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Abstract Using pharmacogenetics-based therapy, clini-

cians can estimate the therapeutic warfarin dose by

genotyping patients for single nucleotide polymorphisms

(SNPs) that affect warfarin metabolism or sensitivity. SNPs

in the cytochrome P450 complex (CYP2C9) affect warfarin

metabolism: patients who have the CYP2C9*2 and/or

CYP2C9*3 variants metabolize warfarin slowly and are

more likely to have an elevated International Normalized

Ratio INR or to hemorrhage during warfarin initiation than

patients without these variants. SNPs in vitamin K epoxide

reductase (VKORC1) correlate with warfarin sensitivity.

Patients who are homozygous for a common VKORC1

promoter polymorphism, –1639 G[A (also designated as

VKOR 3673, haplotype A, or haplotype*2), are warfarin

sensitive and typically require lower warfarin doses. By

providing an estimate of the therapeutic warfarin dose,

pharmacogenetics-based therapy may improve the safety of

anticoagulant therapy. To improve drug safety, the FDA

updates labels of previously approved drugs as new clinical

and genetic evidence accrues. The labels of medical

products serve to inform prescribers and patients about

potential ways to improve the benefit/risk ratio and/or

optimize doses of medical products. On August 16, 2007,

the FDA updated the label of warfarin to include infor-

mation on pharmacogenetic testing and to encourage, but

not require, the use of this information in dosing individual

patients initiating warfarin therapy. The FDA completed

the label update in August 2007.

Keywords Pharmacogenetics � Warfarin �
Anticoagulation � Genetic polymorphism

Introduction

Warfarin sodium and other vitamin K antagonists prevent

cardioembolic stroke, myocardial infarction, and venous

thrombosis, but they double the incidence of hemorrhage

[1]. The rate of hemorrhage is even greater during the first

weeks to months of therapy [2–7]. To reduce this risk,

experts advocate prescribing the anticipated therapeutic

dose to patients who are beginning warfarin [8–10], but

there is no accurate way to estimate that dose clinically.

Using pharmacogenetics, clinicians can now estimate the

therapeutic dose by genotyping their patients for single

nucleotide polymorphisms (SNPs) that affect coumarin

metabolism or sensitivity.

The objective of pharmacogenetics-based coumarin

therapy is to improve the safety and effectiveness of anti-

coagulant therapy. Recently, researchers have developed

pharmacogenetics dosing algorithms that estimate the

warfarin dose based on genetic and clinical factors. In this

paper we summarize the regulatory, scientific, and clinical

issues pertaining to pharmacogenetics-based warfarin

therapy.
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Regulatory issues

The mission of the Food and Drug Administration (FDA),

as described in law, is to promote the public health by

promptly and efficiently reviewing new clinical research

and taking appropriate action on the labeling of regulated

medical products in a timely manner. The legal basis of

prescribing is the medical product label. If evidence sup-

ports the safety and effectiveness of the drug only in

population subgroups, the labeling shall describe that evi-

dence. Likewise, labeling shall identify specific tests (e.g.,

genotyping) needed for selection and/or more careful

monitoring of subpopulations who need the drug. The

Secretary of the Department of Health and Human Ser-

vices, the Honorable Michael O. Leavitt, has identified

personalized health care as one of the Department’s top

priorities, and pharmacogenetics is an important compo-

nent of making health care more personalized.

Pharmacogenetics is rapidly emerging as a useful sci-

entific approach to differentiating patients a priori with

regard to drug dosing requirements and predicted clinical

response. Knowledge of certain genetic variations in indi-

vidual patients, along with intrinsic (e.g., age) and extrinsic

(e.g., concomitant drug therapy) factors, can inform dosing

decisions and improve outcomes. When evidence permits,

FDA has recommended including pharmacogenetic test

information in the label of both new and older medications,

including: 6-mercaptopurine, azathioprine, atomoxetine,

and irinotecan.

For over 50 years, warfarin has been dosed by trial and

error, in which the initial dose (2–10 mg) is selected based on

indication and often by intrinsic and extrinsic factors. The

maintenance dose of warfarin has been obtained by adjusting

the initial dose based on International Normalized Ratio

(INR) response. The ultimate range of weekly maintenance

doses in the population varies from 4 mg to 80 mg.

