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Pharmacogenomic testing:
Relevance in medical practice
Why drugs work in some patients but not in others
■ ■ABSTRACT
Genetics may account for much of the variability in our
patients’ responses to drug therapies. This article offers
the clinician an up-to-date overview of pharmacogenomic testing, discussing implications and limitations of
emerging validated tests relevant to the use of warfarin (Coumadin), clopidogrel (Plavix), statins, tamoxifen
(Nolvadex), codeine, and psychotropic drugs. It also
discusses the future role of pharmacogenomic testing in
medicine.

■ ■KEY POINTS
Polymorphisms that affect the pharmacokinetics and
pharmacodynamics of specific drugs are common.
Testing for certain polymorphisms before prescribing
certain drugs could help avoid adverse drug effects and
improve efficacy.
Pharmacogenomic testing has only recently begun to
enter clinical practice, and routine testing is currently
limited to a few clinical scenarios. However, additional
applications may be just around the corner.
Many pharmacogenomic tests are available, but testing
has not yet been recommended for most drugs. Needed
are large-scale trials to show that routine testing improves patient outcomes.

doi:10.3949/ccjm.78a.10145

n many patients, certain drugs do not
Ipatients
work as well as expected, whereas in other
they cause toxic effects, even at lower
doses. For some patients, the reason may be
genetic.
Sizeable minorities of the population carry
genetic variants—polymorphisms—that affect
their response to various drugs. Thanks to genetic research, our understanding of the variability of drug response has advanced markedly
in the last decade. Many relevant polymorphisms have been identified, and tests for some
of them are available.

See related editorial, page 241

Armed with the knowledge of their patients’ genetic status, physicians could predict
their response to certain drugs, leading to better efficacy, fewer adverse drug reactions, and a
better cost-benefit ratio.
The possible impact is substantial, since
more than half of the drugs most commonly
involved in adverse drug reactions are metabolized by polymorphic enzymes.1 Adverse drug
reactions remain a significant detriment to
public health, having a substantial impact on
rates of morbidity and death and on healthcare costs.2–8 In the United States, adverse
drug reactions are a leading cause of death
in hospitalized patients4 and are annually responsible for hundreds of thousands of deaths
and hundreds of billions of dollars in added
costs.2,4,6–8
But the era of truly individualized medicine
is not here yet. For most drugs, pharmacogenomic testing has not been endorsed by expert
committees (and insurance companies will not
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pay for it), since we still lack evidence that
clinical outcomes improve. This, we hope,
will change as ongoing clinical trials are completed. FIGURE 1 describes the various stages
involved in translational pharmacogenomic
research.11
In the meantime, physicians can educate
their patients and promote efforts to incorporate genomic information into standard clinical decision-making.
This article offers an overview of pharmacogenomic testing, discussing implications
and limitations of a few validated tests. Specifically, we will discuss testing that is relevant
when using warfarin (Coumadin), clopidogrel
(Plavix), statins, tamoxifen (Nolvadex), codeine, and psychotropic medications, as well
as the future role of pharmacogenomic testing
in medicine.
■■ WHAT IS PHARMACOGENOMICS?
Pharmacogenomics is the study of how genetic factors relate to interindividual variability
of drug response.
Many clinicians may not be familiar with
the background and terminology used in the
Pharmacopharmacogenomic literature. Below, a brief regenomic testing view of the terminology is followed by a schematic describing the various stages of research
is beginning
involved in pharmacogenomics and the advancement of a test into standard practice.
to affect
The review and schematic may be helpthe way
ful for evaluating the clinical significance of
medicine
pharmacogenomics-related articles.

is practiced
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From genotype to phenotype
Genotype refers to the coding sequence of
DNA base pairs for a particular gene, and phenotype (eg, disease or drug response) refers to a
trait resulting from the protein product encoded by the gene. The name of a gene often refers to its protein product and is italicized (eg,
the CYP3A4 gene encodes for the CYP3A4
enzyme).
Two alleles per autosomal gene (one paternal and one maternal) form the genotype.
Heterozygotes possess two different alleles, and
homozygotes possess two of the same alleles.
The most common allele in a population is
referred to as the wild type, and allele frequencies can vary greatly in different populations.9

Most sequence variations are single nucleotide polymorphisms (SNPs, pronounced
“snips”), a single DNA base pair substitution
that may result in a different gene product.
SNPs can be classified as structural RNA
polymorphisms (srSNPs), regulatory polymorphisms (rSNPs), or polymorphisms in coding
regions (cSNPs)10: srSNPs alter mRNA processing and translation, rSNPs alter transcription, and cSNPs alter protein sequence and
function.
Recently, genetic associations with a phenotype have been done on a large scale, with
millions of SNPs measured in each of many
subjects. This approach, called a genomewide association study or GWAS, has revealed
countless candidate genes for clinical traits,
but only a few have resulted in a practical
clinical application. SNPs may by themselves
exert a pharmacokinetic effect (ie, how the
body processes the drug), a pharmacodynamic
effect (ie, how the drug affects the body), or
both, or they may act in concert with other
genetic factors. Pharmacodynamic effects can
result from a pharmacokinetic effect or can result from variations in a pharmacologic target.
Establishing a genotype-phenotype association can involve clinical studies, animal transgenic studies, or molecular and cellular functional assays.
Clinical applications are emerging
Although pharmacogenomic testing is beginning to affect the way medicine is practiced,
it is recommended, or at least strongly suggested, by labeling mandated by the US Food
and Drug Administration (FDA) for only
a few clinical scenarios, mostly in the treatment of cancer and human immunodeficiency
virus (TABLE 1). However, applications are also
being developed for a few widely prescribed
drugs and drug classes in primary care. We
will therefore focus our discussion on the advantages and limitations of a few of these examples for which clinical applications may be
emerging.
■■ WARFARIN:
IMPORTANCE OF CYP2C9, VKORC1
Warfarin is used for the long-term treatment
and prevention of thromboembolic events.
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How a genetic test becomes a standard of care:
Typical advancement pathway
Identify candidate genetic variant
The US Food and Drug Administration (FDA) lists
genetic tests validated for accuracy and reproducibility at www.fda.gov/Drugs/ScienceResearch/
ResearchAreas/Pharmacogenetics.
Determine penetrance of genetic variant
Allele frequency is an important determinant
of clinical significance; even genetic variants
associated with large pharmacokinetic or
pharmacodynamic effects may not have sufficient
clinical utility if they occur only rarely.

