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Genomewide Association Study of Simvastatin
Pharmacokinetics
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We investigated genetic determinants of single-dose simvastatin pharmacokinetics in a prospective study of 170
subjects and a retrospective cohort of 59 healthy volunteers. In a microarray-based genomewide association study
with the prospective data, the SLCO1B1 ¢.521T>C (p.Val174Ala, rs4149056) single nucleotide variation showed

the strongest, genomewide significant association with the area under the plasma simvastatin acid concentration-
time curve (AUC; P = 6.0x10°19), Meta-analysis with the retrospective cohort strengthened the association
(P=16x 10_17). In a stepwise linear regression candidate gene analysis among all 229 participants, SLCO1B1
c.521T>C (P =1.9x% 10'13) and CYP3A4 c.664T>C (p.Ser222Pro, rs55785340, CYP3A4*2, P = 0.023) were
associated with increased simvastatin acid AUC. Moreover, the SLCO1B1 c.463C>A (p.Pro155Thr, rs11045819,
P=72x 10'6) and ¢c.1929A>C (p.Leu643Phe, rs34671512, P = 5.3 x 10'4) variants associated with decreased
simvastatin acid AUC. Based on these results and the literature, we classified the volunteers into genotype-predicted
OATP1B1 and CYP3A4 phenotype groups. Compared with the normal OATP1B1 function group, simvastatin acid AUC
was 273% larger in the poor (90% confidence interval (Cl), 137%, 488%; P = 3.1 % 10_6), 40% larger in the decreased
(90% Cl, 8%, 83%; P = 0.036), and 67% smaller in the highly increased function group (90% Cl, 46%, 80%;

P=24x 10_4). Intermediate CYP3A4 metabolizers (i.e., heterozygous carriers of either CYP3A4*2 or CYP3A4*22
(rs35599367)), had 87% (90% Cl, 39%, 152%, P = 6.4 x 10'4) larger simvastatin acid AUC than normal metabolizers.

These data suggest that in addition to no function SLCO1B1 variants, increased function SLCO1B1 variants and
reduced function CYP3A4 variants may affect the pharmacokinetics, efficacy, and safety of simvastatin. Care is
warranted if simvastatin is prescribed to patients carrying decreased function SLCO1B1 or CYP3A4 alleles.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

VI The SLCOIBI ¢.521T>C variant increases simvastatin ex-
posure and risk for muscle-related adverse effects. However,
marked unexplained interindividual variability exists in simv-
astatin pharmacokinetics.

WHAT @ESTION DID THIS STUDY ADDRESS?

M With our genomewide association study of simvastatin
pharmacokinetics, we comprehensively assessed the effect of ge-
netic variation on simvastatin pharmacokinetics in 229 healthy
volunteers.

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

V] OATP1BI no function variants SLCOIBI*S and *IS asso-
ciate with increased simvastatin acid exposure and OATP1B1

increased function variants */4 and *20 associate with re-
duced simvastatin acid exposure. In addition, CYP344*2
and *22 variants associate with increased simvastatin ex-
posure. This is the first study to demonstrate the effects of
SLCOIBI*14, SLCOI1B1*20, and CYP3A44*2 on simvastatin
pharmacokinetics.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

M Our findings indicate that SLCOIBI and CYP3A44 genetic
variants affect simvastatin exposure. Simvastatin is probably
best avoided in individuals with genetically poor OATP1BI
or CYP3A4 activity, or decreased activity of both OATP1B1
and CYP3A4. Lowering of the simvastatin dose should be con-
sidered in individuals with decreased OATP1B1 or CYP3A4
activity.
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Simvastatin is a 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitor widely prescribed for hypercholesterol-
emia. Simvastatin is usually effective and well-tolerated, but, for
some patients, it can cause muscle symptoms ranging from mild
myalgia to potentially lethal rhabdomyolysis.l_4 Factors increas-
ing simvastatin exposure, such as drug interactions or genetic vari-
ation, heighten the risk for adverse effects. 2%

In simvastatin pharmacokinetics, marked interindividual
variability exists.’ Simvastatin is an inactive lactone prodrug,
which converts to pharmacologically active simvastatin acid. "
Simvastatin lactone and acid are extensively metabolized by cy-
tochrome P450 (CYP) 3A enzymes, with a minor contribution
from CYP2C8 and uridine diphosphate-glucuronosyltransferases
(UGT).” " The CYP344722 (rs35599367) intron variant reduces
CYP3A4 expression and associates with increased simvastatin ex-
posure and cholesterol-lowering efficacy.ll’12 Furthermore, the
CYP3A45*3 (rs776746) splice site variant causing loss-of-function
for CYP3AS, may elevate simvastatin concentrations.'>

Simvastatin acid is also a substrate for the organic anion trans-
porting polypeptide 1B1 (OATP1B1), a hepatic influx transporter
encoded by the SLCOI1BI gene.é The SLCOIBI ¢521T>C
(p-Val174Ala, rs4149056) missense variant raises simvastatin acid
exposure and increases the risk for adverse effects.® Some stud-
ies have suggested that simvastatin acid is also a substrate of the
P—glycoprotein,n’14 an efflux transporter encoded by the ABCB1
gene, although the evidence is contradictory.15 Evidence as to the
effect of genetic variation in ABCBI on simvastatin pharmacoki-
netics is unclear, 18

As the risk for muscle-related adverse effects increases along
with simvastatin exposure,l’/*‘5 understanding the genetic variants
affecting simvastatin pharmacokinetics is important. Studies on
simvastatin pharmacokinetics have identified several important
pharmacogenetic variants, however, these studies have investigated
candidate-gene associations, and yet-unrecognized variants may
exist. The aim of this study was to comprehensively characterize
the effect of genetic variation on simvastatin pharmacokinetics by
use of genomewide methods in a relatively large cohort.

