dilated

cardiomyopathy, in carriers of three beta2-adrenergic receptor gene (ADRB)2  amino

acid variants (Cys19Arg, Arg16Gly, Gln27Glu) and one ADRB1  amino acid variant

(Ser49Gly), the use of b-blockers was associated with lower risk of HF, while patient

response to treatment was preferentially associated with Glu27 variant carriers

(Forleo et al., 2004; Wheeler et al., 2008). Several studies have shown that the

common Arg389 (Arg389Gly) variant, which is present in 40% of African Americans

and in 30% of Chinese and Caucasians, leads to an increased signalling response to

agonist stimulation and increased sensitivity of the beta-1 receptor to beta-blockade

(Liu et al., 2006; Shin & Johnson, 2007). HF patients homozygous for the SNP

resulting in the Arg389  amino acid variant treated with bucinodol demonstrate a

significant 38% reduction in mortality  when compared  to placebo; while

homozygous or heterozygous Gly389 carriers showed a less significant 10%

reduction in mortality with the same treatment (Pereira & Weinshilboum, 2009).

These results are however from a single study and remain to be confirmed in further

studies. The Ser49 Arg389/Ser49 Arg389  (individuals homozygous for both of those

amino acid changes 49/389)  haplotype has also been identified as  showing
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interesting genotype/phenotype associations in terms of systolic blood pressure

response to metoprolol (Shin & Johnson, 2007).

Table 2 highlights genotype-dependant beta-blocker response variations caused by

adrenergic receptor gene polymorphisms. However, contradictory data suggests that

pharmacogenetic anomalies may result from interactions with a number of additional

genetic loci which affect unknown proteins in the beta-adrenergic signalling pathway.

This would affect HF risk regardless of treatment and despite the known

polymorphism effects (Azuma & Nonen, 2009).

2.2 Statins

High levels of low density lipoprotein (LDL) cholesterol is the major risk factor for

atherosclerosis and is commonly managed by prescribing statins, drugs that inhibit

3-hydroxy- 3- methylglutaryl coenzyme A (HMG CoA) reductase. Several clinical

trials over the last twenty years have demonstrated the major advantages of treating

coronary heart disease (CHD) patients with statins, and it is well known that genetic

factors underlie large inter-individual variations in drug response, both in the degree

of cholesterol lowering and in the effect on outcomes that occur with lipid lowering

therapy (Kajinami, Takekoshi et al., 2004; Tang & Francis, 2010). Thus, several

studies have demonstrated the advantages of statins in primary and secondary

prevention of CHD and myocardial infarction (MI)-related deaths (Baigent et al.,

2005; Mozaffarian et al., 2004; Tang & Francis, 2010). However, considerable

interindividual variation in drug response results in the majority of CHD patients not
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benefiting from treatment and remaining unprotected against MI-related mortality

(Cooke, 2006; Gerdes et al., 2000).

In the past few years, several studies have investigated associations between

genetic polymorphisms and statin therapy in familial and primary

hypercholesterolemia using individual lipid responses and overall cardiovascular

events as end points.

2.2.1 Statin pharmacodynamics

Familial hypercholesterolemia (FH): several studies have investigated

polymorphisms in three genes implicated in patients with FH, namely LDL receptor

(LDLR), ApoE and sterol-regulatory element-binding protein-2 (SREBP-2) genes.

The results reveal major discrepancies, with 5 out of 12 LDLR  studies and 9 out of

11 ApoE studies showing no significant individual genetically-linked LDL-C lowering

associations and the SREBP-2 (G-11C mutation) studies showing no genotype-

dependant change in LDL-C levels (de Sauvage Nolting et al., 2002; Kajinami et al.,

2004) . It appears that baseline LDLR function is the major factor in determining

statin responsiveness in FH patients, which can be classified as either poor or good

responders to treatment (de Sauvage Nolting et al., 2002). In terms of overall

cardiovascular event reduction however, no significant genetic associations for the

LDLR , ApoE and SREBP-2 gene polymorphisms have been found.

Primary hypercholesterolemia (PH): according to (Pullinger et al., 2003), PH is

caused by rare mutations in a number of gene loci resulting in increased LDL-C



14

levels. As in the FH studies cited above, patients with ApoE polymorphisms showed

some variation in response to statins, the statistical significance of which was

uncertain in 4 out of 8 studies (Kajinami, Takekoshi et al., 2004). It was concluded

that in terms of percentage reduction of LDL-C in response to statin treatment, E4

allele carriers had the greatest response when compared to carriers of the wild type

E3 & E2 alleles (Kajinami, Takekoshi et al., 2004). The effects of various gene

polymorphisms on the LDL-C lowering effect of atorvastatin in PH are listed in Table

3, while Table 4 shows the effect of various polymorphisms on tolerance and LDL-C

level response during simvastatin treatment in PH.

Among the many polymorphisms that could possibly affect response to statins, those

affecting ApoE have been the most frequently investigated, and differences in LDL-C

lowering responses did not vary by more than 3-6% (Kajinami, Takekoshi et al.,

2004).  Furthermore, the genetic-cardiovascular event response associations were

not significant enough to warrant further analysis (Kajinami, Takekoshi et al., 2004).

There is a consensus however that future studies should include large cohorts i.e. >

1000  individuals, and should make use of combined or polygenic studies on the

more promising ABCG5/G8, CYP7A1 and HMGCR loci and their associated

polymorphisms (Kajinami, Takekoshi et al., 2004; Mangravite et al., 2010).

