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Abstract

Over the past decade, pharmacogenetic testing has emerged in clinical practice to guide selected 

cardiovascular therapies. The most common implementation in practice is CYP2C19 genotyping 

to predict clopidogrel response and assist in selecting antiplatelet therapy after percutaneous 

coronary intervention. Additional examples include genotyping to guide warfarin dosing and 

statin prescribing. Increasing evidence exists on outcomes with genotype-guided cardiovascular 

therapies from multiple randomized controlled trials and observational studies. Pharmacogenetic 

evidence is accumulating for additional cardiovascular medications. However, data for many of 

these medications are not yet sufficient to support the use of genotyping for drug prescribing. 

Ultimately, pharmacogenetics might provide a means to individualize drug regimens for complex 

diseases such as heart failure, in which the treatment armamentarium includes a growing list 

of medications shown to reduce morbidity and mortality. However, sophisticated analytical 

approaches are likely to be necessary to dissect the genetic underpinnings of responses to drug 

combinations. In this Review, we examine the evidence supporting pharmacogenetic testing in 

cardiovascular medicine, including that available from several clinical trials. In addition, we 

describe guidelines that support the use of cardiovascular pharmacogenetics, provide examples of 

clinical implementation of genotype-guided cardiovascular therapies and discuss opportunities for 

future growth of the field.
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In this Review, Cavallari and colleagues examine the evidence supporting pharmacogenetic testing 
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Introduction

Precision medicine involves tailoring disease treatment and prevention strategies on the basis 

of genotype, environment, lifestyle and other patient-specific factors. Pharmacogenetics 

is an important component of precision medicine and aims to minimize the traditional 

trial-and-error approach to drug therapy by considering an individual’s genetic code, in 

addition to other patient-specific information, to select optimal drug therapy. Decades of 

pharmacogenetic research have identified associations between genetics and the safety and 

effectiveness of numerous therapies that are now being translated to clinical practice.1

Variations in genes encoding drug-metabolizing enzymes are currently the most commonly 

tested in the clinical setting to inform pharmacotherapy2. Subsequent drug responses 

depend on whether the enzyme is responsible for metabolizing the drug to a more or 

less active form. For prodrugs requiring bioactivation, such as clopidogrel, an inherited 

enzyme deficiency can render the drug ineffective owing to minimal conversion to the 

active metabolite, which elicits the effects of the drug. For drugs such as warfarin that 

are administered in their pharmacologically active form, enzyme deficiency might lead to 

increased drug exposure and serious adverse effects (Fig. 1). Limited examples also exist 

in which clinical testing for genes encoding a drug transporter (for example, SLCO1B1 for 

statins) or drug target (for example, VKORC1 for warfarin) guides therapy3–6.

To facilitate pharmacogenetic testing in practice, the Clinical Pharmacogenetics 

Implementation Consortium (CPIC) provides guidelines for gene–drug pairs that have 

sufficient evidence to support the consideration of genotype data in prescribing decisions.7 

Similar guidance is provided by the Dutch Pharmacogenetics Working Group (DPWG), 

Canadian Pharmacogenomics Network for Drug Safety (CPNDS) and other professional 

societies8,9. These guidelines are all annotated in the Pharmacogenomics Knowledgebase 

(PharmGKB)10. These guidelines generally do not address whether or not to order 

pharmacogenetic testing, leaving that to the discretion of the physician. Instead, the 

guidelines provide recommendations on how to apply existing test results to optimize 

pharmacotherapy, with the assumption that genotype data will be increasingly available 

through initiatives at the health system level or through direct-to-consumer testing.

PharmGKB ranks the evidence underlying their clinical annotations for gene–drug pairs, 

with level 1 indicating the strongest level of evidence and level 4 the lowest. CPIC 

similarly categorizes gene–drug pairs from level A, signifying that genetic information 

should be considered in drug prescribing, to level D, indicating that the evidence is 

weak or conflicting. These rankings can assist clinicians when assessing the merits 

of pharmacogenetic evidence to support clinical implementation. As of early 2021, 25 

CPIC guidelines have been published, all for gene–drug pairs ranked as level A. These 

guidelines are freely available through the CPIC website (CPIC). Three guidelines address 

cardiovascular drugs: clopidogrel, warfarin and simvastatin. The DPWG also provides 

guidance for the use of these drugs and for acenocoumarol, atorvastatin, flecainide, 

metoprolol and propafenone. Clopidogrel and warfarin are also included in a table of 

gene–drug pairs for which the FDA believes that the data support therapeutic management 

recommendations11. Simvastatin is included in a separate table of genes that might affect 
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drug response. Pharmacogenetic evidence is accumulating for additional cardiovascular 

medications such as hydralazine12 and β-blockers13. However, for many drugs, the data are 

insufficient to support the use of pharmacogenetics in clinical practice to guide prescribing 

decisions.

Similarly, while much research remains to be done, pharmacogenetics might potentially be a 

means to guide the treatment of cardiovascular diseases in which multiple drug regimens are 

required, but the optimal drug combination for a given patient is unknown. In this Review, 

we summarize the evidence supporting pharmacogenetic testing in cardiovascular medicine, 

describe guidelines for the use of cardiovascular pharmacogenetics and provide examples of 

the clinical implementation of genotype-guided therapies. We also discuss opportunities for 

the growth of cardiovascular pharmacogenetics.

Clopidogrel

Dual antiplatelet therapy with aspirin plus a P2Y purinoceptor 12 (P2Y12 receptor) inhibitor 

(clopidogrel, ticagrelor or prasugrel) is the standard of care after percutaneous coronary 

intervention (PCI) to reduce the risk of major adverse cardiovascular events (MACE).14 

In patients presenting with acute coronary syndrome (ACS), guidelines give preference to 

prasugrel or ticagrelor over clopidogrel on the basis of their superior efficacy in clinical 

trials15,16. Although the use of these newer agents is therefore increasing, these drugs are 

associated with higher cost and bleeding risks15–17. These risk factors, in addition to the 

dyspnoea that occurs with the use of ticagrelor, contribute to higher discontinuation rates of 

prasugrel and ticagrelor than of clopidogrel and limit their universal use17,18. Furthermore, 

clinical trials did not account for the fact that approximately 30% of individuals inherit a 

deficiency in the cytochrome P450 (CYP) 2C19 enzyme, which leads to reduced clopidogrel 

effectiveness. Data from a 2019 study suggested that clopidogrel is as effective as an 

alternative agent after PCI in patients with full enzyme activity19.

Pharmacogenetics

Clopidogrel is a prodrug that undergoes a two-step metabolism to its active form that 

irreversibly inhibits platelet activation20 (Fig. 2). Multiple CYP enzymes are involved in 

activating clopidogrel. However, CYP2C19 is involved in both steps and has a crucial 

function in the bioactivation process of clopidogrel21. The gene encoding CYP2C19 is 

highly polymorphic, with *1 denoting the allele associated with normal enzyme function 

and *2 and *3 denoting alleles associated with no enzyme function22,23. Individuals with 

two no-function (also called loss-of-function) alleles (for example, *2/*2 genotype) have 

no CYP2C19 enzyme activity and are poor metabolizers (PMs). Intermediate metabolizers 

(IMs) have a single no-function allele (for example, *1/*2 genotype) and markedly 

reduced enzyme activity. Conversely, the *17 allele is an allele associated with increased 

enzyme function that confers the rapid metabolizer (RM; *1/*17 genotype) and ultra-rapid 

metabolizer (UM; *17/*17 genotype) phenotypes. Approximately 30% of individuals are 

PMs or IMs, and another 30% are RMs or UMs, but phenotype frequencies vary by ancestry 

(Table 1). Although other less common no-function alleles have been described, the *2, 
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*3, and *17 alleles are the only alleles that are considered essential for testing by the US 

Association of Molecular Pathology24,25.

CYP2C19 and clopidogrel exposure.—The CYP2C19 PM and IM phenotypes 

are associated with lower exposure to the active clopidogrel metabolite and higher on­

treatment platelet reactivity than the normal metabolizer (NM) phenotype (that is,*1/*1 
genotype).26–29 Use of higher doses of clopidogrel has been examined as a strategy to 

overcome the reduced antiplatelet effects in IMs and PMs. Tripling the dose to 225 mg per 

day can produce a similar level of platelet inhibition in IMs as a 75 mg per day dose in 

NMs, whereas a dose as high as 300 mg per day is insufficient for PMs30–32. Given that 

CYP2C19 genotype does not affect the pharmacokinetics or pharmacodynamics of prasugrel 

or ticagrelor, these drugs are recommended over clopidogrel dose escalation in IMs and PMs 

in the absence of contraindications (such as a high risk of bleeding)33,34.

The effect of the *17 allele on clopidogrel response is unclear. An early study showed that 

this allele improved the inhibition of platelet aggregation and increased the risk of bleeding 

with clopidogrel, but the analysis did not adjust for the *2 allele35. The *2 and *17 alleles 

rarely occur on the same haplotype and, consequently, whether the effects observed were 

truly owing to the presence of the *17 allele or instead the absence of the *2 allele is unclear.

