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Abstract: Increasing evidence for the role of pharmacogenetics in treatment resistance to
the antiplatelet agent clopidogrel has been gained during the last years. Apart from
CYP2C19 genetic polymorphisms, nongenetic factors, particularly drug-drug interactions,
age and other clinical characteristics influence the interindividual variability in clopidogrel
response to varying degrees. The present article reviews the so far accumulated evidence
on the role of pharmacogenetic traits influencing CYP-activity as determinants of the
antiplatelet response to clopidogrel, and its clinical implications. The genetic variation in
CYP2C19 activity seems to influence short- and long-term antithrombotic effects of
clopidogrel to a substantial extent. Prediction models for clopidogrel non-responsiveness
that include CYP2C19 genotyping together with relevant non-genetic risk factors are
needed to be verified for their potential benefit in individualization of antithrombotic
therapy.
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1. Introduction

The antiplatelet agent clopidogrel is used in combination with aspirin in the treatment of patients
with acute coronary syndrome and those undergoing percutaneus coronary intervention (PCI) to
prevent ischemic events and stent thrombosis. However, there is large interindividual variability in the
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response to clopidogrel and 15-40%, depending on the criteria used, are considered as non-responders,
or clopidogrel-resistant, with high residual platelet aggregation [1]. There is today vast evidence
indicating that high platelet reactivity despite clopidogrel treatment is a risk factor for cardiovascular
events and stent thrombosis [2,3].

Clopidogrel is an inactive pro-drug that requires oxidation to its active thiol metabolite. The active
metabolite inhibits platelet aggregation irreversibly by blocking platelet P2Y 12 receptors, resulting in
reduced adenosine 5'-diphosphate (ADP)-mediated activation of the glycoprotein GPIIb/IIla complex
[4]. About 85% of clopidogrel is hydrolysed via esterases to an inactive carboxylic acid derivative and
only about 15% undergoes hepatic cytochrome P450 (CYP)-catalysed metabolism to a 2-oxo-
clopidogrel intermediate that is subsequently oxidized to the active metabolite, a thiol derivative of
clopidogrel [4]. In vitro, the first step is catalyzed by several enzymes including CYP2C19, CYP1A2
and CYP2B6 and the second by CYP3A4/5, CYP2B6, CYP2C19 and CYP2C9 [5] (Figure 1). In vivo,
CYP3A4, CYP2C19 and CYP1A2 are considered the main enzymes involved. All these enzymes
show large inter-, and sometimes intraindividual variability in activity, due partly to genetic
polymorphisms, partly to non-genetic factors such as inhibition or induction by other drugs, herbal
medicines and other environmental factors. These factors can thus potentially influence the exposure to
the active clopidogrel metabolite and, subsequently, its antiplatelet effect. In the present article we
review the evidence on the role of pharmacogenetic traits influencing CYP-activity as a determinant of
the antiplatelet response to clopidogrel and its clinical implications.

2. CYP2C19 and Clopidogrel Pharmacokinetics and Pharmacodynamics

CYP2C19 is one of the major enzymes involved in both the formation of the intermediate
metabolite, 2-oxo-clopidogrel, and its further metabolism to the active thiol metabolite (Figure 1).
Functional polymorphisms in the CYP2C19 gene result in highly variable enzyme activity. Poor
metabolisers (PM), encompassing 2—4% of Caucasian and 14-20% of Asian populations, completely
lack CYP2C19 activity [6]. The CYP2C19*2 allele accounts for the majority of PM, whereas in Asia,
CYP2C19*3 also contributes to this phenotype. Other more rare alleles causing deficient metabolism
are CYP2C19*4, *5, *6, *7 and *8 [7]. The CYP2C19*17, on the other hand, results in increased
enzyme activity [8] and is found with a frequency of 18-27% in European populations [9-11] but less
frequently (1.3%) in Asians [12].
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Figure 1. Pharmacokinetic and pharmacodynamic pathways involved in clopidogrel
response.
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Significant associations between CYP2C19 genotype and differences in pharmacokinetics of
clopidogrel and its active metabolite, and the antiplatelet response to clopidogrel have been identified
in a number of studies in healthy volunteers of both Caucasian and Asian ethnicity [13—16] (Table 1).
A 30-50% decrease in plasma exposure (AUC) and maximum plasma concentration (Cmax) of the
active metabolite in carriers of the defective CYP2C19*2 allele compared to those with the
CYP2C19*1*1 genotype were associated with lower inhibition of platelet aggregation following 300
and 600 mg loading doses as well as after 75 mg maintenance doses [13—-16]. Two further studies
[17,18] in Caucasian subjects, lacking pharmacokinetic endpoints, showed similar results, with a
significantly decreased platelet responsiveness to clopidogrel in subjects carrying the CYP2C19*2
allele as compared to those with CYP2C19*1*1 genotype. The relative difference in antiplatelet
response between genotype groups varies across studies depending on the method used to evaluate
response, but is typically greater than 30%. The CYP2C19*2 carrier status reportedly explains around
10% of the variability in clopidogrel response [18]. A gene-dose relationship has been shown in
studies in Asian populations, where higher numbers of subjects homozygous for CYP2C19 alleles
coding for defective enzyme (e.g., PM) are found [6].
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Table 1. The influence of CYP2C19 genotype (heterozygous or homozygous carriers of

defect alleles compared to *1*1 genotype) on the pharmacokinetics (PK) and

pharmacodynamics (PD) of clopidogrel.