Determine genotype-phenotype association
Measured biologic or physiologic effects (associations) are often viewed as surrogates for clinical
response; however, clinical responses do not
always correspond as predicted.

Determine clinical significance
Clinical trials that compare implementation
of genetic testing to the current standard of care
should be used for determining clinical significance.
Determine cost-effectiveness
The cost-effectiveness of implementing a pharmacogenomic testing application should compare favorably
with current standard practice. Cost-effectiveness
assessments measure a variety of outcomes, including
clinical events and quality-adjusted life-years.

Standard of care
The FDA can require genetic information to be added
to a product label (eg, codeine), recommend the
use of genetic testing data if available (eg, warfarin
[Coumadin]), or even recommend genetic testing
prior to prescribing a medication to specific patient
populations—eg, HLA-B genotyping prior to prescribing carbamazepine (Tegretol, Equetro) to genetically
at-risk patients.11

About 20%
of patients
starting
warfarin
are hospitalized
in the first
6 months
because of
bleeding

FIGURE 1

This drug has a narrow therapeutic window and shows substantial interpatient dose
variability. The start of warfarin therapy is
associated with one of the highest rates of
adverse events and emergency room visits
of any single drug.12 More than 2 million patients start warfarin each year in the United
States alone,13 and about 20% of them are
hospitalized within the first 6 months because
of bleeding due to overanticoagulation.14

The findings from a recent study suggest
that pharmacogenomic testing may eventually allow more patients to safely benefit from
warfarin therapy. In this large, nationwide,
prospective study, hospitalization rates were
30% lower when pharmacogenomic testing
was used.14 However, no reduction was seen in
the time needed to reach the target international normalized ratio (INR) or in the need
for INR checks at 6 months. Furthermore,
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TABLE 1

FDA-mandated product labeling:
Genetic biomarkers and their clinical context
C-KIT
(cytokine receptor)
Imatinib mesylate (Gleevec) is indicated for the treatment of patients with Kit (CD117)-positive unresectable tumors or metastatic
malignant gastrointestinal stromal tumors (GIST).
CCR5
(C-C chemokine receptor type 5)
Maraviroc (Selzentry) is indicated for treatment-experienced adult
patients infected with CCR5-tropic HIV-1 infection.
Chromosome 5q
Lenalidomide (Revlimid) is indicated for the treatment of patients
with transfusion-dependent anemia due to low- or intermediate-risk
myelodysplastic syndromes associated with a deletion 5q cytogenic
abnormality with or without additional cytogenic abnormalities.
Familial hypercholesterolemia
Atorvastatin (Lipitor) dosage adjustment is necessary for children
who have homozygous or heterozygous familial hypercholesterolemia.
G6PD
(glucose-6-phosphate dehydrogenase)
Testing for G6PD deficiency is recommended in high-risk populations before starting treatment with rasburicase (Elitek).
HER2/neu
(human epidermal growth factor receptor 2)
HER2 testing is recommended before starting treatment with
trastuzumab (Herceptin).
HLA-B*1502
(major histocompatibility complex, class I, B)
HLA-B testing is recommended in high-risk populations before
starting treatment with carbamazepine (Tegretol, Equetro).
HLA-B*5701
(major histocompatibility complex, class I, B)
HLA-B testing is recommended before starting treatment with
abacavir (Ziagen).
Philadelphia (Ph1) chromosome
Dasatinib (Sprycel) is indicated for treatment of adults with
Philadelphia-chromosome-positive acute lymphoblastic leukemia
with resistance or intolerance to prior therapy.
TPMT
(thiopurine methyltransferase)
TPMT testing is recommended before starting treatment with
azathioprine (Imuran).
Adapted from US Food and Drug Administration (FDA). Table of pharmacogenomic
biomarkers in drug labels. www.fda.gov/Drugs/ScienceResearch/ResearchAreas/
Pharmacogenetics/ucm083378.htm. Accessed 2/3/2011.
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this study used historical control data, and
some or all of the reduction in hospitalization
rates may be attributed to more frequent INR
checks in the patients who underwent testing
than in the historical control group.
A relationship between warfarin dose requirements and the genetic status of CYP2C9,
which encodes a major drug-metabolizing enzyme, has been demonstrated in retrospective
and prospective studies.15–17
S-warfarin is metabolized by CYP2C9,
which is polymorphic
Warfarin contains equal amounts of two isomers, designated S and R. S-warfarin, which
is more potent, is metabolized principally by
CYP2C9, while R-warfarin is metabolized by
CYP1A2, CYP2C19, and CYP3A4.
People who possess two copies of the wild
type CYP2C9 gene CYP2C9*1 metabolize
warfarin very well and so are called “extensive
warfarin metabolizers.” Carriers of the allelic
variants CYP2C9*2 and CYP2C9*3 (which
have point mutations in exons 3 and 7 of CYP2C9, respectively), have less capacity. Compared with those who are homozygous for the
wild-type gene, homozygous carriers of CYP2C9*3 clear S-warfarin at a rate that is 90%
lower, and those with the CYP2C9*1/*3, CYP2C9*1/*2, CYP2C9*2/*2, or CYP2C9*2/*3
genotypes clear it at a rate 50% to 75% lower.
A meta-analysis of 12 studies found that the
CYP2C9 genotype accounted for 12% of the
interindividual variability of warfarin dose requirements.18
About 8% of whites carry at least one copy
of CYP2C9*2, as do 1% of African Americans;
the allele is rare in Asian populations. The
frequency of CYP2C9*3 is 6% in whites, 1%
in African Americans, and 3% in Asians.19,20
People with CYP2C9*4 or CYP2C9*5 have
a diminished capacity to clear warfarin; however, these variants occur so infrequently that
their clinical relevance may be minimal.
Warfarin’s target, VKOR,
is also polymorphic
Genetic variation in warfarin’s pharmacologic target, vitamin K 2,3-epoxide reductase
(VKOR), also influences dose requirements.
Warfarin decreases the synthesis of vitaminK-dependent clotting factors by inhibiting
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TABLE 2

