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Abstract: Antithrombotic therapy, including anticoagulants as well as antiplatelet drugs, is an 

important component in the treatment of cardiovascular disease. Variability in response to such 

medications, of which pharmacogenetic response is a major source, can decrease or enhance 

the benefits expected. This review is a comprehensive assessment of the literature published 

to date on the effects of genetic polymorphisms on the actions of a variety of antithrombotic 

medications, including warfarin, clopidogrel, prasugrel, and aspirin. Literature evaluating 

 surrogate markers in addition to the impact of pharmacogenetics on clinical outcomes has been 

reviewed. The results of the studies are conflicting as to what degree pharmacogenetics will 

affect medication management in cardiovascular disease. Additional research is necessary to 

discover, characterize, and prospectively evaluate genetic and non-genetic factors that impact 

antithrombotic treatment in order to maximize the effectiveness and limit the harmful effects 

of these valuable agents.
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Introduction
Cardiovascular disease continues to be the leading cause of death worldwide.1 

Antithrombotic therapies with both anticoagulants as well as antiplatelet drugs have 

been landmark accomplishments in the treatment of this disease state, and have been 

established as a cornerstone of therapy for a wide variety of ischemic vascular disease 

states, including acute coronary syndrome (ACS),2 stroke,3 peripheral vascular disease,4 

atrial fibrillation,5 deep vein thrombosis,6 and pulmonary embolism.6 Interpatient 

variability has long been recognized with warfarin and its derivatives due to the 

 narrow therapeutic index resulting in both bleeding events and inadequate therapeutic 

response, necessitating frequent International Normalized Ratio (INR) monitoring. 

Antiplatelet therapy has thus far been utilized with a population-based approach to 

treatment (eg, one dose for every patient). While this approach has been shown to be 

effective in clinical trials,7,8 concern has been growing over the inter-patient variability 

in antiplatelet response, and there is increasing investigation of individualized dosing 

of high-profile antiplatelet drugs such as clopidogrel.9

While variability itself is recognized, the therapeutic implications and the source 

of this variability are not always completely defined and are likely multifactorial. 

 Anticoagulation with warfarin, for example, is highly dependent on regulation of dietary 

vitamin K intake but is also strongly influenced by genetic variations. In addition, the 

measurement of platelet function as a surrogate for efficacy or safety is incompletely 
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understood,10 but such changes have been linked to both 

temporal variability as well as drug-drug interactions, the 

latter of which have not been consistently found to have a 

clinically significant impact on the efficacy of antiplatelet 

therapy.11,12

Pharmacogenetic variability is likely another major source 

of inconsistency in therapeutic response. Since the completion 

of the Human Genome Project, greater attention is turning to 

identifying genetic sources of variability in drug response, 

the clinical impact of variability in patients receiving the 

drug, and finally, to altering therapy at an individual level 

to achieve a consistent therapeutic response for each patient. 

Termed “personalized medicine”, this potentially represents 

a sea change in pharmacotherapeutics, where a genetic 

profile will determine the appropriate drug and/or dose the 

patient should receive for maximum therapeutic benefit 

with minimal risk of toxicity. There are several examples 

where pharmacogenetic tools already impact therapeutics. 

Perhaps the most promising example is in the field of 

 oncology, where drugs have been developed for cancers with 

 certain genetic expressions,13 and a genetic profile may soon 

dominate the choice of chemotherapy a patient receives.14 

While this represents success in the clinical application of 

 pharmacogenetics, the application of pharmacogenetics to 

cardiovascular disease is more varied.

This review is a comprehensive assessment of the 

 literature published to date regarding the effects of genetic 

polymorphisms on the actions of a variety of antithrombotic 

medications, including warfarin, clopidogrel, prasugrel, and 

aspirin. Literature evaluating surrogate markers in addition 

to the impact of pharmacogenetics on clinical outcomes has 

been reviewed.

Warfarin
Warfarin is an anticoagulant, inhibiting the action of 

 Vitamin K-dependant cofactors of the coagulation cascade, 

 specifically, Factors II, VII, IX, and X. Warfarin use is indi-

cated in prevention of thromboembolic events in several 

clinical settings, such as hypercoagulation disorders and atrial 

fibrillation. Appropriate response to warfarin is crucial due 

to the risk of adverse effects that occur at both ends of the 

spectrum. A low response to warfarin places the patient at 

risk of an embolic event. An increased response to warfarin 

can lead to intracranial hemorrhage or a gastrointestinal 

bleed. Due to the widespread variation in response to warfarin 

therapy, all patients receiving therapy are monitored closely 

using the INR. Experience has suggested that it is especially 

crucial to monitor therapy closely at initiation of warfarin in 

a naïve patient. Therefore, it is proposed that genetic testing 

be done before starting any patient on warfarin. Significant 

variation in the effects of warfarin has been attributed to 

polymorphisms of a major metabolic enzyme, cytochrome 

P450 (CYP2C9), and its pharmacologic target, the vitamin K 

epoxide reductase complex, subunit 1 (VKORC1). The most 

common variant alleles for the CYP2C9 enzyme, *2 and *3, 

are present in about 12% and 8%, respectively, of the Cauca-

sian population, and are rarely expressed in African-Ameri-

can or Asian populations.15,16

In 2007, the United States Food and Drug Administration 

(FDA) approved additional labeling for the package 

insert recommending, but not requiring, genetic testing 

of the CYP2C9 and VKORC1 genes to help determine an 

 appropriate warfarin dosing regimen. Key pharmacogenetic 

studies with warfarin, outlined below, have not only 

 associated these polymorphisms with clinical outcomes, but 

also propose novel dosing algorithms that utilize these genetic 

polymorphisms in concert with traditional characteristics that 

affect warfarin response.