Study Treatment | Impact of CYP2C19 genotype on PK and PD Reference
population dose (mg) Parameter Heterozygous  Homozygous "
Active metabolite
HV
AUC, 54 1.8—fold | 2.8—fold |
Dutch mostly
. Cmax 1.7-fold | 2.1-fold | [13]
Caucasian 300 R
PA inhibition
(n=74) .
(induced by 20 uM ADP) 1.9—fold | 10.3—fold |
Active metabolite
300 AUC 1.4—fold | 2.2-fold |
PA inhibition 1.1-fold | 1.2—fold |
(induced by 20 uM ADP)
HV AUC 1.4—fold | NA
. 600 N [14]
Mixed PA inhibition 1.1-fold| NA
(n=162) (induced by 20 uM ADP)
7 AUC 1.1-fold| 1.8—fold|
PA inhibition 1.4-fold| 1.4—fold|
(induced by 20 uM ADP)
Active metabolite
Hv AUC4 1.4—fold | 1.8—fold |
300 Cmax 1.5-fold | 1.6-fold | [15]
Japanese
PRI
(n=47) .
(4 h after dosing) 1.2—fold 1 1.4—fold 1
Clopidogrel
HV AUCO,M 1.8—fold T 2.9—fold T
Cmax 1.8— fold? 4.7—fold t [16]
Korean 300 s
PA inhibition
(n=24) .
(induced by 5 uM ADP) 1.1-fold | 2.2—fold |

(1312 cYp2C19*1*2 PCYP2C19%2*2

(1613 CYP2C19*1/*2, *1/*3 P CYP2C19 *2/*2, *2/*3
(1512 CYyP2C19*1/*2, *1/*3 ® CYP2C19%*2/*2, *2/*3
(1413 CYP2C19*1/%2, 1/*3, *1/*4, *1/*8 P CYP2C19%2/*2, *2/*3, *2/*4, *2/*5, *2/*8
HV; healthy volunteers, PA; platelet aggregation, PRI; platelet reactivity index

785

The relationship between CYP2C19 genotype and platelet response to clopidogrel has been

confirmed in a number of studies in patients (both Caucasian and Asian) with acute coronary

syndrome or undergoing PCI [19-25]. In only one of them, the plasma levels of the active metabolite

of clopidogrel were analysed [25]. Various methods were used to assess platelet function and a few

focused on clopidogrel non-response, also defined in various ways. In the latter studies, defective

CYP2C19 alleles (*2 or *3) were more prevalent in the clopidogrel resistant group than in the

responsive group [19,23]. Even after adjustment for other factors influencing platelet responsiveness

such as age, gender, hypertension, diabetes mellitus, and smoking status, CYP2C19*2 [19] and *3 [23]

remained significant and independent risk factors for impaired antiplatelet effect of clopidogrel.
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The CYP2C19*17 variant is associated with increased enzyme activity [8]. Accordingly, an
enhanced antiplatelet effect of clopidogrel could be expected in subjects carrying this variant allele.
Carriers of CYP2C19*17 were shown to have a trend towards the highest plasma exposure to the
active metabolite after 300 and 600 mg loading and 75 mg maintenance doses, together with the
highest reduction of maximal platelet aggregation 24 hours after the administration of clopidogrel [14].
In another study, no difference in residual platelet aggregation was detected between either hetero- or
homozygous carriers of CYP2C19*17 as compared to CYP2C19*1*1 carriers after a 600 mg loading
dose of clopidogrel [19]. In a third study, in patients with non-ST elevation acute coronary syndrome,
a lower rate of non-responders was found among CYP2C19*17 carriers as compared to subjects not
carrying this allele [26]. However, no impact of the CYP2C19*17 allele on ADP-induced platelet
aggregation was observed. In one further study, CYP2C19*17 carriers unexpectedly had decreased
platelet inhibition (measured by Verifynow P2Y12 analyser), similar to that in carriers of defect
alleles, compared to CYP2C19*1*1 carriers 2 hours after a 600 mg dose of clopidogrel [22].
Unfortunately, no plasma concentration data were available in the latter studies. However, taken
together, the role of CYP2C19*17 in clopidogrel response appears marginal.

Recently, a genome wide association study was performed to identify markers of clopidogrel
response, in 429 healthy Amish individuals administered 300 mg oral loading dose of clopidogrel
followed by 75 mg daily for 6 days [27]. Interestingly, the strongest association with diminished
clopidogrel response was found for a polymorphism (rs12777823) that is in linkage disequilibrium
with CYP2C19*2 (r* = 0.87). Age, BMI, triglyceride and high-density lipoprotein cholesterol levels
were also associated with clopidogrel response. The variation in ADP-induced platelet aggregation
explained by a combination of these clinical variables was less than 10%, while CYP2C19*2
accounted for 12% of the variation.