Range of expected warfarin doses
based on CYP2C9 and VKORC1 genotypes
VKORC1
genotype

CYP2C9 genotype
*1/*1

*1/*2

*1/*3

*2/*2

*2/*3

*3/*3

GG

5–7 mg

5–7 mg

3–4 mg

3–4 mg

3–4 mg

0.5–2 mg

AG

5–7 mg

3–4 mg

3–4 mg

3–4 mg

0.5–2 mg

0.5–2 mg

AA

3–4 mg

3–4 mg

0.5–2 mg

0.5–2 mg

0.5–2 mg

0.5–2 mg

This table and the following comments were taken directly from the warfarin prescribing information. Ranges are derived from
multiple published clinical studies. Other factors (eg, age, race, body weight, sex, concomitant medications, and comorbidities) are
generally accounted for along with genotype in the ranges expressed in the table. The VKORC1 –1639G>A (rs9923231) variant is
used in this table. Other coinherited VKORC1 variants may also be important determinants of warfarin dose. Patients with CYP2C9
*1/*3, *2/*2, *2/*3, and *3/*3 may require a prolonged time (< 2 to 4 weeks) to achieve the maximum international normalized
ratio effect for a given dosage regimen.24

VKOR. This inhibition depends on the patient’s C1 subunit gene, VKORC1. Patients
with a guanine-to-adenine SNP 1,639 bases
upstream of VKORC1 (–1639G>A) need
lower warfarin doses—an average of 25% lower in those with the GA genotype (ie, one allele has guanine in the –1639 position and the
other allele has adenine in that position) and
50% lower in those with the AA genotype
compared with the wild-type genotype GG.21
This promoter SNP, positioned upstream (ie,
before the gene-coding region), greatly influences VKORC1 expression.
A meta-analysis of 10 studies found that
the VKORC1 polymorphism accounts for
25% of the interindividual variation in warfarin dose.18 In one study, the frequency of the
AA genotype in a white population was 14%,
AG 47%, and GG 39%; in a Chinese population the frequency of AA was 82%, AG 18%,
and GG 0.35%.22
CYP4F2 and GGCX
also affect warfarin’s dose requirements
Genetic variations in the enzymes CYP4F2
and gamma-glutamyl carboxylase (GGCX)
also influence warfarin dose requirements. Although the data are limited and the effects are
smaller than those of CYP2C9 and VKORC1,
people with a SNP in CYP4F2 need 8% higher doses of warfarin, while those with a SNP in
GGCX need 6% lower doses.23

CYP2C9 and VKORC1 testing is available
Currently, the clinical pharmacogenetic tests
relevant for warfarin use are for CYP2C9 and
VKORC1.10
The FDA has approved four warfarin pharmacogenetic test kits, but most third-party payers are reluctant to reimburse for testing because
it is not currently considered a standard of care.
Testing typically costs a few hundred dollars, but
it should become less expensive as it becomes
more commonplace. The current FDA-approved product label for warfarin does not recommend routine pharmacogenomic testing for
determining initial or maintenance doses, but
it does acknowledge that dose requirements are
influenced by CYP2C9 and VKORC1 and states
that genotype information, when available, can
assist in selecting the starting dose.24
The product label includes a table (TABLE 2)
of expected therapeutic warfarin doses based
on CYP2C9 and VKORC1 genotypes, which
can be used when choosing the initial dose
for patients whose genetic status is known.
A well-developed warfarin-dosing model incorporating traditional clinical factors and
patient genetic status is available on the nonprofit Web site www.warfarindosing.org.25

Patients with
CYP2C9
variants
or VKORC1
variants
may need
lower doses
of warfarin

