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SUMMARY
Background—Cytochrome P450 2C19 (CYP2C19) is the principle enzyme responsible for
converting clopidogrel into its active metabolite and genetic variants have been identified, most
notably CYP2C19*2 and CYP2C19*17, that are believed to alter its activity/expression.

Objective—We evaluated whether the consequences of the CYP2C19*2 and CYP2C19*17
variants on clopidogrel response were independent of each other or genetically linked through
linkage disequilibrium (LD).

Patients/Methods—We genotyped the CYP2C19*2 and CYP2C19*17 variants in 621 members
of the Pharmacogenomics of Anti-Platelet Intervention (PAPI) Study and evaluated the effects of
these polymorphisms singly then jointly, taking into account LD, on clopidogrel prodrug level,
clopidogrel active metabolite level, and ADP-stimulated platelet aggregation pre- and post-
clopidogrel exposure.

Results—The CYP2C19*2 and CYP2C19*17 variants were in LD (|D’|=1.0; r2=0.07). In
association analyses that did and did not account for the effects of CYP2C19*17, CYP2C19*2
was strongly associated with levels of clopidogrel active metabolite (beta=−5.24, P=3.0×10−9 and
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beta=−5.36, P=3.3×10−14, respectively) and post-treatment ADP-stimulated platelet aggregation
(beta=7.55, P=2.9×10−16 and beta=7.51, P=7.0×10−15, respectively). In contrast, CYP2C19*17
was associated with clopidogrel active metabolite levels and ADP-stimulated platelet aggregation
before (beta=1.57, P=0.04 and beta=−1.98, P=0.01, respectively) but not after (beta=0.40, P=0.59
and beta=−0.13, P=0.69, respectively) adjustment for the CYP2C19*2 variant. Stratified analyses
of CYP2C19*2/CYP2C19*17 genotype combinations revealed that CYP2C19*2, and not
CYP2C19*17, was the primary determinant in altering clopidogrel response.

Conclusions—Our results suggest that CYP2C19*17 has a small (if any) effect on clopidogrel-
related traits and that the observed effect of this variant is due to LD with the CYP2C19*2 loss-of-
function variant.

Keywords
Clopidogrel; drug metabolism; poor; CYP2C19-related; linkage disequilibrium;
pharmacogenetics; platelets

Clopidogrel therapy is standard of care for treating patients with coronary artery disease
(CAD) and/or acute coronary syndrome (ACS) undergoing percutaneous coronary
intervention (PCI) [1, 2]. On-treatment variability in clopidogrel efficacy has been well-
documented and previous investigations in our laboratory have shown that up to 70% of this
variability may be attributed to genetic factors [3]. Indeed, genetic variants have been
identified in CYP2C19 that alter clopidogrel active metabolite (CAM) formation, on-
clopidogrel adenosine diphosphate (ADP)-stimulated platelet aggregation, and
cardiovascular event rates in PCI/ACS patients on clopidogrel therapy [4-6]. As a result of
such investigations, the clopidogrel label was updated in March 2010 to inform clinicians
that CYP2C19 is important in clopidogrel metabolism, that poor metabolizers of
clopidogrel, i.e. patients with 2 CYP2C19 loss-of-function alleles, exhibit higher rates of
cardiovascular events, and that alternative treatment or treatment strategies should be
considered in these patients [7].

The common loss-of-function CYP2C19*2 (rs4244285) and gain-of-function CYP2C19*17
(rs12248560) variants have been two of the most investigated single nucleotide
polymorphisms (SNPs) with regard to clopidogrel efficacy. CYP2C19*2 creates an aberrant
splice site that results in a premature stop codon and subsequently a non-functional truncated
protein while CYP2C19*17 resides in a regulatory region of the gene and is associated with
increased transcriptional activity [3, 8]. These variants have been assumed to operate
oppositely and independently primarily on the basis of their presumed functional effects.
The goal of this investigation is to determine whether the consequences of the CYP2C19*2
and *17 variants on clopidogrel response are independent of each other or genetically linked
through linkage disequilibrium (LD), the non-random association between two or more
sequence variants usually due to their close proximity on the same chromosome. To test this,
we evaluated the effects of these polymorphisms singly and jointly, taking into account LD,
on-clopidogrel prodrug level, the formation of CAM, and ADP-induced platelet aggregation
pre- and post-clopidogrel exposure in 621 members of the Amish Pharmacogenomics of
Anti-Platelet Intervention (PAPI) Study.