3. CYP2C19 Genotype and Long-Term Outcome of Clopidogrel Treatment

A number of recent studies [14,27-32] in patients with acute coronary syndrome or PCI have
demonstrated that the CYP2C19 genotype-related antiplatelet effects of clopidogrel translate into
clinically relevant differences in major cardiovascular events (stent thrombosis, death, myocardial
infarction, and stroke) in patients followed up to one year.

Trenk et al. [28] found in a study in 797 patients with PCI that carriers of CYP2C19*2 were more
prone to have high residual platelet reactivity on clopidogrel than patients homozygous for the
CYP2C19*1 allele. High residual platelet reactivity was in turn associated with a 3-fold increase in 1-
year incidence of death and myocardial infarction. In another study in 227 patients undergoing PCI,
carriers of CYP2C19*2 were more likely to have a cardiovascular ischemic event or death during 1
year follow-up (20.9% vs. 10.0% in CYP2C19*1*1, hazard ratio 2.42) [27]. In a large cohort of 1477
patients with acute coronary syndromes treated with clopidogrel, the CYP2C19 defective allele carriers
(*2, *3, *4, *5 or *8) had a 53% relative increase in the risk of death from cardiovascular causes,
myocardial infarction or stroke, and a 3-fold increase in the risk of stent thrombosis, compared to non-
carriers [14]. Similar results, with hazard ratios typically around 2-3 for stent thrombosis or death in
CYP2C19*2 carriers, were reported in four further studies [27,30-32], while Simon et al. [29] only
found a significantly higher event rate (adjusted hazard ratio 1.98) in patients carrying two defective
alleles of CYP2C19 (*2, *3, *4 or *5).
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The possible impact of CYP2C19 genotype on bleeding complications during clopidogrel treatment
has not been evaluated in previous studies with the exception of the study by Mega et al. [14] in which
no association was found.

4. Other CYP and ABCB1 Genotypes in Relation to Clopidogrel Response

The potential impact of polymorphisms in genes coding for other CYPs involved in clopidogrel
metabolism (CYP1A2, 3A4/5, 2B6, 2C9) as well as for P-glycoprotein, an active transport protein,
potentially influencing clopidogrel absorption, have been assessed in a number of studies in healthy
volunteers and patients. CYP3A4 is expressed in both liver and gut and shows large inter- but also
intraindividual variation, being subject to induction and inhibition by a number of drugs and other
exogenous compounds. Even though a number of polymorphisms in the CYP3A4 gene have been
identified, no clear relationship between the genotype and CYP3A4 activity has been demonstrated.
Only a minority of individuals express CYP3AS5 due to the low frequency of the functional CYP3A5*1
allele [33,34].

So far, only one CYP3A4 polymorphism, the IVS10+12G>A, has been reported to be associated
with reduced glycoprotein IIb/Illa activation but not with corresponding changes in platelet
aggregation in patients treated with clopidogrel [2]. However, three later studies failed to repeat this
association [18,20,24]. The impact of CYP3A5 polymorphisms on platelet aggregation in response to
clopidogrel has been studied in healthy volunteers and patients, with no difference in the antiplatelet
activity being found between carriers of CYP3A5*1 (required for expression of the enzyme) and those
with CYP3A5*3*3 genotype (with no CYP3AS5 expression) [13,19,22]. However, in a Korean study in
348 patients with coronary angioplasty it was found that atherothrombotic events occurred more
frequently within 6 months after stent implantation among patients with the non-expressor genotype
(CYP3A5*3*3) than among those with the expressor genotype (CYP3A5*1*1 or *1*3) [35].
CYP3A5*3*3 genotype, together with the number of co-administered CYP3A substrates or inhibitors
and total cholesterol levels of 5.18 mmol/L or higher, were found as independent predictors of
atherothrombotic events. Close linkage disequilibrium has been shown between CYP3A4 and CYP3A5
polymorphisms, and hence the phenotypic associations of CYP3A4 polymorphisms are hypothesised to
be partly attributable to the contribution of CYP3AS expression [36].

CYP2C9 polymorphisms leading to decreased enzyme activity have been evaluated in several
studies in relation to clopidogrel active metabolite exposure, inhibition of platelet aggregation and
response [13,14,22,25]. Brandt et al. [13] reported decreased active metabolite exposure, lower
inhibition of platelet aggregation and poor responder status in healthy volunteers with CYP2C9
decreased function alleles (*2, *3, or *11) after the administration of 300 mg clopidogrel [13].
However, in three other studies, no impact of the CYP2C9 genotype on the pharmacokinetic and
pharmacodynamic responses to clopidogrel was found [14, 22, 25].