METHODS

Subjects and study design

The study sample comprises a prospective simvastatin pharmacoki-
netic study cohort and a retrospective cohort with earlier published
pharmacokinetic data on simvastatin. A total of 170 (83 men and 87
women, age 24.6 + 4.2 years (mean * SD), height 174.4 + 9.4 cm, weight
70.3 + 12.7 kg, and body mass index 23.0 + 2.8 kg/m”) unrelated, healthy
Finnish White volunteers gave written informed consent and partic-
ipated in the prospective study. Medical history, physical examination,
and routine laboratory tests confirmed their health prior to their enter-
ing the study. None of the participants used any continuous medication,
including hormonal contraception, and all were nonsmokers.

The Coordinating Ethics Committee of the Helsinki and Uusimaa
Hospital District (record number 86/13/03/00/2015) and the Finnish
Medicines Agency (EudraCT number 2015-000540-41) approved the
study protocol. Following an overnight fast, the volunteers ingested a sin-
gle oral dose of 40 mg simvastatin (Zocor tablet; Merck Sharp & Dohme
B.V,, Haarlem, The Netherlands). The volunteers had a standardized warm
meal 4 hours, and light meals 7 and 10 hours after simvastatin administra-
tion. The volunteers provided timed venous EDTA blood samples of 4 or

9 mL prior to and for up to 24 hours after the ingestion of simvastatin. We
placed the tubes on ice immediately after sampling, separated plasma from
the samples within 30 minutes, and stored the plasma aliquots at =70°C
until analysis. Use of any other drugs was forbidden 1weck before and
3 days after simvastatin administration. No consumption of alcohol was
allowed 1 day before and 2 days after simvastatin, and also no grapefruit
products 2 days before and 2 days after simvastatin.

The retrospective cohort comprised 59 healthy volunteers (32 men
and 27 women, age 22.8 + 2.8 years (mean + SD), height 174.4+9.8 cm,
weight 68.2+ 11.1kg, and body mass index 22.3 +2.4kg/m”) who had
participated in carlier single-dose pharmacokinetic studies® ' on cither
20 mg (24 participants) or 40 mg (35 participants) simvastatin. The vol-
unteers ingested simvastatin tablets after an overnight fast and received
a standardized warm meal 4hours and standardized light meals 7 and
10 hours after simvastatin intake. Competent ethics committees and na-
tional authority (Fimea) approved the study protocols, including genetic
analyses. Each participant had given written informed consent.

Determination of drug concentrations

Simvastatin lactone, simvastatin acid, 3”-hydroxy simvastatin acid,
3',5"-dihydrodiol simvastatin lactone, 3,5"-dihydrodiol simvastatin acid,
simvastatin-D6, and simvastatin acid-D6 were purchased from Toronto
Research Chemicals (Toronto, Ontario, Canada).

Prior to analysis, plasma samples were pre-treated usinga VersaPlate sup-
ported liquid extraction system in 96-Well format (Agilent Technologies,
Waldbronn, Germany). A volume of 150 pL of plasma was mixed with
100 pL of ice-cold ammonium acetate (100 mM, pH 4.5), containing the
internal standards (10 ng/mL both). The sample mixture was then trans-
ferred to extraction plate, incubated for 10 minutes, and eluted three times
with 0.5 mL of methyl tert-butyl ether. The sample extract was evaporated
and reconstituted in 80 PL of 40% acctonitrile, and a volume of 5 pL was
delivered to the analytical column. The chromatographic separation of an-
alytes was carried out on a Luna Omega polar C18 column (100 x 2.1 mm
LD, 1.6pm particle size; Phenomenex, Torrance, CA) using SmM am-
monium formate (pH 3.9, adjusted with 98% formic acid) as mobile
phase A and acetonitrile as mobile phase B. The flow rate and the column
temperature were maintained at 300 pL/min and 40°C. The mobile phase
gradient conditions were as follows: 1 minute at 20% B on hold, then a
linear ramp from 20% B to 40% B over 3 minutes followed by a second
linear ramp to 90% B over 2 minutes, and 1 minute at 90% B before a re-
equilibration step back to the initial conditions (20% B). The drug con-
centrations were determined using a Sciex 5500Qtrap mass spectrometer
(ABSciex, Toronto, Ontario, Canada) interfaced with an electrospray ion
source. The characteristic multiple reaction monitoring mass-to-charge
(m/z) ion transitions were applied for each analyte. Simvastatin lactone
(436-285), simvastatin acid (437-303), and 3’,5'-dihydrodiol simvasta-
tin lactone (470-319) were detected in positive mode, and 3”-hydroxy
simvastatin acid (451-335) and 3’,5’-dihydrodiol simvastatin acid (469~
353) were detected using negative mode. Isotope labeled simvastatin lac-
tone served as an internal standard for simvastatin lactone and isotope
labeled simvastatin acid for all other analytes. The limits of quantification
(ng/mL) for simvastatin lactone, simvastatin acid, 3”-hydroxy simvastatin
acid, 3',5’-dihydrodiol simvastatin lactone, and 3’,5’-dihydrodiol simvas-
tatin acid were 0.05, 0.05, 0.25, 0.25, and 0.5, respectively. The day-to-day
precision values for all compounds were below 15% (expressed as percent
cocfficient of variation) and the accuracy within +/—15%, except for the
lower limit of quantification, for which both precision and accuracy were
within £20%.