2.3 Warfarin

Warfarin is the most commonly prescribed oral anticoagulant for the treatment and

prevention of thrombotic diseases, including MI, ischemic stroke, venous thrombosis,

and following heart valve replacement and atrial fibrillation (AF) (Schwarz et al.,
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2008). However, because of its narrow therapeutic index, it is one of the most

common causes of emergency room visits for adverse drug reactions (Budnitz et al.,

2007). In August 2007 the Food and Drug Administration (FDA) deemed that the

accumulation of pharmacogenomic information was sufficient to warrant a

modification in the labelling of warfarin to highlight the potential relevance of genetic

information to prescription assessment (FDA Approves Updated Warfarin

(Coumadin) Prescribing Information, 2007). The two key enzymes involved in

warfarin pharmacogenetics are CYP2C9 (CYP2C9 gene) which is involved in its

metabolic clearance (pharmacokinetic relationship), and the C1 subunit of the

vitamin K 2,3 epoxide reductase complex (VKORC1 gene) which recycles reduced

vitamin K, and is essential for the post-translational gamma-carboxylation of vitamin

K-dependent clotting factors II (prothrombin), VII, IX, and X (pharmacodynamic

relationship) (Perez-Andreu et al., 2009).

2.3.1 Warfarin pharmacokinetics

The CYP2C9 variants, Arg144Cys (CYP2C9*2)  and Ile359Leu (CYP2C9*3), have

been most widely studied as a result of their influence on in vitro and in vivo

metabolic activities and allelic frequencies in different ethnic populations (Lee et al.,

2002; Takahashi & Echizen, 2001; Takahashi et al., 1998).

A large genome-wide association study (GWAS) (Takeuchi et al., 2009) involving

>1000 subjects demonstrated that polymorphisms occurring in the CYP2C9 gene

had a significant effect on warfarin therapy with a strong correlation between certain

polymorphisms and anticoagulant properties / bleeding complications. Patients with
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CYP2C9*2 and CYP2C9*3 allelic variants have been shown to require lower doses

of warfarin to achieve an appropriate state of anticoagulation with a minimal risk of

bleeding (Higashi et al., 2002; Rieder et al., 2005). However, the SNPs in CYP2C9

are responsible for only 6-18% of the overall variance in final warfarin dose (see

2.3.2). (Pereira & Weinshilboum, 2009; Schwarz et al., 2008).

2.3.2 Warfarin pharmacodynamics

The large GWAS cited above (Takeuchi et al., 2009) involving >1000 subjects also

examined polymorphisms occurring in VKORC1. Patients with the VKORC1

haplotype A/A have also, as described in 2.3.1, been shown to require lower doses

of warfarin to achieve an appropriate state of anticoagulation with a minimal risk of

bleeding (Higashi et al., 2002; Rieder et al., 2005). The VKORC1 haplotypes

however independently influence up to 30% of the overall variance in final warfarin

dose requirements. Subsequent studies have demonstrated population differences in

haplotype frequencies, suggesting that VKORC1 variants contribute to racial

differences in warfarin dosing (Pereira & Weinshilboum, 2009).

In 2009, the international Warfarin Pharmacogenetics Consortium published a report

showing the utility and success of using a genotype-based approach for predicting

warfarin dosing. It was suggested that a pharmacogenetic approach was better at

predicting the required warfarin dose than a clinical algorithm alone or a fixed dose

approach (Klein et al., 2009; Pereira & Weinshilboum, 2009). However, genetics-

based dosing cannot eliminate clinical management-associated problems such as

fragmented care and socioeconomic factors, which hinder frequent and effective
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international normalized ratio (INR) measurement (Garcia & Hylek, 2009). Although

genetic testing for CYP2C9*2, CYP2C9*3, and VKORC1 is now available for clinical

use (Pereira & Weinshilboum, 2009), additional GWAS studies as well as controlled

randomized clinical trials comparing genetically managed care with non-genetic

methods are needed to determine whether the increment in efficacy or safety will

warrant the cost of genetic testing (Garcia & Hylek, 2009).

2.4 Clopidogrel

Clopidogrel is the standard of care in many patients undergoing percutaneous

coronary intervention (PCI) and those experiencing acute coronary syndromes.

However,  the response to clopidogrel varies widely, with non-response rates

ranging from 4% to 30% at 24 hours (Mega et al., 2009a). This is commonly referred

to as clopidogrel resistance (inadequate response).

Clopidogrel is absorbed by the P-glycoprotein (Pgp) transport protein which is

transcribed from the human ABC transporter molecule-1 (ABCB1) gene, also known

as the multi-drug resistance gene. This gene is expressed in many tissues of the

human body such as the blood brain barrier, liver bile ducts, kidney tubules, small

intestine, testes, ovaries and placenta (Marzolini et al., 2004). Pgp is responsible for

the transport of a wide range of compounds across membranes. Following

absorption, clopidogrel, which is a prodrug, requires several bioactivation steps

largely mediated by CYP450 enzymes (CYP2B6, CYP2C9, CYP2C19, CYP3A4 and

CYP3A5) to form an active metabolite (Kazui et al., 2010; Kurihara A, 2005; Taubert

et al., 2006). This active metabolite binds irreversibly to the to the P2RY12 platelet
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surface receptor, inhibiting adenosine diphosphate (ADP) inducing platelet

aggregation (Hollopeter et al., 2001; Savi et al., 2000). Suggested mechanisms for

this variability include intrinsic interindividual differences resulting from genetic

polymorphisms in the pathways of clopidogrel pharmacokinetics and

pharmacodynamics.