Other candidate genes assessed with respect to their potential influence on clopidogrel response are
CYP2B6 and CYP1A2. A tendency towards lower plasma exposure to the active metabolite of
clopidogrel together with lower inhibition of platelet aggregation was found in healthy subjects
carrying reduced function CYP2B6 alleles (*6, *9 or *13) while there was no association between the
CYP2B6 genotype and clinical outcome in patients [14]. The lack of association was shown in another
study [25]. So far, no impact of CYP1A2 genotype on clopidogrel response has been shown [13,14,23].
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The adenosine triphosphate—binding cassette efflux transporter ABCBI, also known as P-
glycoprotein, is expressed in various tissues including the gut and potentially influences the
bioavailability of many drugs. Several polymorphisms in the ABCB1 gene have been identified, one of
the most commonly studied being 3435 C > T which, despite being non-coding, has been linked to
changes in P-glycoprotein expression and pharmacokinetics of a number of drug substrates. In vitro
data indicate that clopidogrel is a substrate of P-glycoprotein [37]. In the same study, patients with the
ABCB1 3435T/T genotype had lower Cmax and AUC values of both clopidogrel and the active
metabolite compared to 3435C/T and 3435C/C carriers following 300 and 600 mg but not 900 mg
loading doses. Thus, an enhanced intestinal efflux was implied in 3435T/T carriers. In concordance
with this, Simon et al. [29] reported that patients with ABCB1 3435 T/T genotype had a higher rate of
cardiovascular events at 1 year than those with ABCB1 C/C genotype (adjusted hazard ratio 1.72 with
95% CI 1.29-2.47) [29]. However, as ABCB1 genotype has not been found to be an independent
predictor of the outcome, the result should be considered exploratory, requiring replication. In other
studies where the ABCB1 genotype has been analysed, no differences in platelet aggregation or
outcome related to the genotype have been found [23,27].

5. Drug Interactions

Apart from genetic polymorphisms, interindividual differences in clopidogrel metabolism and
response could be influenced by drug interactions involving inhibition or induction of the enzymes
involved, most notably CYP3A and CYP2CI19. In this context, the potential inhibitory effects of
lipophilic statins on CYP3A4 and of proton pump inhibitors on CYP2C19 have gained wide attention.
In 2003, Lau et al. [38] reported in a small study that atorvastatin, a CYP3A4 substrate, but not
pravastatin which is metabolized by conjugation, reduced the inhibitory effect of clopidogrel on
platelet aggregation in a dose-dependent manner. While a few reports have confirmed this finding,
several others have not [39,40]. Whether some statins interfere with clopidogrel metabolism and
response in a clinically relevant way remains controversial. Ketoconazole and itraconazole, both potent
inhibitors of CYP3A4 decrease the formation of clopidogrel active metabolite together with reduced
inhibition of platelet aggregation in healthy volunteers [40]. With respect to CYP2C19, omeprazole
has been shown to decrease the inhibitory effect of clopidogrel on platelet aggregation in patients with
coronary artery stenting [41]. In a population-based nested case control study concomitant use of
proton pump inhibitors was associated with a 40% relative increase in the risk of reinfarction [42]. An
exception was pantoprazole, a less potent CYP2C19 inhibitor than omeprazole. As with statins, the
interaction potential of individual drugs within a group may differ and should be studied on a drug-
specific basis. Another large retrospective cohort study [43] also found an increased risk of adverse
outcomes among patients with concomitant use of clopidogrel and proton pump inhibitors (mainly
omeprazole) after hospital discharge for acute coronary syndrome, compared to patients with
clopidogrel but without proton pump inhibitors. However, prospective studies are needed to confirm
these findings and to assess the causality of the associations found.
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6. Clinical Implications

In summary, genetic variation in CYP2C19 gene and especially the deficient CYP2C19*2 variant
has consistently been shown to result in significant differences in the exposure to the active metabolite
of clopidogrel (Table 1), with associated changes in platelet aggregation and higher cardiovascular
event rates in patients with the CYP2C19 PM status. Typically, hazard ratios in the range of 2-3 for
these events in subjects carrying defective CYP2C19 alleles have been reported, with follow-up
periods up to 1 year. This was also acknowledged in 2009 by the US FDA, issuing a recommendation
on an update to the label for Plavix.

Genotyping for loss-of-function CYP2C19 variants could thus identify individuals at risk for
inadequate response during normal clopidogrel dosing. However, drug response is a multifactorial
trait, and CYP2C19 genotype alone only explains 10-12% of the variability in platelet response.
Interestingly, in the study by Geisler et al. [19], a nomogram based on non-genetic risk factors
(PREDICT-score) and the CYP2C19 genotype was developed, to estimate the risk of individual
patients for high residual platelet aggregation in response to a 600 mg loading dose of clopidogrel.
This model has, to our knowledge, not yet been tested in a clinical setting.