Pharmacokinetics

In the prospective study, we calculated the area under the plasma
concentration-time curve (AUC), peak plasma concentration (C_ ),
and elimination half-life (t,/z) values for simvastatin, simvastatin acid,
3',5"-dihydrodiol simvastatin lactone, 3',5-dihydrodiol simvastatin
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acid, and 3”-hydroxy simvastatin by standard noncompartmental meth-
ods (Phoenix WinNonlin, version 6.4; Certara, Princeton, NJ). We
calculated the AUC value from Ohours to infinity (AUC,__) for all
metabolites, with the exception of 3’,5"-dihydrodiol simvastatin acid
and 3"-hydroxy simvastatin acid, for which AUC from 0 to 24hours
(AUC, _,4p0uss) Was determined instead, because the #, could not be reli-
ably determined for all participants. In our retrospective cohort, concen-
tration data were available only for simvastatin lactone and simvastatin
acid, and pharmacokinetic variables were recalculated from the original
concentration data.

Genotyping

We extracted genomic DNA from whole blood samples using the
Maxwell 16 LEV Blood DNA Kit on a Maxwell 16 Research auto-
mated nucleic acid extraction system (Promega, Madison, WI). The
Institute for Molecular Medicine Finland (FIMM) Technology
Centre, University of Helsinki, performed the genomewide genotyp-
ing. The volunteers in the prospective study were genotyped with the
Ilumina HumanCoreExome-24vl-1_A BeadChip (Illumina, San
Diego, CA). Qliality thresholds for including genotype data in statis-
tical analysis were Hardy-Weinberg equilibrium P value >107° and
proportion of missing <0.03. The genomewide statistical analysis in-
cluded 261,851 single-nucleotide variants (SN'Vs) with minor-allele
frequency (MAF) of 20.05. The retrospective cohort was genotyped
with [llumina GSAMD-24v2-0_A1 beadchip (Illumina). Data for the
genomewide association study meta-analysis included 134,431 SN'Vs
present in both genotyping chips. In order to supplement missing gen-
otypes for candidate-gene analysis, we used TagMan genotyping assays
on a QuantStudio 12K Flex Real-Time PCR system (Thermo Fisher
Scientific, Waltham, MA) to genotype the participants for selected vari-
ants in ABCBI, CYP3A44, CYP3AS, SLCOI1B1, SLCOIB3, UGTI1AI,
and UGT1A43. For the candidate-gene analysis, we selected missense or
suspected functional variants with MAF of 20.01 (Table S1).

We computed the SLCOIBI haplotypes from the c.388A>G
(p-Asn130Asp, rs2306283), c.463C>A (p.Pro155Thr, rs11045819),
c.521T>C, and c.1929A>C (p.Leu643Phe, rs34671512) SNVs with
PHASE version 2.1.1.2%%! Haplotygcs were defined according to
Pharmacogene Variation Consortium.”>* By combining variants with
similar effect, it is possible to achieve greater statistical power. Therefore,
wedivided the participantsinto chnotypc—predicted OATPI1BI phenotype
groups, as described previously”* (Figure S1). As an exploratory analysis,
we then classified heterozygous carriers of cither CYP344 c.664T>C (p.
Ser222Pro, 155785340, and CYP3A44*2) or 1s35599367 (CYP3A44*22)
as intermediate CYP3A4 metabolizers. One participant was compound
heterozygote for these alleles and classified as a poor CYP3A4 metabo-
lizer. CYP3A44*22 was included as it reduces CYP3A4 expression in the
liver'" and has been associated with higher plasma concentrations of sim-
vastatin acid and simvastatin lactone.?

Statistical analysis

The data were analyzed with the statistical programs JMP Genomics
8.0 (SAS Institute, Cary, NC) and IBM SPSS Statistics for Windows
27.0 (Armonk, NY). Pharmacokinetic variables and body weight
were log-transformed before statistical analysis. We investigated the
possible effects of demographic covariates (sex and body weight) on
the pharmacokinetics of simvastatin lactone and its metabolites using
a forward stepwise linear regression analysis. The P value thresh-
olds of 0.05 and 0.10 were used for entry into and removal from the
model. Possible effects of genetic variants on pharmacokinetic vari-
ables were investigated using stepwise linear regression analysis.
Significant demographic covariates, weight for simvastatin acid, and
3',5"-dihydrodiol simvastatin acid, sex for 3’,5"-dihydrodiol simvasta-
tin lactone, were set as fixed factors. Genomewide meta-analysis was
carried out using the inverse variance fixed effect model. A P value
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of below 5 x 1078 was considered genomewide significant. The candi-
date gene analysis was performed without correction for multiple test-
ing and with Bonferroni correction for the number of tested genetic
variants. For SLCOI1BI and CYP3A44 genotype-predicted phenotype
groups, analysis of variance adjusting for significant demographic
and appropriate genotype covariates was carried out with pairwise
comparisons with the Fisher’s Least Significant Difference method.
A P value of below 0.05 was considered statistically significant.

RESULTS

In the prospective study, the AUC, of simvastatin lactone
varied 20.1-fold, that of simvastatin acid 21.3-fold, and that
of 3',5"-dihydrodiol simvastatin lactone 21.1-fold, whereas the
AUC) 4 1ous of 3',5"-dihydrodiol simvastatin acid varied 58.5-
fold and that of 3"-hydroxy simvastatin acid 39.5-fold. Body
weight was a significant covariate for simvastatin acid AUC___
and 3',5-dihydrodiol simvastatin acid AUC) 4 1ous
sex was a significant covariate for 3',5-dihydrodiol simvastatin
lactone AUC, . In the retrospective cohort, the dose-adjusted
AUC,__ of simvastatin lactone varied 14.5-fold and that of sim-
vastatin acid 20.6-fold.