METHODS
PAPI Study Subjects

Population characteristics, recruitment, and study details of the Amish PAPI Study
(NCT00799396) population have been previously described [3]. This report utilized an
expanded set of 621 healthy Caucasian individuals recruited from August 2006 to January
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2011. Briefly, subjects discontinued all medications, vitamins, and supplements 1 week prior
to the initiation of this study and, after an overnight fast, information from medical and
family histories, physical examinations, anthropometric measures, blood samples, and other
phenotypic measurements were obtained. All participants were given a 300 mg loading dose
of clopidogrel and instructed to take 75 mg/day for the following 6 days. Blood was drawn
prior to and 1 hour after the last dose of clopidogrel for measures of platelet aggregation and
clopidogrel metabolite levels.

Genotyping
Genotyping of the CYP2C19*2 and CYP2C19*17 variants was performed according to the
manufacturer's instructions using TaqMan SNP genotyping assays (Applied Biosystems,
Foster City, California). The mean genotype concordance rates for these polymorphisms
were 100% for both SNPs and the genotype call rates were 99.4% and 98.5%, respectively.

Platelet Aggregation Measurements
Platelet-rich plasma (PRP) was isolated and platelet counts were adjusted to 200,000
platelets/μl using platelet-poor plasma (PPP). Platelet aggregation was evaluated by optical
aggregometry using a PAP8E Aggregometer (Bio/Data Corporation, Horsham,
Pennsylvania) after stimulation with ADP (20 μmol/L) and was expressed as the maximal
percentage change in light transmittance using platelet-poor plasma as a referent [3].

Clopidogrel Prodrug and Active Metabolite Quantification
The methods for quantifying levels of clopidogrel prodrug and its active metabolite have
been previously described [9, 10]. We measured both the prodrug and the active metabolite
levels in a subset of 475 PAPI Study participants; characteristics of this group were the same
as the full PAPI cohort (data not shown). Briefly, plasma levels of clopidogrel and its (E)-2-
bromo-3’- methoxyacetophenone (MPB, Sigma Aldrich, St. Louis, Missouri)-derivatized
active metabolite were simultaneously assessed using ultra-high performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS). Chromatographic separation
was accomplished using a Waters Acquity UPLC® system (Waters Corporation, Milford,
Maryland) and tandem mass spectrometry was performed using an AB Sciex Qtrap® 5500
(AB Sciex, Foster City, California). Parent clopidogrel was selectively identified by the
transition of its parent to product ion at m/z 322>212, active metabolite at m/z 504>155, and
ticlopidine (internal standard) at m/z 264>154. MRM peak integrations and data analysis
were performed using the MultiQuant algorithm from MultiQuant 4.0 (Analyst®, AB
Sciex).

Statistical Methods
Summary statistics were generated with SAS version 9.2 (SAS Institute Inc., Cary, NC).
Minor allele frequencies, pairwise LD statistics (|D’| and r2), and conformity to Hardy-
Weinberg equilibrium (HWE) were assessed using Haploview [11]. To assess
generalizability of our results in the Amish to the general population, publically available
LD data for the CEU (Utah residents with Northern and Western European ancestry) and
YRI (Yoruba in Ibadan, Nigeria) populations were obtained using SNP Annotation and
Proxy Search (SNAP) [12] and based on phased genotype data from the International
HapMap Project (http://hapmap.ncbi.nlm.nih.gov/) and the 1000 Genomes Project (http://
www.1000genomes.org/). Association results for the CYP2C19*17 or the CYP2C19*2
variants were calculated using SOLAR [13], which implements a variance component model
accounting for family structure. Relatedness among participants was accounted for by
including a polygenic component as a random effect as previously described [3]. Adjusting
for family structure is critical in order to minimize type 1 error in genetic analyses of related
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individuals. The additive effect of genotype on quantitative trait was examined while also
simultaneously adjusting for age and sex. The percent variance explained by these variants
was estimated by calculating the reduction in residual variance in models that included
versus did not include the variant. The effects of haplotypic allele combinations of the
CYP2C19*2 and CYP2C19*17 variants on post-treatment levels of clopidogrel prodrug and
the active metabolite as well as mean ADP-stimulated platelet aggregation at baseline and
after clopidogrel exposure were compared using an analysis of variance approach in SOLAR
with a mixed model adjusting for family structure. Likelihood ratio tests were used to
determine whether mean trait levels differed between subjects with specific genotype
combinations and significance was determined by t-tests.