The clinical outcome studies published so far have mainly included patients of Caucasian origin. As
the frequency of defective CYP2C19 alleles, and that of subjects with complete lack of enzyme activity
(PM phenotype), is much higher among Asians, the risk for clopidogrel non-response is potentially
more important in those populations. However, other factors, both genetic and non-genetic, of
importance to clopidogrel response may also vary between ethnic groups. Thus, large studies in
ethnically diverse populations are warranted.

Apart from merely identifying risk of non-response, pharmacogenetic testing could be used to
identify patients in whom alternative antiplatelet treatments or other dosing strategies could be applied.
The standard dosing schedule recommended includes a 300 mg loading dose followed by 75 mg
maintenance dose. However, a 600 mg loading dose enhances the antiplatelet efficacy compared to
300 mg [44] and is commonly used. Higher doses of 900 mg, however, have been reported not to
result in any further increase in plasma levels of clopidogrel, its active metabolite or the antiplatelet
effect of the drug [44]. This ceiling effect has been attributed to saturable clopidogrel absorption at
high doses. Interestingly, we found that CYP2C19*2 and *4 carriers, but not those with CYP2C19*1*1
genotype, showed significantly increased platelet inhibition response with higher loading doses (1200
mg versus 600 mg) and with higher maintenance doses (150 mg versus 75 mg) of clopidogrel [22].
This suggests that higher doses might improve clopidogrel response in subjects with impaired
CYP2C19 activity. In a case series of 7 patients with stent thrombosis on 75 mg maintenance dose of
clopidogrel, 6 of whom were carriers of CYP2C19*2 [45], incremental increases in maintenance dose
up to 225 mg did result in slightly improved platelet inhibition in a dose-dependent manner. However,
only 2 patients could be classified as responders at a dose of 300 mg which also resulted in side effects
precluding continuation of treatment. Thus, apart from being time-consuming, dose titration was only
marginally effective. Switch to prasugrel, an antiplatelet agent not metabolised by CYP2C19, on the
other hand, resulted in a significant improvement of platelet inhibition in these patients. It is also to be
pointed out that there is a large variation in platelet response within each genotype group, only a
proportion of CYP2C19*2 carriers having the non-response phenotype, and a significant overlap
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between genotype groups. Not all patients with the “risk genotype” would thus necessarily require or
benefit from alternative treatment strategies. Another aspect to be considered is the clinical relevance
of clopidogrel “non-response” or “resistance” still under debate, partly owing to variations in the
methodology and criteria used to define the phenotype. In particular, there is still lack of consensus
regarding the definition of cut-off levels for tests of platelet function, time of sampling, as well as
variations in the performance of tests between laboratories [46].

In summary, there is by now substantial documentation supporting the role of genetic variation in
CYP2CI19 activity as a determinant of the antiplatelet effects of clopidogrel, as well as clinical
outcome in terms of thrombotic events. Genotyping for CYP2C19 together with assessment of non-
genetic risk factors could thus potentially improve the prediction of individuals with risk of clopidogrel
non-responsiveness. Antiplatelet treatment tailored on the basis of this pharmacogenetic knowledge,
but also taking non-genetic risk factors into account thus offers a promising area for future prospective
studies of individualized antithrombotic therapy.

Conflict of Interest

Dr. Arzu Gunes is currently employed by AstraZeneca AB. The authors did not receive any
commercial support from AstraZeneca or any other pharmaceutical company for this academic work.
Prof . Marja-Liisa Dahl: no conflict of interest

References

1. Gurbel, P.A.; Bliden, K.P.; Hiatt, B.L.; O'Connor, C.M. Clopidogrel for coronary stenting:
response variability, drug resistance, and the effect of pretreatment platelet reactivity. Circulation
2003, 107, 2908-2913.

2. Angiolillo, D.J.; Fernandez-Ortiz, A.; Bernardo, E.; Ramirez, C.; Cavallari, U.; Trabetti, E.;
Sabate, M.; Hernandez, R.; Moreno, R.; Escaned, J.; Alfonso, F.; Banuelos, C.; Costa, M.A;
Bass, T.A.; Pignatti, P.F.; Macaya, C. Contribution of gene sequence variations of the hepatic
cytochrome P450 3A4 enzyme to variability in individual responsiveness to clopidogrel.
Arterioscler. Thromb. Vasc. Biol. 2006, 26, 1895-900.

3. Wallentin, L. P2Y(12) inhibitors: Differences in properties and mechanisms of action and
potential consequences for clinical use. Eur. Heart J. 2009, 30, 1964—77.

4. Plavix (Sanofi Aventis) Label Information. http://www.accessdata.fda.gov/drugsatfda docs/label-
/-2009/020839s0441bl.pdf/, accessed onl1 December 2009.

5. Kazui, M.; Nishiya, Y.; Ishizuka, T.; Hagihara, K.; Farid, N.A.; Okazaki, O.; Ikeda, T.; Kurihara,
A. Identification of the human cytochrome P450 enzymes involved in the two oxidative steps in
the bioactivation of clopidogrel to its pharmacologically active metabolite. Drug Metab. Dispos.
2010, 38, 92-99.