2.4.1 Clopidigrel pharmacokinetics

Three SNPs identified in ABCB1 (C136T, G2677T and C3435T) have been

investigated for association with reduced clopidogrel response. However, the

function of these polymorphisms is unclear. The ABCB1 C3435T SNP appears only

to affect patients treated with clopidogrel when they are homozygous - 3435TT - for

the SNP. This was noticed after a single dose of 300 and 600 mg (Taubert et al.,

2006). Once the dosage had been increased to 900 mg the reduced clopidogrel

response appeared to be overcome. A study conducted on 2208 acute MI patients

(Table 5) agreed that subjects homozygous for the ABCB1 C3435T variant allele had

an increased rate of cardiovascular events after 1 year compared to individuals who

were homozygous wild-type (Simon et al., 2009).

Clopidogrel metabolic activation appears to be most strongly associated with

variation in clopidogrel response. Several articles have discounted genetic variations

in CYP2B6, CYP3A4 and CYP3A5 from being correlated with variations in

clopidogrel response (Brandt et al., 2007; Hulot et al., 2006; Simon et al., 2009).

However, CYP2C19 loss-of-function alleles (*2, *3, *4, or *5) appear to be strongly

associated with variations in clopidogrel response. The loss-of-function alleles
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resulted in lower levels of the active clopidogrel metabolite and reduced platelet

inhibition. Table 5 demonstrates the strong association with increased risk of death

or major adverse cardiovascular events, including stent thrombosis and MI or stroke;

this effect was particularly prevalent in patients undergoing PCI (Mega et al., 2009a;

Simon et al., 2009).

The first reported GWAS on clopidogrel response investigated the effect of genome

wide SNPs and identified the CYP2C18–CYP2C19–CYP2C9–CYP2C8 cluster on

chromosome 10 as the most likely correlation (Shuldiner et al., 2009). This was

found in a cohort of 429 apparently healthy Amish volunteers treated with a loading

dose of 300 mg clopidogrel and 75 mg daily for seven days using ADP stimulated

aggregmometry. Thirteen SNPs were identified, significantly contributing to the

lowered response to clopidogrel therapy. The major contributor was the CYP2C19*2

loss of function variant. Other baseline characteristics which correlated with

clopidogrel response included age, BMI and higher triglyceride levels, but the

authors calculated that these variables were responsible for less than 10% of

variation. In the same study, 227 patients were recruited on the day of their PCI and

were monitored for postoperative clopidogrel response. Once again, CYP2C19

variants correlated most strongly with clopidogrel response. After a 1 year follow-up,

there was an increased coronary event rate in patients still taking clopidogrel and

having at least one CYP2C19*2 allele compared to those who were homozygous

CYP2C19*1 (wild-type). Carriers of this variant had an increased risk of ischemic

cardiovascular events or of death during a 1 year follow up (20.9% vs 10%).  It has

also been observed that aspirin taken concomitantly with clopidogrel was not enough
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to compensate for clopidogrel variation caused by CYP2C19 loss-of-function

(Shuldiner et al., 2009).

The link between decreased patient response to clopidogrel and common variations

of the CYP2C19 gene, specifically CYPC19*2, has been corroborated by others

(Mega et al., 2009a). Clopidogrel was administered to 429 patients for seven days

and the response was measured by ex vivo platelet aggregometry. Patients were

then genotyped to identify the loss-of-function variant CYP2C19*2, which was found

to be associated with a diminished clopidogrel response. These findings were

extended to examine the relationship between CYP2C19*2 genotype and platelet

function to cardiovascular outcomes in an independent sample of 227 patients

undergoing PCI. Among those taking clopidogrel, patients who had the CYP2C19*2

variant were twice as likely to sustain an ischemic event in the following year with a

1.5-fold higher risk of death compared to those without the variant. Follow-up

genotyping indicated that the loss-of-function CYP2C19*2 variant could account for

most of the association signal detected in the initial GWAS (Mega et al., 2009a).

In the same study in which a correlation between homozygous individuals for the

defective C3435T ABCB1 SNP and greater clopidogrel variability was demonstrated

(Simon et al., 2009), a strong correlation was also found with CYP2C19 (*2, *3, *4

and *5) loss of function alleles. Amongst the 2208 patients in the French Registry of

Acute ST-Elevation and Non-ST-Elevation Myocardial Infarction (FAST-MI) study

cohort, those that were homozygous for CYP2C19 loss-of-function alleles

experienced higher event rates than patients homozygous wild-type (21.5% vs.
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13.3%). Of the 1535 PCI patients that experienced cardiovascular events, this

occurred at 3.58 times the rate in individuals with 2 loss-of-function alleles.

In a cohort of 2485 post-PCI patients taking clopidogrel, it was found that stent

thrombosis  and ischaemic stroke  were both significantly higher in CYP2C19*2

allele carriers (Sibbing et al., 2009).

An additional potential application of pre-prescription genotyping relates to the

selection of therapy. Prasugrel, which recently received FDA approval following the

TRITON-TIMI 38 study, is a third generation thienopyridine which is less dependent

on CYP2C19 metabolism than clopidogrel for its activation. Prasugrel has been

found to reduce cardiovascular death, MI and stroke in patients randomized to

prasugrel vs. clopidogrel. Prasugrel overcame the form of clopidogrel resistance

mediated by the CYP2C19*2 variant (Wiviott et al., 2007) which is especially

important given that many individuals (25% of Whites, 30% of Africans, and up to

50% of Asians) carry this genetic variant (Mega et al., 2009b). In a randomised study

involving 98 aspirin-treated patients with coronary artery disease, it was found that

prasugrel efficacy is not dependent on CYP2C19 metabolism when compared to

clopidogrel (Varenhorst et al., 2009). Prasugrel also appears to be more effective

than clopidogrel in reducing adenosine diphosphate mediated platelet aggregation

(Sugidachi et al., 2000; Varenhorst et al., 2009). Genetic testing for CYP2C19*2

could assist clinicians in the choice of therapy: carriers of CYP2C19*2 who are

unlikely to benefit from clopidogrel should avoid exposure to the drug and be given

prasugrel as a safer and more effective alternative.
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CYP2C19*2 has been found in 11-22% of African, 11-16% of European, 13-34% of