All statistical tests were 2-sided. Individuals with missing data were omitted from analyses.
Power estimates in this population (n = 621), calculated using the Quanto software program
[14], indicated 80% power at α = 0.05 to detect SNP associations accounting for at least
1.3% of the residual trait variance.

RESULTS
Characteristics of the PAPI participants are shown in Table 1. Minor allele frequencies of
CYP2C19*2 (0.17) and CYP2C19*17 (0.26) were similar to those reported in non-Amish
Caucasians of the CEU HapMap Project cohort (CYP2C19*2 = 0.14, CYP2C19*17 = 0.23)
and in prior studies of Caucasians investigating the effect of these SNPs on clopidogrel
efficacy [15, 16]. Both SNPs evaluated in this study conformed to expectations of HWE (P
value > 0.05).

In the PAPI Study, LD analysis revealed that CYP2C19*2 and CYP2C19*17 were in
complete LD (|D’|=1). These results are consistent with |D’| values reported in non-Amish
Caucasian and African populations (HapMap CEU (|D’|=1) and YRI (|D’|=1) populations,
respectively). Since the minor rs12248560T allele (*17) is always carried on the major
rs4244285G allele (*1), r2 estimates in our sample, as well as HapMap CEU and YRI
populations, were considerably lower (r2=0.07, 0.04, and 0.08, respectively). The strong LD
among these two variants is reflected by the absence of the *2 — *17 (rs4244285A —
rs12248560T) haplotype. As a result, three of the eight possible haplotypes, namely
CYP2C19*2/CYP2C19*17 genotype combinations *1*2/*17*17, *2*2/*1*17 and *2*2/
*17*17 are non-existent in our sample (P = 3.2 × 10−10 for observed genotype combination
frequencies vs. expected genotype frequencies assuming independent assortment, Table 2).
These data affirm that these two variants are genetically linked due to their close physical
proximity and the lack of significant recombination in the populations studied.

We performed association analyses with each SNP separately followed by analyses in which
both SNPs were included in the model as covariates to account for the non-independence of
the variants. Results of single and multi-SNP association analyses evaluating the effect of
CYP2C19*2 and CYP2C19*17 on CAM levels are shown in Table 3. In the single SNP
analysis, CYP2C19*2 was significantly associated with decreased CAM levels (beta =
−5.36, P = 3.3 × 10−14) and the effect size was virtually unchanged with adjustment for
CYP2C19*17 (beta = −5.24, P = 3.0 × 10−9), with this SNP accounting for 8.5% and 7.4%
of the variation observed in this trait, respectively. As expected, CYP2C19*2 was not
associated with clopidogrel prodrug levels in either the single SNP or multi-SNP analyses (P
= 0.19 and P = 0.18, respectively).

Before adjusting for CYP2C19*2, association results suggested that the CYP2C19*17
variant was marginally associated with increased CAM levels (beta = 1.57, P = 0.04).
However, when CYP2C19*2 genotype was added to the model as a covariate in the multi-
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SNP analysis, the association with CYP2C19*17 was markedly attenuated and no longer
associated with CAM (beta = 0.40, P = 0.59). Correspondingly, the CYP2C19*17 variant
accounted for 0.09% of the variation in CAM levels prior to adjusting for the CYP2C19*2
variant and 0.01% after the effects of CYP2C19*2 were taken into consideration.
CYP2C19*17 was not associated with clopidogrel prodrug levels in either the single SNP or
multi-SNP analyses (P = 0.92 and 0.81, respectively).