6. Desta, Z.; Zhao, X.; Shin, J.G.; Flockhart, D.A. Clinical significance of the cytochrome P450
2C19 genetic polymorphism. Clin. Pharmacokinet. 2002, 41, 913-958.

7.  Human cytochrome P450 allele nomenclature, http://www.cypalleles.ki.se/cyp2¢19.htm, accessed
on 23 March 2010.



Pharmaceuticals 2010, 3 791

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Sim, S.C.; Risinger, C.; Dahl, M.L.; Aklillu, E.; Christensen, M.; Bertilsson, L.; Ingelman-
Sundberg, M. A common novel CYP2C19 gene variant causes ultrarapid drug metabolism
relevant for the drug response to proton pump inhibitors and antidepressants. Clin. Pharmacol.
Ther. 2006, 79, 103—113.

Kurzawski, M.; Gawronska-Szklarz, B.; Wrzesniewska, J.; Siuda, A.; Starzynska, T.; Drozdzik,
M. Effect of CYP2C19*17 gene variant on Helicobacter pylori eradication in peptic ulcer
patients. Eur. J. Clin. Pharmacol. 2006, 62, 877-880.

Rudberg, 1.; Mohebi, B.; Hermann, M.; Refsum, H.; Molden, E. Impact of the ultrarapid
CYP2CI19*17 allele on serum concentration of escitalopram in psychiatric patients. Clin.
Pharmacol. Ther. 2008, 83, 322-327.

Ragia, G.; Arvanitidis, K.I.; Tavridou, A.; Manolopoulos, V.G. Need for reassessment of reported
CYP2C19 allele frequencies in various populations in view of CYP2C19*17 discovery: The case
of Greece. Pharmacogenomics 2009, 10, 43—49.

Sugimoto, K.; Uno, T.; Yamazaki, H.; Tateishi, T. Limited frequency of the CYP2C19*17 allele
and its minor role in a Japanese population. Br. J. Clin. Pharmacol. 2008, 65, 437-439.

Brandt, J.T.; Close, S.L.; Iturria, S.J.; Payne, C.D.; Farid, N.A.; Ernest, C.S., 2nd; Lachno, D. R.;
Salazar, D.; Winters, K. J., Common polymorphisms of CYP2C19 and CYP2C9 affect the
pharmacokinetic and pharmacodynamic response to clopidogrel but not prasugrel. J. Thromb.
Haemost. 2007, 5, 2429-2436.

Mega, J.L.; Close, S.L.; Wiviott, S.D.; Shen, L.; Hockett, R.D.; Brandt, J.T.; Walker, J.R.;
Antman, E.M.; Macias, W.; Braunwald, E.; Sabatine, M.S. Cytochrome p-450 polymorphisms
and response to clopidogrel. N. Engl. J. Med. 2009, 360, 354-362.

Umemura, K.; Furuta, T.; Kondo, K. The common gene variants of CYP2CI19 affect
pharmacokinetics and pharmacodynamics in an active metabolite of clopidogrel in healthy
subjects. J. Thromb. Haemost. 2008, 6, 1439-1441.

Kim, K.A.; Park, P.W.; Hong, S.J.; Park, J.Y. The effect of CYP2C19 polymorphism on the
pharmacokinetics and pharmacodynamics of clopidogrel: A possible mechanism for clopidogrel
resistance. Clin. Pharmacol. Ther. 2008, 84, 236-242.

Hulot, J.S.; Bura, A_; Villard, E.; Azizi, M.; Remones, V.; Goyenvalle, C.; Aiach, M.; Lechat, P.;
Gaussem, P. Cytochrome P450 2C19 loss-of-function polymorphism is a major determinant of
clopidogrel responsiveness in healthy subjects. Blood 2006, 108, 2244-2247.

Fontana, P.; Hulot, J.S.; De Moerloose, P.; Gaussem, P. Influence of CYP2C19 and CYP3A4
gene polymorphisms on clopidogrel responsiveness in healthy subjects. J. Thromb. Haemost.
2007, 5, 2153-2155.

Geisler, T.; Schaeffeler, E.; Dippon, J.; Winter, S.; Buse, V.; Bischofs, C.; Zuern, C.; Moerike, K.;
Gawaz, M.; Schwab, M. CYP2C19 and nongenetic factors predict poor responsiveness to
clopidogrel loading dose after coronary stent implantation. Pharmacogenomics 2008, 9, 1251—
1259.

Giusti, B.; Gori, A.M.; Marcucci, R.; Saracini, C.; Sestini, I.; Paniccia, R.; Valente, S.;
Antoniucci, D.; Abbate, R.; Gensini, G.F. Cytochrome P450 2C19 loss-of-function
polymorphism, but not CYP3A4 IVSIO + 12G/A and P2Y12 T744C polymorphisms, is



Pharmaceuticals 2010, 3 792

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

associated with response variability to dual antiplatelet treatment in high-risk vascular patients.
Pharmacogenet. Genomics 2007, 17, 1057-1064.