CYP2C19 and clopidogrel effectiveness.—Multiple studies have shown an increased 

risk of MACE (generally defined as cardiovascular death, myocardial infarction or stroke) 

after PCI in clopidogrel-treated IMs and PMs compared with similarly-treated patients 

without a no-function allele26,36–38. In a meta-analysis of nine studies, including 9,685 

clopidogrel-treated patients (55% with an ACS and 91% with PCI), the risk of MACE 

was significantly higher in IMs than in NMs (HR 1.55, 95% CI 1.11–2.17), with an even 

greater risk in PMs (HR 1.76, 95% CI 1.24–2.50)39. This allele dose-dependent effect 

further supports the biological plausibility that each no-function allele causes decreased 

CYP2C19 metabolic function and therefore an increased risk of MACE in patients 

receiving clopidogrel. Several additional meta-analyses have also shown higher rates of 

cardiovascular events in clopidogrel-treated PMs and IMs than in individuals without 

a no-function allele40–43. However, studies of lower-risk populations, such as patients 

receiving clopidogrel for atrial fibrillation or with a medically managed ACS, did not 

show an increased risk of MACE in clopidogrel-treated PMs and IMs44,45. Nevertheless, 

the CYP2C19 no-function genotype remained associated with stent thrombosis45. Taken 

together, the data strongly demonstrate reduced clopidogrel effectiveness in IMs and PMs 

after PCI, but the relationship between CYP2C19 genotype and clopidogrel response in 

lower-risk populations is less clear25,42.

Clinical trial data.—Two large, multicentre trials (POPular-Genetics and TAILOR 

PCI) and several smaller trials or interventional studies have examined outcomes with 

a CYP2C19-guided approach to antiplatelet therapy selection after PCI (Table 2, Box 

1)19,46–50. The genotype-guided groups of the POPular-Genetics and TAILOR-PCI 

trials19,49 consisted of prasugrel or ticagrelor for IMs and PMs and clopidogrel for patients 

with other phenotypes (such as NMs, RMs or UMs). The POPular-Genetics trial19 showed 

that among patients undergoing PCI after an ST-segment elevation myocardial infarction, 
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a CYP2C19-guided approach was non-inferior to treatment with prasugrel or ticagrelor 

in preventing atherothrombotic events but was superior in reducing bleeding risk. These 

data suggest that in patients without a CYP2C19 no-function allele, clopidogrel is as 

effective at preventing MACE as an alternative P2Y12 inhibitor. The TAILOR-PCI trial49 

included patients with either stable coronary disease or ACS undergoing PCI. In contrast 

to the POPular-Genetics trial, patients in the comparator group of the TAILOR-PCI trial 

received clopidogrel. Event rates were lower than anticipated, requiring revision of the 

power analysis during the trial such that a 50% reduction in the primary end point of major 

atherothrombotic events was necessary to show statistical significance. The primary analysis 

was conducted in a subset of participants in each group with the IM or PM phenotype and 

showed a 34% lower occurrence of events with genotype-guided therapy, which narrowly 

missed the threshold for statistical significance (P = 0.06). Risk reduction for the secondary 

end point of stent thrombosis was also close to the threshold for significance (P = 0.05). 

In addition, there was a reduction in the prespecified end point of total number of events 

per patient (P = 0.01) with genotype-guided therapy compared with conventional therapy. 

The event-free survival curves separated early, reflecting the high risk of events in the early 

period after PCI. A post-hoc analysis revealed a reduction in the rate of events in the first 90 

days (P = 0.001) in favour of genotype-guided therapy compared with conventional therapy. 

These data suggest that genotype-guided therapy has the greatest benefit in the early period 

(for example, 3 months) following PCI.

Clinical use

In 2010, the FDA approved a revision to add a boxed warning to the label for clopidogrel 

about reduced clopidogrel effectiveness in PMs (but not IMs), in whom alternative P2Y12 

inhibitors are recommended51. Similar language exists on the clopidogrel label approved by 

the European Medicines Agency, Japanese Pharmaceutical and Medical Devices Agency 

and other regulatory bodies. The FDA addresses both IMs and PMs in their table of 

gene–drug pairs in which the data support therapeutic management recommendations11. 

CPIC guidelines for the use of clopidogrel also address both IMs and PMs and focus 

recommendations on patients with an ACS and PCI, in whom substantial data exist, whereas 

the DPWG extends recommendations to patients with stroke9,25. The guidelines recommend 

prasugrel or ticagrelor in CYP2C19 IMs or PMs in the absence of a contraindication, 

but make no recommendations on whether genetic testing should be performed. Joint PCI 

guidelines from 2016 by the ACC/AHA recommend against routine genotyping for all 

patients undergoing PCI, citing a lack of randomized controlled trial (RCT) data at the 

time the guidelines were written14. However, these organizations state that testing might 

be considered in high-risk patients and, similar to CPIC, either prasugrel or ticagrelor is 

recommended for patients with a no-function allele.

CYP2C19 testing to guide the use of antiplatelet therapy after PCI is one of the most 

common examples of pharmacogenetic testing in clinical practice2,52. Some sites reserve 

testing for patients at high risk of MACE on the basis of clinical presentation or coronary 

anatomy, in line with ACC/AHA guidelines, whereas other sites genotype the majority 

of patients undergoing PCI52. Most sites provide recommendations for alternative P2Y12 

inhibitor therapy for both IMs and PMs via clinical consult notes or automated decision 
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support. Testing strategies vary between sites, with rapid genotyping in place at some 

institutions, allowing results to be available soon after sample collection (Box 2). At other 

sites where rapid genotyping is not available, results are usually returned within a week, 

and patients with a no-function CYP2C19 allele who are receiving clopidogrel can be 

switched to alternative therapy at that time. However, this strategy might place patients at an 

elevated risk of MACE in the vulnerable, high-risk period immediately after PCI. Therefore, 

another approach in the absence of rapid genotyping is to treat patients with prasugrel or 

ticagrelor until the genotype results are obtained. When the genotyping results arrive, IMs 

and PMs might be continued on the newer agents, whereas those without a no-function allele 

might be switched to clopidogrel in a so-called ‘de-escalation’ approach. This approach 

has the potential to maximize benefit and reduce bleeding risk given the high risk of 

atherothrombotic events early after ACS and PCI and high risk of bleeding with newer 

agents during long-term therapy.53–56 The 2020 ESC guidelines address genotype-guided 

de-escalation as a strategy for patients who are unsuitable for long-term therapy with more 

potent agents after PCI because of bleeding risk or other factors, citing the POPular Genetics 

trial as the basis for this recommendation.19,57,58

Pre-emptive genotyping of patients at high risk of cardiovascular events has also been 

described59 and allows for results to be readily available if the patient requires PCI in 

the future. Given the lack of urgency with pre-emptive testing, samples can be batched 

and processed together, substantially reducing the cost of testing. Given that the CYP2C19 
genotype has implications for multiple drugs other than clopidogrel, such as proton-pump 

inhibitors60 and selective serotonin reuptake inhibitors61, the results could be valuable to 

guide other therapies even if the patient never requires PCI. However, because many third­

party payers are reluctant to reimburse for pre-emptive testing, such a model might require 

an investment from the health system to cover the cost of testing.

Real-world outcome data.—Adding to the RCT evidence on outcomes with CYP2C19­

guided antiplatelet therapy are data from real-world observations of patients receiving 

genetic testing as part of clinical care62–64. A Dutch study of >3,000 patients undergoing 

elective PCI showed a significant reduction in the risk of MACE among PMs prescribed 

prasugrel compared with PMs treated with clopidogrel63. However, the outcomes in IMs 

were not examined in this study. In a US-based study, we examined outcomes with 

CYP2C19 testing in 1,815 patients undergoing either emergent or elective PCI across 

seven institutions in the NHGRI-funded Implementing GeNomics In pracTicE (IGNITE) 

Network62. In line with CPIC guidelines, all sites recommended alternative therapy for 

IMs and PMs, with the ultimate prescribing decision left to physician discretion. No 

recommendations were provided for patients without a non-functional allele. Among the 

31.5% of patients with the IM or PM phenotype, 61% received alternative therapy (most 

commonly prasugrel) in line with recommendations, and the remainder received clopidogrel. 

The risk of MACE was significantly higher in IMs and PMs treated with clopidogrel than 

with alternative therapy (Table 2). These differences were most pronounced in patients with 

ACS and remained significant when limiting the analysis to IMs. No significant difference 

was observed in outcomes between patients without a no-function allele (85% receiving 

clopidogrel) and IMs and PMs treated with prasugrel or ticagrelor, providing further data 
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that clopidogrel might be as effective as newer agents in those without a no-function 

allele. Similar results were shown in an observational study of CYP2C19-guided antiplatelet 

therapy after STEMI and PCI across 57 centres in France64.