, whereas

Genomewide association study

In the prospective study, we investigated the associations of
261,030 SNVs on AUC,, _ or AUC ,,, of simvastatin lac-
tone, simvastatin acid, 3’,5’-dihydrodiol simvastatin lactone,
3',5"-dihydrodiol simvastatin acid, and 3"-hydroxy simvastatin
acid. Two SNVs in the SLCOIBI gene were genomewide sig-
nificantly associated with increased simvastatin acid AUC,__.
The strongest association was observed with the SLCOIBI
¢.521T>C missense variant, with a 61% (90% confidence in-
terval (CI), 43%, 82%; P = 6.0 x 10_10) larger AUC,__ per
copy of the variant allele (Figure 1). The SLCOIBI intron
variant, rs4363657, was associated with a 45% (90% CI, 31%,
62%; P =3.3x 10_8) increase per variant allele. In the prospec-
tive study, no other genomewide significant associations were
observed.

In the genomewide association study meta-analysis in-
cluding the retrospective cohort, we investigated the
effects of 136,688 SNVs on simvastatin lactone and sim-
vastatin acid AUC, _. Only simvastatin acid AUC,
showed genomewide significant associations. Five SNVs in
the SLCOIBI-SLCO1B3 locus were associated with an in-
creased simvastatin acid AUC,, _ (Table 1, Figure 1). The
SLCO1BI c.521T>C SNV showed the strongest association
with a 68% (90% CI, 52%, 86%; P = 1.6 x 10_17) increase in
simvastatin acid AUC__ per variant allele. The SLCOI1B1
intronic variant rs4363657 was associated with a 46% (90%
CI, 33%, 60%; P = 1.2 x 10_11) increase per variant allele.
In addition, two SLCOIB3 missense variants ¢.334G>T
(p-Alal12Ser, rs4149117) and c.699A>G (p.Ile233Met,
rs7311358) were associated with a 43% (90% CIL, 29%,
58%; P = 6.9 x 107°) increase in simvastatin acid AUC,
per variant allele. These variants were in a complete linkage
(7’2 =1, P=98x 10_52) with each other and the intronic
SLCO1B3 variant rs1304539 (> = 0.99, P = 3.9 x 107°1). All

SNVs showing genomewide significant associations were in
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Figure 1 Manhattan plots of area under the plasma simvastatin acid
concentration-time curve from Ohours to infinity (AUC,__)

(a) genomewide association study in 170 healthy volunteers of the
prospective study and (b) genomewide association meta-analysis

of the prospective study and retrospective cohort in altogether 229
participants. Horizontal lines indicate the genomewide significance
level of 5x1078,

a strong linkage disequilibrium with SLCOIB1 ¢.521T>C:
rs4363657 (#* = 0.53, P = 4.2 x 1072%), SLCO1B3 ¢.334G>T,
and c.699A > G (* = 0.35, P = 3.1 x 107",

Candidate gene association study

Due to the risk of false negative associations with the conservative P
value threshold in the genomewide analysis, we next performed
a candidate gene analysis on simvastatin acid AUC,__ among all
the 229 participants. In this analysis, we included missense and
suspected functional variants with MAF of 20.01 in genes sug-
gested to be involved in simvastatin pharmacokinetics (Table S1).
Ina stepwise linear regression analysis, the strongest association
was observed with SLCOIBI ¢.521T>C, with a S7% increase in
simvastatin acid AUC,,__, per variant allele (90% CI, 43%, 73%;
P =19x107"; Table 2). In addition, two SLCOIBI missense
variants were associated with decreased simvastatin acid AUC,,__:
c.463C>A with a 32% (90% CI, 22%, 41%; P = 7.2x 10~°) and
¢.1929A>C with a 36% (90% CI, 21%, 48%; P = 5.3 x 10™%) de-
crease per variant allele. CYP3.44*2 allele was associated with a
60% (90% CI, 14%, 125%; P = 0.023) increase in simvastatin acid
AUC,__ per variant allele.
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Table 1 Genomewide significant associations with simvastatin acid AUC,,__ from genome-wide meta-analysis of the prospective study and retrospective cohort in

altogether 229 participants

Linkage disequilibrium with rs4149056

Nucleotide

P value

D’

90% ClI P value MAF

Effect®

Amino acid change

change

Gene

dbSNP rs number
rs4149056
rs4363657

0.19
0.30
0.24
0.24
0.23

1.6x107Y
1.2x107%
6.9%107°

52%, 86%
33%, 60%

68%
46%

p.Vall74Ala
Intron variant

¢.521T>C

SLCO1B1
SLCO1B1
SLCO1B3
SLCO1B3
SLCO1B3

4.2x10728
3.1x107%°
3.1x1071°
1.7x107°

AUC,_.,, area under the plasma simvastatin acid concentration-time curve from Ohours to infinity; Cl, confidence interval; dbSNP, National Center for Biotechnology Information Short Genetic Variations database;

MAF, minor allele frequency; rs, reference single nucleotide variation.

0.53
0.35
0.35
0.36

0.98
0.68
0.68
0.69

29%, 59%

43%
43%

p.Alal12Ser
p.lle233Met
Intron variant

€.334G>T
c.699A>G

rs4149117

6.9%107°

29%, 59%
28%, 58%

rs7311358
rs1304539

2.1x1078

42%

®Per variant allele copy.
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Table 2 Results of candidate gene analysis on simvastatin acid AUC,__, in 229 healthy volunteers

Heterozygotes Homozygotes
Variable Effect® 90% CI P value Bonferroni P value r n (%) n (%)
Weight (per 10% increase) —7.7% -10.5%, -4.8% 2.3%x107° 4.8x1074 0.02
SLCO1B1 ¢.521T>C 57.4%  43.1%,73.2%  1.9x107" 4.0x107*2 0.25 64 (27.9) 11 (4.8)
SLCO1B1 ¢.463C>A —32.4% -41.3%, -22.2% 7.2x107° 1.5%x107* 0.31 37 (16.2) 1(0.4)
SLCO1B1 ¢c.1929A>C -35.9% -47.9%, -21.0% 5.3x107* 0.011 0.35 17 (7.4) 0
CYP3A4 c.664T>C 60.3% 14.1%, 125.3% 0.023 0.48 0.36 6 (2.6) 0

AUC,_,,, area under the plasma simvastatin acid concentration-time curve from Ohours to infinity; Cl, confidence interval.