Consistent with the results of the CAM analysis, CYP2C19*2 was significantly associated
with increased ADP-stimulated platelet aggregation following clopidogrel exposure in both
single SNP (beta = 7.55, P = 2.9 × 10−16) and multi-SNP (beta = 7.51, P = 7.0 × 10−15)
analyses (Table 3), with this SNP accounting for 13.1% and 11.8% of the variation in ADP-
stimulated platelet aggregation post-clopidogrel treatment in single SNP and multi-SNP
analyses, respectively. No association was observed pre-clopidogrel treatment using either
model (P = 0.87 and 0.84 for single and multi-SNP analysis, respectively). Of note, the
association between CYP2C19*2 and post-clopidogrel ADP-stimulated platelet aggregation
as well as the percentage of trait variation explained by this SNP have been previously
reported in a subset (n=429) of the current Amish sample population (P = 4.3 × 10−11 and
12%, respectively) [3].

In association analyses of ADP-stimulated platelet aggregation, CYP2C19*17 was
statistically significant in single SNP analyses (beta= −1.98, P = 0.01); however, this
association was also markedly attenuated and no longer statistically significant in the multi-
SNP model that included CYP2C19*2 as a covariate (beta = −0.13, P = 0.69). The variation
in ADP-stimulated platelet aggregation explained by the CYP2C19*17 variant decreased
considerably in the multi-SNP model compared to the single SNP analysis (0.1% vs. 1.0%,
respectively).

Figures 1 shows mean CAM levels and ADP-stimulated platelet aggregation values
stratified by CYP2C19*2/CYP2C19*17 genotype combinations. Among subjects who did
not carry the CYP2C19*2 allele, CAM levels were not statistically different with increasing
copies of the CYP2C19*17 allele (P = 0.38) Similarly, while individuals who were
CYP2C19*2 heterozygotes had decreased CAM levels compared to those who did not carry
the CYP2C19*2 allele (P = 0.0003), addition of the CYP2C19*17 allele in CYP2C19*2
heterozygotes did not affect CAM levels (P = 0.57). Finally, individuals homozygous for the
CYP2C19*2 allele had decreased mean levels of CAM as compared to those with 0 or 1
copy of this allele (P = 1.3 × 10−5).

As described above, CYP2C19*2 was significantly associated with measures of ADP-
stimulated platelet aggregation. However, among individuals who carried no copies of the
CYP2C19*2 allele, levels of platelet aggregation were not associated with presence of the
CYP2C19*17 allele (P = 0.96) (Fig 1B). Similarly, no effect of the CYP2C19*17 allele on
ADP-stimulated platelet aggregation could be observed among CYP2C19*2 heterozygotes
(P = 0.90).

DISCUSSION
We evaluated whether the effects of the CYP2C19*2 and CYP2C19*17 variants on
clopidogrel prodrug and active metabolite levels as well as ADP-stimulated platelet
aggregation pre- and post-clopidogrel treatment are independent of each other or are
correlated due to LD. LD is calculated using the r2 and D’ statistics and allows for
assessment of how well alleles are correlated with each other and whether alleles are
inherited over time together, respectively. We observed that while the r2 statistic was low
given the difference in allele frequencies between these variants, |D’| estimates show that
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CYP2C19*2 and CYP2C19*17 are in complete LD with each other and thus these variants
are inherited together on the same haplotype. Furthermore, our data regarding measures of
LD are consistent with HapMap and 1,000 Genomes Project data and strengthen our
confidence in the generalizability of our results. Thus, the CYP2C19*17 variant is always on
the haplotype lacking the CYP2C19*2 variant. Therefore, it is important to consider the
effect one variant has on the other in terms of clopidogrel efficacy and to examine the nature
of haplotypic diversity that exists in study populations.

When measures of LD were not taken into account, the CYP2C19*17 variant was
significantly associated with increased levels of CAM and decreased ADP-stimulated
platelet aggregation. However, when taking into account the effects of the CYP2C19*2
locus, the results of these analyses changed substantially showing no independent effect of
the CYP2C19*17 variant on either CAM levels or ADP-stimulated platelet aggregation. In
contrast, the CYP2C19*2 variant was significantly associated with both CAM levels and
ADP-stimulated platelet aggregation with or without regard to the CYP2C19*17 variant.
Together, these data suggest that the CYP2C19*2 variant is the main determinant of
clopidogrel efficacy and that the observed influence of the CYP2C19*17 variant on
clopidogrel-related traits is driven primarily, and perhaps entirely, by non-independence
with the CYP2C19*2 variant.