Frere, C.; Cuisset, T.; Morange, P.E.; Quilici, J.; Camoin-Jau, L.; Saut, N.; Faille, D.; Lambert,
M.; Juhan-Vague, I.; Bonnet, J.L.; Alessi, M.C. Effect of cytochrome p450 polymorphisms on
platelet reactivity after treatment with clopidogrel in acute coronary syndrome. Am. J. Cardiol.
2008, 101, 1088-1093.

Gladding, P.; Webster, M.; Zeng, 1.; Farrell, H.; Stewart, J.; Ruygrok, P.; Ormiston, J.; El-Jack,
S.; Armstrong, G.; Kay, P.; Scott, D.; Gunes, A.; Dahl, M.L. The pharmacogenetics and
pharmacodynamics of clopidogrel response: An analysis from the PRINC (Plavix Response in
Coronary Intervention) trial. JACC Cardiovasc. Interv. 2008, 1, 620—627.

Lee, J.M.; Park, S.; Shin, D.J.; Choi, D.; Shim, C.Y.; Ko, Y.G.; Kim, J.S.; Shin, E.S.; Chang,
C.W.; Lee, J.E.; Jang, Y. Relation of genetic polymorphisms in the cytochrome P450 gene with
clopidogrel resistance after drug-eluting stent implantation in Koreans. Am. J. Cardiol. 2009, 104,
46-51.

Jinnai, T.; Horiuchi, H.; Makiyama, T.; Tazaki, J.; Tada, T.; Akao, M.; Ono, K.; Hoshino, K.;
Naruse, Y.; Takahashi, K.; Watanabe, H.; Kita, T.; Kimura, T. Impact of CYP2CI19
polymorphisms on the antiplatelet effect of clopidogrel in an actual clinical setting in Japan. Circ.
J. 2009, 73, 1498-1503.

Varenhorst, C.; James, S.; Erlinge, D.; Brandt, J.T.; Braun, O.0.; Man, M.; Siegbahn, A.; Walker,
J.; Wallentin, L.; Winters, K.J.; Close, S.L. Genetic variation of CYP2CI19 affects both
pharmacokinetic and pharmacodynamic responses to clopidogrel but not prasugrel in aspirin-
treated patients with coronary artery disease. Eur. Heart J. 2009, 30, 1744-1752.

Frere, C.; Cuisset, T.; Gaborit, B.; Alessi, M.C.; Hulot, J.S. The CYP2C19*17 allele is associated
with better platelet response to clopidogrel in patients admitted for non-ST acute coronary
syndrome. J. Thromb. Haemost. 2009, 7, 1409-1411.

Shuldiner, A.R.; O'Connell, J.R.; Bliden, K.P.; Gandhi, A.; Ryan, K.; Horenstein, R.B.; Damcott,
C.M.; Pakyz, R.; Tantry, U.S.; Gibson, Q.; Pollin, T.I.; Post, W.; Parsa, A.; Mitchell, B.D.;
Faraday, N.; Herzog, W.; Gurbel, P.A. Association of cytochrome P450 2C19 genotype with the
antiplatelet effect and clinical efficacy of clopidogrel therapy. JAMA 2009, 302, 849-857.

Trenk, D.; Hochholzer, W.; Fromm, M.F.; Chialda, L.E.; Pahl, A.; Valina, C.M.; Stratz, C.;
Schmiebusch, P.; Bestehorn, H.P.; Buttner, H.J.; Neumann, F.J. Cytochrome P450 2C19 681G>A
polymorphism and high on-clopidogrel platelet reactivity associated with adverse 1-year clinical
outcome of elective percutaneous coronary intervention with drug-eluting or bare-metal stents. J.
Am. Coll. Cardiol. 2008, 51, 1925-1934.

Simon, T.; Verstuyft, C.; Mary-Krause, M.; Quteineh, L.; Drouet, E.; Meneveau, N.; Steg, P.G.;
Ferrieres, J.; Danchin, N.; Becquemont, L. Genetic determinants of response to clopidogrel and
cardiovascular events. N. Engl. J. Med. 2009, 360, 363-375.

Giusti, B.; Gori, A.M.; Marcucci, R.; Saracini, C.; Sestini, I.; Paniccia, R.; Buonamici, P.;
Antoniucci, D.; Abbate, R.; Gensini, G.F. Relation of cytochrome P450 2C19 loss-of-function
polymorphism to occurrence of drug-eluting coronary stent thrombosis. Am. J. Cardiol. 2009,
103, 806-811.



Pharmaceuticals 2010, 3 793

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Sibbing, D.; Stegherr, J.; Latz, W.; Koch, W.; Mehilli, J.; Dorrler, K.; Morath, T.; Schomig, A.;
Kastrati, A.; von Beckerath, N. Cytochrome P450 2C19 loss-of-function polymorphism and stent
thrombosis following percutaneous coronary intervention. Eur. Heart. J. 2009, 30, 916-922.
Collet, J.P.; Hulot, J.S.; Pena, A.; Villard, E.; Esteve, J.B.; Silvain, J.; Payot, L.; Brugier, D.;
Cayla, G.; Beygui, F.; Bensimon, G.; Funck-Brentano, C.; Montalescot, G. Cytochrome P450
2C19 polymorphism in young patients treated with clopidogrel after myocardial infarction: A
cohort study. Lancet 2009, 373, 309-317.

