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ARTICLE

Candidate-Gene Study of Functional Polymorphisms
in SLCO1B1 and CYP3A4/5 and the Cholesterol-Lowering
Response to Simvastatin

JP Kitzmiller1,∗, JA Luzum2, A Dauki1,3, RM Krauss4 and MW Medina4

Cholesterol-lowering response to 40 mg simvastatin daily for 6 weeks was examined for associations with common genetic
polymorphisms in key genes affecting simvastatin metabolism (CYP3A4 and CYP3A5) and transport (SLCO1B1). In white people
(n = 608), SLCO1B1 521C was associated with lesser reductions of total and low-density lipoprotein cholesterol. Associations
between SLCO1B1 521C and cholesterol response were not detected in African Americans (n = 333). Associations between
CYP3A4*22 or CYP3A5*3 and cholesterol response were not detected in either race, and no significant race-gene or gene-gene
interactions were detected. As several of the analyses may have been underpowered (especially the analyses in the African
American cohort), the findings not suggesting an association should not be considered conclusive and warrant further inves-
tigation. The finding regarding SLCO1B1 521C in whites was consistent with several previous reports. SLCO1B1 521C resulted
in a diminished cholesterol-lowering response, but a marginal effect size limits utility for predicting simvastatin response.
Clin Transl Sci (2017) 10, 172–177; doi:10.1111/cts.12432; published online on 4 November 2016.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔ Common functional variants in key genes involved
in simvastatin metabolism (CYP3A4*22 and CYP3A5*3)
and transport (SLCO1B1 521C) have been associated
with altered simvastatin concentrations in several stud-
ies. A marginal effect (diminished cholesterol reduction)
of SLCO1B1 521C on simvastatin response has been
reported in several studies, but results from studies of
CYP3A4*22 or CYP3A5*3 and simvastatin response have
had inconsistent results.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔ This candidate-gene analysis examined the associa-
tion of common genetic polymorphisms affecting sim-
vastatin metabolism (CYP3A4*22 and CYP3A5*3) and
transport (SLCO1B1 T521C) with the cholesterol-lowering
effect of simvastatin in 333 African Americans and
608 whites who received 40 mg simvastatin daily for
6 weeks.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
✔ This analysis provided a unique opportunity to examine
the relationships among simvastatin response and these
polymorphisms (CYP3A4*22, CYP3A5*3, and SLCO1B1
T521C) in a sizeable African American population. Further-
more, we previously reported that these polymorphisms
significantly affected simvastatin concentrations in this
cohort, providing an opportunity to examine the influence
of these polymorphisms on both the pharmacokinetics and
pharmacodynamics of simvastatin.
HOW THIS MIGHT CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE
✔ Individually, common genetic polymorphisms affect-
ing simvastatin metabolism (CYP3A4*22 and CYP3A5*3)
and transport (SLCO1B1 T521C) seem to have negligi-
ble/marginal influence on cholesterol response to simvas-
tatin. Collectively, however, effect may be clinically relevant,
and future studies involving genetic score approaches may
be more successful.

Statins remain among the most prescribed classes of
medication in the United States and are indicated for the
prevention of cardiovascular disease.1 By inhibiting 3-
hydroxy-3-methylglutaryl-coenzyme A reductase, statins
decrease intrahepatic cholesterol synthesis, upregulate hep-
atocyte surface low-density lipoprotein cholesterol (LDL-C)
receptors, increase hepatic LDL-C uptake, and ultimately
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decrease blood concentrations of LDL-C. Reduction in
LDL-C concentration is a common proxy measure of statin
efficacy, with an estimated reduction in risk of major car-
diovascular events of nearly 20% per mmol/L (38 mg/dL)
reduction in LDL-C.2 However, not all patients respond
favorably to statins. A substantial proportion of patients
do not achieve cholesterol goals, and some experience
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adverse effects, such as statin-induced myopathy.3 Clinical
outcomes and cholesterol-lowering response to simvas-
tatin have demonstrated associations with clinical factors
including age, race, gender, smoking, diet, comorbidities,
and use of concomitant medications.4 Genetic variation also
seems to contribute to interindividual variability in response
to statins.5 In recent decades, a plethora of candidate-
gene studies and genomewide association studies have
focused on genetic polymorphisms and patient response
to statins. Polymorphisms in several genes (e.g., ABCB1,
ABCG2, SLCO1B1, UGT1A1, UGT1A3, UGT2B7, CYP2C9,
CYP2C19, CYP2C8, CYP2D6, CYP3A4, and CYP3A5) have
been associated with statin blood concentrations, and
polymorphisms in several additional genes (e.g., APOE,
CETP, CLMN, CYP7A1, HMGCR, LDLR, and LPA) have
been associated with response to statins or incidences of
statin-induced myopathy.6