The IGNITE dataset was expanded to include two additional sites and >1,500 additional 

patients. An initial study with the larger data set aimed to examine the effect of the 

increased-function CYP2C19*17 allele on clopidogrel effectiveness and safety65. The study 

specifically compared outcomes between clopidogrel-treated RMs or UMs (for example, 

those with the *1/*17 or *17/*17 genotype) versus NMs and showed no significant 

difference between the groups in the risk of atherothrombotic or bleeding events after PCI. 

These data contrast with previous studies comparing outcomes between *17 allele carriers 

and non-carriers, in which PMs and IMs were included in the non-carrier group, which 

might have confounded results35,66,67.

Emerging evidence

In addition to PCI, clopidogrel is prescribed for stroke prevention and peripheral arterial 

disease, and data show that the CYP2C19 genotype influences clopidogrel effectiveness 

in these settings. In particular, a large RCT of patients with a minor ischaemic stroke or 

transient ischaemic attack showed that the combination of clopidogrel plus aspirin was 

more effective than aspirin alone in preventing recurrent stroke, but only in those without 

a CYP2C19 no-function allele68. In a subsequent meta-analysis of 15 studies and nearly 

5,000 clopidogrel-treated patients with ischaemic stroke or transient ischaemic attack, the 

risk of new stroke was significantly higher in IMs and PMs than in individuals with 

other phenotypes69. Similarly, after endovascular treatment for peripheral arterial disease, 

reduced rates of stent patency have been observed with clopidogrel treatment in IMs and 

PMs70,71. Concerns about reduced clopidogrel effectiveness on the basis of CYP2C19 
genotype prompted investigators to exclude PMs from the large, multi-site EUCLID trial72 

of ticagrelor versus clopidogrel in peripheral artery disease.

Additional clopidogrel-response modifiers

Genetic factors.—A genome-wide association study (GWAS) confirmed that the 

CYP2C19 gene was the major genetic contributor to the inter-patient variability that 

mediates the antiplatelet effects of clopidogrel73. Researchers have sought to identify 

additional genetic contributions to the clopidogrel response. Other genes examined 

include ABCB1, CES1 and PON1. Clopidogrel is a substrate for P-glycoprotein, an 

intestinal efflux transporter encoded by the ABCB1 gene. Some studies have suggested 

an association between the c.3435C>T (rs1045642) polymorphism and the effectiveness 

of clopidogrel after PCI74,75, whereas other studies have not shown an association76. 

Similarly, PON1, which encodes esterase paraoxonase 1, an enzyme involved in clopidogrel 

bioactivation, was initially linked to the risk of stent thrombosis during clopidogrel treatment 

after PCI.77 However, multiple studies have not replicated this finding78–80. The CES1 
genotype data are perhaps the most promising. Carboxylesterase 1 (CES1) hydrolyses 

clopidogrel into an inactive carboxylic acid metabolite, influencing the amount of drug 

available for conversion to its active form via CYP2C19. The CES1 variant Gly143Glu 

(rs71647871) reduces CES1 activity and has been associated with reduced platelet 
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reactivity after clopidogrel administration81,82. Members of the International Clopidogrel 

Pharmacogenomics Consortium reported that a polygenic risk score, including variants 

in CYP2C19, CES1 and CYP2B6, predicted an increased risk of cardiovascular events 

and increased cardiovascular mortality in patients receiving clopidogrel82. Ultimately, a 

polygenic risk score, combined with clinical factors (described below), might provide 

superior prediction of the clopidogrel response than any single factor alone.

Clinical variables.—Clinical factors that can modify the clopidogrel response include age, 

body size, renal function and diabetes mellitus. Lower exposure to the active clopidogrel 

metabolite and higher residual platelet reactivity have been observed in clopidogrel-treated 

patients with diabetes83,84. The presence of chronic kidney disease, age >75 years or obesity 

further impairs the antiplatelet effects of clopidogrel85,86. The ABCD-GENE (age, BMI, 

chronic kidney disease, diabetes mellitus and CYP2C19 genotype) score was developed 

and validated as a predictor of cardiovascular events after PCI86. Multiple studies have 

also examined whether proton-pump inhibitors can reduce the clopidogrel response through 

inhibitory effects on CYP2C19 activity, but the data are inconsistent87.

Oral anticoagulants

The vitamin K antagonist warfarin and the direct-acting oral anticoagulants (DOACs) 

apixaban, dabigatran, edoxaban and rivaroxaban are indicated for the treatment and 

prevention of thromboembolic disorders. Warfarin has a narrow therapeutic index and 

requires frequent monitoring of the international normalized ratio (INR) to ensure optimal 

anticoagulation, defined as an INR of 2–3 for most indications. Warfarin doses necessary 

to attain an INR of 2–3 vary from <1 mg per day to >10 mg per day among patients88. 

Genotype is a major contributor to this dose variability but is rarely considered in clinical 

practice. Instead, warfarin treatment is typically initiated at a similar dose (for example, 5 

mg per day) in all patients. Loading doses (for example, a 10 mg dose) are sometimes used 

for the initial 1–3 days of therapy, particularly in Europe, with subsequent dose adjustment 

on the basis of an INR response89,90. However, these ‘fixed-dose’ approaches can result 

in over-anticoagulation in individuals with genotypes associated with reduced warfarin 

metabolism or increased sensitivity. Conversely, delays can occur in attaining therapeutic 

anticoagulation in those with warfarin-resistance genotypes, especially in the absence of a 

loading dose.

DOACs have a wider therapeutic index than warfarin, do not require regular monitoring, 

and are associated with greater reductions in the risk of stroke or systemic embolic 

events and a lower risk of intracranial haemorrhage compared with warfarin91,92. Although 

genetic variation, specifically in the CES1 gene, has been linked to plasma levels of 

dabigatran and risk of bleeding, no consistent evidence exists on genetic associations with 

DOAC effectiveness93. Owing to the favourable profile of DOACs compared with warfarin, 

DOAC use has steadily increased over the past 10 years. By 2015, DOAC use comprised 

approximately 30% of oral anticoagulation in the USA and 50% of prescriptions for patients 

with atrial fibrillation in Norway94,95. However, because of the higher cost, lower adherence 

rates and more limited indications for DOACs than for warfarin, in addition to the high 

cost of reversal agents for DOACs in the event of over-anticoagulation, warfarin remains 
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commonly prescribed — particularly in older patients and those at increased risk of bleeding 

or with substantial comorbidity96,97.

Pharmacogenetics

Genetic associations.—The major genes influencing the response to warfarin are 

CYP2C9 and VKORC1, with a minor contribution from CYP4F2 (Fig. 3). The CYP2C9*2, 
*3, *5, *6, *8 and *11 alleles reduce S-warfarin (the more active enantiomer) clearance 

and therefore patient dose requirements98–101. Dose reductions of approximately 5–7 mg per 

week have been reported with the *2, *8 and *11 alleles, with reductions approaching 14 mg 

per week reported for the *3 and *5 alleles102,103. These variants are also associated with 

increased risk of over-anticoagulation and bleeding, with a high risk of bleeding persisting 

throughout warfarin therapy104,105. The *2 and *3 alleles are the most common CYP2C9 
variants in individuals of European ancestry, whereas the *5, *6, *8 and *11 alleles occur 

almost exclusively in populations with African ancestry.

Vitamin K epoxide reductase complex 1 (VKORC1) is the protein target of warfarin, and 

rare variants contribute to warfarin resistance and the need for very high doses (such as 

≥20 mg per day) to attain therapeutic anticoagulation106. A common variant, c.–1639G>A 

(rs9923231) in the regulatory region of VKORC1 is associated with reduced VKORC1 
expression and lower warfarin dose requirements.107,108 Compared with individuals of 

European ancestry, the –1639 AA (highly sensitive) genotype is more prevalent in 

Asian individuals, and the –1639 GG (reduced sensitivity) genotype is more common in 

populations with African ancestry (Table 1). This variation accounts for the lower doses 

generally observed in Asian individuals and higher doses observed in individuals of African 

ancestry than in European individuals109.

The CYP4F2 enzyme metabolizes vitamin K1 to hydroxyl-vitamin K1. CYP4F2 activity 

is reduced in the presence of the *3 allele (rs2108622), resulting in higher concentrations 

of vitamin K1 being available for reduction to vitamin K hydroquinone and activation of 

clotting factors110. The *3 allele is associated with higher warfarin dose requirements than 

the *1 allele in European and Asian cohorts111. However, no association has been identified 

in populations with African ancestry111,112.

GWAS have confirmed that VKORC1 and CYP2C9 are the primary genetic contributors 

to warfarin dose requirements in populations with European or Asian ancestry.113–115 

A GWAS in a population with African ancestry revealed an additional variant near the 

CYP2C cluster on chromosome 10, rs12777823, associated with lower dose requirements 

for warfarin.116 This single-nucleotide polymorphism (SNP) is also correlated with reduced 

S-warfarin clearance, and although this SNP is common across the general population, its 

association with the warfarin response seems to be limited to persons of African ancestry116. 

Therefore, rs12777823 is not thought to be a functional polymorphism, but instead to be in 

linkage disequilibrium with a functional variant(s) found in populations of African ancestry. 