Asian and 8-16% of America populations and at frequency of 60.2% in Melanesia

and 35.5% in Australia. This allele is therefore of clinical relevance to clopidogrel

treatment across the globe. CYP2C19*3 is also prevalent in Eastern (8.7%) and

Southern (4.6%) Asia as well as in Melanesia (15.7%) and Australia (14.3%)

(Sistonen et al., 2009). The clinical relevance of CYP2C19 genotyping to clopidogrel

response has been recognised by the FDA, which has recommended that health

care professionals undertake pre-prescription genotyping prior to treating with

clopidogrel(FDA Drug Safety Communication: Reduced effectiveness of Plavix

(clopidogrel) in patients who are poor metabolizers of the drug, 2010). This would

allow health care practitioners to adjust clopidogrel dosage or to prescribe an

alternative such as prasugrel.

2.4.2 Clopidigrel pharmacodynamics

P2RY12 is an adenosine diphosphate-stimulated platelet surface receptor which

initiates platelet aggregation. Several SNPs have been identified for P2RY12 in both

promoter and coding regions. The most commonly studied SNPs include T744C

(Angiolillo et al., 2005; Cuisset et al., 2007; Rudez et al., 2009), C34T and G52T

(Simon et al., 2009; Ziegler et al., 2005). These SNPs have been variably correlated

with clopidogrel response, and cannot be considered as pharmacogenetically

relevant biomarkers on the basis of ex vivo platelet aggregometry studies (Angiolillo

et al., 2005; Cuisset et al., 2007) and clinical end points (Simon et al., 2009).

Although an increased risk for neurovascular events associated with the C34T

P2RY12 SNP was found (Table 5) (Simon et al., 2009; Ziegler et al., 2005), an
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association between this SNP and adverse outcomes associated with clopidogrel

has not been observed (Simon et al., 2009). However, the 2739T>C SNP which

occurs with relatively high frequency in intron 1 has been correlated with clopidogrel

poor responsiveness in a study (n = 245) using ex vivo aggregmometry (Rudez et

al., 2009). It would appear that research concerning the P2RY12 gene has provided

inconsistent results which need to be resolved before considering mutations in this

gene as pharmacogenetically relevant.

2.5 Angiotensin-converting enzyme

Angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor blockers

(ARBs’) and aldosterone receptor antagonists are used to improve survival in

patients with HF. Polymorphisms that occur in genes encoding components of the

renin-angiotensin system have been suggested to contribute to the response

variability observed with ACE inhibitors.

2.5.1 Angiotensin-converting enzyme pharmacodynamics

Significant genetic variation exists in the gene coding for ACE (McNamara, 2008).

The ACE deletion allele (ACE D) in homozygous carriers (ACE DD) has been

associated with poorer outcomes in HF survival (McNamara, 2008), and poorer

survival rates in idiopathic dilated cardiomyopathy and ischemic cardiomyopathy

(Andersson & Sylven, 1996; Palmer et al., 2003). The negative effects of the D allele

can however be treated successfully with beta-blockers and high dose ACE

inhibitors. The pharmacogenetic value of the ACE alleles is that the outcomes of



24

these HF  treatments can be predicted according ACE genotype (McNamara et al.,

2001; McNamara et al., 2004). It was suggested that blood pressure response to

ACE inhibitors can be predicted according to the ACED/I genotype (Bhatnagar et al.,

2007). However further studies showed that blood pressure response variability to

ACE inhibitors is due to a complex polygenic effect of other RAAS polymorphisms,

and are not only angiotensin gene related (Pilbrow et al., 2007; Su et al., 2007). Thi,s

coupled with the long history of successful treatment of HF with ACE inhibitors,

makes it unlikely that ACE related polymorphisms will receive much focus in this

field.

2.6 Cardiac Glycosides

Cardiac glycosides are naturally occurring compounds found in plants. Of clinical

significance today are Digitalis lanata and Digitalis purpurea which have been used

to produce digoxin and digitoxin. Cardiac glycosides have a narrow therapeutic index

and have been used as poisons by various cultures for thousands of years. It was

not until the 18th century that these compounds were administered for the treatment

of heart conditions such as HF (Gheorghiade et al., 2004). Despite their use over

several hundred years, there is still debate concerning the exact mechanism of

action. The most commonly used cardiac glycoside, digoxin, is thought to increase

the force of myocardial contraction through inhibition of the Na+/K+ ATP pump

resulting in an increase in calcium concentration within the myocardium producing a

positive inotropic effect (Smith et al., 1984a, 1984b).
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2.6.1 Cardiac glycoside pharmacokinetics

Proarrythmias are a major problem associated with cardiac glycoside toxicity and a

significant variability in drug response exists between individuals (Gheorghiade et al.,

2004). Specifically with digoxin, the underlying individual drug response variability

can be attributed to pharmacokinetic effects resulting from genetic polymorphisms

affecting the absorption, distribution, metabolism and excretion of the drug (Darbar &

Roden, 2006). Pharmacokinetics of digoxin are well defined, with approximately 90%

of the drug being absorbed. However, only 16% of the absorbed drug is actually

metabolized. Digoxin is then eliminated by renal and biliary excretion (Gheorghiade

et al., 2004; Roden, 2005). The excretion of digoxin is mediated by the well studied

multi-substrate transport protein, Pgp belonging to the subfamily of ABCB adenosine

tri-phosphate binding cassette proteins (Darbar & Roden, 2006; Evans & McLeod,

2003).