For simvastatin, one of the most commonly prescribed
statins,1 investigations have largely focused on SLCO1B1 –
the gene encoding the organic anion transporting polypep-
tide 1B1 that mediates intrahepatic transport of simvastatin.7

Increased simvastatin concentrations and an increased
risk of myopathy have been associated with SLCO1B1
polymorphisms in several studies, prompting the Clin-
ical Pharmacogenetics Implementation Consortium to
establish formal prescribing recommendations for sim-
vastatin based on SLCO1B1 genotype-defined risk of
statin-induced myopathy.7–10 Although nearly 200 common
variants in SLCO1B1 have been described, SLCO1B1 521C
(rs4149056) has the highest level of evidence. All of the
haplotypes identified as having an increased risk of statin-
induced myopathy (*5, *15, and *17) in the Clinical Pharma-
cogenetics Implementation Consortium’s Recommended
Dosing of Simvastatin Based on SLCO1B1 Phenotype con-
tain the SLCO1B1 521C polymorphism.10 Myopathy risk
is increased because the SLCO1B1 521C polymorphism
results in increased systemic concentrations of simvastatin
(secondary to decreased transport of simvastatin into hep-
atocytes), ultimately increasing the exposure of muscle to
simvastatin.6,7,11 Because the primary action of simvastatin
occurs within hepatocytes, SLCO1B1 521C also reduces
the cholesterol-lowering response to simvastatin. This asso-
ciation has been demonstrated in several clinical studies.
Sortica et al.12 reported the percent reduction of LDL-C
in a study of 216 Brazilian patients who received 20 mg
simvastatin daily for 6 months was 38.6 ± 8.0, 39.9 ± 8.6,
and 42.1 ± 15.8 for homozygous SLCO1B1 521C carriers,
heterozygousSLCO1B1 521C carriers, andwildtype, respec-
tively. Fu et al.13 reported the percent reduction of LDL-C in
a study of 174 patients of Chinese ancestry who received
20 mg simvastatin daily for 4 months was 27.2 ± 5.4, 28.9 ±
5.9, and 30.8 ± 5.4 for homozygous SLCO1B1 521C car-
riers, heterozygous SLCO1B1 521C carriers, and wildtype,
respectively. As these reported findings were only suggestive
trends, Dou et al.14 performed a meta-analysis of these stud-
ies and determined that the association between SLCO1B1
521C and cholesterol reductions was statistically signifi-
cant. Hopewell et al.15 reported similar findings in the Heart
Protection Study of 18,705 patients who received 40mg sim-
vastatin daily for 4–6 weeks: the percent reduction of LDL-C

was 42.4 ± 0.2, 43.6 ± 0.4, and 44.7± 0.4 for homozygous
SLCO1B1 521C carriers, heterozygous SLCO1B1 521C car-
riers, and wildtype, respectively. Although the relationship
between SLCO1B1 521C and cholesterol response has been
reported in several independent studies, its marginal effect
size substantially reduces its potential for clinical utility.
As simvastatin is metabolized primarily by the cytochrome

P450 (CYP), family 3, subfamily A, polypeptides 4 and 5
enzymes (CYP3A4 and CYP3A5, respectively), associations
have been reported between simvastatin pharmacokinet-
ics/dynamics and functional polymorphisms in CYP3A4 and
CYP3A5. Specifically, the decrease-of-function CYP3A4*22
(rs35599367) and the loss-of-function CYP3A5*3 (rs776746)
polymorphisms have been associated with increased sim-
vastatin concentrations6,16–18 and increased cholesterol-
lowering response.19–22 In fact, we reported significant asso-
ciations between these polymorphisms and simvastatin
concentrations in this cohort.17,18 Reports of associations
between these polymorphisms and simvastatin response
have also been published. Kivistö et al.19 reported that the
mean percent reduction in total cholesterol was higher (31%
vs. 17%; P = 0.026) in CYP3A5*3 homozygotes compared
with CYP3A5*1/*3 or CYP3A5*1 homozygotes in a study of
69 white patients who received lovastatin, simvastatin, or
atorvastatin (all primarily metabolized by CYP3A). However,
the percent reduction in LDL-C was not statistically differ-
ent in CYP3A5*3 homozygotes compared with CYP3A5*1/*3
or CYP3A5*1 homozygotes (31% vs. 46%; P = 0.083). No
associations between CYP3A5*3 and LDL-C lowering were
detected in the following reports: the Fiegenbaum et al.23