The CYP2C9 enzyme is important in the metabolism 

and inactivation of the active S-enantiomer of warfarin. 

Impaired function of this enzyme, possibly due to single 

nucleotide polymorphisms (SNP) in the CYP2C9 gene results 

in decreased warfarin clearance. As a result, patients with 

decreased CYP2C9 function are potentially at an increased 

risk of bleeding during the onset of therapy when receiving 

warfarin.

Vitamin K reductase (VKOR) is the target enzyme for 

warfarin. VKOR is responsible for regenerating vitamin K 

hydroquinone from the vitamin K cycle, the essential cofactor 

for the vitamin K-dependent coagulation factors. Warfarin 

use inhibits VKOR, resulting in decreased vitamin K 

 hydroquinone production and resultant decreased coagulation 

cofactor production. Increased VKOR activity, such as that 

due to SNPs, leads to an increased response to warfarin 

inhibition of the vitamin K mediated cofactors (Figure 1).17

Higashi et al evaluated the association between variant 

CYP2C9 alleles and anticoagulation status as well as bleeding 

events.18 They investigated whether carriers of CYP2C9 

 polymorphisms demonstrate an increased risk of extended 

time to therapeutic INR, out of range INR, and bleeding 

events. The study was conducted at a pharmacist-managed 

clinic and included any adult patient treated with warfarin. 

The primary outcome of this retrospective chart review 

was the overall anticoagulation status, as measured by time 

to therapeutic INR, incidence of supratherapeutic INR, and 

time taken to achieve stable dosing, with time to serious 
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or life-threatening bleeding event as a secondary outcome. 

The investigators found that CYP2C9 genotype was 

 significantly associated with the dose required to maintain 

therapeutic INR, with data suggesting a gene-dose effect. 

Regarding the primary endpoint, carriers of the CYP2C9 

*2 and *3 polymorphisms had a lower rate of stable dosing 

(adjusted hazard ratio [HR] 0.65 (95% confidence interval 

[CI], 0.45–0.94)) and higher risk of supratherapeutic INR 

(adjusted HR 1.4 (1.03–1.90)). Additionally, patients with 

the polymorphisms were more likely to have bleeding events 

at initiation (HR 3.94 (1.29–12.06)) and over the entire study 

(HR 2.39 (1.18–4.86)).

The Warfarin Genetics (WARG) study has been the largest 

prospective, observational analysis of the clinical impact of 

pharmacogenetics on warfarin outcomes to date, evaluating 

1,523 patients treated with warfarin in Sweden.19 The goals of 

this national study were to evaluate the incidence of adverse 

bleeding events associated with warfarin treatment as well 

as to test the association between 29 different genotypes and 

warfarin dosing, specifically at the initiation of therapy. The 

VKORC1 polymorphism was the strongest predictor of dose, 

second was CYP2C9. Two VKORC1 SNPs, rs2359612 and 

rs9923231, were associated with 59.6% of the variance in 

maintenance dose, each SNP explaining 29.8%. VKORC1 

SNPs were also associated with an increased risk of having 

an INR  4 (HR 4.56 (95% CI, 2.85–7.30), P  0.001). 

CYP2C9 SNPs also were significantly associated with dosing 

variance. The presence of the CYP2C9*2 allele explained 

Figure 1 Previously-studied pharmacogenetic sources of variation in response to antithrombotic therapy.
Notes: Variation in response to warfarin has been evaluated in both liver enzymes (sources of variation 1) and the Vitamin K receptor (sources of variation 2). Causes of 
interpatient variability in response to the thienopyridines that have been evaluated include liver enzyme activation (sources of variation 1) and platelet receptors (tested 
sources of variation).
Figure produced by Tom Dolan, University of Kentucky.
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4.1% of variation, while the CYP2C9*3 allele explained 6.3%. 

 Collectively, the presence of either CYP2C9 allele explained 

11.8% of the variance in maintenance dose of warfarin. 

CYP2C9*3 homozygotes, which represented only 0.5% of 

the study population, had a significantly and excessively 

increased risk of an INR  4 (HR 21.84 (9.46–50.42) 

P  0.001). Additionally, 27% of patients either homozygous 

for any VKORC1 SNP or with CYP 2C9*3 had an INR  4 

 during the first 5 weeks of therapy. The CYP2C9*2 SNPs did 

not have a significant association with having an INR  4. 

Although there were no statistically significant differences 

found regarding bleeding events, CYP2C9 polymorphisms 

were associated with a numerical increase in bleeding within 

5 weeks of warfarin initiation (P = 0.066). There were no 

 differences in bleeding events between any of the groups over 

the entire 4-year observation period. Using the predictors 

identified as significant in their study, the authors devel-

oped a multiple regression model to predict a patient’s dose 

 depending on specific genetic makeup.