A subsequent GWAS identified a variant on chromosome 6 upstream of EPHA7 that was 

associated with the risk of major bleeding in warfarin-treated African American individuals 

with an INR of <4117. This variant occurs exclusively in persons of African ancestry, with 

an allele frequency of 7%, and its association with bleeding risk reached genome-wide 
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significance when the discovery and replication cohorts were combined. The SNP also 

seems to increase bleeding risk prediction when included in the HAS-BLED score, but this 

finding requires validation117,118.

Dosing algorithms.—Dosing algorithms including genotype (VKORC1 –1639G>A, 

CYP2C9*2 and CYP2C9*3 alleles) and clinical variables that influence the response to 

warfarin (for example, age, height, weight and use of CYP2C9 inhibitors) have been 

developed by the International Warfarin Pharmacogenetics Consortium (IWPC)119 and 

Gage and colleagues120 to assist with estimating initial warfarin doses (both available at 

Warfarin Dosing). The IWPC algorithm also includes the use of CYP2C9 inducers (such 

as phenytoin or rifampin) and is preferred for patients receiving these drugs. Otherwise, 

both algorithms provide similar dose estimations. Importantly, neither published algorithm 

includes the CYP2C9*5, *6, *8, *11 or rs12777823 variant, although the *5 and *6 alleles 

are incorporated into the online version of the Gage algorithm, as is the CYP4F2*3 allele.

Clinical trial data.—Three large multi-site RCTs have evaluated the efficacy of genotype­

guided warfarin dosing89,121,122 (Table 3, Box 1). All three trials used a pharmacogenetic 

algorithm that included the VKORC1 –1639G>A and CYP2C9*2 and *3 variants. The 

GIFT trial121 additionally genotyped for CYP4F2. The primary end point for the EU-PACT 

and COAG trials89,122 was time in therapeutic range, whereas the GIFT trial121 was 

powered to detect differences in clinical outcomes. Both the EU-PACT and GIFT trials, 

but not the COAG trial, showed significant improvement in their primary end points with 

pharmacogenetic dosing.

Important differences between trials might have contributed to the disparate results (Table 

3). Of note, both the EU-PACT and GIFT trials were conducted in predominately European 

ancestry populations, whereas the COAG trial included a more diverse population, with 

27% of participants being African American. None of the trials genotyped for the African­

specific variants, and failure to account for these variants is associated with substantial 

warfarin overdosing among African Americans because individuals with a CYP2C9*5, *6, 
*8 or *11 allele (approximately 15% of patients with African ancestry) or rs12777823 

A allele (>40% patients) would be misclassified as NMs (for example, *1/*1) and dosed 

accordingly123. Indeed, among COAG participants of African ancestry, genotype-guided 

warfarin dosing resulted in worse anticoagulation control than dosing on the basis of clinical 

factors alone.122

Another important difference between the trials was that loading doses were used in the 

EU-PACT but not in the COAG trial. We have reported that loading doses are needed in 

most patients starting warfarin to reduce the amount of time required to achieve therapeutic 

anticoagulation and that loading doses should be genotype-based124. Specifically, rapid 

INR increases and supratherapeutic anticoagulation can occur with warfarin initiation in 

patients with two or more CYP2C9 or VKORC1 variants (such as the VKORC1 –1639AA 

genotype or a combination of VKORC1 –1639AG and CYP2C19 *1/*3 genotypes). We 

reported substantial delays in time to the first therapeutic INR for individuals without a 

CYP2C9 or VKORC1 variant or with a single variant124. These data suggest that cautious 

dosing is warranted in individuals with two or more variants to avoid over anticoagulation. 
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Conversely, aggressive loading doses might be needed in patients without a variant or with a 

single variant, which includes most patients of European or African ancestry, to reduce the 

time needed to achieve therapeutic anticoagulation. This aggressive loading dose schedule is 

supported by results from the EU-PACT trial, in which genotype-guided loading doses were 

used in the genotype group. The genotype-guided group had a higher percentage of time 

spent in the therapeutic range than the control group in which patients received a standard 

loading dose regimen89. Given that the primary end point of the COAG trial was time in 

therapeutic range at 1 month, the absence of loading doses, and especially loading doses 

individualized on the basis of genotype results, might have delayed the time required to 

reach therapeutic anticoagulation and affected trial results.

Clinical use

Pharmacogenetic guidance.—The US Association for Molecular Pathology has 

defined the CYP2C9*2, *3, *5, *6, *8, *11 and VKORC1 –1639G>A alleles as the 

minimum set of variants that should be included in clinical warfarin genotyping assays125. 

The FDA-approved warfarin labelling and guidelines by CPIC and DPWG provide dosing 

recommendations on the basis of genotype. However, both the FDA labelling and DPWG 

guidelines limit recommendations to the VKORC1 –1639G>A and CYP2C9*2 and *3 
alleles108,126. By contrast, CPIC addresses other CYP2C9 variants and provides separate 

guidance for patients of African ancestry and non-African ancestry108. For populations of 

non-African ancestry, CPIC recommends estimating the dose on the basis of CYP2C9*2 
and *3 and VKORC1 variants with the use of one of the available dosing algorithms. 

Genotyping for CYP4F2*3 is considered optional, but if detected, a dose increase of 5–10% 

is recommended. For those of African ancestry, genotype-guided dosing is recommended 

only if the information on the CYP2C9*5, *6, *8 and *11 genotypes is available, 

with genotyping for rs12777823 considered to be optional. If this additional genotype 

information is available, the warfarin dose should first be estimated with the use of a 

warfarin-dosing algorithm and then reduced by 15–30% for each CYP2C9*5, *6, *8 or *11 
allele, with an additional 15–30% reduction if the rs12777823 variant is detected.

Clinical implementation.—Several examples exist of genotype-guided warfarin dosing 

in practice4–6. Genotype-guided dosing, with the use of a point-of-care testing device 

and the same dosing algorithm used in the EU-PACT trial, was implemented in three 

anticoagulation clinics in northern England6. The genotype-guided approach resulted in 

greater time in the therapeutic range in the initial 3 months of therapy than standard (non­

genotype-guided) dosing. These data demonstrate the feasibility of implementing genotype­

guided warfarin dosing in practice and show that improved outcomes can be achieved with 

this approach outside of the controlled clinical trial setting.

Similarly, we have described the implementation of genotype-guided dosing as the standard 

of care for patients starting warfarin during hospitalization3. In contrast to Europe, where 

point-of-care testing is acceptable, genotyping in the USA is considered to be ‘high 

complexity’ and cannot be conducted as a point-of-care test127 (Box 2). Therefore, to 

allow time for genotyping to be done, patients received an initial warfarin dose guided by 

clinical factors, calculated via a dosing algorithm embedded in the electronic health record, 
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with subsequent dosing guided by genotype results. This approach requires an efficient 

turnaround of genotyping data so that results could be available before the second warfarin 

dose. This approach is labour intensive and probably not practical at most medical centres. 

An alternative approach taken by other centres is to genotype pre-emptively, with results 

entered into the electronic health record, so that genotyping data are available if warfarin 

is later prescribed128–131. Ideally, automated clinical decision support should be available to 

provide dose estimates on the basis of genotype and clinical factors at the point of initial 

warfarin prescribing.

Genetic information might also assist in the selection of oral anticoagulant therapy and 

specifically in decisions about initiating warfarin treatment versus a DOAC. Data to 

support this approach come from genetic substudies of trials comparing the efficacy of 

DOACs versus warfarin in stroke prevention132. In an ENGAGE AF TIMI-48 substudy132, 

warfarin-treated participants with a sensitive or highly sensitive genotype (for example, 

VKORC1 –1639AA or CYP2C9*1/*3) had greater proportions of time with an INR in the 

supratherapeutic range (that is, INR >4) and had higher rates of bleeding in the initial 90 

days of treatment than those with non-sensitive genotypes. The reduction in bleeding risk 

with edoxaban compared with warfarin was greatest among patients with the sensitive and 

highly sensitive genotypes, suggesting these patients might be good candidates for DOAC 

therapy. In a genetic substudy of the RE-LY trial133, carriers of the CES1 rs2244613 minor 

allele had a reduced risk of bleeding with dabigatran than with warfarin, whereas there was 

no significant difference in bleeding risk between treatment groups in non-carriers. Although 

the functional effects of this variant are unclear,133 these data further support the use of 

genotype data in the selection of oral anticoagulant therapy.