analysis of 99 Europeans who received 20 mg simvastatin
daily for 6 months, the Hu et al.21 analysis of 229 Chinese
patients who received 40 mg simvastatin daily for 6 weeks,
the Bailey et al.24 analysis of 291 Europeans of the Genetic
Effects On STATins who received 40 mg simvastatin daily for
3 months, and the Hopewell et al.15 analysis of 18,705 Euro-
peans of the Heart Protection Study who received 40 mg
simvastatin daily for 4–6 weeks. These findings collectively
do not suggest that CYP3A5*3 alters cholesterol-lowering
response to simvastatin, at least not in the patient popula-
tions studied.
Studies of CYP3A4*22 and simvastatin response have

been rare, and although associations have been reported,
findings have been inconsistent. Elens et al.20 reported that
the LDL-C reduction in CYP3A4*22 carriers was 7% greater
compared with noncarriers (41% vs. 48%; P = 0.054) in
80 incident simvastatin users of the Rotterdam Study after
adjusting for age, gender, baseline cholesterol, and simvas-
tatin dose and duration. The mean daily dose of simvas-
tatin required for optimal cholesterol control was nearly 40%
less for CYP3A4*22 carriers compared with noncarriers in a
study of 84 patients with hyperlipidemia (P = 0.042).22 Con-
versely, no association was reported between CYP3A4*22
and LDL-C lowering response in a study of 209 patients
who received 10–40 mg simvastatin daily for 6 months.25

It remains uncertain whether CYP3A4*22 affects simvastatin
cholesterol-lowering.
Despite several reports of associations between increased

simvastatin concentrations and the decrease-of-function
CYP3A4*22 polymorphism or the loss-of-function CYP3A5
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polymorphism, associations between these polymorphisms
and simvastatin cholesterol-lowering response have seldom
been detected. The lack of genetic investigation of simvas-
tatin response in African Americans and our recent reports
of associations between these CYP3A polymorphisms and
12-h simvastatin concentrations in this cohort provided the
rationale for this follow-up candidate gene study. Herein, we
present our study aimed at evaluating the associations of
CYP3A4*22, CYP3A5*3, and SLCO1B1 521C alleles with the
cholesterol response to 40 mg simvastatin daily for 6 weeks
in white and African American participants of the Cholesterol
and Pharmacogenetics (CAP) clinical trial.

METHODS
Study participants
This candidate-gene analysis included 609 self-reported
white and 335 self-reported African American men and
women aged �30 years who had a baseline total serum
cholesterol level between 160 and 400 mg/dL. The par-
ticipants of CAP (ClinicalTrials.gov identifier NCT00451828)
were recruited and enrolled at San Francisco General Hos-
pital and the University of California, Los Angeles, School
of Medicine, and collected baseline data included demo-
graphic, medical history, risk factors for coronary heart
disease, physical examination, and clinical laboratory test
results. They received 40 mg simvastatin daily for 6 weeks,
clinic visits occurred at 2-week intervals during the 6-week
study, and exclusion criteria included the following: concomi-
tant use of medications (prescription or over-the-counter)
known to significantly alter patient cholesterol levels or sim-
vastatin pharmacokinetics; known liver disease or elevated
transaminase levels more than twice the upper limit of nor-
mal; uncontrolled hypertriglyceridemia, hypertension, or dia-
betes mellitus; abnormal renal or thyroid function; current
alcohol or drug abuse; and known statin intolerance. Compli-
ance was determined by pill counts, and the CAP clinical trial
was approved by the institutional review boards at all clinical,
laboratory, and coordinating centers. Additional details of the
clinical trial methodology were provided in the initial report of
the CAP clinical trial.26

Genotype analyses
SLCO1B1 T521C (rs4149056) was determined using the
Cardio-MetaboChip (Illumina, San Diego, CA) genotyping
platform, and CYP3A4*22 (rs35599367) was determined
using a TaqMan genotyping assay (C_59013445_10; Life
Technologies, Grand Island, NY). CYP3A5*3 (rs776746)
was determined using the Illumina Human Hap 300 or
Human Hap 610-Quad genotyping platform (Illumina) for
whites and was determined using a TaqMan genotyp-
ing assay (C_26201809_30; Life Technologies) for African
Americans.