A prospective study evaluating the impact of CYP2C9 

polymorphisms during the first three weeks of warfarin 

 therapy in patients previously naïve to warfarin was 

 completed by Lindh et al. The study population was a 

subpopulation (n = 219) of the WARG study that enrolled 

patients as they finished treatment, indicating that their 

 warfarin therapy was a time-restricted therapy.20 The 

 primary endpoint was supratherapeutic INR during the 

first three weeks of treatment. Secondarily, the study also 

 evaluated the time to reach a stable INR. Patients with 

either the CYP2C9*2 (CYP2C9*1/*2 and CYP2C9 *2/*2 

carriers) or the CYP2C9*3 polymorphism (carriers of at 

least one CYP2C9*3 allele) had a significantly increased 

risk of having a supratherapeutic INR (INR  3) during 

Week One (*2: RR 2.8 (95% CI, 1.2–6.7) and *3: RR 6.1 

(95% CI, 2.7–13.6)) and Week Two (*2: RR 2.1 (95% CI, 

1.2–3.7) and *3: RR 3.5 (95% CI, 2.1–5.8)) compared to 

CYP2C9*1/*1 homozygotes (Figure 2). The risk was the 

similar during Week Three for both groups (*2: RR 1.0 

(95% CI, 0.5–1.8) and *3: RR 1.1 (95% CI, 0.6–2.0)). These 

results do suggest an early association of warfarin dosing with 

CYP2C9 genotype. The authors suggested that this study 

may indicate that genotyping may be clinically useful when 

initiating warfarin treatment. Likewise, a systematic study 

of 188 patients receiving warfarin for six months or more 

with stable dosing regimens found CYP2C9 polymorphisms 

to be associated with decreased warfarin clearance.21 Thus, 

such patients required lower doses to reach a therapeutic 

INR range.

Implementation of pharmacogenetic 
testing in warfarin treatment
While variant alleles were clearly shown to influence dosing 

with warfarin therapy, it was unclear how this data would aid 

clinicians in prescribing. To this end, several groups have 

attempted to formulate predictive dosing guidelines such that 

pharmacogenetic information could be of value at the onset of 

therapy. One prospective, randomized study compared a phar-

macogenetic-guided dosing algorithm to a standard empiric 

dosing guide for 206 patients initiated on warfarin therapy 

(Table 1).22 The main objective was to validate the predic-

tive utility of this pharmacogenetic algorithm, the primary 

endpoint of the study being the average of the number of out-

of-range INR standardized by the number of INRs obtained. 

The study failed to show a significant difference for the 

primary endpoint (out-of-range INRs: 30.7% (± 22.9) in the 

group dosed with the pharmacogenetic algorithm vs 33.1% 

(± 22.9) of the standard dosing group). However, the authors 

did show the pharmacogenetic algorithm slightly, but signifi-

cantly, decreased the number of dose adjustments from 3.6 

to 3.0 dose adjustments per patient (mean decrease of 0.62 

adjustments (95% CI, 0.04–1.19), P = 0.035).

The International Warfarin Pharmacogenetics Consortium 

also has developed a dosing algorithm and performed a 

 retrospective analysis of over 5000 patients, which evaluated 

whether these dosing recommendations were more predictive 

over the use of clinical variables alone.23 The algorithm 

included the VKORC1 and CYP2C9 genotypes in addition 

to other variables to calculate a starting dose prediction. The 

investigators found the algorithm based on pharmacogenetic 

dosing more accurately estimated the warfarin dose when 

compared to traditional approaches, which included dosing 

based on clinical markers and a fixed-dosed regimen. The 

greatest predictive value was seen in patients receiving less 

than 21 mg per week to maintain a therapeutic INR range, 

with 35% of patients falling within 20% of the predicted dose, 

compared to 24% of patients using the clinical algorithm and 

0% of the fixed-dose (P  0.001). Of those prescribed less 

than 21 mg per week, the pharmacogenetically dosed group 

also experienced significantly fewer dose overestimations 

(59.7%) compared to the other two groups (clinical: 74.8%, 

fixed-dose: 100%; P  0.001 for both comparisons).

The FDA’s action to recommend, not require, genetic 

 testing before initiating warfarin therapy highlights the barriers 

to implementing routine pharmacogenetic testing prior to 

warfarin use. The studies described above present evidence 

supporting the value of genetically screening each patient. 

However, there is no prospective study that proves a significant 
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effect of genetic testing on clinical outcomes. The clinical 

application of this information has yet to become universal, in 

part due to logistical issues with obtaining timely genotyping, 

but also due to an overall question of the cost-effectiveness of 

screening all patients to identify those with variant alleles.

Aspirin
Aspirin is an irreversible cyclooxygenase-1 (COX-1) 

 inhibitor that decreases production of thromboxane A2, 

a potent platelet activator. The use of aspirin has been 

shown to decrease vascular events and mortality in a wide 

variety of cardiovascular settings.24,25 Variability in the ex 

vivo antiplatelet response to aspirin has been linked to many 

sources, including comorbidities and sex, among other 

parameters. Some studies have described a relationship 

between polymorphisms in genes encoding the COX-1 

enzyme, such as the SNP prostaglandin-endoperoxide 

 synthase 1 (PTGS1-1006A), and responsiveness, while 

others found an association with genetic variation in 

 glycoprotein receptors, most consistently, GP IIIa’s PlA1/A2 

 polymorphism.26 On the other hand, there is also evidence 

that the actual incidence of true clinical aspirin resistance 

is very low, and that aspirin failure has little to do with 

ex vivo-determined responsiveness.27

Macchi et al investigated whether polymorphisms in 

genes encoding for platelet membrane glycoproteins affected 

the response to aspirin.28 Ninety-eight patients with stable 

angina, not taking any antiplatelet or anti-inflammatory 
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Notes: INR values over time as a function of CYP2C9*2 and *3 genotype. Patients homozygous for CYP2C9*3 appeared to have a longer time to stable anticoagulation 
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Reproduced with permission from Wadelius M, Chen L, Lindh J, et al. The largest prospective warfarin-treated cohort supports genetic forecasting. Blood. 2009;113:784–792.19 
© 2009 the American Society of Hematology.
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 medications, were enrolled and given aspirin 160 mg/day. 

