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he efficacy of clopidogrel in combination with
acetylsalicylic acid (ASA) therapy has been clearly
established in well-designed randomized controlled
trials that have shown a reduction in recurrent coronary
events following acute myocardial infarction, as compared
with ASA monotherapy.1 However, the response to clopidogrel varies among patients, and clopidogrel resistance has
been observed. Such variations in response have repeatedly
been associated with adverse cardiovascular outcomes in patients undergoing percutaneous coronary intervention.2,3
The pharmacology of clopidogrel is key to understanding
this phenomenon. Clopidogrel is a prodrug that must be converted to an active metabolite. The metabolite inhibits platelet
aggregation (the rationale for clopidogrel’s use in high-risk
cardiovascular disease) by irreversibly binding to the platelet
P2Y12 adenosine diphosphate receptor. In vivo, 85% of the
clopidogrel dose is inactivated by plasma esterases. The remaining 15% is bioactivated in a 2-step pathway that depends
on the cytochrome P450 isoenzyme system. The specific
isoenzymes involved include cytochrome P450 1A2, 2B6,
2C9, 2C19 and 3A4.4 The cytochrome P450 2C19 and 3A4
isoenzymes play the major role.5
One mechanism for resistance to clopidogrel involves genetic polymorphisms that alter expression of cytochrome
P450 isoenzymes that act on the drug. The result is insufficient enzymatic activity for optimal conversion of clopidogrel
to its active metabolite. This mechanism is supported by recent data from the FAST-MI study (French Registry of Acute
ST-Elevation and Non-ST-Elevation Myocardial Infarction
study) and the TRITON-TIMI 38 study (Trial to Assess Improvement in Therapeutic Outcomes by Optimizing Platelet
Inhibition with Prasugrel–Thrombolysis in Myocardial Infarction 38). Both of these studies demonstrated a greater than
3-fold increase in the risk of adverse cardiovascular events
among patients undergoing percutaneous coronary intervention who were homozygous or heterozygous for any of the
CYP2C19 alleles known to result in a nonfunctional protein
(CYP2C19*2, *3, *4 and *5), as compared with patients who
had wild-type CYP2C19*1 allele.6,7
Another mechanism for clopidogrel resistance is competitive inhibition of cytochrome P450 isoenzymes needed for the
metabolic activation of clopidogrel. Atorvastatin is a competitive inhibitor of the isoenzyme cytochrome P450 3A4. This interaction has been shown to have important effects on clopidogrel activity, as elucidated in small observational studies
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Clopidogrel requires bioactivation by cytochrome P450
isoenzymes in the liver in order to exert its inhibitory effect on platelet aggregation.
Polymorphisms resulting in decreased enzymatic expression of cytochrome P450 2C19 and competitive inhibition
of this isoenzyme by proton pump inhibitors impair activation of clopidogrel.
Unlike other proton pump inhibitors, pantoprazole primarily inhibits cytochrome P450 2C9 and therefore causes
less attenuation of the effect of clopidogrel.
The concomitant use of proton pump inhibitors and clopidogrel should be limited to patients with sound clinical
indications.
Alternative treatment strategies with drugs not dependent
on cytochrome P450 2C19 should be considered for multidrug therapy in patients at high risk for recurrent myocardial infarction.

involving patients undergoing percutaneous coronary intervention.8 Proton pump inhibitors are among the competitive inhibitors of cytochrome P450 2C19, the other major isoenzyme
involved in the activation of clopidogrel. In a prospective, randomized, double-blind placebo-controlled study involving patients undergoing elective coronary artery stenting who received clopidogrel, co-administration of the proton pump
inhibitor omeprazole was associated with decreased cytochrome P450 2C19-dependent inhibition of platelet aggregation (i.e., a decreased platelet inhibitory effect of clopidogrel).9
In this issue of CMAJ, Juurlink and colleagues, using a
population-based nested case–control study design, report on
their investigation of the potential association of a cytochrome P450 2C19–dependent drug–drug interaction between clopidogrel and proton pump inhibitors and the risk of
readmission to hospital because of myocardial infarction
among patients 66 years or older who received clopidogrel
therapy following hospital discharge after acute myocardial
infarction.10 Patients who experienced reinfarction within 90
days after discharge were more likely than event-free patients
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in the control group to have received concomitant therapy
with clopidogrel and proton pump inhibitors. The authors estimated that, compared with no treatment, cytochrome
P450 2C19-inhibiting proton pump inhibitors were collectively associated with a 40% relative increase in the risk of recurrent myocardial infarction.
An exception was the proton pump inhibitor pantoprazole,
which did not show the above associations. Juurlink and colleagues speculate as to why: unlike the other proton pump inhibitors (omeprazole, lansoprazole, rabeprazole and esomeprazole), pantoprazole exerts its highest inhibition
potency toward cytochrome P450 2C9 rather than cytochrome P450 2C19, as has been demonstrated in vitro.11 As
such, a drug–drug interaction leading to attenuation of the efficacy of clopidogrel is less likely with pantoprazole.
Juurlink and colleagues are to be commended for the comprehensiveness of their study. The study was robustly adjusted for the imbalances between the case and control groups
in clinically important covariates, including cardiovascular
comorbidities (including renal insufficiency, congestive heart
failure and complications related to diabetes mellitus) and essential evidence-based cardiovascular protective medications
(including angiotensin-converting-enzyme inhibitors, βblockers and statins). However, limitations in addition to
those discussed by the authors include lack of data on patient
compliance with antiplatelet therapy. Also, although this
study was not designed to examine the pharmacogenomics of
proton pump inhibitors, it did not account for ethnicity, potentially relevant since genetic polymorphisms of cytochrome
P450 2C19 leading to insufficient enzymatic activity are not
equally distributed among individuals of white, Asian and
African descent.
Induction of cytochrome P450 isoenzymes, leading to an
enhanced platelet inhibitory effect of clopidogrel, has also
been described, which suggests a means for overcoming
clopidogrel resistance. Hyperforin, a constituent of St. John’s
wort, induces metabolic activity of cytochrome P450 2C19
and cytochrome P450 3A4 in the liver. As such, it increases
the effect of drugs that depend on these 2 isoenzymes for their
metabolic activation.12 In a small prospective study, administration of St. John’s wort enhanced the platelet inhibitory effect of clopidogrel in volunteers known to be unresponsive to
the drug and in patients with stable coronary artery disease.13
Understanding drug interactions that impair therapeutic
efficacy is important, especially with multidrug treatment, as
exemplified by the patient cohort with high-risk cardiovascular disease in the study by Juurlink and colleagues. Although
their findings are provocative, definitive evidence of the effect of proton pump inhibitors on the antiplatelet properties
of clopidogrel would require large prospective studies. Future studies designed to investigate the relation of proton
pump inhibitors to adverse cardiovascular outcomes should
strive to adjust for imbalances in cardiovascular-related comorbidities, patient ethnicity and concomitant drug use between patient groups, and carefully measure patient compliance with therapy.
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However, given the observational data presented thus far,
a future randomized clinical trial to determine increased cardiovascular risk associated with proton pump inhibitors is unlikely. At this point, concomitant therapy with a cytochrome
P450 2C19-inhibiting proton pump inhibitor and clopidogrel
should be administered when there is a sound clinical indication. For example, patients taking clopidogrel and warfarin
therapy who require a proton pump inhibitor may need to
avoid pantoprazole, since warfarin is metabolized primarily
by cytochrome P450 2C9. Alternatively, treatment strategies
may be considered that use drugs not dependent on the cytochrome P450 2C19 isoenzyme, such as pantoprazole and H2receptor antagonists.
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