Digoxin is a principal substrate of Pgp and has therefore been extensively used as a

probe for Pgp function in humans (Comets et al., 2007; Fenner et al., 2009; Igel et

al., 2007). Genetic mutations affecting the function of Pgp have been shown to

influence the pharmacokinetics of digoxin. The most frequently described mutation is

the C3435T  SNP occurring in exon 26, which contributes to the determination of

variability in the expression and function of Pgp between individuals. The C3435T

polymorphism is a silent mutation (resulting in no amino acid change), and for this

reason there has been some uncertainty expressed concerning its functional

significance (Evans & McLeod, 2003). However, homozygous 3435TT carriers have

lowered Pgp function and therefore increased plasma concentrations as well as
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higher oral bioavailability of digoxin (Comets et al., 2007; Darbar & Roden, 2006;

Hoffmeyer et al., 2000; Johne et al., 2002; Kurata et al., 2002; Verstuyft et al., 2003).

This effect has been attributed to the C3435CT polymorphism being in linkage

disequilibrium with the missense mutation G2677T in exon 21 (causing an amino

acid change Ala893Ser) as well as another silent mutation C1236T. Recent studies

have shed more light on the unknown mechanism by which the silent C3435T

polymorphism effects Pgp, and it still appears to play the principle role in altering

Pgp function despite being in linkage disequilibrium with other polymorphisms.

Indeed the 3435TT mutation is located at a wobble position and has been associated

with lower expression of Pgp and lower levels of expressed mRNA (Wang et al.,

2005). Interestingly, this mutation  affects mRNA stability and alters substrate

specificity and may possibly have a downstream effect on protein folding (Kimchi-

Sarfaty et al., 2007; Schwab et al., 2003; Wang et al., 2005). These studies have

highlighted  that non-amino acid changing (silent) mutations may play a much bigger

role in pharmacokinetics than expected. There are however reports providing

contradictory data suggesting a decreased digoxin plasma concentration resulting

from the 3435TT mutation. In addition, it has been observed that carriers of the

G2677T Ala893 or Ser893 mutation have enhanced Pgp function and therefore

increased efflux of digoxin (Gerloff et al., 2002; Horinouchi et al., 2002; Kim et al.,

2001; Sakaeda et al., 2001; Schwab et al., 2003).

It is reported that there is significant variation in the frequency of the C3435T

polymorphism according to race. Higher frequencies of 3435CC genotype occur in

Africans when compared to Caucasians or Asians (Ameyaw et al., 2001; Schaeffeler

et al., 2001). Homozygous 3435CC carriers have higher expression of Pgp and this
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could be of particular importance with regard to the dose of digoxin used in African

patients (Ameyaw et al., 2001).

An important aspect of digoxin toxicity is drug-drug interactions. Other drugs used in

the treatment of general heart conditions such as anti-arrythmic drugs, as well as

many other unrelated medications, act as inhibitors of Pgp. Use of these compounds

in conjunction with digoxin can result in increased digoxin plasma concentrations and

even digoxin toxicity (Darbar & Roden, 2006; Fromm et al., 1999; Kim, 2002;

Marzolini et al., 2004). Studies have confirmed the positive correlation between

increased digoxin plasma levels and an increase in the number of Pgp inhibitors

administered (Comets et al., 2007; Englund et al., 2004).

2.7 Anti-arrythmics

In the mammalian heart, the morphology and duration of action potentials in cardiac

myocytes is regulated by the opposing actions of Na+ and Ca2+ ion influx, and K+ ion

efflux through cardiac ion channels, thereby controlling heartbeat. Broadly defined,

cardiac arrhythmias comprise any abnormality or perturbation in the normal

activation sequence of the myocardium.

The development of anti-arrhythmic drugs is difficult because the underlying

mechanisms of arrhythmia have not been well defined and most drugs have targeted

components of normal electrophysiology. By using drugs that affect this complex

biological system one runs the risk of creating an abnormal electrophysiological

substrate and worsening the arrhythmia. Multiple factors must therefore be
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considered in the development of an appropriate pharmacological intervention for

management of arrhythmias. This includes complex drug pharmacokinetics, pH

dependence, voltage dependence, conformation-specific block and rate-dependent

properties of drugs, as well drug interactions with the multiple mechanisms and

triggers of arrhythmia (Batra et al., 2001; Bink-Boelkens, 2000; Razavi, 2005;

Sarkozy & Dorian, 2003). The last decade has also seen the increased awareness of

genetic differences in determining arrhythmia susceptibility and effectiveness of drug

treatment and it is now clear that patient genotype may play an important role in the

pharmacological management of arrhythmia (Clancy et al., 2007; Darbar & Roden,

2006).

2.7.1 Anti-arrhythmic pharmacokinetics

 There is data supporting the idea that an ancillary protein, the KCNE2 gene product

termed MiRP1 originating from the human ether a go go related gene (HERG) or

KCNH2, plays a role in anti- arrythmic pharmacokinetics (Escande, 2000). Mutations

in KCNH2 and KCNE2 can cause congenital long QT syndrome (Escande, 2000), a

rare heart condition in which delayed repolarisation of the heart following a heartbeat

increases the risk of episodes of torsade de pointes.