Ancestry and relatedness analysis
To assess relatedness between participants, the Cardio-
MetaboChip was used to calculate pairwise identity-by-
state distances.27 To meet the assumption of independent
observations, tests were performed to determine whether
any participants were first cousins or more closely related
(pi_hat > 0.125). One member of a pair of African American

participants with pi_hat = 0.1653 was excluded, and two
additional subjects were excluded due to high degrees
of relatedness (final n = 941). To assess genetic ances-
try of the participants, the resulting matrix of identity-by-
state distances was used to perform multidimensional scal-
ing analysis in Plink.28 In addition to self-reported race, the
first three multidimensional scaling components were used
as covariates in order to account for background genetic
ancestry.

Statistical analysis
Baseline continuous variables were summarized by median
and interquartile range and compared by race groups using
the Wilcoxon rank sum test. Baseline categorical variables
were summarized by counts and percentages and com-
pared between race groups using the chi-square test (or
Fisher’s exact where necessary). Monte-Carlo estimates of
the exact P values for Hardy-Weinberg equilibrium within
race groups were calculated using 10,000 permutations.
Changes in cholesterol were determined by comparing
measured concentrations of cholesterol in serum samples
collected at baseline and at the 6-week post-treatment
visit. Regression analyses were used to detect associations
among genotypes (CYP3A4*22, CYP3A5*3, and SLCO1B1
T521C) and changes in LDL and total cholesterol. Regres-
sion analyses were also used to test whether changes
in LDL and total cholesterol were associated with 12-h
plasma concentrations of simvastatin. Based on previously
reported findings regarding nongenetic influences on the
cholesterol-lowering response to simvastatin in the CAP
trial,26 we adjusted our models for covariates, including
race, smoking status, and age. Genetic ancestry (first three
multidimensional scaling components) was also included as
a covariate. Differences in the cholesterol-lowering response
by genotypes and race group were assessed in the race-
combined cohort using a multiplicative interaction term
(genotype*race). Race-specific differences in cholesterol-
lowering response by genotypes were assessed in analyses
stratified by race group. To assess whether the effects
of SLCO1B1 T521C on cholesterol-lowering response to
simvastatin were dependent on CYP3A4 and/or CYP3A5
status, the following gene-gene interactions were tested
by incorporating a multiplicative interaction term within
unadjusted and adjusted regression models in both the race-
combined and race-stratified cohorts: SLCO1B1*CYP3A4,
SLCO1B1*CYP3A5, SLCO1B1*CYP3A4/5 (CYP3A4 and
CYP3A5 combined by the number of decreased function
alleles), and SLCO1B1*CYP3A4/5 (CYP3A4 and CYP3A5
combined into extensive, intermediate, and poor metabo-
lizers, as previously described29). Statistical analyses were
performed using SAS version 9.3 (Cary, NC), and P <

0.05 was considered statistically significant. Adjustments
for multiple comparisons were made using the Benjamini
and Hochberg’s linear step-up method,30 limiting the false
discovery rate to 5%. We estimated 80% power to detect
a 14% difference in LDL-C reduction by CYP3A4*22 geno-
type, a 5% difference by CYP3A5*3 genotype and an 8%
difference by SLCO1B1 T521C genotype in unadjusted
models.

Clinical and Translational Science
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Table 1 Baseline characteristics

Overall (n = 941) Whites (n = 608; 65%) African Americans (n = 333; 35%) P value

Age, ya 53 ± 17 54 ± 16 52 ± 18 0.843

BMI, kg/m2a 28 ± 7 27 ± 7 29 ± 7 <0.001

Compliance, %a 98 ± 5 98 ± 5 98 ± 6 0.027

Male genderb 484 (51%) 322 (53%) 162 (49%) 0.206

Smokera 187 (20%) 84 (14%) 103 (31%) <0.001

CYP3A4*22

allele frequency 0.03 0.04 0.01 0.003

CYP3A5*3

allele frequency 0.73 0.93 0.35 <0.001

SLC01B1 521 C

allele frequency 0.10 0.14 0.02 <0.001

BMI, body mass index; CYP3A4, the gene encoding cytochrome P450, family 3, subfamily A, polypeptide 4; CYP3A5, the gene encoding cytochrome P450, family
3, subfamily A, polypeptide 5; SLCO1B1, the gene encoding solute carrier organic anion transporter family member 1B1.
aContinuous variables are represented as median ± interquartile range and compared using the Wilcoxon rank sum test. bCategorical variables are represented as
count (%) and compared using the chi-square test or Fisher’s exact where necessary. Bolded P values were significantly associated with low-density lipoprotein
cholesterol lowering response to simvastatin in the Cholesterol and Pharmacogenetics clinical trial.