@per variant allele copy or 10% increase in weight.

Effects of OATP1B1 and CYP3A4 phenotype classes on
simvastatin acid and lactone

To further elucidate the roles of SLCO1BI and CYP3A44 in sim-
vastatin pharmacokinetics, we then grouped the participants
as an exploratory post hoc analysis into SLCOIBI and CYP3A44
genotype-predicted phenotype groups (Figure 2). Only one par-
ticipant was classified as poor CYP3A4 metabolizer and was
therefore excluded from these analyses. In addition, the partici-
pant had also decreased OATPIBI function. This participant
had the third largest AUC| __ of simvastatin acid (76.1 ng/mL x
hours), and the second largest AUC,, _ of simvastatin lactone
(202.6 ng/mL x hours).

When compared with the normal OATP1BI1 function group,
the AUC, of simvastatin acid was 273% (90% CI, 137%, 488%;
P=31x10"° larger in the poor function group, 40% (90% CI,
8%, 83%; P = 0.036) larger in the decreased function group, bor-
derline significantly 32% (90% CI, 5%, 52%; P = 0.056) smaller
in the increased function group, and 67% (90% CI, 46%, 80%;
P = 24x107* smaller in the highly increased function group
(Table 3). The AUC,__ of simvastatin acid in the poor OATP1B1
function group was 1,029% (90% CI, 505%, 2007%; P= 8.3 x 10~*°)
larger than in the highly increased group, 451% (90% CI, 231%,

100+

Simvastatin acid AUC_.. (ngxh/mL)

817%; P = 9.3 x 10_8) larger than in the increased function group,
and 166% (90% CI, 66%, 326%; P = 7.2 x 10_4) larger than in the
decreased function group. The simvastatin acid C___was 273% (90%
Cl, 141%, 477%; P = 3.1 x 10_6) higher in the poor function group
and 73% (90% CIL, 57%, 83%; P = 6.1 x 107°) lower in the highly
increased function group than in the normal function group.

In the decreased OATP1BI1 function group, the Cu of sim-
vastatin lactone was 55% (90% CI, 12%, 115%; P = 0.026)
higher compared with the normal function group, but there
were no other significant associations between OATP1B1 func-
tion groups and pharmacokinetic variables of simvastatin lac-
tone (Table 3). Simvastatin acid / simvastatin lactone AUC__
ratio was 49% (90% CI, 13%, 71%; P = 0.04) lower in the highly
increased, 54% (90% CI, 33%, 68%; P = 8.1 x 10_4) lower in the
increased, and 143% (90% CI, 47%, 301%; P = 0.0039) higher
in the poor function group than in the normal function group.
We also analyzed the associations of OATP1B1 phenotype
classes with simvastatin pharmacokinetics without adjusting for
CYP3A4 classes, and the associations were similar but stronger
(Table S2).

In the CYP3A4 intermediate metabolizer group, simvastatin
lactone AUC, _ was 63% (90% CI, 11%, 140%; P = 0.036)

501 .
I l.%.‘. A :.:::°
0 T T T T T T T T T r
OATP1B1 HIF IF IF NF NF DF DF DF PF PF
CYP3A4 NM NM IM NM IM NM M PM NM IM
n 3 36 2 107 6 59 4 1 10 1

Figure 2 Area under the plasma simvastatin acid concentration-time curve from Ohours to infinity (AUC,__ ) values grouped by genotype
predicted organic anion transporting polypeptide 1B1 (OATP1B1) and cytochrome P-450 3A4 (CYP3A4) phenotypes. Horizontal lines indicate
estimated marginal means, whiskers indicate 90% confidence intervals, and gray dots indicate individual AUCO_m values. DF, decreased
function; HIF, highly increased function; IF, increased function; IM, intermediate metabolizer; NF, normal function; NM, normal metabolizer;

PF, poor function; PM, poor metabolizer.
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Table 3 Pharmacokinetic variables of simvastatin lactone and simvastatin acid in individuals with different genotype-

predicted OATP1B1 phenotypes

OATP1B1 phenotype (n) Geometric mean® (90% Cl) Ratio to normal function (90% CI) P value
Simvastatin lactone C_

Highly increased function (3) 5.8 (3.3, 10.2) 0.59 (0.33, 1.08) 0.15

Increased function (38) 13.5 (9.4, 19.2) 1.37 (0.91, 2.06) 0.21

Normal function (113) 9.9 (8.0, 12.1)

Decreased function (63) 15.3 (11.9, 19.7) 1.55 (1.12, 2.15) 0.026

Poor function (11) 15.0 (9.0, 25.1) 1.52 (0.88, 2.64) 0.21
Simvastatin lactone t,,

Highly increased function (3) 4.1(2.2,7.5) 0.96 (0.50, 1.83) 0.91

Increased function (38) 4.1 (2.8, 6.0) 0.96 (0.61, 1.49) 0.87

Normal function (113) 4.2 (3.4,5.3)

Decreased function (63) 5.0 (3.8, 6.6) 1.18 (0.83, 1.67) 0.45

Poor function (11) 3.9(2.2,6.7) 0.91 (0.59, 1.66) 0.80
Simvastatin lactone AUC,__

Highly increased function (3) 23.9 (13.2, 43.3) 0.64 (0.34, 1.21) 0.25

Increased function (38) 51.5 (35.4, 75.0) 1.38 (0.90, 2.13) 0.22

Normal function (113) 37.3 (30.0, 46.3)

Decreased function (63) 47.2 (36.1, 61.6) 1.27 (0.90, 1.78) 0.26

Poor function (11) 48.0 (27.9, 82.4) 1.29 (0.72, 2.31) 0.47
Simvastatin acid C,,,