This is extremely relevant in anti-arrhythmic pharmacogenetics considering that

virtually all of the drugs that cause torsades de pointes are IKr blockers (Roden,

2008). A well-known example is terfenadine which was once the most popular (non-

sedating) antihistamine-1 agent in the world. Terfenadine is metabolized rapidly and

completely by CYP3A4 (Morimoto et al., 1993) in the intestinal wall and liver to the
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active carboxylated metabolite fexofenadine which is a potent blocker of the IKr.

When combined with drugs that inhibit CYP3A4 such as ketoconazole or

erythromycin or CYP3A inhibiting foods such as grapefruit, terfenadine plasma

concentrations may increase which can lead to toxic effects on the heart's rhythm

(Thompson & Oster, 1996; Zimmermann et al., 1992). It is with these drug

combinations that most fatalities and documented cases of torsade de pointes have

been reported. The inhibition of other pathways might increase the risk of torsades

de pointes for other substrates, and this is demonstrated by the anti-schizophrenic

drug thioridazine which is a CYP2D6 substrate (Glassman & Bigger, 2001). In a case

series of overdoses with major tranquilizers, it was found that thioridazine is more

likely to cause delayed repolarization than any other agent. Studies evaluating the

influence of dose and plasma concentration of thioridazine and CYP2D6 enzyme

status on the QTc interval in psychiatric patients have demonstrated that those with

impaired CYP2D6 enzyme activity might be more prone to increased risk of sudden

death due to torsade de pointes-type cardiac dysrhythmias (A. Llerena et al., 2002;

A.  Llerena et al., 2002). This is especially relevant in psychiatric patients considering

that some antidepressants (from both tricyclic and selective serotonin re-uptake

inhibitor classes) are also CYP2D6 inhibitors. Notably, tricyclic antidepressant

overdose is well-recognized as a cause of arrhythmias, and although this has not

been formally tested, a warning about the dangers of overdose now appears in

package inserts.
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2.7.2 Anti-arrhythmic pharmacodynamics

One drug target that has assumed particular importance in the area of anti-

arrhythmic pharmacogenetics is the rapidly activating component of the delayed

rectifier current in the heart, IKr. This current is generated by expression of the

potassium voltage-gated channel that is encoded by the human ether a go-go-

related gene (HERG), The extent to which block of IKr assumes greater or lesser

importance as a pharmacological effect may depend on the function of genes

underlying other components of the action potential. In the case of drug effects,

variability in IKs and INa may modulate the extent to which IKr contributes to action

potential repolarisation. Based on the example of the congenital long QT syndrome,

observations in experimental models have revealed that drug block of IKs or defective

fast inactivation of INa can prolong cardiac action potentials and provoke torsades de

pointes (Clancy & Kass, 2005; Clancy et al., 2003; Clancy et al., 2007). Other

studies have associated rarer polymorphisms in the potassium channel beta-subunit

gene KCNE1 (resulting in Asp85Asn) with risk of torsades de pointes (Nishio et al.,

2009). An increasing number of antipsychotic, antihistaminic, gastrointestinal and

anti-infective drugs (e.g. astemizole, cisapride, grepafloxacin), all of which are IKr

substrates, have been withdrawn from the market due to the delay caused in cardiac

repolarization and reports of torsade de pointes.

Drugs that block cardiac Na+ channels have been widely used for the management

of cardiac arrhythmias. Despite the value of the inherent voltage- and use-dependent

properties of channel block by these drugs in the treatment of tachyarrhythmias, Na+

channel block is also a common mechanism underlying many well-described
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proarrhythmia syndromes. Dozens of mutations have been identified in the gene

SCN5A, which encodes the alpha-subunit of the cardiac Na+ channel, that are

causally linked to a wide spectrum of cardiac arrhythmic disorders, including long QT

syndrome type 3, Brugada Syndrome, cardiac conduction disease, sick sinus

syndrome, or a combination of these syndromes (Gui et al., 2010; Hwang et al.,

2005; Liang et al., 2006). For example, a sodium channel variant found in African-

Americans, S1102Y, is much more common in subjects with arrhythmias (47.8% for

the SY genotype and 8.7% for the YY), when compared to controls (13 and 0%)

(Roden, 2005). The S1103Y variant of SCN5A (also commonly found in Africa-

Americans) increases susceptibility to the pro-arrhythmic effects as a result of the

QT-prolonging effects of amiodrone, whereas variants in non-coding regions of

SCN5A which are common in Asian populations appear to decrease pro-arrhythmic

susceptibility. Mutations in genes encoding two sodium channels ancillary subunits,

SCN1B and SCN2B, have been reported in patients with AF (Watanabe et al., 2009).

Other studies examining variation of SCN5A in sudden cardiac death have reported

associations with variants in genes for the beta-2 adrenergic receptor, alpha-2

adrenergic receptor, and hepatic lipase (Albert et al., 2008; Killen et al., 2010).

The activated renin-angiotensin system has also been reported to play an important

role in the pathogenesis of arrhythmias, and several studies have examined the

common angiotensin converting enzyme insertion/deletion (I/D) polymorphism in

drug response (Tsai et al., 2008). The D allele which is associated with higher

angiotensin II levels has been shown to cause a blunted response to anti-arrhythmic

drug therapy: subjects with DD/ID genotypes (71%) were more likely to have

recurrent AF during therapy (Roden et al., 2009). Furthermore, in a single-locus
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analysis to identify susceptibility genes of non-familial structural AF, the ACE gene

insertion/deletion polymorphism M235T, G-6A and G-217A were all significantly

associated with AF with significantly higher allelic frequencies in cases than in

controls (Tsai et al., 2008; Tsai et al., 2004; Xiao et al., 2010).