Clinical trials of warfarin pharmacogenomic
testing are under way
Although genetic status can greatly influence
an individual patient’s warfarin dosing re-
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FDA:
Poor CYP2C19
metabolizers
may not
benefit
from
clopidogrel

quirement, routine prospective pharmacogenomic testing is not endorsed by the FDA or
by other expert panels26 because there is currently insufficient evidence to recommend for
or against it.
Several large prospective trials are under
way. For example, the National Heart, Lung,
and Blood Institute began a prospective trial
in about 1,200 patients to evaluate the use
of clinical plus genetic information to guide
the initiation of warfarin therapy and to improve anticoagulation control for patients.27
The results, expected in September 2011, and
those of other large prospective trials should
provide adequate evidence for making recommendations about the clinical utility of routine pharmacogenetic testing for guiding warfarin therapy.
Several recent cost-utility and cost-effectiveness studies have attempted to quantify the
value of pharmacogenomic testing for warfarin
therapy,28–30 but their analyses are largely limited because the benefit (clinical utility) is yet
to be sufficiently characterized.
The relevance of such analyses may soon
be drastically diminished, as several non-vitamin-K-dependent blood thinners such as rivaroxaban (Xarelto), dabigatran (Pradaxa), and
apixaban are poised to enter clinical practice.31
■■ CLOPIDOGREL IS ACTIVATED BY CYP2C19
Clopidogrel, taken by about 40 million patients worldwide, is used to prevent atherothrombotic events and cardiac stent thrombosis when given along with aspirin.
Clopidogrel is a prodrug, and to do its job
it must be transformed to a more active metabolite (FIGURE 2). CYP2C19 is responsible
for its metabolic activation, and CYP2C19
loss-of-function alleles appear to be associated
with higher rates of recurrent cardiovascular
events in patients receiving clopidogrel. At
least one loss-of-function allele is carried by
24% of the white non-Hispanic population,
18% of Mexicans, 33% of African Americans,
and 50% of Asians. Homozygous carriers, who
are poor CYP2C19 metabolizers, make up 3%
to 4% of the population.32
Studies of clopidogrel pharmacogenomics
A recent genome-wide association study
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conducted in a cohort of 429 healthy Amish
persons revealed a SNP in CYP2C19 to be associated with a diminished response to clopidogrel and to account for 12% of the variation
in drug response.33 Traditional factors (the patient’s age, body-mass index, and cholesterol
level) combined accounted for less than 10%
of the variation.
Findings were similar in a subsequent investigation in 227 cardiac patients receiving
clopidogrel: 21% of those with the variant had
a cardiovascular ischemic event or died during a 1-year follow-up period compared with
10% of those without the variant (hazard ratio
2.42, P = .02).33
A 12-year prospective study investigating clopidogrel efficacy in 300 cardiac patients
under the age of 45 used cardiovascular death,
nonfatal myocardial infarction, and urgent coronary revascularization as end points. It concluded that the only independent predictor of these
events was the patient’s CYP2C19 status.34
A study in 2,200 patients with recent myocardial infarction examined whether any of
the known allelic variations that modulate
clopidogrel’s absorption (ABCB1), metabolic
activation (CYP3A4/5 and CYP2C19), or biologic activity (P2RY12 and ITGB3) was associated with a higher rate of the combined end
point of all-cause mortality, nonfatal myocardial infarction, or stroke. None of the SNPs
in CYP3A4/5, P2RY12, or ITGB3 that were
evaluated was associated with a higher risk at
1 year. However, the allelic variations modulating clopidogrel’s absorption (ABCB1) and
metabolism (CYP2C19) were associated with
higher event rates. Patients with two variant
ABCB1 alleles had a higher adjusted hazard
ratio (95% confidence interval [CI] 1.2–2.47)
than those with the wild-type allele. Patients
who had one or two CYP2C19 loss-of-function alleles had a higher event rate than those
with two wild-type alleles (95% CI 1.10–3.58
and 1.71–7.51, respectively).35
Conversely, researchers from the Population Health Research Institute found no association between poor-metabolizer status
and treatment outcomes when CYP2C19
analysis was retrospectively added to the findings of two large clinical trials (combined N
> 5,000). However, patients with acute coronary syndrome benefited more from clopido-
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MM Why some drugs don’t work in some patients
Pharmacogenomic research investigates how patients’ genetics influence their response to medication. Genetic variability can influence how quickly a drug is metabolized, how well a drug works, or even the likelihood of side effects.
The example below depicts how genetic variation can influence the conversion of a prodrug.
The normal “wild-type” allele (CYP2C19*1) results in a normalfunctioning CYP2C19 enzyme capable of converting the inactive prodrug
clopidogrel (Plavix) to its active metabolite.
Clopidogrel
is a prodrug

Active metabolite

Functional enzyme CYP2C19

Variant alleles (mainly CYP2C19*2, CYP2C19*3, and CYP2C19*17) result in
poor-metabolizer status (having little or no CYP2C19 function). For CYP2C19*2,
the single-nucleotide polymorphism (SNP) is substitution of adenine for guanine
at position 681 of CYP2C19 (681G > A). The resulting CYP2C19 protein is
unable to convert clopidogrel to its active form, and drug efficacy is reduced.