In order to further evaluate the independent effects, or lack thereof, of the CYP2C19*2 and
CYP2C19*17 variants on clopidogrel efficacy, we compared mean traits values of CAM
levels and ADP-stimulated platelet aggregation for each observed 2-SNP haplotype (Figures
1A and 1B). Consistent with the results of the single- and multi-SNP association analyses, in
individuals who carried 0 copies of the CYP2C19*2 allele, increasing the number of
CYP2C19*17 alleles did not result in a significant increase in CAM or a corresponding
decrease in ADP-stimulated platelet aggregation. Furthermore, increasing the number of
CYP2C19*17 alleles in CYP2C19*2 heterozygotes yielded similar results. In contrast,
increasing the number of the CYP2C19*2 allele resulted in reduced CAM formation and a
subsequent increase in ADP-stimulated platelet aggregation regardless of the number of
CYP2C19*17 alleles present. Due to complete LD, the CYP2C19*17 variant is non-existent
or very uncommon in CYP2C19*2 homozygotes, and thus could not be evaluated in this
group. Overall, these results are not consistent with the work of Sibbing and colleagues who
showed that co-inheritance of the CYP2C19*2 and CYP2C19*17 alleles resulted in an
intermediate level of platelet aggregation similar to what is observed in individuals who are
homozygous for the wild-type alleles of both these SNPs [17]. However, these results do
support the claims of Gurbel et al. that the “gain-of-function” effect attributed to the
CYP2C19*17 variant may instead be due to the fact that patients who have increasing
copies of the CYP2C19*17 allele are less likely to carry the CYP2C19*2 risk allele due to
LD [18].

Several reports have been published evaluating the CYP2C19*17 variant on clopidogrel
efficacy with mixed results. While some of these studies suggest that this variant
significantly decreases on-treatment platelet reactivity and/or occurrence of cardiovascular
events, several investigations have observed no such effect (Table 4). Furthermore, data
from recently performed meta-analyses are also inconsistent. For example, independent
meta-analyses performed by Li et al. [19] and Zabalza et al. [20] suggest that clopidogrel-
treated patients who carry the CYP2C19*17 variant have decreased rates of cardiovascular
events (OR = 0.82, 95%CI 0.72-0.94 and HR = 0.75, 95%CI 0.66-0.87, respectively) and
increased rates of adverse bleeding (OR = 1.25, 95%CI 1.07-1.47 and HR = 1.26, 95%CI
1.05-1.50, respectively). In contrast, a systematic review and meta-analysis performed by
Bauer and colleagues [21] showed that clopidogrel-treated patients who carried at least one
copy of the CYP2C19*17 allele did not have an increased risk of experiencing stent
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thrombosis (OR = 0.99, 95%CI 0.60-1.62) or other cardiovascular events (OR = 0.93,
95%CI 0.75-1.14). Differences in study design, patient populations, and statistical power
may explain the mixed results between studies. Alternatively, adjustment for the
CYP2C19*2 variant or lack thereof may explain, at least in part, these discrepancies.

There are some limitations of this study that we would like to acknowledge. The method
used to quantitate CAM in this study does not differentiate between isomers generated by
CYP2C19 and paraoxonase (PON1); however, it has been previously shown that the major
isomer found in plasma of clopidogrel-treated patients derives from the CYP2C19-
dependent pathway and thus we believe that this does not significantly affect our results
[22]. Furthermore, quantification of clopidogrel prodrug and active metabolite was
measured at one time point in this investigation. Therefore, we suggest using caution when
interpreting our metabolite data in the context of the overall clopidogrel exposure.