Table 2 Associations of CYP3A4*22, CYP3A5*3, and SLCO1B1 521C with changes in cholesterol levels after 40 mg simvastatin daily for 6 weeks

Overall Whites African Americans

No. of
patients

� LDL-C
(mg/dL)

� TC
(mg/dL)

No. of
patients

� LDL-C
(mg/dL)

� TC
(mg/dL)

No. of
patients

� LDL-C
(mg/dL)

� TC
(mg/dL)

CYP3A4

*1/*1 864 −54 ± 22 −57 ± 24 561 -56 ± 21 -59 ± 23 303 −51 ± 24 −53 ± 25

*1/*22 54 −56 ± 23 −60 ± 26 46 -58 ± 21 -62 ± 23 8 −44 ± 29 −50 ± 38

P valuea 0.816 0.444 0.489 0.307 0.376 0.742

P valueb 0.898 0.726 0.901 0.783 0.820 0.963

CYP3A5

*1/*1 125 −49 ± 25 -51 ± 24 6 −56 ± 17 −57 ± 16 119 −48 ± 25 −51 ± 25

*1/*3 216 −53 ± 22 -55 ± 24 73 −56 ± 20 −58 ± 22 143 −51 ± 24 −53 ± 25

*3/*3 537 −57 ± 21 -59 ± 23 507 −57 ± 21 −59 ± 23 30 −53 ± 21 −57 ± 25

P valuea 0.464 0.328 0.507 0.414 0.832 0.683

P valueb 0.726 0.669 0.901 0.828 0.972 0.963

SLCO1B1

C/C 14 −44 ± 25 −43 ± 27 14 −44 ± 25 −43 ± 27 0 – –

C/T 151 −55 ± 19 −58 ± 21 137 −55 ± 19 −57 ± 21 14 −57 ± 20 −60 ± 23

T/T 718 −55 ± 22 −58 ± 24 441 −57 ± 22 −60 ± 24 277 −51 ± 23 −54 ± 25

P valuea 0.103 0.028 0.038 0.008 0.310 0.305

P valueb 0.495 0.204 0.366 0.107 0.783 0.783

� LDL-C, change in low-density lipoprotein cholesterol; � TC, change in total cholesterol; CYP3A4, the gene encoding cytochrome P450, family 3, subfamily A,
polypeptide 4; CYP3A5, the gene encoding cytochrome P450, family 3, subfamily A, polypeptide 5; SLCO1B1, the gene encoding solute carrier organic anion
transporter family member 1B1.
aAdjusted for age, smoking status, genetic ancestry (first three multidimensional scaling components) and self-reported race (when applicable). bCorrected for
multiple comparisons with a false discovery rate of 5%. Values are presented as mean ± SD. Only P values <0.05 are bolded.

RESULTS

Baseline characteristics of the 941 CAP participants included
in this analysis are presented in (Table 1). Genotypes
at all three loci were within Hardy-Weinberg equilibrium
for both race groups, and minor allele frequencies of
SLCO1B1 521C, CYP3A4*22, and CYP3A5*3 were con-
sistent with those reported in other cohorts.8,15,19,20,22–24

Statistical analyses of the associations between cholesterol-
lowering response to simvastatin and CYP3A4*22,
CYP3A5*3, and SLCO1B1 521C genotypes are presented in
(Table 2).

Results from the race-combined and race-stratified anal-
yses revealed that SLCO1B1 521C was the only genetic
variable that was significantly associated with cholesterol-
lowering response to simvastatin 40 mg daily for 6 weeks,
and this relationship occurred only in white patients: reduc-
tion of LDL-C was 44 ± 25, 55 ± 19, and 57 ± 22
mg/dL in whites of C/C, T/C, and T/T genotype, respec-
tively (P = 0.038 without correction for multiple hypothe-
ses), and reduction of total cholesterol was 43 ± 27, 57
± 21, and 60 ± 24 mg/dL in whites of C/C, T/C and T/T
genotype, respectively (P= 0.008 without correction for mul-
tiple hypotheses). Although the race-combined analysis of

www.cts-journal.com
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SLCO1B1 521 C and LDL-C reduction resulted in a signif-
icant P value, data in the African American cohort demon-
strated a relationship (nonsignificant P value) with direction
both opposing biological plausibility and opposite that in the
white cohort and in the previously reported analyses. Nei-
ther CYP3A4*22 nor CYP3A5*3 were associated with differ-
ences in cholesterol-lowering responses in either race or in
the combined-race cohort. Race-gene and gene-gene inter-
actions for each genotype (SLCO1B1 521C,CYP3A4*22, and
CYP3A5*3) were not statistically significant (interaction terms
and P values not shown). Simvastatin cholesterol-lowering
response was not associated with 12-h post-dose simvas-
tatin concentrations in the race-combined and race-stratified
cohorts of CAP.