Statins

Pharmacogenetics

Although still one of the most commonly prescribed HMG-CoA reductase inhibitors (or 

statins), simvastatin use has declined in the past decade — in part because simvastatin use 

has been associated with an increased risk of myopathy or myopathy-like symptoms, which 

is estimated to occur in 1–5% of simvastatin-treated patients134,135. The risk of myopathy 

with simvastatin treatment increases in a dose-dependent manner, which prompted the FDA 

in 2011 to recommend restricting the use of simvastatin 80 mg per day, the maximum 

approved dose136. Simvastatin use is associated with a wide spectrum of muscle-related 

symptoms, ranging from mild myalgia to severe, life-threatening rhabdomyolysis, and at 

least a portion of myopathy risk can be explained by genetic variation in the SLCO1B1 
gene137. A less consistent genetic association exists with more general muscle-related 

symptoms, which might be due to patient and physician expectations related to this well­

known adverse effect associated with statins (the so-called nocebo effect).138 SLCO1B1 
encodes the organic anion transporting polypeptide 1B1 (OATP1B1), a transporter mediating 

the hepatic uptake of endogenous compounds and many drugs (such as some statins) for 

metabolism139. In the SLCO1B1 gene, the rs4149056 SNP has, by far, the most evidence 

supporting its influence on OATP1B1 function. The rs4149056 variant C allele is associated 

with decreased OATP1B1 transporter function, with homozygous patients having notably 
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reduced function140. This reduced drug transport to the liver can lead to accumulation of 

circulating levels of simvastatin acid, the active form of simvastatin141,142. The rs4149056 

variant has the greatest effect on exposure to simvastatin acid, followed by pitavastatin, 

lovastatin and atorvastatin143,144. Owing to increased drug exposure generally increasing the 

risk of adverse effects, patients with the rs4149056 C allele receiving simvastatin have an 

increased risk of myopathy, with the highest risk in homozygous patients.135,145,146

Genetic associations with statin-induced myopathy.—Two genome-wide 

association studies of atorvastatin response have been published147,148. One study tested 

associations with plasma levels of atorvastatin and its major metabolites in patients with 

ACS147. In addition to rs4149056 (which was strongly associated, but not at a genome­

wide significant level), the researchers identified two strong associations with atorvastatin­

metabolite ratios: rs45446698 just upstream of CYP3A7 and rs887829 located in multiple 

overlapping UGT1A genes. Atorvastatin is partially metabolized by the CYP3A family. 

Although CYP3A7 is predominantly expressed in the fetal liver, expression continues into 

adulthood in approximately 10% of adults149. Multiple UDP-glucuronosyltransferase 1A1 

enzymes are also probably involved in atorvastatin metabolism, so these associations seem 

biologically plausible.

The other GWAS was a case–control analysis of statin-induced myopathy, in which >50% 

of patients received simvastatin and approximately 30% received atorvastatin148. Only 

rs4149056 reached the threshold of genome-wide significance, being strongly associated 

with severe myopathy. This association was consistent across the replication and additional 

validation cohorts, with a combined meta-analysis of all cohorts showing a threefold 

increased risk with the presence of each C allele. Another SNP, rs4149000 (in SLCO1A2), 

was associated with a similar risk profile in the meta-analysis but was no longer significant 

after adjusting for the rs4149056 genotype. Also, while solute carrier organic anion 

transporter family member 1A2 (SLCO1A2) might transport other statins, no evidence 

currently exists that SLCO1A2 transports simvastatin or atorvastatin.

Other genetic variations have also been associated with statin-associated myopathy, but 

not with the consistency observed with SLCO1B1. Polymorphisms in genes encoding 

proteins involved in statin transport and metabolism, such as CYP3A4 and ABCB1, 

have shown conflicting associations150–153. Similarly, variants in genes encoding proteins 

associated with muscle physiology, such as COQ2 (involved in coenzyme Q10 synthesis) 

and GATM (involved in creatine synthesis), have also shown limited or conflicting 

associations146,154,155.

Genetic associations with statin effectiveness.—Polygenic risk scores that are 

predictive of an increased risk of atherosclerotic cardiovascular disease have been 

described156, and, in at least one case, the score was also predictive of risk reduction with 

statin therapy156,157. The success of a polygenic risk score in predicting the effectiveness of 

statin therapy contrasts with earlier efforts that focused on single gene variants as predictors 

of statin effectiveness158. The variants included in the polygenic risk score are not obviously 

related to statin pharmacokinetics or pharmacodynamics, so whether the score specifically 

predicts statin response or reflects a more severe phenotype that would be likely to respond 
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better to most risk-lowering therapies for coronary artery disease is unclear. Indeed, a report 

showed that the same risk score that predicted statin-associated cardiovascular risk reduction 

also predicted risk reduction with the proprotein convertase subtilisin kexin type 9 inhibitor 

alirocumab159.

Clinical trial data.—Unlike with clopidogrel and warfarin, large RCTs testing genotype­

guided statin prescribing have yet to be completed. A pragmatic trial randomly assigned 

159 patients who discontinued statins because of myalgia to either restarting statin 

therapy informed by their SLCO1B1 genotype or according to standard non-genetic 

recommendations sent to the patients’ primary providers through the electronic health 

record160. Among patients who restarted statin therapy, the primary end point of self­

reported statin adherence was similar between groups. However, the genotype group had 

more patients who restarted statin therapy and greater reductions in plasma LDL-cholesterol 

level than the group given non-genetic recommendations. Patients with myopathy associated 

with any statin were included, but because SLCO1B1 variation does not seem to clinically 

influence all statins similarly, these data do not provide clarity for specific genotype-guided 

simvastatin (and potentially atorvastatin) therapy.

The I-PICC trial161 is an ongoing, pseudo-cluster RCT comparing pre-emptive SLCO1B1­

informed statin therapy with usual care in approximately 400 statin-naive patients who meet 

guideline recommendations for statin therapy. Patients are enrolled when a lipid profile is 

ordered, with the leftover blood sample used for genotyping to allow for pharmacogenetic 

data to be available in time to inform statin prescribing. Genotype-based recommendations 

seem to mirror CPIC simvastatin guidelines. The primary outcome is a change in plasma 

LDL-cholesterol level at 1 year.

Clinical use

CPIC provides guidance for the use of the SLCO1B1 genotype to guide simvastatin 

therapy143 on the basis of the evidence linking rs4149056 and simvastatin-associated 

myopathy. These guidelines recommend lowering the dose of simvastatin to no more than 

20 mg per day or prescribing another statin in patients who carry at least one reduced­

function rs4149056 C allele. Rosuvastatin or pravastatin are recommended as alternatives 

to simvastatin because secondary analyses of clinical trials of these drugs showed no 

association between the SLCO1B1 genotype and increased risk of myopathies145,162. 

Other pharmacogenetic consortia similarly recommend reducing the simvastatin dose or 

choosing an alternative statin for C allele carriers163,164. The French National Network of 

Pharmacogenetics further recommends rs4149056 genotyping before starting simvastatin 

treatment in patients with risk factors for myopathy164.

Owing to the increased generic availability of statins associated with a lower risk 

of associated myopathy, the clinical applicability of SLCO1B1 genotyping to inform 

simvastatin dosing has declined. However, whether simvastatin is the only statin in which 

rs4149056 can be clinically used to inform therapy remains unclear. Evidence has shown 

associations between the variant C allele and increased rates of atorvastatin intolerance 

and muscle-associated adverse effects147,165,166. The DPWG guidelines extend their 
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recommendations to atorvastatin, specifically advising the avoidance of atorvastatin in C 

allele carriers with additional substantial risk factors for myopathy163. CPIC is currently in 

the process of updating its SLCO1B1-simvastatin guidelines, taking into account published 

research from the past 7 years in this field.

Emerging opportunities

In addition to existing guidelines for clopidogrel, warfarin and statins, CPIC has plans to 

review the evidence for additional cardiovascular gene–drug pairs for potential guideline 

creation. Each pair is supported by less evidence than the drugs already discussed, but 

as new data are published, the evidence might rise to a level that would support clinical 

implementation.

β-Blockers

CYP2D6 genotype.—β-Adrenergic receptor antagonists, or β-blockers, are indicated for 

a variety of cardiovascular diseases, including heart failure, hypertension and secondary 

prevention of myocardial infarction. Carvedilol, metoprolol, nebivolol, propranolol and 

timolol are primarily metabolized by the highly polymorphic CYP2D6 enzyme, with 

common CYP2D6 variants producing an array of phenotypes from increased enzyme 

function (via gene duplication) to complete loss of enzyme function (via gene deletion or 

splicing defect). A reasonable amount of evidence exists to support genetic polymorphisms 

in CYP2D6 that affect the pharmacokinetics of these β-blockers167–169. However, the 

evidence supporting the use of genetic information in prescribing β-blockers is weak 

(PharmGKB level 2–3, CPIC level B/C). Although some data have shown that CYP2D6 
variants affect heart rate response to these β-blockers, whether CYP2D6 genotype 

notably affects blood pressure response or influences β-blocker-associated reductions in 

cardiovascular risk remains unclear170–174.

ADRB1, ADRB2 and GRK5 genotypes.—Three other genes have been studied in 

relation to β-blocker response: ADRB1, ADRB2 and GRK5. ADRB1 encodes the β1­

adrenergic receptor, which is expressed primarily in the myocardium. This G protein­

coupled receptor is antagonized by all β-blockers and is thought to be the primary site of 

action mediating the cardiovascular benefits of this drug. Two common variants in ADRB1, 

Ser49Gly (rs1801252) and Arg389Gly (rs1801253), are by far the most studied and are 

associated with decreased receptor activity through receptor downregulation and decreased 

signal transduction, respectively175. These variants have been associated with the decreased 

diastolic blood pressure response to β-blockers but do not seem to influence systolic blood 

pressure or heart rate response176–178. Multiple groups have reported that patients with the 

Ser49Ser and Arg389Arg genotypes (particularly Arg389Arg) have a greater risk reduction 

from β-blockers than individuals with other genotypes for indications including heart failure, 

atrial fibrillation and hypertension178–180.