The use of genetic information to help clinicians personalize anti-platelet treatment offers
great potential to reduce recurrent cardiovascular events and improve patient care. Indeed,
studies of implementation of CYP2C19 genotype-directed anti-platelet therapy have been
reported [23] and others are currently underway [24]. Furthermore, guidelines and treatment
algorithms have been developed to help guide clinicians in choosing the most effective anti-
platelet regimen based on CYP2C19*2 genotype [25]. Such guidelines, primarily driven by
the current evidence base, categorize patients who carry the CYP2C19*17 variant as being
“ultrametabolizers” of clopidogrel. However, results of this investigation suggest that the
CYP2C19*17 variant has a small (if any) independent effect on clopidogrel metabolism, but
rather the observed effect of this variant on clopidogrel-related traits is dependent on the
CYP2C19*2 variant due to LD.
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Figure 1. Effect of CYP2C19*2/CYP2C19*17 genotype combination on the formation of
clopidogrel active metabolite level (A) and ADP-stimulated platelet aggregation (B) in members
of the Pharmacogenomics of Anti-Platelet Intervention (PAPI) Study
Vertical dashed lines are used to separate PAPI participants based on CYP2C19*2 genotype.
* Due to linkage disequilibrium, there were no individuals with CYP2C19*2/CYP2C19*17
*1*2/*17*17, *2*2/*1*17, and *2*2/*17*17 genotype combinations.
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Table 1

Characteristics of Amish PAPI Study Participants.

Characteristic, Units Males (n = 302) Females (n = 319) Total (n = 621)

Mean age ± SD 43.4 ± 12.3 46.9 ± 13.8 45.2 ± 13.2

Mean body mass index
*
 ± SD

25.9 ± 3.5 28.4 ± 5.4 27.2 ± 4.7

Systolic blood pressure ± SD (mm Hg) 116.7 ± 11.4 117.8 ± 14.1 117.3 ± 12.8

Diastolic blood pressure ± SD (mm Hg) 70.9 ± 7.3 69.9 ± 7.4 70.4 ± 7.3

Hypertension, No. (%) 17 (5.6) 24 (7.5) 41 (6.6)

Total cholesterol ± SD (mg/dl) 206.2 ± 42.7 214.4 ± 51.1 210.4 ± 47.3

LDL-C ± SD (mg/dl) 137.4 ± 39.7 137.3 ± 47.4 137.4 ± 43.8

HDL-C ± SD (mg/dl) 55.1 ± 14.5 61.9 ± 15.1 58.6 ± 15.2

Triglycerides ± SD (mg/dl) 68.7 ± 39.3 75.7 ± 42.3 72.3 ± 40.9

Hypercholesterolemia, No. (%) 54 (17.9) 64 (20.1) 118 (19.0)

Taking aspirin, No. (%) 6 (2.0) 2 (0.6) 8 (1.3)

Self-reported diabetes, No. (%) 1 (0.3) 2 (0.6) 3 (0.5)

Mean hematocrit ± SD, % 41.6 ± 2.4 37.7 ± 2.3 39.6 ± 3.0

Median (IQR) white blood cell count, X 1000/μL 5.9 (4.3 -7.5) 5.9 (4.3 -7.5) 5.9 (4.3 -7.5)

Mean platelet count ± SD, X 100,000/μL 234.9 ± 45.3 246.9 ± 51.7 240.6 ± 48.9

Current smoker, No. (%) 62 (20.5) 0 (0.0) 62 (10.0)

Abbreviations: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; PAPI, Pharmacogenomics of Anti-
platelet Intervention; SD, standard deviation.

SI conversion factors: To convert HDL-cholesterol, LDL-cholesterol, and total cholesterol values to mmol/L, multiply by 0.0259; triglycerides to
mmol/L, multiply by 0.0113.