DISCUSSION

Our study findings regarding SLCO1B1 521C were consis-
tent with those observed in Heart Protection Study15 and
in the meta-analysis reported by Duo et al.14: SLCO1B1
521C was associated with a diminished cholesterol-lowering
response. The consistencies regarding the magnitude and
direction of this effect not only support the validity of our
study but also provide additional evidence supporting the
central role of SLCO1B1 in the pharmacology of simvas-
tatin. Although readily observed in clinical studies, the effect
is marginal and unlikely to provide prescribing guidance
beyond its established role in Clinical Pharmacogenetics
Implementation Consortium’s recommendations regarding
simvastatin myopathy.9,10

Although associations between simvastatin pharmacoki-
netics and the functional polymorphisms CYP3A4*22 and
CYP3A5*3 have been reported in several cohorts6,16–18

including our recent reports of analyses conducted in this
cohort17,18 reports of their association with the cholesterol-
lowering response to simvastatin have been rare. In fact,
associations have been detected in only a single cohort
each (Kivistö et al.19 for CYP3A5*3 and Elens et al.20 for
CYP3A4*22). Those cohorts were relatively small (n = 69 and
n = 80 for the reports by Kivistö et al.19 and Elens et al.,20

respectively), and the reported associations failed to repli-
cated in subsequent analyses of other larger cohorts and in
this analysis of CAP. Specifically, CYP3A4*22 was not asso-
ciated with change in LDL-C in the report by Ragia et al.25

(n = 209), and CYP3A5*3 was not associated with changes
in LDL-C in the studies reported by Hu et al.21 (n = 229),
Fiegenbaum et al.23 (n = 99), Bailey et al.24 (n = 291), and
Hopewell et al.15 (n = 18,705).
This study had several advantages. The cohort size was

relatively large (n= 941) and included a significant number of
African Americans (n = 333), providing novel opportunity for
genetic investigation in an understudied patient population.
The availability of genotyping chip data was another advan-
tage, allowing genetic-ancestry adjustment and the exclu-
sion of related subjects. Another advantage was comprehen-
sive data collection, allowing adjustments for several clinical
variables (age, gender, and smoking status). The eligibility cri-
teria of the CAP clinical trial helped minimize confounding
factors, including comorbidities, diet, and concomitant pre-
scription and over-the-counter medications.

Nevertheless, there were several limitations to this study:
other genes reported to play a role (albeit a minor
role compared with SLCO1B1 and CYP3A4/5) in simvas-
tatin pharmacokinetics (e.g., ABCB1, ABCG2, UGT1A1,
UGT1A3, UGT2B7, CYP2C9, CYP2C19, CYP2C8, and
CYP2D6) or statin cholesterol-lowering response (e.g.,
APOE, CETP, CLMN, CYP7A1, HMGCR, LDLR, and LPA)
were not included.3–6 Likewise, not all polymorphisms of
CYP3A4, CYP3A5, and SLCO1B1 were included in this
candidate-gene study, and epistatic and epigenetic factors
were not investigated. Despite the associations between
12-h post-dose simvastatin concentrations and CYP3A4*22,
CYP3A5*3, and SLCO1B1 521C in CAP that we reported
previously, regression analyses did not reveal associations
(results not shown) between cholesterol-lowering response
and simvastatin concentration in the race-combined and
race-stratified cohorts of CAP. This was not entirely unex-
pected because the pharmacokinetic data were limited
(i.e., significant discordance likely exists between 12-h
concentrations in plasma and daily systemic exposure in
hepatocytes).17,18 Several of our analyses, especially the
race-stratified analyses in the African American cohort, were
underpowered. In fact, the analyses of SLCO1B1 521C in
African Americans included only 14 heterozygotes and did
not include any 521C homozygotes. The lack of observ-
able associations in this population should not be considered
definitive, and further investigation is warranted.