Aspirin response was assessed with a platelet function 

analyzer, PFA-100, which measures platelet function by 

simulating platelet-based hemostasis in vitro. The study 

investigated the effect of polymorphisms in platelet 

 glycoproteins GP Ia/IIa (C807T), GP Ib alpha (C-5T Kozak), 

and GP IIIa (PlA1/A2) on platelet function following aspirin 

 administration. Aspirin resistance was defined as a collagen 

epinephrine closure time (CEPI-CT) 186s. No significant 

relationship was found between the polymorphisms encoding 

GP Ia/IIa (C807T) or GP Ib alpha (C-5T Kozak). However, 

a significant relationship was found among patients with the 

platelet gene polymorphism PlA1/A1. Of the 29 patients 

with aspirin resistance, 25 (86.2%) had the A1/A1 SNP, and 

4 (13.8%) had at least one PlA2 allele (P = 0.01). Carriers 

of the PlA1/A1 polymorphism had an increased risk of poor 

platelet response to aspirin therapy (odds ratio [OR] 4.4 [95% 

CI, 1.3–14.7]). The authors do admit the need for a larger study 

to validate these results, but also point out the potential clinical 

 implications of tailoring therapy to a PIA genotype.

The hypothesis that variation in the COX-1 gene results 

in the failure of aspirin to adequately suppress platelet 

COX-1 was investigated by Maree et al in their evaluation 

of 144 stable patients with cardiovascular disease.29 Aspirin 

response was evaluated with platelet aggregation studies 

utilizing light transmittance aggregometry (LTA). Aspirin 

resistance was defined as persistant arachidonic acid 

(AA)-induced platelet aggregation 20%. Polymorphisms 

in COX-1 were found to significantly affect response to 

AA-induced platelet aggregation and serum thromboxane 

A2 levels in patients receiving aspirin therapy (P = 0.004 for 

comparison among haplotypes). To date, there has been no 

assessment of the clinical impact of COX-1 polymorphisms 

in patients receiving aspirin therapy.

The relationship between genetic polymorphisms 

and decreased response to aspirin was again examined in 

101 patients undergoing elective percutaneous coronary 

 intervention (PCI).30 The aim was to evaluate the association, 

if any, between the variable response to aspirin and platelet 

receptor polymorphisms (GP Iba, GP Ia, GP IIIa, GP VI) 

or COX-1 gene polymorphisms (A842G, C22T, C644A, 

C714A). This study used the PFA-100 and LTA to assess the 

effect of aspirin on platelet activity. Significant relationships 

were shown, but not consistently, between the two testing 

methods used. A significant association was identified 

between aspirin resistance and carriers of the SNP A842G in 

the COX-1 enzyme (OR 10.0 (95% CI, 1.2–87.0) P  0.03) 

when assessed using LTA to measure the response to 

aspirin (defined as a slope greater than 12% / minute in 

AA-aggregation). However, there was not a significant asso-

ciation seen when using the PFA-100 method to assess plate-

let response to aspirin (decreased response defined as closure 

time 170s). On the other hand, carriers of the SNP C13254T 

in the GP VI platelet receptor had a significantly increased 

risk of decreased response to aspirin (OR 1.4 [95% CI, 

1.4–22.2] P  0.03) when response to aspirin was assessed 

using the PFA-100 method, but no significant association 

was shown when measuring platelet aggregation to assess 

the response. The authors did cite a small sample size as a 

 limitation to their study, and called for larger studies in efforts 

to identify the specific patient populations that may be at risk 

of aspirin resistance due to genetic polymorphisms. Lev et al 

Table 1 Warfarin pharmacogenetic dosing algorithm and two examples of weekly doses in hypothetical patients

Allele Predicted value  
effect of SNP on dose

50-year-old female  
weekly dose (mg)

70-year-old male  
weekly dose (mg)

VKORC1 rs9923231 G/G 0 55 48

VKORC1 rs9923231 A/G -0.901 42 37

VKORC1 rs9923231 A/A -2.02 29 24

CYP2C9 *1/*1 0 55 48

CYP2C9 *1/*2 -0.508 47 42

CYP2C9 *1/*3 -0.975 41 36

CYP2C9 *2/*2 -1.1 40 34

CYP2C9 *2/*3 -1.75 32 27

CYP2C9 *3/*3 -3.4 16 13

Notes: Warfarin doses, shown in weekly amounts, calculated based on the predicted value effect of the respective SNP.  The presence of the allele (far left column) correlates 
the predicted value in the dosing equation. The following equation was used to determine weekly dose: (9.486 - [age × 0.036]-[0.277, if female]-[predicted value of SNP])2. 
The calculated weekly dose would decrease if the patient were taking additional medications that are known to inhibit warfarin clearance.
Adapted with permission from Wadelius M, Chen LY, Lindh JD, et al. The largest prospective warfarin-treated cohort supports genetic forecasting. Blood. 
2009;113(4):784–792.19 Copyright © 2009.
Abbreviation: SNP, single nucleotide polymorphism.
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also found no significant association between the presence 

of the PlA1/A1 polymorphism and a decreased response to 

aspirin and clopidogrel in 120 patients undergoing elective 

PCI.31 Platelet response was again measured using LTA, 

with a decreased response to aspirin defined as AA-induced 

aggregation 20%.