The evidence to include pharmacogenetics in the war-

farin label was presented at the Clinical Pharmacology

Subcommittee (CPSC) of the Advisory Committee for

Pharmaceutical Sciences in November 2005. The scientific

and clinical evidence for their recommendation are detailed

in sections B and C. To date, there are no completed ran-

domized, controlled trials comparing pharmacogenetic

dosing to clinical dosing. Thus, the following criteria were

used to make FDA recommendations:

• strong causal (mechanistic) relationships for SNPs in

two genes: (1) cytochrome P450 complex (CYP2C9)

polymorphisms having influenced the dose–exposure

(pharmacokinetic) relationship and (2) vitamin K

epoxide reductase complex 1 (VKORC1) polymor-

phisms having determined the dose–exposure-INR

(pharmacodynamic) relationship;

• clinical and statistically significant differences in

therapeutic warfarin doses between genotypes;

• consistent associations between genotype and either

time in or time to therapeutic INR values during

warfarin induction;

• consistent dose–effect association between therapeutic

INR values and risk of adverse events; and

• consistency of the above relationships across studies

among different racial groups, indications for warfarin

therapy, and country of origin.

By applying these criteria, the CPSC recommended that

the FDA update the label of warfarin to include infor-

mation on pharmacogenetic testing and encourage use of

genetic information, when known, when initiating warfa-

rin therapy. However, primarily because of the absence of

a randomized trial showing that genetically dosed warfarin

therapy improves clinical outcomes, the CPSC recom-

mended that the FDA NOT require genetic testing in

patients initiating warfarin therapy. Thus, the updated

warfarin label is an evidence-based compromise between

advocates supporting pharmacogenetics testing in patients

beginning warfarin therapy, and skeptics arguing that this

strategy is ill advised (or at least premature). Despite this

uncertainty, an important dividend of the updated label

will be to educate health care professionals and patients

about how SNPs in CYP2C9 and VKORC1 affect warfarin

therapy. The inclusion of information about these SNPs in

the label for warfarin is consistent with the current

inclusion of non-genetic information that affects warfarin

requirements.

Scientific

Pharmacology of warfarin

In the absence of disease, oral warfarin is 100% absorbed.

After absorption, warfarin is 98–99% bound to plasma

proteins, especially albumin. The liver takes up the free

warfarin, where it inhibits vitamin K epoxide reductase

(VKOR). Most of the inhibition comes from the S enan-

tiomer; R warfarin is less active. The S-warfarin is

converted to 6- and 7-hydroxywarfarin by CYP2C9 and

excreted in the bile, while the R enantiomer is metabo-

lized by CYP1A1, CYP1A2, and CYP3A4 to inactive

alcohols that are excreted renally [11]. By blocking the

regeneration of the reduced form of vitamin K, warfarin

interferes with the vitamin-K-dependent carboxylation of

glutamic acid residues on coagulation factors prothrombin

(II), VII, IX, and X and other vitamin-K dependent

proteins.
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Cytochrome P450 complex (CYP2C9) SNPs

In patients who are homozygous for the wild type allele

(CYP2C9*1), S-warfarin is cleared normally, resulting in a

modest elevation of the INR. In contrast, patients with the

CYP2C9*2 and/or CYP2C9*3 variant in this enzyme have

impaired metabolism of S-warfarin (Fig. 1). CYP2C9*2 is

the SNP in exon 3 (CGT[TGT) and CYP2C9*3 is in exon 7

(ATT[CTT). Patients with one or two of these SNPs have

reduced warfarin requirements (Table 1) and a 2- to 3-fold

elevated risk of an adverse event when beginning warfarin

[13, 18, 19]. Two rarer SNPs, CYP2C9*5 and CYP2C9*6,

likely have impaired metabolism of S-warfarin [20, 21].

The CYP2C9*8 and CYP2C9*11 are also rare and may be

associated with impaired metabolism of S-warfarin [20].