With proven efficacy and relatively few adverse effects,
statins remain among the most commonly prescribed med-
ication classes in the United States. Although most patients
benefit, some are unable to attain cholesterol-reduction
goals, some experience atherosclerotic events despite ther-
apy, and some experience adverse events. Despite the com-
pletion of hundreds of candidate gene studies and numer-
ous genomewide association studies, a clinically relevant
pharmacogenetic test to predict statin efficacy has not yet
emerged. Our finding regarding SLCO1B1 521C in white
patients confirmed the findings from several other studies:
SLCO1B1 521C results in a diminished cholesterol-lowering
response, but its marginal effect size limits utility for pre-
dicting simvastatin response. Although these common vari-
ants result in altered simvastatin metabolism (CYP3A4*22,
CYP3A5*3) and transport (SLCO1B1 521C), their clini-
cal utility for predicting interindividual cholesterol-lowering
response is not well supported. Future approaches utilizing
multigene genetic-score approaches may prove superior for
investigating the potential utility of these polymorphisms col-
lectively to predict the cholesterol-lowering response or the
efficacy (prevention of cardiovascular events) of simvastatin.

Acknowledgments. The authors wish to acknowledge the fol-
lowing sources of funding: American Heart Association research grant
award 14POST20100054 and the National Institutes of Health research
grant awards U19 HL069757, P50 GM115318, K23 GM100372, L32
MD006365, L30 HL110279, and U01 GM092655.

Author Contributions. J.P.K., J.A.L., and M.W.M. wrote the
manuscript. J.P.K., M.W.M., and R.M.K. designed the research. J.P.K.,
J.A.L., R.M.K., and M.W.M. performed the research. J.A.L. and A.D. ana-
lyzed the data.

Clinical and Translational Science



SLCO1B1, CYP3A4/5, and simvastatin response
Kitzmiller et al.

177

Conflict of Interest. The authors declared no conflict of interest.

1. Medicines Use and Spending Shifts: A Review of the Use of Medicines in the U.S. in 2014.
IMS Institute for Healthcare Informatics. <http://www.imshealth.com/files/web/IMSH%
20Institute/Reports/Medicines_Use_and_Spending_Shifts/Medicine-Spending-and-
Growth_1995-2014.pdf>.

2. Baigent, C. et al. Efficacy and safety of cholesterol-lowering treatment: prospective meta-
analysis of data from 90,056 participants in 14 randomised trials of statins. Lancet 366,
1267–1278 (2005).

3. Leusink, M., Onland-Moret, N.C., de Bakker, P.I., de Boer, A. & Maitland-van der Zee, A.H.
Seventeen years of statin pharmacogenomics: a systematic review. Pharmacogenomics
17, 163–180 (2016).

4. Gryn, S.E. & Hegele, R.A. Pharmacogenomics, lipid disorders, and treatment options. Clin.
Pharmacol. Ther. 96, 36–47 (2014).

5. Hu, M. & Tomlinson, B. Pharmacogenomics of lipid-lowering therapies. Pharmacoge-
nomics 14, 981–995 (2013).

6. Canestaro, W.J., Austin, M.A. & Thummel, K.E. Genetic factors affecting statin concentra-
tions and subsequent myopathy: a HuGENet systematic review.Genet.Med.16, 810–819
(2014).

7. Kalliokoski, A. & Niemi, M. Impact of OATP transporters on pharmacokinetics. Br. J. Phar-
macol. 158, 693–705 (2009).

8. SEARCH Collaborative Group et al. SLCO1B1 variants and statin-induced myopathy–a
genomewide study. N. Engl. J. Med. 359, 789–799 (2008).

9. Wilke, R.A. et al. The clinical pharmacogenomics implementation consortium:CPIC guide-
line for SLCO1B1 and simvastatin-inducedmyopathy.Clin. Pharmacol. Ther.92, 112–117
(2012).

10. Ramsey, L.B. et al. The Clinical Pharmacogenetics Implementation Consortium guideline
for SLCO1B1 and simvastatin-induced myopathy: 2014 update. Clin. Pharmacol. Ther.
96, 423–428 (2014).

11. Kameyama, Y., Yamashita, K., Kobayashi, K., Hosokawa, M. & Chiba, K. Func-
tional characterization of SLCO1B1 (OATP-C) variants, SLCO1B1*5, SLCO1B1*15 and
SLCO1B1*15+C1007G, by using transient expression systems of HeLa and HEK293 cells.
Pharmacogenet. Genomics 15, 513–522 (2005).

12. Sortica, V.A. et al. SLCO1B1 gene variability influences lipid-lowering efficacy on simvas-
tatin therapy in Southern Brazilians. Clin. Chem. Lab. Med. 50, 441–448 (2012).

13. Fu, Q. et al. Lack of association between SLCO1B1 polymorphism and the lipid-lowering
effects of atorvastatin and simvastatin in Chinese individuals. Eur. J. Clin. Pharmacol.69,
1269–1274 (2013).