Highly increased function (3) 0.6 (0.4, 1.0) 0.27 (0.17, 0.43) 6.1x107°

Increased function (38) 1.3 (1.0, 1.8) 0.56 (0.41, 0.78) 0.0036

Normal function (113) 2.4 (2.0, 2.8)

Decreased function (63) 3.1(2.5,3.8) 1.30 (1.01, 1.68) 0.086

Poor function (11) 8.9 (5.9, 13.3) 3.73 (2.41, 5.77) 1.3x107°
Simvastatin acid t,,

Highly increased function (3) 3.9 (2.6, 6.0) 1.14 (0.73, 1.8) 0.62

Increased function (38) 4.2 (3.2, 5.5) 1.23 (0.90, 1.67) 0.27

Normal function (113) 3.5 (3.0, 4.0)

Decreased function (63) 4.2 (3.4, 5.0) 1.20 (0.94, 1.54) 0.21

Poor function (11) 3.7 (2.5, 5.5) 1.08 (0.71, 1.63) 0.76
Simvastatin acid AUC,__,

Highly increased function (3) 6.1 (3.8, 9.6) 0.33 (0.20, 0.54) 2.4x1074

Increased function (38) 12.5 (9.3, 16.7) 0.68 (0.48, 0.95) 0.056

Normal function (113) 18.4 (15.6, 21.8)

Decreased function (63) 25.8 (21.0, 31.7) 1.40 (1.08, 1.83) 0.036

Poor function (11) 68.7 (45.1, 104.8) 3.73 (2.37, 5.88) 3.1x107°
Simvastatin acid / lactone AUC,__, ratio

Highly increased function (3) 0.25 (0.15, 0.42) 0.51 (0.29, 0.87) 0.040

Increased function (38) 0.23 (0.17, 0.32) 0.46 (0.32, 0.67) 8.1x1074

Normal function (113) 0.50 (0.41, 0.60)

Decreased function (63) 0.56 (0.45, 0.71) 1.13 (0.84, 1.52) 0.49

Poor function (11) 1.21 (0.76, 1.93) 2.43 (1.47, 4.01) 0.0039

AUC,_.,, area under the plasma concentration-time curve from Ohours to infinity; Cl, confidence interval; C__., peak plasma concentration; OATP1B1, organic

anion transporting polypeptide 1B1; t,,, terminal half-life.

®The data are geometric estimated marginal means adjusted for weight (simvastatin acid AUC,__, and C

(CYP3A4) phenotype.
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Table 4 Pharmacokinetic variables of simvastatin lactone and simvastatin acid in individuals with different genotype-

predicted CYP3A4 phenotypes

CYP3A4 phenotype (n) Geometric mean® (90% CI) Ratio to normal function (90% CI) P value
Simvastatin lactone C_

Normal metabolizer (215) 9.9 (8.7, 11.4)

Intermediate metabolizer (13) 15.4 (11, 21.5) 1.54 (1.07, 2.22) 0.050
Simvastatin lactone t,,

Normal metabolizer (215) 4.4 (3.8,5.1)

Intermediate metabolizer (13) 4.1(2.8,5.9) 0.92 (0.62, 1.37) 0.74
Simvastatin lactone AUC,__,

Normal metabolizer (215) 34.1(29.6, 39.4)

Intermediate metabolizer (13) 55.8 (39.0, 79.8) 1.63 (1.11, 2.40) 0.036
Simvastatin acid C_

Normal metabolizer (215) 2.0(1.8,2.2)

Intermediate metabolizer (13) 3.6 (2.7, 4.6) 1.79 (1.35, 2.39) 9.0x107*
Simvastatin acid t,,

Normal metabolizer (215) 3.8(3.4,4.2)

Intermediate metabolizer (13) 4.0(3.14,5.2) 1.06 (0.81, 1.40) 0.72
Simvastatin acid AUC,__,

Normal metabolizer (215) 16.3 (14.6, 18.3)

Intermediate metabolizer (13) 30.5(23.1, 40.3) 1.87 (1.39, 2.52) 6.4x107*
Simvastatin acid /simvastatin lactone AUC,_, ratio

Normal metabolizer (215) 0.47 (0.42, 0.54)

Intermediate metabolizer (13) 0.51 (0.37, 0.69) 1.07 (0.77, 1.49) 0.73

AUC,_.,, area under the plasma concentration-time curve from Ohours to infinity; Cl, confidence interval; C__ , peak plasma concentration; CYP3A4, cytochrome

P-450 3A4; t,,, terminal half-life.

®The data are geometric estimated marginal means adjusted for weight (simvastatin acid AUC,__, and C

polypeptide 1B1 (OATP1B1) phenotype.

higher, and simvastatin acid AUC, _ was 87% (90% CI, 39%,
152%; P = 6.4 x 1074) higher than in the normal metabolizer
group (Table 4). The intermediate CYP3A4 metabolizers had
54% (90% CI, 7%, 122%; P = 0.05) higher simvastatin lactone
C,. and 79% (90% CI, 35%, 139%; P = 9.0 x 10~*) higher sim-
vastatin acid C.,.. than normal metabolizers. CYP3A4 pheno-
type was not associated with the half-life of either simvastatin
acid or simvastatin lactone, or with the simvastatin acid/lactone
AUC,__, ratio.