The potential causes, incidence and clinical impact 

of aspirin resistance are unclear. Measured variability 

in response to aspirin is multifactorial, with genetics 

 playing what appears to be a small, undefined role. Given 

the mixed results shown in the above studies, as well as 

 others not described, there is currently no defined role for 

 pharmacogenetic testing to dose aspirin.

Thienopyridines
The thienopyridines ticlopidine, clopidogrel, and prasugrel 

irreversibly bind to the P2Y12 receptor, resulting in the 

inhibition of the platelet’s ability to activate in response 

to adenosine diphosphate (ADP). All thienopyridines 

are prodrugs that require absorption and activation by the 

 cytochrome P450 system. Clopidogrel is metabolized to 

its active metabolite through a two-step process mediated 

by various cytochromes. Prasugrel is activated in a process 

mediated by esterases and by a single CYP450 step.

The exact sources of interpatient variability in response 

to clopidogrel are unknown but likely multifactorial. 

 Pharmacogenetic sources of variability may involve 

 pharmacokinetic, metabolic, or pharmacodynamic pathways 

(Figure 3). SNPs in genes encoding the P-glycoprotein 

involved in intestinal absorption could cause a decreased 

response. SNPs in genes that encode the platelet receptor 

P2Y12, which serves as the target for the thienopyridines, 

could render the platelet less capable of responding to these 

medications. It is hypothesized that part of the cause of 

 interpatient variability in response to the thienopyridines may 

lie in the CYP450 enzymatic system that metabolizes the drug 

to its active metabolite. Single nucleotide polymorphisms in 

genes encoding for the CYP3A4, CYP3A5, and CYP2C19 

enzymes have been identified and evaluated in numerous 

studies with a variety of study designs as potential sources 

of variability The frequencies of the existence of these 

 various alleles are not well defined. Reduced function 

alleles have been identified in 0%–40% of the population, 

depending on which population and which enzyme is 

evaluated. The results are conflicting, as some studies have 

found definitive associations with clinical outcomes such as 

cardiovascular events, and others have not. Regardless, in 

2009, the FDA added information regarding the potential 

for pharmacogenetic variables to influence response to 

 clopidogrel to the product labeling, although no guidance is 

given for how clinicians could utilize this information.

Several pharmacodynamic estimates of the impact of 

genetic variation have been examined with clopidogrel. 

Brandt et al hypothesized that the loss-of-function 

 polymorphisms of CYP enzymes (CYP2C19, CYP2C9, and 

CYP3A5) could contribute to decreased formation of the 

active metabolite of clopidogrel, thus affecting how well 

platelet activity is inhibited.32 Investigators assessed the 

relationship between various SNPs and pharmacodynamic 

and pharmacokinetic responses to clopidogrel and prasugrel. 

They retrospectively examined the effect of loading doses 

of the respective thienopyridines on platelet function as 

measured by inhibition of platelet aggregation (IPA), where 

a poor responder was defined as 20% IPA in response to 

ADP. A significant association was demonstrated between 

the CYP2C19*2 allele and poor response to clopidogrel (of 

18 subjects with the allele, 13 (72.2%) were poor responders 

(P = 0.030) compared to 41.1% of those subjects without the 

allele). Presence of a CYP2C9 SNP (*2/*2 or any *3) was also 

 significantly associated with a poor response to clopidogrel 

(12 of 16 patients (75%) compared to 41.4% of patients 

without the SNP who were poor responders, P = 0.024). 

 Additionally, the presence of these or any CYP allele 

 polymorphism had no effect on the IPA response to prasugrel. 

Overall, the presence of either CYP2C19*2 or CYP2C9 (*2/*2 

or *3) SNP was strongly associated with a poor response to 

clopidogrel (P  0.001). The authors concluded that subjects 

with CYP2C19 and CYP2C9 SNPs were associated with a 

decreased exposure to the active metabolite of clopidogrel, 

not prasugrel. The group did not find an association between 

CYP3A5 polymorphisms and response to clopidogrel. The 

authors concluded that the polymorphisms of CYP2C9 and 

CYP2C19 provide an explanation for many cases of poor 

pharmacodynamic response to clopidogrel. Because this 

was a pharmacodynamic assessment only, the group did not 

evaluate clinical outcomes. Clinical evaluations of specific 

isoenzymes, in addition to the impact of genetic variability 

on clinical outcomes are detailed below.