14. Dou, Y., Zhu, X., Wang, Q., Tian, X., Cheng, J. & Zhang, E. Meta-analysis of the SLCO1B1
c.521T>C variant reveals slight influence on the lipid-lowering efficacy of statins. Ann.
Lab. Med. 35, 329–335 (2015).

15. Hopewell, J.C. et al. Impact of common genetic variation on response to simvastatin
therapy among 18,705 participants in the Heart Protection Study. Eur. Heart J. 34, 982–
992 (2013).

16. Kim, K.A., Park, P.W., Lee, O.J., Kang, D.K. & Park, J.Y. Effect of polymorphic CYP3A5
genotype on the single-dose simvastatin pharmacokinetics in healthy subjects. J. Clin.
Pharmacol. 47, 87–93 (2007).

17. Kitzmiller, J.P., Luzum, J.A., Baldassarre, D., Krauss, R.M. & Medina,M.W. CYP3A4*22 and
CYP3A5*3 are associated with increased levels of plasma simvastatin concentrations in
the cholesterol and pharmacogenetics study cohort.Pharmacogenet. Genomics 24, 486–
491 (2014).

18. Luzum, J.A. et al. Individual and combined associations of genetic variants in CYP3A4,
CYP3A5, and SLCO1B1 with simvastatin and simvastatin acid plasma concentrations. J.
Cardiovasc. Pharmacol. 66, 80–85 (2015).

19. Kivistö, K.T. et al. Lipid-lowering response to statins is affected by CYP3A5 polymorphism.
Pharmacogenetics 14, 523–525 (2004).

20. Elens, L. et al. Novel CYP3A4 intron 6 single nucleotide polymorphism is associated with
simvastatin-mediated cholesterol reduction in the Rotterdam Study. Pharmacogenet.
Genomics 21, 861–866 (2011).

21. Hu, M., Mak, V.W., Xiao, Y. & Tomlinson, B. Associations between the genotypes and phe-
notype of CYP3A and the lipid response to simvastatin in Chinese patients with hyperc-
holesterolemia. Pharmacogenomics 14, 25–34 (2013).

22. Wang, D., Guo, Y., Wrighton, S.A., Cooke, G.E. & Sadee, W. Intronic polymorphism in
CYP3A4 affects hepatic expression and response to statin drugs. Pharmacogenomics
J. 11, 274–286 (2011).

23. Fiegenbaum,M. et al. The role of common variants of ABCB1, CYP3A4, and CYP3A5 genes
in lipid-lowering efficacy and safety of simvastatin treatment. Clin. Pharmacol. Ther. 78,
551–558 (2005).

24. Bailey, K.M. et al. Hepatic metabolism and transporter gene variants enhance response
to rosuvastatin in patients with acute myocardial infarction: the GEOSTAT-1 Study. Circ.
Cardiovasc. Genet. 3, 276–285 (2010).

25. Ragia, G. et al. No effect of CYP3A4 intron 6 C>T polymorphism (CYP3A4*22) on lipid-
lowering response to statins in Greek patients with primary hypercholesterolemia. Drug
Metab. Pers. Ther. 30, 43–48 (2015).

26. Simon, J.A. et al. Phenotypic predictors of response to simvastatin therapy among African
Americans and Caucasians: the Cholesterol and Pharmacogenetics (CAP) Study. Am. J.
Cardiol. 97, 843–850 (2006).

27. Voight, B.F. et al. The metabochip, a custom genotyping array for genetic studies of
metabolic, cardiovascular, and anthropometric traits. PLoS Genet. 8, e1002793 (2012).

28. Purcell, S. et al. PLINK: a tool set for whole-genome association and population-based
linkage analyses. Am. J. Hum. Genet. 81, 559–575 (2007).

29. Kitzmiller, J.P., Sullivan, D.M., Phelps, M.A., Wang, D., & Sadee, W. CYP3A4/5 combined
genotype analysis for predicting statin dose requirement for optimal lipid control. Drug
Metab. Drug Interact. 28, 59–63 (2013).

30. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical and powerful
approach to multiple testing. J. R. Stat. Soc. Series B (Methodological). 57, 289–300
(1995).

C© 2016 The Authors. Clinical and Translational Science
published by Wiley Periodicals, Inc. on behalf of Ameri-
can Society for Clinical Pharmacology and Therapeutics.
This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License,
which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and
is not used for commercial purposes.

www.cts-journal.com