Vitamin K epoxide reductase (VKORC1)

Warfarin inhibits the action of vitamin K epoxide reduc-

tase, whose gene (VKORC1) was discovered in 2004 by

two independent teams [22, 23]. In the absence of cou-

marin, the vitamin K cycle regenerates reduced vitamin K1

from its epoxide (Fig. 1). Reduced vitamin K is a cofactor

for post-translational c-carboxylation of glutamic acid

residues on several proteins, including coagulation factors

II, VII, IX, and X. Although warfarin and related couma-

rins also inhibit the c-carboxylation of anticoagulant

proteins C, S, and Z, inhibition of clotting factor activity is

their main pharmacologic effect. c-carboxylation allows for

normal hemostasis by resulting in negatively charged

c-carboxyglutamates on factors II, VII, IX, and X, which

bind to calcium cations and then to platelet phospholipid

membranes. c-carboxylation is also required for the

development of other tissues, and warfarin exposure in

utero can cause mental retardation, nasal, limb, or digit

abnormalities in the fetus [24]. Warfarin may also interfere

with the function of osteocalcin [25] and long-term war-

farin use may be associated with osteoporotic fractures, at

least in elderly men [26].

Clinical

Clinical dosing algorithms

In an attempt to decrease the toxicity of warfarin induction,

several clinical dosing algorithms have been proposed [27–

32], but none has been well accepted. A major barrier to

their use is that they were developed for middle-aged in-

patients who could tolerate doses of 5–10 mg warfarin daily

and who had daily monitoring of the INR [27, 28]. Today,

the typical person taking warfarin is elderly [7, 33–35].

Because warfarin dose requirements decrease with age [36],

use of existing algorithms tends to overdose the elderly [29–

32]. A second factor that increases the risk of overdose is

that many patients now begin warfarin in the outpatient

setting, where daily INR monitoring is not feasible. The

third problem with existing clinical algorithms is that they

are empiric: they rely on trial-and-error dosing, rather than

being tailored to individual genetic and clinical factors [37].

Clinical and laboratory outcomes associated with

CYP2C9 SNPs

The CYP2C9 SNPs are associated with a 2- to 3-fold

increased risk of bleeding during warfarin induction [13,

18, 19, 38], but not during long-term therapy [15]. This

observation suggests that pharmacogenetics-based therapy

will affect the initial warfarin dose(s), but may be unim-

portant once the therapeutic dose is known.

In vivo, two CYP2C9 SNPs have been associated with

increased responsiveness to warfarin [19, 39–43]. Aithal

and colleagues compared controls that required typical

warfarin doses to patients whose therapeutic warfarin dose

was £10.5 mg/week. Patients requiring low doses were

more likely to have a supratherapeutic INR at the time of

warfarin induction, 3–4 times more likely to bleed, and six

times more likely to have the CYP2C9*2 or CYP2C9*3

SNPs [19, 43]. Others found that CYP2C9*3 decreased

selectivity of CYP2C9 for S-warfarin and that amino acid

residue 359 was a component of the warfarin binding site

[44, 45].

Fig. 1 After oral absorption, warfarin is transported to the liver

where CYP1A1, CYP1A2, and CYP3A4 metabolize the R-enantio-

mer and CYP2C9 metabolizes the more potent S-enantiomer.

Warfarin inhibits vitamin K reductase, which is synthesized by

VKORC1. By impairing the regeneration of the reduced form of

vitamin K, R- and S-warfarin interfere with the vitamin-K-dependent

carboxylation of clotting factors prothrombin (II), VII, IX, and X.

Adapted from [12]
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Clinical and laboratory outcomes associated with

VKORC1

American investigators recently identified informative

SNPs in VKORC1 [46]. They performed direct rese-

quencing of PCR amplicons encompassing the upstream

promoter region, intragenic sequence, and the downstream

region of VKORC1. They found ten (all non-coding)

common SNPs and defined a set of 4 SNPs that could be

used to infer haplotype. A single promoter SNP, designated

6853 [rs17886369], predicted 21–25% of the variability in

the warfarin dose in Caucasian patients taking warfarin.

The mean therapeutic doses of warfarin per day differed

significantly (P \ 0.001) based on this SNP (and its cor-

responding haplotype): 2.7–3.4 mg for genotype CC

(haplotype AA), 4.3–4.9 mg for genotype C/G (haplotype

A/B), and 6.0–6.2 day for genotype GG (haplotype BB;

Fig. 2). The prevalence of these genotypes differed by race

and contributed to lower warfarin doses in Asian and

Mexican populations and greater doses in African-ancestry

populations [46, 47]. The 6853 SNP correlated with greater

gene expression of vitamin K epoxide reductase activity

suggesting that carriers of the G allele require greater

warfarin doses because they have greater endogenous

VKOR activity.