Effects of OATP1B1 and CYP3A4 phenotype classes on
other simvastatin metabolites

We next investigated the associations of OATPIB1 and
CYP3A4 phenotype classes with simvastatin oxidative metab-
olite pharmacokinetics from the prospective study. As there
were only two participants with highly increased OATP1B1
function and only one poor CYP3A4 metabolizer, they were
excluded from the analyses. In the poor OATPIBI function
group, 3',5"-dihydrodiol simvastatin lactone AUC, _ was 80%
(90% CI, 29%, 151%; P = 0.0040) higher, 3',5-dihydrodiol
simvastatin acid AUCO_2411ours was 105% (90% CI, 27%, 229%:;
P =0.014) higher, and 3"-hydroxy simvastatin acid AUC =
was 133% (90% CI, 57%, 246%; P = 5.4x 10~*) higher than
in the normal OATPIBI function group (Figure 3, Table S3).
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max) @Nd genotype-predicted organic anion transporting

The 3',5"-dihydrodiol simvastatin lactone / simvastatin lactone
AUC,__ ratio was 43% (90% CI, 10%, 64%; P = 0.046) lower
in the increased function group than in the normal function
group, but OATPI1BI phenotype was not associated with dif-
ferences in metabolite / parent compound AUC ratios of other
metabolites. CYP3A4 phenotype was not significantly associ-
ated with the AUC of the oxidative simvastatin metabolites.
However, intermediate CYP3A4 metabolizers had 49% (90%
CL, 26%, 65%; P = 0.0034) lower 3',5"-dihydrodiol simvasta-
tin lactone / simvastatin lactone AUC__ ratio than normal

CYP3A4 metabolizers (Table $4).

DISCUSSION

In this study, we investigated genetic variation of simvastatin
pharmacokinetics in 229 healthy volunteers. Five SN'Vs in the
SLCOIBI-SLCOIB3 locus associated genomewide significantly
with increased simvastatin acid AUC. The strongest association
was observed with the SLCOIBI ¢.521T>C, OATP1BI1 no func-
tion variant. In addition, a candidate-gene analysis suggested as-
sociations of increased function SLCOIBI alleles and decreased
function CYP3A44 alleles with simvastatin acid pharmacokinetics.
Of note, simvastatin acid AUC was ~10-fold larger in individuals
with poor OATP1BI function than in those with highly increased
OATPIBI function. To our knowledge, this is the first study
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Simvastatin lactone (ng/mL)
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Figure 3 Geometric mean (90% confidence interval) plasma concentrations of simvastatin and its metabolites grouped by genotype-predicted
organic anion transporting polypeptide 1B1 (OATP1B1) phenotype. Some error bars were omitted for clarity. Carriers of CYP3A4*2 and
CYP3A4*22 alleles were excluded. DF, decreased function; HIF, highly increased function; IF, increased function; NF, normal function; PF, poor

function.

to demonstrate the effects of SLCOIBI1*14, SLCOIBI*20, and
CYP3A44*2 on simvastatin pharmacokinetics. Taken together, our
data show that SLCOIBI and CYP3A44 are major determinants of
simvastatin acid pharmacokinetics.

The only genomewide significant associations were observed in
the SLCOIBI-SLCOI1B3 locus. The SLCOIBI ¢.521T>C SNV
is probably the causative variant underlying these associations, as
it showed the strongest association and is in linkage equilibrium
with the other genomewide significant SNVs. The ¢.521T>C
SNV is known to cause nearly complete loss-of-function of
OATP1B1,272® and to increase simvastatin acid plasma concen-
trations and myopathy risk.> ¢ Mechanistically, the association
can be explained by reduced hepatic uptake of simvastatin acid
due to impaired OATP1B1 function.”® When compared with
individuals with normal OATP1BI1 function, those with poor

OATP1BI1 function (c.521T>C homozygotes) showed 273%
higher and those with decreased OATP1BI1 function (c.521T>C
heterozygotes) showed 40% higher simvastatin acid AUC. These
data are consistent with previously published data and highlight
the important role of SLCOIBI ¢.521T>C SNV in simvastatin
pharmacokinctics.6

In a candidate-gene analysis, the SLCOIBI ¢.463C>A and
¢.1929A>C variants, which define the *I4 and *20 haplotypes,
were associated with a reduced simvastatin acid AUC. Consistent
with our results, these haplotypes have been associated with
increased OATPIB1 expression in the liver.?? Furthermore,
they have been associated with reduced OATP1B1 biomarker
concentrations>*?® and increased methotrexate clearance in
humans.>® In addition, SLCO1B1*14 has been associated with
poor response to methotrexate®® and enhanced response to
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fluvastatin.*> Although the associations of */4 and *20 were
not genomewide significant, the biological mechanism is plau-
sible and the results are consistent with the literature on other
OATP1B1 substrates.”®*° Taken together, the data indicate that
SLCOIBI*14 and *20 are increased function variants and en-
hance the hepatic uptake of simvastatin acid thereby reducing its
systemic exposure.

In addition, the candidate-gene analysis showed association of
CYP3A4*2 with increased simvastatin acid AUC. However, after
correction for multiple testing, the association did not remain sig-
nificant. Studies on the effects of CYP344*2 on CYP3A4 activity
in vivo are scarce, but one individual with the CYP344*2/*2 geno-
type was reported to have a low 63-OH-cortisol/cortisol ratio in-
dicating slow CYP3A4 metabolism.>® I vitro studies suggest that
the effect of CYP3A4.2 may be substrate-specific as the clearance of
some CYP3A4 substrates is reduced>™*! whereas the clearance of
others, including testostcrone,%’%’42 is unaffected or increased. >
Another CYP3A44 variant, CYP3A44*22, has associated with in-
creased plasma concentrations of simvastatin lactone and acid, and
enhanced cholesterol-lowering efficacy of atorvastatin, lovastatin,
and simvastatin.!"'>* CYP3.44*22 is an intronic variant, which
alters RNA splicing and decreases CYP3A4 expression in the
liver.*® Based on these data, we classified heterozygous carriers of
either CYP3A44*2 or CYP3A44*22 as intermediate CYP3A4 me-
tabolizers. Grouping rare variants with similar effects provides bet-
ter statistical power, and a similar approach is commonly used with
other CYP enzymes, such as CYP2D6. Nevertheless, as the data
on these CYP3A4 variants are limited, the results should be inter-
preted with caution. In our exploratory analyses, the intermediate
CYP3A4 metabolizers had 87% higher simvastatin acid AUC and
63% higher simvastatin lactone AUC.