CYP3A4
Lau et al investigated interindividual variability of 32 patients 

undergoing elective catheterization with stent placement 

receiving a clopidogrel loading dose of 300 mg followed by a 

maintenance dose of 75 mg daily. Platelet aggregation was mea-

sured at baseline and after 5 days of therapy. CYP3A4 activity 

was measured by the erythromycin breath test. An inverse 
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correlation between platelet aggregation and CYP3A4 activity 

was seen in this study (r = -0.6, P = 0.003). CYP3A4 activity 

was shown to be responsible for one third of the varied response 

to clopidogrel (r = 0.36).33 In addition to examining the effects 

of CYP3A4 on surrogate markers, an observational case-control 

study involving 186 patients receiving clopidogrel for ACS 

found only a trend toward significance of an association between 

the presence of a CYP3A4 polymorphism and the occurrence 

of a repeat cardiovascular event while receiving clopidogrel 

(16.8% vs 9.6%, P = 0.052).34

Figure 3 Sources of interpatient variability for clopidogrel.
Notes: The causes of interpatient variability in response to clopidogrel treatment include differences in intestinal absorption (genetic polymorphisms in the P-glycoprotein 
efflux pump, encoded by ABCB1), hepatic activation by the cytochrome P450 system, and platelet receptor expression of the adenosine diphosphate receptor (the target of 
clopidogrel).
Reproduced from Simon T, Verstuyft C, Mary-Krause M, et al Genetic determinants of response to clopidogrel and cardiovascular events. N Engl J Med. 2009;360(4):363–375.36 
Copyright © 2009 Massachusetts Medical Society. All rights reserved.
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CYP3A5
A multivariate analysis of 348 patients treated with clopidogrel 

after planned stent placement investigated the effect of a 

CYP3A5 polymorphism on the risk of atherothrombotic events 

at one and six months post-procedure.35 The study identified 

CYP3A5 polymorphisms as an independent predictor of 

 atherothrombotic events at six months follow-up. Patients with 

the CYP3A5 non-expressor allele (n = 193) had a significantly 

increased risk of an event over the group with the expresser 

allele (n = 155; adjusted OR 4.89 [1.89–18.7]). The study 

also found an increased risk at one month follow-up, but this 

 difference was not significant (P = 0.16). A sub-group analysis 

of this study also found the number of concomitant CYP3A 

metabolizing medications to be an independent predictor of 

an event only in patients with the polymorphism. However, 

no association was found in a case-control study evaluating 

patients receiving clopidogrel for ACS.34 The French Registry 

of Acute ST-elevation and Non-ST-elevation Myocardial 

Infarction (FAST-MI) trial investigated the effect of multiple 

polymorphisms on death or ischemic events during a one-year 

follow-up.36 No association was found between the risk of 

clinical outcomes (death, nonfatal myocardial infarction [MI], 

stroke) in patients with a CYP3A5 polymorphism (P = 0.69).

CYP2C19
A pre-specified sub-group analysis of the EXCELSIOR 

study examined whether the loss-of-function CYP2C19 

 polymorphism is associated with increased platelet reactivity 

despite clopidogrel treatment in patients undergoing elective 

catheterization with stent placement.37 The primary outcome 

was the proportion of patients with residual platelet aggregation 

(RPA)  14% following a clopidogrel loading dose of 600 mg. 

In order to evaluate clinical outcomes, the association between 

RPA  14% and risk of death or MI at one year were 

 evaluated. The CYP2C19*2 allele was significantly associated 

with RPA  14% before hospital discharge. Patients with 

RPA  14% had a significant increase in the risk of death or 

MI (HR 3.0 [1.4–6.8], P = 0.004) at 1 year post-procedure. 

 Considering that the CYP2C19 polymorphism accounted for 

a large proportion of patients with RPA  14%, the authors 

estimated that the presence of this allele alone would be 

associated with a relative risk of death or MI at year 1 of 1.26, 

although the study was not adequately powered to determine 

the effect of variant alleles on clinical outcomes.

Shuldiner et al also investigated the association between 

CYP2C19 polymorphisms and clinical outcomes through a 

two-part study.38 First, genes associated with poor response to 

clopidogrel were identified by assessing the Old Order Amish 

in the Amish Pharmacogenomics of Antiplatelet Intervention 

Study (Amish PAPI). The study replicated the findings in 

a time-to-event analysis of patients undergoing cardiac 

 catheterization. Cardiovascular events included MI, ischemic 

stroke, stent thrombosis, unplanned revascularization, 

 hospitalization for coronary ischemia, and death secondary 

to any cardiovascular cause. Patients with the CYP2C19 

 genotype had no baseline platelet aggregation difference 

(P = 0.58). After 1 year of follow-up, there was significant dif-

ference in cardiovascular event rates (20.9% versus 10.0%, HR 

2.42 (1.18–4.99), P = 0.02). Patients still taking clopidogrel 

with the CYP2C19 variant at one year had a significantly 

increased risk (HR 3.40 (1.18–4.99), P = 0.02) versus those 

who did not have the variant. Additionally, the populations 

no longer taking clopidogrel at 1 year were compared. No 

increase was seen between carriers and non-carriers in the 

population that had discontinued clopidogrel therapy (HR 

1.39 (0.39–4.88) P = 0.6). The authors determined that the 

CYP2C19 genotype variability accounts for 12% of the 

variation in clopidogrel response. Alternately, age, body 

mass index (BMI), and lipid levels accounted for 10% of the 

varied response. These data help confirm that the CYP2C19*2 

variant is a determinant of ADP-stimulated platelet aggrega-

tion and that patients with this genotype may have reduced 

protection from ischemic events following PCI.