In contrast to data on ADRB1, multiple reports indicate that the ADRB2 genotype is 

not associated with differential risk profiles in β-blocker-treated patients181–183. ADRB2 
encodes the β2-adrenergic receptor, which is antagonized by non-selective β-blockers 

such as bucindolol, carvedilol, labetalol and propranolol. Two variants in ADRB2, 
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Arg16Gly (rs1042713) and Gln27Glu (rs1042714) are associated with greater β-blocker­

associated reductions in heart rate and diastolic blood pressure178,184. However, conflicting 

evidence exists on whether these variants influence clinical outcomes in β-blocker-treated 

patients178,185,186.

GRK5 encodes the G protein-coupled receptor kinase 5 (GRK5), which works intracellularly 

to blunt signalling from the β1 and β2 adrenergic receptors. The Gln41Leu (rs2230345) 

variant increases GRK5 function by mimicking the effect of a β-blocker187. On the basis 

of its β-blocker-like effect, the GRK5 41Leu variant is associated with reduced mortality 

in patients with heart failure or hypertension, regardless of β-blocker usage187,188. Indeed, 

β-blockers might not provide benefit to these variant carriers187, which if confirmed, might 

identify a patient population in which other drug classes might be preferred over β-blockers, 

depending on the indication. However, additional studies are warranted to determine the 

clinical utility of these variants to inform β-blocker therapy.

Hydralazine

Hydralazine is a direct vasodilator recommended by clinical guidelines as a secondary agent 

for the treatment of hypertension189. Hydralazine is metabolized primarily by acetylation, 

which is mostly accomplished in the liver by N-acetyltransferase type 2 (NAT2). Genetic 

variation in NAT2 has been associated with the acetylation rate of NAT2 in humans, 

with NAT2*4 defining the common allele, which is associated with a ‘rapid acetylator’ 

phenotype. Alleles such as NAT2*5, *6 and *7 are associated with a ‘slow acetylator’ 

phenotype, and individuals with one of each allele (for example, *4/*5 genotype) are 

defined as ‘intermediate acetylators’. Among healthy volunteers given hydralazine, rapid 

acetylators have decreased hydralazine exposure compared with slow acetylators190,191. This 

pharmacokinetic effect seems to correlate with the blood-pressure response to hydralazine, 

given that one small study reported that, in a population of patients with resistant 

hypertension, only slow acetylators had notable blood-pressure reductions192.

Acetylator status might also influence the risk of adverse effects. Overall, hydralazine 

use has been associated with a rare occurrence of lupus-like symptoms, although this 

relationship is not well established193. Indirect evidence suggests that slow acetylators might 

be at a higher risk of developing these lupus-like symptoms if exposed to hydralazine, 

but these data are far from conclusive194–196. Therefore, slow acetylators might have the 

greatest antihypertensive response to hydralazine, probably due to increased drug exposure. 

However, slow acetylators might also incur an increased risk of rare, but potentially severe, 

adverse effects. Further evidence is needed to support the use of NAT2 genotyping to predict 

the safety and effectiveness of hydralazine treatment.

Antiarrhythmic drugs

Similar to β-blockers described above, the class 1 antiarrhythmic drugs flecainide and 

propafenone undergo CYP2D6-mediated metabolism. Although the evidence is limited for 

these drugs (PharmGKB level 2A, CPIC level B/C), CYP2D6 variation seems to affect the 

pharmacokinetics of these drugs197–199. Studies have shown differences in QTc interval 

response with variations in the CYP2D6 genotype200,201. The FDA-approved labelling for 
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propafenone warns that patients with a CYP2D6 deficiency (or inhibition secondary to 

concomitant drug therapy), when combined with CYP3A4 inhibition, are at a greater risk 

of increased propafenone exposure and associated proarrhythmia or other adverse events. 

However, the majority of the data supporting pharmacogenetic associations with these 

drugs are from studies in healthy volunteers, so additional studies in patients requiring 

rhythm control are warranted. Although no CPIC guidelines exist to address flecainide or 

propafenone, the DPWG recommends reducing the flecainide and propafenone doses to 

50% and 30% of the standard dose, respectively, in CYP2D6 PMs163.

A small pilot study showed a significant correlation between a polygenic risk score 

(including 61 common variants outside of CYP2D6) and quinidine-induced or dofetilide­

induced QT prolongation in individuals of European descent202,203. The score was also 

associated with drug-induced torsades de pointe in an independent cohort,203 suggesting 

that a multi-variant panel might potentially be used to predict the risk of drug-induced 

arrhythmias.

Additional pharmacogenetic opportunities

Complex disease management.—Pharmacogenetics might eventually prove valuable 

to inform the treatment of chronic, heterogeneous diseases, such as heart failure, where 

prescribing multiple medications that target various pathogenic disease pathways is the 

norm. For decades, β-blockers and angiotensin-converting enzyme inhibitors or angiotensin­

receptor blockers have been considered the cornerstone therapy for heart failure with 

reduced ejection fraction (HFrEF) regardless of aetiology, on the basis of substantial 

RCT evidence that these drugs reduce morbidity and mortality204. Evidence later emerged 

showing benefit of mineralocorticoid-receptor antagonists and hydralazine plus nitrates as 

‘add-on’ therapy for additional reduction of morbidity and mortality. Then, after a decade 

with minimal progress in the field, angiotensin receptor–neprilysin inhibitors, sodium–

glucose cotransporter 2 inhibitors, soluble guanylate cyclase stimulators and other therapies 

are emerging as additional therapies to improve outcomes205. This situation creates a 

challenge when selecting the optimal drug combination for an individual patient, with 

little data to inform the selection of one medication over another. Pharmacogenomics holds 

potential promise as a tool to individualize HFrEF therapy, with some limited data showing 

genetic associations in response to individual agents206,207. However, research in this field 

will require widening the focus beyond a single drug or gene to examine data across the 

genome that predicts response to drug combinations. Advances in machine learning and 

artificial intelligence (AI) increase the feasibility of large-scale analytical tasks.

Unlike in HFrEF, no drug therapies have been shown to increase survival in patients 

with heart failure with preserved ejection fraction (HFpEF). The aetiology of HFpEF 

might be even more complex than that of HFrEF owing to the involvement of multiple 

biological pathways in HFpEF. Machine learning techniques have been used to derive 

sub-phenotypes associated with the development of HFpEF208,209. Targeting these sub­

phenotypes could be crucial to identifying successful therapies, with each sub-phenotype 

requiring different therapeutic strategies. Here, pharmacogenomics might help to classify 

patients more accurately to a sub-phenotype for treatment decision-making. Similar to its 
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use in the discovery of sub-phenotypes in HFpEF, advanced methods such as machine 

learning and AI would assist both the discovery of novel pharmacogenetic variants and allow 

the synthesis of data from multiple loci across the genome to create a patient’s ‘predicted 

clinical response phenotype’ for medications. This work is already beginning in other fields 

outside of cardiovascular disease210.

Multi-omics.—Integration of genetic data with other data types, such as transcriptomics, 

proteomics and metabolomics, might help to elucidate the biological processes underlying 

individual responses to cardiovascular drugs. Use of these ‘multi-omics’ approaches are 

evident in relation to the mechanisms of cardiovascular disease211–213. However, the use of 

multi-omic data to characterize the drug response is sparse, possibly because data related 

to medication exposure over time might not be readily available in large cohort and clinical 

trial populations. The use of high-precision surrogate markers, such as cardiac imaging data, 

might reduce the population sample size needed to assess drug response and the time and 

complexity required for these data-intense analyses. Owing to the vast amounts of data 

that multi-omics (and cardiac imaging) analyses generate, these data provide additional 

opportunities for machine learning or AI. AI might be beneficial in integrating multiple 

types of omics data with the use of biological knowledge or for efficiently identifying even 

minor features from cardiac imaging files that would be impractical, or even impossible, for 

a human to detect and document reliably. AI might also facilitate the integration of genomic 

data with other ‘big data’, such as electronic health record data, perhaps with the use of 

natural language processing to improve the resolution of phenome-wide association studies 

to detect drug-response phenotypes214.

Conclusions

Strong and consistent evidence exists of genetic associations with clopidogrel effectiveness 

after PCI, warfarin dose requirements and simvastatin tolerability. Pharmacogenetic testing 

for each of these examples has been successfully implemented into clinical practice 

in multiple institutions. Although the data are not entirely consistent, clinical trial and 

observational evidence support improved outcomes with genotype-guided antiplatelet 

therapy and warfarin dosing. Investigation into the efficacy of pharmacogenetic approaches 

to guide statin selection is now underway. Ongoing investigations will help to elucidate 

the value of pharmacogenetic testing to guide other cardiovascular therapies. Although the 

logistical challenges associated with obtaining genotype results within the initial days of 

therapy might limit the clinical application of pharmacogenetic testing, pre-emptive testing 

or, where allowed, point-of-care testing might overcome these challenges. The addition 

of genetic testing strategies to clinical practice guidelines57 and expanded coverage of 

testing215 might signal that the broader adoption of testing is on the horizon. Future 

genomic discovery efforts integrating AI and machine learning techniques could be crucial 

to elucidate polygenetic predictors of response to therapies for heart failure and other 

complex diseases.
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Key points

Substantial evidence supports CYP2C19 genotyping to predict the effectiveness of 

clopidogrel after percutaneous coronary intervention.