Clopidogrel
remains inactive

SNP
CYP2C19*2 protein
is enzymatically inactive
CCF

Medical Illustrator: Beth Halasz ©2011

FIGURE 2
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TABLE 3

Drugs that inhibit CYP2C19
(and therefore can reduce the
effect of clopidogrel)
Chloramphenicol
Cimetidine (Tagamet)
Felbamate (Felbatol)
Fluoxetine (Prozac)
Fluvoxamine (Luvox)
Indomethacin (Indocin)
Ketoconazole (Nizoral)
Lansoprazole (Prevacid)
Modafinil (Provigil)
Omeprazole (Priloxec)
Oxcarbazepine (Trileptal)
Pantoprazole (Protonix)
Probenecid (Benemid)
Rabeprazole (AcipHex)
Ticlopidine (Ticlid)
Topiramate (Topamax)
BASED ON INFORMATION IN FLOCKHART DA. DRUG INTERACTIONS:
CYTOCHROME P450 DRUG INTERACTION TABLE.
INDIANA UNIVERSITY SCHOOL OF MEDICINE (2007).
http://medicine.iupui.edu/clinpharm/ddis/table.asp.

grel treatment if they were ultra-rapid metabolizers (possessing the gain-of-function allele
CYP2C19*17).36
Current status of clopidogrel testing:
Uncertain
A current FDA boxed warning states that poor
CYP2C19 metabolizers may not benefit from
clopidogrel and recommends that prescribers
consider alternative treatment for patients in
this category.37 However, routine CYP2C19
testing is not recommended, and no firm recommendations have been established regarding dose adjustments for CYP2C19 status.
Clinicians should be aware that the low
exposure seen in poor metabolizers also occurs
in patients taking drugs that inhibit CYP2C19
(TABLE 3).38
In 2010, the American College of Cardiology Foundation Task Force on Clinical Ex-
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pert Consensus Documents and the American
Heart Association collectively pronounced
the current evidence base insufficient for recommending routine pharmacogenomic testing.39
Needed are large-scale studies examining the cost-effectiveness and clinical utility of genotype-guided clopidogrel therapy
compared with other therapy options such as
prasugrel (Effient), an analogue not metabolized by CYP2C19. One such study, sponsored
by Medco Health Solutions, plans to enroll
14,600 cardiac patients and has an estimated
completion date in June 2011.40 The expectation that clopidogrel will be available in
generic form in 2012 adds to the uncertainty
regarding the cost-effectiveness of CYP2C19
testing for clopidogrel therapy.
■■ STATINS:
SLC01B1*5 INCREASES MYOPATHY RISK
Statins lower the concentration of low-density lipoprotein cholesterol (LDL-C), resulting in a relative-risk reduction of about 20%
for each 1 mmol/L (39 mg/dL) decrement in
LDL-C.41 They are one of the most commonly
prescribed classes of drugs, but their side effects can limit their appeal: statin-induced
myopathy occurs in about 1:1,000 to 1:10,000
patients and is difficult to predict.
SLC01B1. The Study of the Effectiveness
of Additional Reductions in Cholesterol and
Homocysteine (SEARCH), a genome-wide
association study, recently found a SNP (SLCO1B1*5) in the SLC01B1 gene to be associated with a higher risk of statin-induced myopathy in cardiac patients receiving simvastatin
(Zocor) 40 or 80 mg daily.42 The SLC01B1
gene, located on chromosome 12, influences
the extent of the drug’s hepatic uptake and its
serum concentration. Only the SLC01B1*5
SNP emerged as a predictor of statin-induced
myopathy across the entire genome.42
The authors believe the findings are likely
to apply to other statins. The mechanisms
leading to statin-induced myopathy and the
impact of statin pharmacogenomics are still
unclear.43
CYP3A4. Other genetic variants may play
a vital role in determining response to statin
therapy. Carriers of a newly identified CYP3A4
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polymorphism (intron 6 SNP, rs35599367,
C>T) required significantly lower statin doses
(0.2–0.6 times less) for optimal lipid control.
The analyses included atorvastatin (Lipitor),
simvastatin, and lovastatin (Mevacor), and
the association was robust (P = .019).44
Statin pharmacogenomic testing
is not routinely recommended
Routine pharmacogenomic testing for statin
therapy is not recommended. Additional studies are needed to determine the clinical utility
and cost-effectiveness of pharmacogenomic
testing (involving a combination of several
polymorphisms) in various patient populations delineated by type of statin, dose, and
concomitant use of other drugs.
■■ TAMOXIFEN IS ACTIVATED BY CYP2D6
Tamoxifen is prescribed to prevent the recurrence of estrogen-receptor-positive breast cancer, to treat metastatic breast cancer, to prevent cancer in high-risk populations, and to
treat ductal carcinoma in situ.
Tamoxifen is metabolized to form endoxifen, which has much higher potency and
higher systemic levels than tamoxifen.45 Both
CYP2D6 and CYP3A4/5 are required to produce endoxifen via two intermediates, but
CYP2D6 catalyzes the critical step leading to
metabolic activation.
The CYP2D6 gene is highly polymorphic,
with more than 75 allelic variants identified. Extensive literature is available describing the influence of CYP2D6 polymorphisms
on tamoxifen metabolism and therapy outcomes.46–52 Several CYP2D6 variants result
in reduced or no enzyme activity, and people
who have more than two normally functioning alleles have exaggerated enzyme activity
(gene amplification).
Classification of CYP2D6 status
Several systems have been developed to categorize the phenotypic activity of CYP2D6
based on genotype.
A genetic basis for the observed diversity
in the metabolism of cytochrome P450 substrates was recognized more than 30 years ago.
People were categorized as either extensive
or poor metabolizers, reflecting normal vs im-