A sub-analysis of the TRITON-TIMI 38 study also 

examined the association between functional polymorphisms 

in CYP genes with plasma exposure to clopidogrel and 

platelet inhibition in healthy subjects.39 Using a separate 

cohort of patients from the TRITON-TIMI 38 study treated 

with clopidogrel, it was tested whether the reduced-function 

CYP alleles were associated with a higher rate of adverse 

cardiovascular outcomes. The pharmacodynamic response 

was assessed with platelet aggregation in response to 20 µM 

of ADP and expressed as an absolute reduction in maximal 

platelet aggregation from baseline (tri-MPA). Outcomes 

were expressed as Kaplan-Meier estimates measured at 

15 months and expressed as comparisons between carriers 

and noncarriers of at least one reduced-function allele 

(5 alleles were tested). Overall, a significant difference in 

 outcomes between carriers and non-carriers of the CYP2C19 

reduced-function allele was detected among patients 

 randomized to clopidogrel (27.1% of the TRITON-TIMI 

study population). These patients were determined to be 

at a statistically significantly higher risk of death from 

 cardiovascular (CV) causes, MI, and stroke (the primary 

efficacy outcome): 12.1% vs 8.0%, HR for carriers 1.53 

(1.07–2.19), P = 0.01 (Figure 4). The risk was also observed 
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to be increased for each component of the primary outcome: 

death from CV causes (2.0% vs 0.4%, HR 4.79 [1.4–16.37]), 

non-fatal MI (10.1% vs 7.5%, HR 1.38 [0.94–2.02]), and 

nonfatal stroke (0.88% vs 0.24%, HR 3.93 [0.66–23.51]). 

Stent thrombosis was also increased for carriers of at least 

one CYP2C19 variant allele (2.6% vs 0.8%, HR 3.09 

[1.19–8.0]). These data imply that CYP variation can lead 

to a reduced exposure to the active metabolite, less platelet 

inhibition, and less protection from ischemic events in 

patients receiving clopidogrel. Interestingly, no associa-

tions were found with any of the polymorphisms encoding 

for CYP enzymes among patients randomized to prasugrel 

therapy in TRITON.40 It is unclear what contribution, if any, 

the reduced impact of genetic variability on prasugrel had on 

the overall efficacy of prasugrel in the TRITON trial.

In addition to the post hoc analysis of TRITON, an 

analysis of the FAST-MI registry (French registry of 

Acute ST-elevation or non-ST-elevation Myocardial 

 Infarction) extensively studied the interaction of CYP2C19 

 polymorphisms and clopidogrel activity.36 The investigators 

examined the effect of multiple SNPs of the enzyme. A total 

of 2,208 patients were analyzed for this study. The presence 

of any loss-of-function SNP of CYP2C19 (*2, *3, *4, or *5) 

was not associated with significantly increased risk of the 

composite endpoint (death, nonfatal MI, and stroke during a 

one-year follow-up period). However, carriers of two variant 

alleles did have an increased event risk (21.5% vs 13.3%, 

HR 1.98 (1.10–3.58)). This risk was increased even further 

in PCI as evidenced by a sub-group analysis. Patients had an 

increased event risk if they had PCI and were carriers of two 

of any of the CYP2C19 SNP alleles (HR 3.58 [1.71–7.51]). 

This observational study did not eliminate the possibility 

that associated polymorphisms may be direct contributors to 

atherothrombotic events, independent of clopidogrel use.

P2Y12 Receptor
In addition to metabolizing enzymes, potential sources of 

interpatient variability have been investigated. Specifically, 
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polymorphisms in genes encoding for the platelet receptor that 

serves as the target for the thienopyridines have been evaluated. 

The effects of polymorphisms in the genes encoding platelet 

receptors related to aspirin and clopidogrel response were 

 evaluated in an observational study by Lev et al.31 Patients 

receiving an elective PCI were eligible for study enrollment. The 

authors investigated the effects of SNP on the genes encoding 

glycoprotein IIIa, P2Y12 and P2Y1 receptors. No significant 

associations were found between the various polymorphisms 

and response to clopidogrel as assessed by platelet aggregation 

studies. The FAST-MI analysis also investigated the effects of 

SNPs in receptors but found no association between the P2Y12 

polymorphism and the risk of death, nonfatal MI, or stroke in 

patients treated with clopidogrel.36

Despite the addition by the FDA recommending genetic 

testing for clopidogrel, there are studies that refute the 

 clinical impact of polymorphisms on the effectiveness 

of clopidogrel. Most recently, the CHARISMA genetic 

sub-study, a placebo-controlled trial involving stable patients 

given aspirin and clopidogrel or aspirin and placebo, found 

that patients heterozygous for the CYP2C19*2 allele did not 

have increased CV events or bleeding events when taking 

clopidogrel or placebo.41 Only homozygous carriers for the 

reduced-function CYP2C19 allele had significantly fewer 

bleeding events. The sub-study also showed an increased risk 

of ischemic events for patients homozygous for CYP2C19*2 

(reduced-function) allele in both treatment and placebo arms, 

although this finding was not statistically significant.