Zanger, U.M.; Turpeinen, M.; Klein, K.; Schwab, M. Functional pharmacogenetics/genomics of
human cytochromes P450 involved in drug biotransformation. Anal. Bioanal. Chem. 2008, 392,
1093-1108.

Evans, W.E.; McLeod, H.L. Pharmacogenomics--drug disposition, drug targets, and side effects.
N. Engl. J. Med. 2003, 348, 538-549.

Suh, J.W.; Koo, B.K.; Zhang, S.Y.; Park, K.W.; Cho, J.Y.; Jang, 1.J.; Lee, D.S.; Sohn, D.W.; Lee,
M.M.; Kim, H.S. Increased risk of atherothrombotic events associated with cytochrome P450 3A5
polymorphism in patients taking clopidogrel. CMAJ 2006,174, 1715-1722.

Dally, H.; Bartsch, H.; Jager, B.; Edler, L.; Schmezer, P.; Spiegelhalder, B.; Dienemann, H.;
Drings, P.; Kayser, K.; Schulz, V.; Risch, A. Genotype relationships in the CYP3A locus in
Caucasians. Cancer Lett. 2004, 207, 95-99.

Taubert, D.; von Beckerath, N.; Grimberg, G.; Lazar, A.; Jung, N.; Goeser, T.; Kastrati, A.;
Schomig, A.; Schomig, E. Impact of P-glycoprotein on clopidogrel absorption. Clin. Pharmacol.
Ther. 2006, 80, 486-501.

Lau, W.C.; Waskell, L.A.; Watkins, P.B.; Neer, C.J.; Horowitz, K.; Hopp, A.S.; Tait, A.R;
Carville, D.G.; Guyer, K.E.; Bates, E.R. Atorvastatin reduces the ability of clopidogrel to inhibit
platelet aggregation: A new drug-drug interaction. Circulation 2003, 107, 32-37.

Gilard, M.; Arnaud, B.; Comily, J.C.; Le Gal, G.; Lacut, K.; Le Calvez, G.; Mansourati, J.;
Mottier, D.; Abgrall, J.F.; Boschat, J. Influence of omeprazole on the antiplatelet action of
clopidogrel associated with aspirin: The randomized, double-blind OCLA (Omeprazole
CLopidogrel Aspirin) study. J. Am. Coll. Cardiol. 2008, 51, 256-260.

Farid, N.A.; Small, D.S.; Payne, C.D.; Jakubowski, J.A.; Brandt, J.T.; Li, Y.G.; Ernest, C.S.;
Salazar, D.E.; Konkoy, C.S.; Winters, K.J. Effect of atorvastatin on the pharmacokinetics and
pharmacodynamics of prasugrel and clopidogrel in healthy subjects. Pharmacotherapy 2008, 28,
1483-1494.

Pezalla, E.; Day, D.; Pulliadath, I. Initial assessment of clinical impact of a drug interaction
between clopidogrel and proton pump inhibitors. J. Am. Coll. Cardiol. 2008, 52, 1038-1039.
Juurlink, D.N.; Gomes, T.; Ko, D.T.; Szmitko, P.E.; Austin, P.C.; Tu, J.V.; Henry, D.A.; Kopp,
A.; Mamdani, M.M. A population-based study of the drug interaction between proton pump
inhibitors and clopidogrel. CMAJ 2009, 180, 713-718.

Ho, P.M.; Maddox, T.M.; Wang, L.; Fihn, S.D.; Jesse, R.L.; Peterson, E.D.; Rumsfeld, J.S. Risk
of adverse outcomes associated with concomitant use of clopidogrel and proton pump inhibitors
following acute coronary syndrome. JAMA 2009, 301, 937-944.

von Beckerath, N.; Taubert, D.; Pogatsa-Murray, G.; Schomig, E.; Kastrati, A.; Schomig, A.
Absorption, metabolization, and antiplatelet effects of 300-, 600-, and 900-mg loading doses of



Pharmaceuticals 2010, 3 794

clopidogrel: Results of the ISAR-CHOICE (Intracoronary Stenting and Antithrombotic Regimen:
Choose Between 3 High Oral Doses for Immediate Clopidogrel Effect) Trial. Circulation 2005,
112, 2946-2950.

45. Pena, A.; Collet, J.P.; Hulot, J.S.; Silvain, J.; Barthelemy, O.; Beygui, F.; Funck-Brentano, C.;
Montalescot, G. Can we override clopidogrel resistance? Circulation 2009, 119, 2854-2857.

46. Hjemdahl, P. Should we monitor platelet function during antiplatelet therapy? Heart 2008, 94,
685-687.

© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