paired ability to metabolize the CYP2D6 substrates sparteine and debrisoquine. Later work
expanded this system to include categories for
intermediate (between poor and extensive)
and ultra-rapid (better than extensive) metabolizers.
The genetic basis for these categories includes homozygosity for dysfunctional variants (the poor-metabolizer group) or extra
copies of normal functioning variants (the
ultra-rapid-metabolizer group).
Newer systems have been described for
characterizing the CYP2D6 activity phenotype whereby CYP2D6 variants are assigned
activity scores.53–56 The various scoring systems have been reviewed by Kirchheiner.57
A recent version of the activity scoring
system also takes into consideration the many
drugs that inhibit CYP2D6, such as amiodarone (Cordarone) and fluoxetine (Prozac) that
can reduce the action of tamoxifen if given
with it (TABLE 4).58 For example, the tamoxifen
exposure (as predicted by the CYP2D6-activity score) experienced by a CYP2D6 extensive
metabolizer taking a CYP2D6-inhibiting drug
may be similar to the exposure experienced
by a CYP2D6 poor metabolizer receiving the
same tamoxifen dose but not taking a CYP2D6-inhibiting drug.
Likewise, the activity score of a CYP2D6
intermediate metabolizer taking a CYP2D6inducing drug may be similar to that of a
CYP2D6 ultra-rapid metabolizer not taking
a CYP2D6-inducing drug. Examples of CYP2D6 inducers are dexamethasone, rifampin,
and hyperforin (St. John’s wort).
While the newer systems are reported to
provide better correlations between genotype
and phenotype scores, the older scoring systems and the categorical names are still widely
used (eg, in the FDA-approved AmpliChip
CYP450 test from Roche,59 which includes
genotype data for CYP2D6 and CYP2C19).

The pharmacogenomics
of codeine
has become
a hot topic,
especially in
breastfeeding
mothers

No firm recommendations
for CYP2D6 testing in tamoxifen users
The different genotypes and phenotypes
vary in prevalence in different ethnic
groups, and significantly different activity levels for endoxifen formation are observed. Tamoxifen lacks efficacy in those
who are poor CYP2D6 metabolizers—ie,
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TABLE 4

Drugs that inhibit CYP2D6
(and therefore can reduce the effects
of tamoxifen and codeine)
Amiodarone (Cordarone, Pacerone)
Bupropion (Wellbutrin)
Celecoxib (Celebrex)
Chlorpheniramine
Chlorpromazine (Thorazine)
Cimetidine (Tagamet)
Cinacalcet (Sensipar)
Citalopram (Celexa)
Clemastine (Tavist)
Clomipramine (Anafranil)
Cocaine
Diphenhydramine (Benadryl)
Doxepin (Sinequan)
Doxorubicin (Adriamycin)
Duloxetine (Cymbalta)
Escitalopram (Lexapro)
Fluoxetine (Prozac)
Halofantrine (Halfan)
Haloperidol (Haldol)
Hydroxyzine (Vistaril)
Levomepromazine
Methadone
Metoclopramide (Reglan)
Mibefradil (Posicor)
Midodrine (ProAmatine)
Moclobemide
Paroxetine (Paxil)
Perphenazine (Trilafon)
Quinidine
Ranitidine (Zantac)
Ritonavir (Norvir)
Sertraline (Zoloft)
Terbinafine (Lamisil)
Ticlopidine (Ticlid)
Tripelennamine (Pyribenzamine)
BASED ON INFORMATION IN FLOCKHART DA. DRUG INTERACTIONS:
CYTOCHROME P450 DRUG INTERACTION TABLE. INDIANA UNIVERSITY SCHOOL OF MEDICINE
(2007). http://medicine.iupui.edu/clinpharm/ddis/table.asp.
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about 7% of the white population.
However, the FDA has not made firm
recommendations about CYP2D6 testing for
prescribing tamoxifen because the evidence of
benefit, although suggestive, has been considered insufficient.
Clinicians should be aware that tamoxifen’s efficacy is greatly reduced by concomitant therapy with CYP2D6-inhibiting drugs
(TABLE 4).
Other genes affecting tamoxifen:
CYP3A4/5, SULT1A1, and UGT2B15
Some investigators propose that polymorphisms in additional genes encoding enzymes
in the tamoxifen metabolic and elimination
pathways (eg, CYP3A4/5, SULT1A1, and
UGT2B15) also need to be considered to account adequately for interindividual variation
in drug response.
For example, CYP3A4 and CYP3A5 are
also polymorphic, and large interindividual
variation exists in their enzyme activities.
These enzymes have overlapping substrate
specificities, represent the most abundant
drug-metabolizing enzymes in the human liver, and are involved in the biotransformation
of a broad range of endogenous substrates and
most drugs.60
Clinical studies evaluating the impact of
CYP3A4/5 polymorphisms have been inconsistent in their conclusions, which is generally attributed to the relatively low functional
impact or the low prevalence of the SNPs
evaluated. Many of the nearly 100 CYP3A4/5
polymorphisms identified have not yet been
characterized regarding their functional impact on enzyme expression or activity. CYP3A4/5 enzyme activity is highly variable between individuals and warrants further study
of its role in outcomes of tamoxifen therapy.
Ongoing and future prospective clinical trials
evaluating CYP2D6, CYP3A4/5, and other
relevant polymorphisms are necessary to define their clinical relevance before routine genetic testing for tamoxifen can be justified.
■■ CODEINE IS ALSO ACTIVATED BY CYP2D6
Codeine also depends on the CYP2D6 gene,
as it must be activated to its more potent
opioid metabolites, including morphine.
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Poor CYP2D6 metabolizers do not benefit
from codeine therapy.
The pharmacogenomics of codeine has become a hot topic, especially regarding breastfeeding mothers. The debate was ignited with
the publication in 2006 of a case report of an
infant’s death, apparently the result of metabolic polymorphisms.61 The evolution of this
debate and the outcome of the case may be
noteworthy to clinicians, as they illustrate the
gravity of public and patient interest in pharmacogenomic testing. In this case, the breastfeeding mother had taken codeine regularly
for about 14 days when her 13-day-old infant
died from toxic levels of morphine. Unknown
to her and the prescriber, both the mother and
infant were ultra-rapid CYP2D6 metabolizers,
resulting in a more rapid and extensive conversion of codeine to morphine.
A logical strategy for preventing similar
deaths would be routine CYP2D6 genotyping when prescribing codeine to breastfeeding mothers. However, after several
investigations examined the metabolic and
excretion pathways of codeine in their entirety, the FDA did not recommend routine
CYP2D6 testing when prescribing codeine to
breastfeeding mothers because several other
factors, including rare genetic variations of
other enzymes, proved necessary for reaching the opioid toxicity leading to the infant’s
death.62
■■ PHARMACOGENOMICS
OF PSYCHOTROPIC Drugs
Pharmacogenomic testing has clinical utility
for some psychotropic drugs.
HLA-B and carbamazepine
Considered a standard of care, HLA-B genotyping is appropriate before prescribing carbamazepine (Tegretol, Equetro) to patients in
populations in which HLAB*1502 is likely to
be present, such as Asians. Carriers of HLAB*1502 are at higher risk of life-threatening
skin reactions such as Stevens-Johnson syndrome.11
Several other pharmacogenomic applications for psychotropic medications have
been suggested, but routine testing has not
been recommended by the FDA or endorsed