Data strongly support genetic associations with warfarin dose requirements and risk of 

simvastatin-induced myopathy, but the use of genotyping in clinical practice to guide 

prescribing of these drugs is limited.

Limited evidence exists to support genetic testing to guide the use of other cardiovascular 

drugs at present.

Modern computational approaches can harness large multi-origin data to elucidate 

genetic predictors of the response to drug treatment for diseases requiring multiple 

medications targeting various pathogenic pathways.
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Box 1 |

Limitations of RCT data

Although data from randomized controlled trials (RCTs) are available for clopidogrel and 

warfarin and forthcoming for statins, their interpretation is challenging given limitations 

inherent to the field of pharmacogenetics. Namely, for existing medications, most patients 

have a genotype associated with safe and effective therapy. Otherwise, the drug would 

not have reached the market, at least in the absence of having a companion diagnostic 

device to identify patients expected to benefit. Therefore, large sample sizes are needed 

to identify a sufficient number of patients with variant genotypes of interest in whom a 

genotype-guided approach is hypothesized to be of benefit. For example, the TAILOR 

PCI trial49 enrolled >5,000 patients to identify the subset (approximately 1,850) with a 

CYP2C19 no-function allele, in whom the primary end point was tested. Even with the 

large overall study population, the study was powered to detect only a relatively large 

difference (50% relative risk reduction) between the groups49.

Concerns also exist about the generalizability of RCT data to real-world patient 

populations. In particular, POPular-Genetics and TAILOR-PCI participants seem to have 

a higher prevalence of risk factors for cardiovascular events (for example, diabetes and 

kidney disease) and bleeding (for example, oral anticoagulant use and history of stroke) 

than those who received CYP2C19 testing in clinical practice (see the table)19,49,62. 

Therefore, whether trial results can be translated to higher-risk populations is unclear.

Differences in allele frequencies according to ancestry create another challenge, in 

which the variants tested must be appropriate for the patient populations included. This 

challenge is most clearly demonstrated with the warfarin pharmacogenetic trials, all of 

which limited genotyping to variants important for non-African ancestry populations, and 

while trials enrolling predominately non-African ancestry populations showed positive 

outcomes89,121, the COAG trial122 with a large African ancestry population did not. 

Indeed, genotype-guided dosing was worse in this population, more often resulting in 

over-anticoagulation. These data further point to the limited generalizability of RCT data 

to populations underrepresented in the trial. Had the COAG trial not been conducted and 

the results from the EU-PACT and GIFT trials been translated into clinical practice, with 

genotyping limited to the variants tested in the trials, this approach could have resulted in 

over-dosing and harm to patients of African ancestry.

Study 
(year)

Diabetes 
(%)

Hypertension 
(%)

Dyslipidaemia 
(%)

Chronic 
kidney 
disease 
(%)

Oral 
anticoagulation 
(%)

History 
of stroke 
or 
transient 
ischaemic 
attack 
(%)

Ref.

IGNITE 
(2018)

38 80 68 30 8 11 62 

POPular-
Genetics 
(2019)

12 42 21 9 4 Not 
reported

19 
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Study 
(year)

Diabetes 
(%)

Hypertension 
(%)

Dyslipidaemia 
(%)

Chronic 
kidney 
disease 
(%)

Oral 
anticoagulation 
(%)

History 
of stroke 
or 
transient 
ischaemic 
attack 
(%)

Ref.

TAILOR-
PCI 
(2020)

27 63 52 10 Excluded 3 49 
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Box 2 |

Challenges with pharmacogenetic implementation

Despite substantial evidence supporting genetic associations with the response to 

clopidogrel, warfarin and simvastatin and existing examples of genotyping in practice, 

pharmacogenetics has not been widely implemented in clinical practice. A major barrier 

to implementation is the demand by many stakeholders, including physicians and third­

party payers, for randomized controlled trial data demonstrating that testing improves 

clinical outcomes. However, some argue that pharmacogenetics is held to a higher 

standard than that required for other laboratory tests (such as renal function and blood 

counts) that are routinely ordered (and reimbursed) to inform drug therapy216. Multiple 

factors influence the drug response, and a pharmacogenetic test result provides just one, 

albeit important, piece of information that contributes to a patient’s full clinical picture, 

as is the case with many other laboratory results.

Another major challenge with pharmacogenetic testing in practice is genotype turnaround 

time. Pharmacogenetic results are most useful when available at the time of prescribing 

to avoid the need to delay prescribing decisions until after results become available. 

However, many current implementations follow a reactive testing model, in which 

testing is ordered at the time a drug therapy change can be considered. Challenges 

with turnaround time might be overcome with rapid, point-of-care testing, as described 

previously6, but this approach might not be feasible in all settings. This challenge is 

particularly true in countries such as the USA, where genotyping is considered to be 

high-complexity testing, requiring that it be done by specially certified personnel127. 

Pre-emptive pharmacogenetic testing (where patients are tested before any prescribing 

decision is made) and the eventual promise of integrating genome sequence data 

into the electronic health record could greatly facilitate pharmacogenetic adoption. 

Then the questions of who or when to genotype become moot and are replaced by 

the question of how to use existing genetic information in prescribing decisions, for 

which guidance exists from the Clinical Pharmacogenetics Implementation Consortium 

and other pharmacogenetic groups. However, pre-emptive testing creates additional 

challenges, including the need to integrate results into the electronic health record, ideally 

in a life-time results section, to be readily accessible when needed. For optimal use 

of pre-emptive test results, there should also be a means to alert the provider of test 

results when applicable and provide recommendations for therapy based on the results. 

This approach might be best provided through automated alerts in the electronic health 

record, triggered when a relevant drug (such as clopidogrel) is prescribed to a patient 

with a genotype associated with reduced effectiveness (for example, CYP2C19*1/*2) or 

increased risk of toxicity. Ideally, there should also be a mechanism for test results to 

accompany patients who move from one health-care institution to another.
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Fig. 1 |. Mechanisms by which variation in genes encoding drug-metabolizing enzymes can affect 
cardiovascular drug pharmacokinetics.
a | For prodrugs, such as clopidogrel, CYP2C19 genotypes associated with poor or 

intermediate metabolism lead to lower formation of the active metabolite and can result 

in treatment failure. b | For active drugs, such as warfarin, CYP2C9 genotypes associated 

with poor or intermediate metabolism lead to higher concentrations of the active form of 

the drug and can result in toxicity. CYP2C19, cytochrome P450 2C19; IM, intermediate 

metabolizer; NM, normal metabolizer; PM, poor metabolizer.
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Fig. 2 |. Clopidogrel metabolism.
Clopidogrel is administered as a prodrug. Approximately 85% of the prodrug is hydrolysed 

by carboxyl esterase 1 (CES1) to an inactive carboxylic acid derivative. The remaining 

drug undergoes metabolism to the oxo-clopidogrel intermediate metabolite, which is then 

metabolized to either the active thiol metabolite or to an inactive endo thiol metabolite 

via paraoxonase 1 (PON1). The active thiol metabolite inhibits platelet activation through 

irreversible binding to the platelet P2Y purinoceptor 12 (P2Y12 receptor). Multiple 

cytochrome P450 (CYP) enzymes are involved in the two-step bioactivation process21. 