Nitric oxide (NO) is an important regulator of intracellular calcium handling and

controls many processes in cardiovascular homeostasis such as myocardial

contraction. Since neuronal nitric oxide synthase (nNOS) affects intracellular calcium

levels and either directly or indirectly the calcium currents through the L-type calcium

channel, polymorphisms in NOS adaptor protein (NOS1AP)  have been investigated

for associated mortality in users of calcium channel blockers (van Noord et al.,

2009). Pharmacogenetic studies demonstrate that users of verapamil presenting with

the a common NOS1AP genetic polymorphism (rs10494366 GG genotype) have

significantly more QTc prolongation and a higher cardiovascular mortality risk than

participants with the TT genotype (Becker et al., 2009; van Noord et al., 2009).  In a

study of long QT syndrome patients using a family-based association analysis (500

subjects, 205 mutation carriers) which segregated a founder mutation in KCNQ1

(A341V), the NOS1AP variants were found to be significantly associated with the

occurrence of symptoms with clinical severity, as manifested by a greater probability

for cardiac arrest and sudden death and with greater likelihood of having a lomger

QT interval among all mutation carriers (Crotti et al., 2009). Further analyses have

found an association between NOS1AP and risk for sudden death in the general

population (Eijgelsheim et al., 2009). The association of NOS1AP genetic variants

with risk for life threatening arrhythmias suggests that knowledge regarding these
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variants may be clinically useful for risk stratification of patients with this disease; this

will however need to be validated in other long QT syndrome populations.

3. Conclusions and future prospects

In this review, we have discussed the potential application of pharmacogenetics to

personalized cardiovascular pharmacotherapy by highlighting selected examples of

well-characterised genetic loci that affect response to therapy.

In  summary, the response to beta-blockers is mediated primarily by an effect on the

beta-1 adrenergic receptor encoded by ADRB1. The data on the beta-1 AR G389R

locus appears to have functional implications that affect outcome after beta-blocker

therapy, and if shown to be predictive prospectively, may be translated to

personalized therapies (Rosskopf & Michel, 2008).

Pharmacogenetic analysis of the warfarin metabolic enzyme CYP2C9 and the

warfarin target enzyme VKORC1, confirmed a significant link between loss of

function alleles and influence on warfarin maintenance dosing. The combined use of

CYP2D9 and VKORC1 genotyping in conjunction with patient physical

characteristics should increase the clinical utility of warfarin pharmacokinetics and

pharmacodynamics.  This could result in more effective treatments, reducing

hemorrhagic complications and thromboembolic strokes, through improving warfarin

dose prediction and the efficiency of the dosage titration process (Klein et al., 2009).
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The loss of function CYP2C19*2 variant is associated with lack of clopidogrel

response, suggesting that CYP2C19 genotyping may prove to be useful in selecting

the most effective antiplatelet therapy and dose for a given individual.

Other areas in which pharmacogenetic testing will almost certainly become important

include the following:

1. Drug-induced long-QT syndrome: polymorphisms in several (>10) genes have

been described to be associated with drug-induced torsades de pointes of

which HERG is the most important to date. Pharmacogenetic association

studies have the potential to identify genetic predictors of drug-induced QT

prolongation.

2. The individual variation in genes encoding the LDL receptor, ApoE, SREBP-2

and lipoprotein lipase were not found to accurately predict response to statin

therapy. However the topic of increased risk of statin-induced toxicity remains

an active area of research. Several enzymes, including CYPs (2D6, 2C9 and

3A4) and UGT1, are involved in statin metabolism, and UGT1 polymorphisms

have been associated with statin-induced myotoxicity. The most serious

(although very rare) side effect of statin therapy is rhabdomyolysis. UGT1

(and possibly CYP450) genotyping may help to identify susceptible

individuals.

3. There is evidence to warrant further investigation into the genetic factors

affecting Pgp function in order to better understand Pgp expression, drug
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elimination and efficacy as well as to identify risks such as digoxin toxicity. It is

evident that there are still unknown mechanisms involved in the control of Pgp

due the conflicting nature of the data available. There is a documented two

fold effect on Pgp function resulting from the C3435T mutation; however,

depending on the individual, there can be a 10 fold difference in this effect

(Schwab et al., 2003). Future studies should pay particular attention to the

effects of haplotypes, ethnicity, environmental factors and Drug-Drug, and

should also increase sample size.

Striking variations in allele types and frequencies have been identified for many

genes which are of pharmacogenetic importance in cardiovascular medicine.

However, the complex polygenic nature of drug-genotypic associations suggests that

large-scale genome wide association studies which combine the analysis of >2

polymorphisms per study and >1000 well characterized subjects, are necessary

(Caulfield et al., 2003; Kajinami, Takekoshi et al., 2004). These prospective studies

will need to incorporate gene testing with a variety of ethnic, clinical,

pharmacological, and environmental variables, along with age, sex and body weight,

in order to demonstrate the real safety, cost-effectiveness, and feasibility of

individualized dosing regimens. If there is strong scientific evidence in support of the

value of pharmacogenomic testing for patient care, testing may become a routine

part of the therapeutic encounter.
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Table 1

Effects of poor vs. normal or increased CYP metabolism of carvedilol, bisoprolol and

metoprolol on beta-AR antagonism

Carvedilol Bisoprolol Metoprolol

CYP2D6
decreased

(3)2-3 fold higher
plasma concentration
of R-carvedilol leads to
increased alpha- and
beta-AR antagonism

(4)(2D6 is a minor
metabolizer of bisoprolol)

(2,5,6)Significant effect on
pharmacokinetics;
however, lack of
statistically significant
data on prevalence of
adverse drug reactions
between different
metabolizer classes