by any expert panel because sufficient clinical utility and cost-effectiveness have not
been demonstrated. A brief summary of
study findings and a few practical suggestions follow.
Polymorphisms in metabolizing enzymes
have been investigated in patients receiving
psychotropic drugs.
CYP2D6 and antidepressants
Many antidepressants show significant differences in plasma drug levels with CYP2D6 polymorphisms (in descending order of influence)55:
• Imipramine (Tofranil)
• Doxepin (Adapin, Silenor, Sinequan)
• Maprotiline (Deprilept, Ludiomil,
Psymion)
• Trimipramine (Surmontil)
• Desipramine (Noraprim)
• Nortriptyline (Aventyl, Pamelor)
• Clomipramine (Anafranil)
• Paroxetine (Paxil)
• Venlafaxine (Effexor)
• Amitriptyline (Elavil)
• Mianserin
• Trazadone (Desyrel)
• Bupropion (Wellbutrin)
Consider
• Nefazodone (Serzone)
• Citalopram (Celexa)
non-SSRI
• Sertraline (Zoloft).

antidepressants
CYP2D6 and antipsychotics
for patients
Several antipsychotics are also influenced by
with the
CYP2D6 polymorphisms (also in descending
SLC6A4 variant
order of influence)55:

•
•
•
•
•
•
•
•
•
•

Perphenazine (Trilafon)
Thioridazine (Mellaril)
Olanzapine (Zyprexa)
Zuclopenthixol (Cisordinol, Clopixol,
Acuphase)
Aripiprazole (Abilify)
Flupentixol (Depixol, Fluanxol)
Haloperidol (Haldol)
Perazine (Taxilan)
Risperidone (Risperdal)
Pimozide (Orap).

CYP2C19 and antidepressants
CYP2C19 polymorphisms are likewise associated with differences in drug metabolism for
many antidepressants, such as (in descending
order of CYP2C19-mediated influence)55:
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TABLE 5

Suggested dose adjustments based on CYP2D6 phenotype
Percent of standard dose
DRUG

Knowing the
frequency
of pharmacogenomic
variants
in a given
population
can be helpful
in prescribing

POOR
METABOLIZERS

INTERMEDIATE
METABOLIZERS

ULTRA-RAPID
METABOLIZERS

Imipramine (Tofranil)

30

80

130

180

Doxepin (Sinequan)

35

80

130

175

Trimipramine (Surmontil)

35

90

130

180

Despramine (Norpramin)

40

80

125

170

Nortriptyline (Pamelor)

55

95

120

150

Clomipramine (Anafranil)

60

90

110

145

Paroxetine (Paxil)

65

85

115

135

Venlafaxine (Effexor)

70

80

105

130

Amitriptyline (Elavil)

75

90

105

130

Bupropion (Wellbutrin)

90

95

105

110

Perphenazine (Trilafon)

30

80

125

175

Haloperidol (Haldol)

75

95

100

115

Olanzapine (Zyprexa)

60

105

120

150

Risperidone (Risperdal)

85

90

100

110

Dose-adjustment values were determined by comparing drug concentration, clearance, or exposure data across phenotypes. Values
have been approximated to the nearest 5%.
ADAPTED FROM INFORMATION IN KIRCHHEINER J, NICKCHEN K, BAUER M, ET AL. PHARMACOGENETICS OF ANTIDEPRESSANTS AND ANTIPSYCHOTICS:
THE CONTRIBUTION OF ALLELIC VARIATIONS TO THE PHENOTYPE OF DRUG RESPONSE. MOL PSYCHiatry 2004; 9:442–473.