Italian investigators sequenced VKORC1 in 147 patients

taking warfarin therapy and discovered 4 SNPs. The 1173

C[T [rs9934438] SNPs in intron 1 correlated with the

therapeutic warfarin dose, predicting 14% of the variability

in the warfarin dose. A Dutch study found that patients

with the 1173 C[T SNP had a higher risk of bleeding when

beginning phenprocoumon [48], but this relationship was

not significant in new users of another coumarin

(acenocoumarol).

Taiwanese investigators sequenced VKORC1 in 11

warfarin-sensitive patients (maintenance warfarin dose

£1.5 mg/day) and five warfarin-resistant patients (main-

tenance warfarin dose ‡6 mg/day). They identified a

promoter polymorphism, –1639 G[A [also designated as

VKOR 3673 [46] or rs9923231] that was in high linkage

disequilibrium with the VKORC1 1173 C[T polymor-

phism and correlated with lower VKORC1 expression in a

transfected cell line. All warfarin-resistant patients carried

the G allele at –1639 while none of the warfarin-sensitive

patients did. In 104 randomly selected Han Chinese

patients taking warfarin, only 21 patients carried this

allele and their average warfarin dose was 1 mg/day

(38%) greater than 83 patients who lacked this

polymorphism.

Swedish investigators genotyped 98 warfarin-treated

patients for common SNPs in VKORC1. The found that

patients with VKORC1*2 haplotype (similar to haplotype

A, using the nomenclature of Rieder et al.) had lower

warfarin doses and lower therapeutic warfarin levels than

other patients [49]. Furthermore, these patients also had a

higher percentage of INR values outside the therapeutic

interval, esp. during the initial 4 weeks of therapy.

Table 1 Cytochrome P450 2C9 SNPs that are known to affect warfarin metabolism

Designation Prevalence: Asian, white, black populations % Protein change SNP Effect on warfarin dose References

CYP2C9*1 98.2, 80.8, 94.2 None None Referent

CYP2C9*2 0, 12.7, 3.4 Arg144Cys C430T –14% to –20% [13–17]

CYP2C9*3 1.8, 7.0, 1.5 Ile359Leu A1061C –21% to –49% [13–17]

SNP denotes single nucleotide polymorphism; CYP2C9*1 is the wild-type allele

Fig. 2 Effect of VKORC1 haplotype on warfarin dose stratified by

VKORC1 haplotype and CYP2C9 status: either wild type (WT) or

CYP2C9*2 and/or CYP2C9*3 mutants (MUT) Primary cohort: UW

(N = 185); Replication cohort: Wash U (N = 368) From [19]
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Pharmacogenetic algorithms to estimate the initial

warfarin dose

Researchers in several countries have developed warfarin-

dosing algorithms that incorporate pharmacogenetic and

clinical factors to estimate the warfarin dose. In the future,

clinicians will be able to use these algorithms to estimate

the warfarin dose a priori, potentially decreasing the risk of

overdose and hemorrhage during warfarin induction.

A group of Swedish investigators genotyped 201 Cau-

casian patients for common SNPs in VKORC1. They found

a VKORC1 non-coding SNP [rs2359612] in intron 2 that

and explained 29% of the variability in warfarin dose [50].

They combined this SNP, the CYP2C9*2 and CYP2C9*3

SNPs, and clinical factors (weight, age, interacting drugs,

and indication for warfarin treatment) to derive a regres-

sion model that accounted for 56% of the variability in the

warfarin dose.

British researchers developed a dosing algorithm based

on 297 patients on a stable warfarin dose. All patients were

Caucasian and had a target INR of 2–3. The equation that

best estimated the warfarin dose (mg/day) was: [0.628 –

0.0135 · age – 0.24 · CYP2C9*2 – 0.37 · CYP2C9*3 –

0.241 · VKORC1 + 0.0162 · height (in cm)]2, where

CYP2C9 genotype is 0, 1, or 2 for the number of *2 and *3

alleles within the patient’s genotype and VKORC1—1639

genotype is 1 for GG, 2 for GA, and 3 for AA [51]. They

found an R2 of 54% in the derivation cohort and retro-

spectively validated it in 38 patients.