The conflicting results with many different studies 

 showcase the unanswered questions that linger regarding the 

clinical significance of pharmacogenetics in cardiovascular 

medicine. There are significant polymorphisms that result in 

interpatient variability in response to medications. However, 

being able to predict the specific response that an individual 

patient may or may not have based on his or her genetic 

code has yet to be defined with antithrombotic medications, 

especially clopidogrel. Despite this, the FDA has provided 

summarizing information to the product labeling regarding 

the potential for variant alleles, especially CYP2C19 

 polymorphisms, to influence clopidogrel effectiveness. 

In addition, some health systems have begun large-scale 

 screening of clopidogrel pharmacogenetic information despite 

a lack of clear guidance in the literature for what therapeutic 

intervention to make in treating these patients.42

Conclusion
The diagnostic and pharmacotherapeutic applications of genome-

wide scanning are, without a doubt, a very promising avenue to 

achieving personalized medicine. In the cardiovascular field, 

the best-characterized example of the clinical implications of 

utilizing pharmacogenetic therapy is the impact of VKORC1 

and CYP2C9 variants on warfarin response. These two gene 

products alone explain about 50% of the variability in response 

to warfarin, a potentially dangerous medication that is cumber-

some to dose. Numerous prospective and retrospective studies 

establish the value of genetic variability to predict the appropri-

ate warfarin dose for improving and easing the transition to a 

therapeutic INR level. In fact, the labeling for warfarin now 

includes a recommendation for genetic testing. Nonetheless, 

prospective studies confirming the value of genetic testing on 

clinical outcomes are still limited and inconclusive, and the 

 pharmacoeconomic significance is certainly debated. In addition, 

there are current logistical concerns regarding genetic testing 

for warfarin therapy, including speed of testing, ethical and 

confidentiality issues regarding genetic information, and valida-

tion of appropriate genetically-guided dosing algorithms. The 

extensive previous and planned research in this area has verifies 

that 1) genetic testing will serve an invaluable role in tailored 

pharmacotherapy; 2) large-scale, prospective studies are required 

to confirm the usefulness of genetic testing, even when the impact 

of the variation is great; and 3) the logistics for moving genetic 

testing into routine clinical testing are not yet established.

Similar to the evidence for the anticoagulant warfarin, phar-

macogenetic testing for antiplatelet agents also demonstrates 

strong potential for improving therapy, particularly for carriers 

of CYP2C19 variants taking clopidogrel. The path for clopi-

dogrel, however, is even more arduous than that of warfarin 

for obtaining widespread application. There is a much smaller 

percentage of variability explained by the current paradigm, 

and no major prospective studies confirm the worthiness of 

genetic information for improving clinical outcomes. Likewise, 

any potential economic savings of this strategy have not been 

 demonstrated. Most importantly, it is unclear how the pharma-

cogenetic information will be utilized in the setting of P2Y12 

 receptor antagonism. Although there are a variety of options 

for increasing the extent of inhibition (higher maintenance 

dose of clopidogrel, the recently approved prasugrel, and 

the potentially soon to be available ticagrelor), the appropriate 

use of these strategies, even in the absence of pharmacogenetic 

information, is difficult to assess in individual patients. 

Large-scale clinical trials for these agents establish a clinical 

benefit at the population level for reducing clinical events at 

the expense of increased bleeding.43,44 It certainly seems noble 

to alter therapy based on a single gene (CYP2C19) known 

to associate with clinical outcomes. Unfortunately, ignoring 

the rest of the genome, epigenetic mediators, proteome, etc, 
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in addition to other potential predictors of adverse bleeding 

events, may prove risky when applying population-based 

strategies and incomplete genetic information to personalized 

treatment. Although the adverse cardiac events associated with 

an inappropriate amount of inhibition with clopidogrel are 

certainly devastating, the increased bleeding risk (sometimes 

even fatal bleeding) with alternative agents and doses should 

be evaluated with equal consideration. These murky waters 

are further complicated by the lack of a reliable and validated 

assay to measure platelet function. Currently, there are five 

tests available for genotyping for the CYP2C19 enzyme 

(ARUP Laboratories, Autogenomics [for research use only], 

 Labcorp, Specialty Laboratories, and Quest Diagnostics). 

These tests generally involve a turnaround time of about five 

days and are only performed a few days per week. The currently 

available ex vivo assays marginally correlate with clinical 

outcomes, but do not yet possess the sensitivity, consistency, 

and standardization to tailor antiplatelet medications to 

 individual patients with confidence. Without a monitoring 

tool, the effectiveness of genetic testing for antiplatelet agents 

is severely hindered.

Despite these current limitations, the promise of 

 pharmacogenomics for antithrombotic medications is 

 substantiated by the recent correlation of CYP2C19 variants 

with clopidogrel response and the storied, though not complete, 

path of warfarin. As time progresses, technology will continue 

to decrease the cost of whole-genome scans and other genetic 

tools, and allow for more efficient and secure transfer of 

 information. These advances, along with a logistical platform 

for clinical utilization, will allow universal application of genetic 

information across all therapeutic areas. Then, personalized 

medicine, where genetic and other variations are measured and 

prospectively interpreted to improve outcomes and decrease 

costs, will be realized. In the meantime, additional research is 

necessary to discover, characterize, and prospectively evaluate 

genetic and non-genetic factors that impact antithrombotic 

treatment, in order to maximize the effectiveness and limit the 

harmful effects of these valuable agents.
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