•
•
•
•
•
•
•
•
•

Trimipramine
Doxepin
Amitriptyline
Imipramine
Citalopram (Celexa)
Clomipramine
Moclobemide (Aurorix, Manerix)
Sertraline
Fluvoxamine (Luvox).

Clinical relevance of CYP2D6 and CYP2C19
Several studies have demonstrated that
poor and intermediate CYP2D6 metabolizers have a higher incidence of adverse effects when taking CYP2D6-dependent antidepressants63–68; however, an almost equal
number of studies did not find statistically
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EXTENSIVE
METABOLIZERS

significant associations.69–72 Likewise, several
studies have found an association between
ultra-rapid CYP2D6 metabolizer status and
diminished response to antidepressants,65,73,74
but no association was found in a larger retrospective study.75
Routine CYP2D6 and CYP2C19 screening
is not recommended when prescribing psychotropic drugs. However, reviews of the pharmacokinetic data have suggested a few practical
applications when genetic status is already
known. In general, clinicians can consider reducing the dose of tricyclic antidepressants by
about 50% when prescribing to CYP2D6-poormetabolizers.55,76–78
TABLE 5 gives examples of specific dose adjustments of antidepressants and antipsychot-
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ics based on CYP2D6-mediated influence.
Kirchheiner’s review article55 includes several
similar tables and charts based on CYP2D6
status as well as several based on CYP2C9
status. Clinicians should consider using these
types of pharmacokinetic-derived charts and
tables when prescribing to patients whose genetic status is known.
Genes that affect serotonin metabolism
Several genes in the serotonin pathway have
been investigated to determine whether they
influence patients’ susceptibility to depression and adverse effects and response to psychotropic medications.
SLC6A4. Polymorphisms in the promoter region of the serotonin transporter gene
SLC6A4 appear to influence the treatment
response and side-effect profiles of selective
serotonin reuptake inhibitors (SSRIs). Carriers of the SLC6A4 5-HTTLPR L alleles
have fewer side effects79 and better response
to SSRI treatment, and carriers of the S allele
have a higher incidence of antidepressantinduced mania80 and poorer response to SSRI
treatment.81
5-HT. Polymorphisms in serotonin receptors (2A and 2C subtypes) appear to influence SSRI response and side effects. Carriers
of 5-HT 2A C alleles had more severe adverse
effects from paroxetine,71 but another 5-HT
2A polymorphism common to Asians is associated with better response to antidepressant
therapy.82 A 5-HT 2C polymorphism was associated with a lower incidence of antipsychotic-induced weight gain.83
Although the understanding of these relationships is incomplete and routine pharmacogenomic testing is not currently recommended, reviews of the pharmacodynamic
data have suggested a few practical applications when a patient’s genetic status is already
known. One should consider:
• Selecting treatments other than SSRIs for
depressed patients known to possess the
SLC6A4 variant
• Selecting citalopram for depressed patients known to carry the 5-HT 2A polymorphism
• Avoiding treatment with antipsychotic
drugs for patients known to possess the
5-HT 2C polymorphism.

■■ THE FUTURE
OF PHARMACOGENOMIC TESTING
The examples discussed in this article provide
some insight about how pharmacogenomic testing is maturing and slowly being integrated into
the practice of medicine. They also illustrate the
complexity of the multiple stages of research that
pharmacogenomic applications must go through
in order to be adopted as standard practice.
In the future, pharmacogenomic data will
continue to accumulate, and the clinical utility of many other pharmacogenomic tests
may be uncovered. The FDA provides information on emerging pharmacogenomic tests
at its Web site, www.fda.gov.11 Its up-to-date
“Table of Valid Genomic Biomarkers in the
Context of Approved Drug Labels” includes
boxed warnings, recommendations, research
outcomes, and relevant population genetics.
If the FDA continues its current policy, prospective randomized trials that show improvement in patient outcomes will remain the gold
standard for determining the clinical significance of a pharmacogenomic test. Furthermore,
cost-benefit analyses are likely to continue dictating policy regarding pharmacogenomic testing, and cost-benefit profiles should improve as
technology advances and as information gathered from a single test becomes applicable to
multiple medications and clinical scenarios.
In the meantime, physicians should become familiar with the terms used in medical
genetics and pharmacogenomics and begin
to understand genetic contributions to the
outcomes of drug therapy. For example, understanding the consequences of metabolizer
status and the frequency of variants in a given
population can be tremendously helpful when
advising our patients about anticipating potential problems when taking specific medications and about making informed decisions
about pharmacogenomic testing.
This exchange of information alone may go
a long way in improving therapy outcomes even
when prospective pharmacogenomic testing is
not routinely performed. Furthermore, an increasing number of patients will already have genotyping information available when they come
to us, and clinicians need to be aware of the many
pharmacogenomic applications recommended by
■
the FDA when genetic status is known.10
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