CYP2C19 is involved in both steps of the process and is essential for clopidogrel activation.
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Fig. 3 |. Sites of action for pharmacogenes involved in the response to warfarin.
The more potent S-enantiomer of warfarin is metabolized by the cytochrome P450 (CYP) 

2C9 enzyme to the inactive 7-OH warfarin protein. Warfarin exerts its anticoagulation 

effects by inhibiting vitamin K oxidoreductase complex 1 (VKORC1), thereby preventing 

reduction of vitamin K epoxide to vitamin K1, which is subsequently reduced to vitamin 

KH2, a necessary cofactor for γ-carboxylation and activation of clotting factors II, VII, 

IX and X. The CYP4F2 enzyme metabolizes vitamin K1 to an inactive hydroxyl-vitamin 

K1 metabolite so that less is available for reduction to vitamin KH2. Polymorphisms in 

the genes encoding the CYP2C9, VKORC1 and CYP4F2 proteins can affect warfarin 

metabolism, sensitivity to warfarin and vitamin K availability, respectively, thereby 

influencing warfarin dose requirements and bleeding risk. GGCX, γ-glutamyl carboxylase.
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Table 1 |

Prevalence of phenotypes that influence response to cardiovascular pharmacotherapy

Phenotype Prevalence

European African East Asian Latino or Native 
American

Central or 
South Asian

Middle 
Eastern

Oceanian

CYP2C19 

Ultra-rapid metabolizer 0.05 0.04 0.00 0.02 0.03 0.04 0.00

Rapid metabolizer 0.27 0.21 0.03 0.19 0.19 0.26 0.02

Normal metabolizer 0.40 0.31 0.38 0.58 0.30 0.45 0.04

Intermediate metabolizer 0.26 0.34 0.46 0.20 0.41 0.24 0.37

Poor metabolizer 0.02 0.05 0.13 0.01 0.08 0.02 0.57

CYP2C9 

Normal metabolizer 0.63 0.74 0.84 0.79 0.60 0.61 0.91

Intermediate metabolizer 0.35 0.25 0.15 0.20 0.36 0.36 0.09

Poor metabolizer 0.03 0.01 0.01 0.01 0.04 0.03 0.00

VKORC1 (−1639G>A or rs9923231)

Warfarin-sensitive (A/A) 0.19 0.03 0.84 0.46 NA NA NA

Intermediate warfarin 
sensitivity (A/G)

0.41 0.06 0.16 0.42 NA NA NA

Warfarin-resistant (G/G) 0.40 0.91 0.00 0.12 NA NA NA

SLCO1B1 (rs4149056)

Normal function (T/T) 0.71 0.98 0.76 0.89 NA NA NA

Intermediate function 
(C/T)

0.27 0.02 0.22 0.10 NA NA NA

Low function (C/C) 0.01 0 0.02 0 NA NA NA

All data are expressed as frequencies within each respective population. Data are from REFs25,108,143. NA, not available.
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Table 2 |

Studies of outcomes with CYP2C19-guided antiplatelet therapy after percutaneous coronary intervention

Study (year) Design Intervention Patient 
population

Primary end points and results Ref.

TAILOR-PCI 
(2020)

Randomized 
controlled trial

Genotype-guided therapy (n 
= 903) versus conventional 
therapy with clopidogrel (n = 
946) in IMs and PMs

ACS or stable 
CAD and PCI

Cardiovascular death, MI, stroke, stent 
thrombosis or severe recurrent ischaemia 
occurred in 4.0% of the genotype-guided 
group and 5.9% of the conventional group 
(HR 0.66, 95% CI 0.43–1.02, P = 0.06)

49 

Hulot et al. 
(2020)

Multi-site 
observational 
study

Clinical genotyping with 
recommendations for 
alternative therapy in slow 
(for example, *1/*2) and very 
slow (*2/*2) metabolizers (n 
= 1,445 total)

STEMI and PCI Rate of death, MI or stent thrombosis was 
3.04% in slow and very slow metabolizers 
who received optimized therapy versus 
3.31% in normal and rapid metabolizers 
(P = 0.82) and 15.6% in slow or very slow 
metabolizers without treatment adjustment 
(P < 0.05)

64 

POPular 
Genetics (2019)

Randomized 
controlled trial

Genotype-guided therapy (n 
= 1,242) versus standard 
treatment with either 
ticagrelor or prasugrel (n = 
1,246)

STEMI and PCI All-cause death, MI, stent thrombosis, 
stroke or major bleeding occurred in 
5.1% of the genotype-guided group and 
5.9% of the standard-treatment group 
(P < 0.001 for non-inferiority); major 
or minor bleeding occurred in 9.8% of 
the genotype group and 12.5% of the 
standard-treatment group (HR 0.78, 95% 
CI 0.61–0.98, P = 0.04)

19 

PHARMCLO 
(2018)

Randomized 
controlled trial

Genotype-guided therapy (n 
= 448) versus standard 
treatment (n = 440)

STEMI or non-
STEMI and PCI 
(62% had PCI)

Cardiovascular death, MI, stroke or 
major bleeding occurred in 15.9% of 
the genotype group and 25.9% of the 
standard-treatment group (HR 0.58, 95% 
CI 0.43–0.78, P < 0.001)

46 

Cavallari et al. 
(2018)

Multi-site 
observational 
study

Clinical genotyping with 
recommendations for 
alternative therapy in IMs 
and PMs (n = 1,815 total)

ACS or stable 
CAD and PCI

Rate of death, MI or ischaemic stroke 
was 13.5 per 100 patient-years in IMs 
or PMs prescribed clopidogrel versus 8.7 
per 100 patient-years in IMs or PMs 
prescribed alternative therapy (propensity 
score adjusted HR 2.26, 95% CI 1.18–
4.32, P = 0.013)

62 

Deiman et al. 
(2016)

Single-centre, 
observational 
study

Clinical genotyping with 
recommendations for 
alternative therapy in PMs (n 
= 3,260 total)

Elective PCI Occurrence of death from cardiovascular 
causes, MI, stent thrombosis, repeat 
revascularization or stroke in PMs was 
31% with clopidogrel and 5% with 
prasugrel (P = 0.003)

63 

Sanchez-Ramos 
et al. (2016)

Intervention 
study versus 
historical 
controls

Genotype-guided strategy (n 
= 317) versus non-tailored 
strategy (n = 402)

PCI with stent 
implantation 
(86% with 
ACS)

Cardiovascular death, ACS or stroke 
occurred in 10% of patients in the 
genotype group and 14% of controls (P 
= 0.037)

50 

Shen et al. 
(2016)

Intervention 
study versus 
historical 
controls

Genotype-guided group (n = 
309) versus usual care with 
clopidogrel (n = 319)

CAD and PCI All-cause death, MI or target-vessel 
revascularization occurred at rate of 4.2% 
in the genotype group and 9.4% in the 
usual-care group (P = 0.010)

47 

IAC-PCI (2013) Randomized 
controlled trial

Personalized therapy (n = 
301) versus conventional 
therapy with clopidogrel (n = 
299)

CAD and PCI 
with stent 
implantation

Cumulative rate of all-cause death, MI, 
stroke or target-vessel revascularization at 
6 months was 2.6% in the genotype group 
and 9.0% in the conventional treatment 
group (P < 0.01)

48 

ACS, acute coronary syndrome; CAD, coronary artery disease; IM, intermediate metabolizer; MI, myocardial infarction; PCI, percutaneous 
coronary intervention; PM, poor metabolizer; STEMI, ST-segment elevation myocardial infarction.
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Table 3 |

Comparison of warfarin pharmacogenomic trials

Trial Participants Comparator 
group

Genetic 
polymorphisms 
tested

Loading 
dose

Primary end point Outcome Ref.

EU-
PACT 
(2013)

Adults from Sweden 
or the UK (n = 455; 
98.5% white) who 
were newly starting 
warfarin for atrial 
fibrillation or venous 
thromboembolism

Fixed dose of 
10 mg on day 
1 (or 5 mg if 
aged >75 
years), then 5 
mg on days 2 
and 3, then 
dose guided by 
INR

CYP2C9*2 and 
*3, VKORC1 
−1639G>A

Yes, loading 
dose 
algorithm 
used on days 
1–3 in the 
genotype-
guided 
group; 10 mg 
dose given on 
day 1 for 
patients aged 
≤75 years in 
the control 
group

Percent of time with 
an INR of 2.0–3.0 
during the initial 12 
weeks of warfarin 
therapy

Mean percent 
time in INR 
range was 
67.4% in the 
genotype-
guided group 
and 60.3% in 
the control 
group (P < 
0.001)

89 

COAG 
(2013)

Adults from the 
USA newly initiating 
warfarin treatment 
with a target INR of 
2.0–3.0 (n = 1,015; 
27% Black, 73% non­
Black)

Clinical 
algorithm-
guided dosing

CYP2C9*2 and 
*3, VKORC1 
−1639G>A

No, but 
CYP2C9 
variants were 
ignored for 
the initial 
dose in the 
genotype-
guided group

Percent of time with 
an INR of 2.0–3.0 
from day 4 or 5 
through to day 28 of 
warfarin therapy

All patients: 
mean percent 
time in INR 
range was 
45.2% in the 
genotype-
guided group 
and 45.4% in 
the clinically-
guided group (P 
= 0.91); Black 
patients: mean 
percent time in 
INR range was 
35.2% in the 
genotype-
guided group 
and 43.5% in 
the clinically 
guided group (P 
= 0.01)

122 

GIFT 
(2017)

Patients aged ≥65 
years undergoing 
elective total-hip 
or total-knee 
arthroplasty (n = 
1,650; 91% white, 
6% Black)

Clinical 
algorithm-
guided dosing

CYP2C9*2 and 
*3, VKORC1 
−1639G>A, 
CYP4F2*3

No, but 
CYP2C9 
variants were 
ignored for 
the first 2 
days of 
therapy in the 
genotype-
guided group

Composite of 
major bleeding, 
INR ≥4, venous 
thromboembolism or 
death

10.8% in the 
genotype-
guided group 
and 14.7% in 
the clinically 
guided group 
had at least one 
end point 
(relative rate 
0.73, 95% CI 
0.56–0.95, P = 
0.02)

121 

INR, international normalized ratio.
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