More recently, our multi-centered collaboration collected

DNA, demographic variables, laboratory values, and medi-

cation histories from 1,015 participants taking warfarin. After

PCR amplification, we genotyped for three coding CYP2C9

SNPs, five VKORC1 SNPs, and one factor II (F2) SNP. The

VKORC1 –1639/3673 SNP was the first variable to enter the

stepwise regression equation and was associated with a 28%

[95% CI: (25–30%)] decrease in the warfarin dose per allele.

Other key predictors of dose were: body surface area (+11%

per 0.25 m2), CYP2C9*3 (–33% per allele), CYP2C9*2

(–19% per allele), and age (–7% per decade). A pharmaco-

genetic equation that included these factors, race, smoking

status, amiodarone use, target INR, and indication for war-

farin therapy, explained 53% of the variability in the warfarin

dose. The dosing algorithm is available on a non-profit

website: http://www.WarfarinDosing.org.

Pharmacogenetic algorithms may be improved by

incorporating other polymorphisms

Although CYP2C9*2 and *3 and VKORC1 are the current

SNPs that can now be used to estimate the therapeutic

warfarin dose and that may be incorporated in the revised

warfarin labeling, other SNPs in these genes may ulti-

mately improve pharmacogenetics dosing. For example,

rare VKORC1 variants can cause warfarin resistance [23,

52], but genotyping for these rare variants seems unlikely

to be cost-effective.

SNPs in the clotting factors and the vitamin K cycle also

have potential to improve the accuracy of pharmacoge-

netic-based warfarin dosing. 165Thr[Met of the factor II

(F2) gene, –402 G[A of the factor VII (F7) gene, and

(CAA repeat)n of the gamma-glutamyl carboxylase gene

predicted warfarin sensitivity in a Japanese population

[53], but lack validation in other populations. Two rare

mutations in the propeptide of factor IX also lead to war-

farin sensitivity [54, 55], but seem too rare (\1%

prevalence) to be included in commercial genotyping

platforms. A SNP in calumenin (CALU) was associated

with warfarin sensitivity in one patient [56], and direct

sequencing of this gene may yield clinically relevant SNPs.

In another study, a SNP in exon 26 of the adenosine tri-

phosphate-binding cassette gene ABCB1 (multidrug

resistance gene 1) was over-represented among low-dose

patients [57], but this SNP awaits validation.

Another improvement in pharmacogenetics-dosing

algorithms will come from incorporating the initial INR

response. Washington University investigators recently

developed a dosing algorithm that estimates the warfarin

dose from VKORC1 –1639/3673, CYP2C9*2 and *3,

clinical factors, and the INR response after the third war-

farin dose [58]. The dosing algorithm was developed in 92

orthopedic patients starting warfarin therapy where it was

highly accurate (R2 = 79%). They hope to validate this

dose-refinement algorithm prospectively in a heteroge-

neous population beginning warfarin therapy.

In summary, investigators in three continents have

confirmed that common SNPs in VKORC1 correlate with

the therapeutic warfarin dose. Although estimates vary,

either of the two linked VKORC1 SNPs (6853 or –1639/

3673) explain about one-fourth of the variability in the

therapeutic warfarin dose. By combining a VKORC1 SNP

with CYP2C9 SNPs and clinical factors, pharmacogenetics

can estimate a therapeutic coumarin dose, potentially

improving the time in the target INR range in warfarin-

naı̈ve patients. Because of this potential benefit, several

companies are developing rapid genotyping assays for

CYP2C9 and VKORC1 based on microchips, bead tech-

nology, or fluoresceinated DNA probes to identify

biotinylated amplicons. The NHLBI plans to sponsor a

clinical trial to help quantify the safety and effectiveness of

pharmacogenetically dosed warfarin initiation. The FDA

Center for Drug Evaluation and Research has completed a

label change for warfarin to reflect the new scientific and

clinical information described herein: http://www.bms.

com/cgi-bin/anybin.pl?sql=PI_SEQ=91.
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