CYP2D6
normal or
increased

(1)Increased
concentration of the
metabolite 4’-
hydroxyphenyl
carvedilol leads to
increased alpha- and
beta-AR antagonism

N/A See above

CYP3A4
normal or
increased

N/A (4)3A4 is a major
metabolizer of bisoprolol;
however genetic
variations do not explain
variable enzyme activity
as 3A4

N/A

(1Frishman, 1998; 2Fux et al., 2005; 3Giessmann et al., 2004; 4Horikiri et al., 1998;

5Lennard et al., 1982; 6Regardh & Johnsson, 1980)
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Table 2

Effects of adrenergic receptor polymorphisms on drug efficacy

Polymorphism Treatment Condition Beta-blocker
response

Outcomes

(2)Gly49 Diff. beta-

blockers

HF Enhanced < risk of death or cardiac

transplantation within 5 years
(2)Homo Ser49 Diff. beta-

blockers

HF Worse > risk of death or cardiac

transplantation within 5 years
(7)Gly49 vs

Ser49

Diff. beta-

blockers

DCM Dose variable Low dose = Gly49 > risk

High dose = no genotype-

dependant difference
(8)Homo Arg389

+ Arg389Gly

Carvedilol ICM & DCM Enhanced Improvement in LVEF as

compared to Homo Gly389
(4)All Ser49Gly &

Arg389Gly

Max.

Carvedilol +

Bisoprolol

HF No

relationship

No link between LVEF

improvement and

polymorphisms
(3, 4, 5)Arg16Gly

and Gln27Glu

Various HF/DCM No

relationship

N/A

(1)alpha-2c Del

allele

Diff. beta-

blockers

HF Enhanced Improved prognosis

(6)GRK5 Leu41

(6)Gln41

Diff. beta-

blockers

Diff. beta-

blockers

HF

HF

Independant

of beta-

blockers

Enhanced

Less risk of death or cardiac

transplantation

Better prognosis with beta-

blocker treatment

(1Azuma & Nonen, 2009; 2Borjesson et al., 2000; 3Chen et al., 2007; 4de Groote et

al., 2005; 5Kaye et al., 2003; 6Liggett et al., 2008; 7Magnusson et al., 2005; 8Mialet

Perez et al., 2003)
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Table 3

LDL-C lowering effect of atorvastatin in primary hypercholesterolemia: effect of gene

polymorphisms.

Locus Polymorphism % LDL-C reduction P-value

(1)ABCG8 D19H variant 36% vs. 40% 0.036

(4)CYP7A1 A204C 39% (AA) 37% (AC) 34% (CC) 0.001

(2)CYP3A4 A290G & M445T Mutants cause level variation 0.038/<0.05

(3)MDR1 C3435T Wild type allele = smaller

reduction 35% vs 39%

0.023

(1Kajinami et al., 2004; 2Kajinami et al., 2004a; 3Kajinami et al., 2004b; 4Kajinami,

Takekoshi., 2004)
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Table 4

Effect of polymorphisms on tolerance and LDL-C level response during simvastatin

treatment in primary hypercholesterolemia.

Locus/Polymorphism Tolerance LDL-C level response

(2)CYP2D6 mutant

allele (A2637 deletion,

G1934A or CYP2D6

deletion)

Decreased = gastrointestinal side

effects

Increased lowering

response

(1)ApoE4/4 carriers vs.

non-carriers

Carriers less tolerance Low therapeutic effect

compared to non-

carriers

(1Maitland-van der Zee et al., 2003; 2Mulder et al., 2001)



49

Table 5

Summary of some genetic markers which appear to have an affect on clopidogrel variation in patients with varying cardiovascular

conditions.

Gene Allele/Mutation Genotype Heart condition HR (95% CI) No. of patients P Value Reference

ABCB1 C3435T
CT

Acute MI
1.51 (1.09-2.10) 1050/2208

0.007 Simon et al., (2009)
TT 1.72 (1.20-2.47) 574/2208

CYP2C19

*2, *3, *4, or *5

1 Variant
Acute MI

0.69 (0.51-0.93) 577/2208
0.003 Simon et al., (2009)

2 Variants 1.98 (1.10-3.58) 58/2208

2 Variants Acute MI with PCI 3.58 (1.71-7.51) 138/1535 0.005 Simon et al., (2009)

≥ 1 defective allele PIE after PCI 3.40 (1.36-8.46) 95/227 0.004 Shuldiner et al., 2009

*2
≥ 1 defective allele

MI/Stroke 1.53 (1.07-2.19) 395/1459 0.01
Mega et al., (2009a)

ST after PCI 3.09 (1.19-8.00) 395/1389 0.02

≥ 1 defective allele ST after stent replacement 3.81 (1.45-10.02) 680/2485 0.006 Sibbing et al., (2009)

P2RY12
C34T ≥ 1 defective allele PAD 3.96 (1.02-17.84) 250/473 0.048 Ziegler et al., (2005)

T744C ≥ 1 defective allele NSTE ACS No lower aggregation 127/597 0.39 Cuisset et al., (2007)

T2739>C Homozygous CAD Lower aggregation 261/1031 0.05 Rudez et al., (2009)

Number of patients is the number of patients having the mutation/number of patients in group. HR, hazard ratio; CI, confidence

interval; MI, myocardial infarction; PIE, post-discharge ischemic events; PCI, percutaneous coronary interventions; ST, stent

thrombosis; PAD, peripheral artery disease; NSTE ACS, non-ST elevation acute coronary syndrome; and CAD, coronary artery

disease. Cuisset et al. (2007) and Rudez et al. (2009) did not report an HR and therefore the finding is given.
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