*
Calculated as weight in kilograms divided by height in meters squared
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Table 2

Observed number of CYP2C19*2/CYP2C19*17 genotype combinations in Amish PAPI Study participants

CYP2C19*2 Genotype

*1/*1 (G/G) *1/*2 (G/A) *2/*2 (A/A)

CYP2C19*17 Genotype

*1/*1 (C/C) 195 132 14

*1/*17 (C/T) 183 57 0

*17/*17 (T/T) 40 0 0
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Table 3

Association analysis results of the CYP2C19*2 and CYP2C19*17 variants with clopidogrel active metabolite

level and post-clopidogrel ADP-stimulated platelet aggregation
*

Single SNP association analysis Multi-SNP association analysis

Clopidogrel active
metabolite level

ADP-stimulated platelet aggregation Clopidogrel
active metabolite

level

ADP-stimulated platelet aggregation

beta p beta p beta p beta p

CYP2C19*2 (rs4244285) −5.36 3.3 × 10−14 7.55 2.9 × 10−16 −5.24 3.0 × 10−9 7.51 7.0 × 10−15

CYP2C19*17 (rs12248560) 1.57 0.04 −1.98 0.01 0.40 0.59 −0.13 0.69

*
Multi-SNP analysis model includes both CYP2C19*2 and CYP2C19*17 in the model
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Table 4

Summary of genetic association studies with CYP2C19*17 and clopidogrel response traits

Study
* Patients Outcome(s) Results of association studies

Geisler 2008 CAD ADP-induced platelet aggregation (LTA) no association

Frere 2009 ACS
ADP-induced platelet aggregation (LTA) no association

VASP phosphorylation decreased platelet reactivity

ADP-induced platelet aggregation (LTA) no association

Gurbel 2009 CAD VASP phosphorylation no association

TEG no association

Mega 2009 ACS
MACE no association

bleeding no association

Shuldiner 2009 PCI/healthy
ADP-induced platelet aggregation (LTA) no association

MACE no association

Simon 2009 MI MACE no association

ACS
MACE decreased event rate

Pare 2010 bleeding no association

AF MACE no association

ADP-induced platelet aggregation (LTA) decreased platelet aggregation

Sibbing 2010 CAD MACE no association

bleeding increased risk

Tiroch 2010 MI
TLR decreased event rate

MACE decreased event rate

Wallentin 2010 ACS
MACE no association

bleeding increased risk

Bouman 2011 PCI stent thrombosis no association

Platelet reactivity (VerifyNow P2Y12) decreased platelet reactivity

Campo 2011 PCI MACE no association

bleeding increased risk

Gurbel 2011 CAD
ADP-induced platelet aggregation (LTA) no association

HPR decreased rate

Trenk 2011 PCI ADP-induced platelet aggregation (LTA) decreased platelet aggregation

Bauer 2011 Meta-Analysis
MACE no association

stent thrombosis no association

Rideg 2011 PCI ADP-induced platelet aggregation (LTA) decreased platelet aggregation

VASP phosphorylation decreased platelet reactivity
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Study
* Patients Outcome(s) Results of association studies

Chan 2012 PCI VASP phosphorylation decreased platelet reactivity

Dai 2012 PCI
ADP-induced platelet aggregation (LTA) decreased platelet aggregation

bleeding increased risk

ADP-induced platelet aggregation (LTA) decreased platelet aggregation

Harmze 2012 PCI Platelet reactivity (VerifyNow P2Y12) decreased platelet reactivity

bleeding increased risk of bleeding

ADP-induced platelet aggregation (LTA) no association

Tello-Montoliu 2012 ACS
VASP phosphorylation decreased platelet reactivity

TRAP (LTA) no association

MACE no association

HPR decreased rate

Li 2012 Meta-Analysis
MACE decreased event rate

stent thrombosis no association

bleeding increased risk

Zebalza 2012 Meta-Analysis
MACE decreased event rate

bleeding increased risk

Kassimis 2012 PCI Platelet reactivity (VerifyNow P2Y12) no association

Subraja 2012 CAD ADP-induced platelet aggregation (LTA) no association

Abbreviations: ACS, acute coronary syndrome; ADP, adenosine diphosphate; AF, atrial fibrillation; CAD, coronary artery disease; CYP2C19,
cytochrome P450 2C19; HPR, high platelet reactivity; LTA, light transmission aggregometry; MACE, major adverse cardiovascular event; MI,
myocardial infarction; PCI, percutaneous coronary intervention; TEG, thromboelastography; TLR, target lesion revascularization; VASP,
vasodilator-stimulated phosphoprotein.

*
Full references for all investigations are shown in the online Supporting Information.
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