Our analyses of simvastatin metabolite concentrations suggest
that CYP3A4 converts simvastatin lactone to 3’,5'-dihydrodiol
simvastatin lactone as the CYP3A4 phenotype was significantly
associated with the 3',5’-dihydrodiol simvastatin lactone / sim-
vastatin lactone AUC ratio. In addition, poor OATP1BI function
was associated with an increased exposure to 3',5'-dihydrodiol
simvastatin lactone, 3’,5'-dihydrodiol simvastatin acid, and
3"-hydroxy simvastatin acid. This suggests that these metabolites
may be OATPI1BI substrates, but interconversion between the
lactone and acid forms of the metabolites could also explain some
of the associations. Literature regarding simvastatin metabolites is
scarce, and possible contributions of the metabolites to the efficacy
or toxicity of simvastatin are not known. In one study in hypercho-
lesterolemic children and adolescents, the SLCO1BI ¢.521T>C
SNV showed no association with 3’,5'-dihydrodiol simvastatin
lactone pharmacokinetics,47 but there seem to be no other phar-
macogenetic studies on the oxidative metabolites of simvastatin.
Taken together, our data suggest that CYP3A4 contributes to the
formation of 3’,5'-dihydrodiol simvastatin lactone, but plays a
minor role only in the formation of 3”-hydroxy simvastatin acid or
3',5'-dihydrodiol simvastatin acid. This knowledge may be useful
for interpreting the results of drug—drug interaction studies using
simvastatin as an index substrate for OATP1B1 or CYP3A4.

In this study, we investigated simvastatin single-dose phar-
macokinetics only. According to pharmacokinetic theory, the

684

single-dose AUC,__ should be equal to the steady-state dose-
interval AUC. Therefore, the differences in simvastatin expo-
sure seen in the present study between individuals with different
SLCO1BI and CYP3A44 genotypes should be similar during con-
tinuous treatment. Moreover, the present study was carried out in
young healthy volunteers, whereas statin users are typically older
and may use other medications concomitantly. Interindividual
variability in simvastatin pharmacokinetics may therefore be even
larger in patients than what was observed in the present study.

The participants of this study were White Finnish volunteers.
The frequencies of SLCOIBI and CYP3A4 variants differ be-
tween [)oplllzations.49’SO SLCO1BI poor function variants are more
common in the Northern hemisphere, and SLCOIBI™S is prev-
alent only in Europe (MAF 2%), Middle East (5%), and North
Africa (2%).” SLCOIBI*IS is present in other populations as
well: it is more common in Europe (16%) than in East Asia (12%),
and Sub-Saharan Africa (2%).” SLCO1BI1*14 is most common
in European (16%) and Middle Eastern (15%) populations, rare
in sub-Saharan Africans (4%) and not observed in East Asians.*’
SLCO1B1720 has its highest frequency in North Africans (15%),
but it is also present in sub-Saharan African (9%) and European
(5%) populations, yet rare in East Asia (0.6%).49 CYP3A4472 is
observed only in Europeans (1%), whereas CYP344*22 is most
common in Europeans (5%), but also observed in South Asians
(0.6%).>° Some populations may also have pharmacogenetic vari-
ants affecting simvastatin pharmacokinetics that were not present
in this study. Nevertheless, the effects of SLCOIBI and CYP3A44
variants on simvastatin pharmacokinetics should be similar to our
results in other populations, but the proportion of variability in
simvastatin pharmacokinetics explained by these variants may
differ.

The effect of SLCOIBI ¢.521T>C on simvastatin-induced
myopathy and rhabdomyolysis risk is well-known.>™ In order to
mitigate the risk of myotoxicity, a lower simvastatin dose is advis-
able for patients with decreased OATP1B1 function and the use
of simvastatin is best avoided in individuals with poor OATP1B1
function. The effects of SLCO1BI1*14 and *20 on the clinical re-
sponse to simvastatin are not known. The pharmacological target
of statins, HMG-CoA reductase, is expressed in the liver. Increased
hepatic uptake caused by SLCO1B1*14 and *20 may increase sim-
vastatin acid concentration at the active site. The higher hepatic/
systemic concentration ratio may enhance the efficacy and reduce
the risk for systemic adverse effects of simvastatin.

In contrast to decreased OATP1B1 function, reduced CYP3A4
activity should increase both the hepatocyte and systemic expo-
sure to active simvastatin acid. Decreased CYP3A4 activity may
therefore enhance the cholesterol-lowering efficacy of simvastatin
in addition to an increase in the adverse effect risk. Our data indi-
cate that the effects of decreased activity CYP344 variants on sim-
vastatin pharmacokinetics are quite large. Therefore, lowering of
simvastatin dose should be considered for intermediate CYP3A4
metabolizers and poor CYP3A4 metabolizers should probably
avoid using simvastatin. From a safety perspective, intermediate
CYP3A4 metabolizers with decreased OATP1B1 function should
probably also avoid the use of simvastatin as the effect may be
additive.
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In conclusion, this large pharmacokinetic study confirms the
effects of SLCOIBI poor and decreased function genotypes
on simvastatin acid. Furthermore, it shows that SLCOIBI1*14
and *20 haplotypes lower the systemic exposure to simvastatin
acid. Moreover, this study is the first to suggest an association of
CYP3A44*2 with increased simvastatin lactone and acid exposure.
Simvastatin may be best avoided in individuals with genetically
poor OATP1BI function or CYP3A4 activity and in those with
the combination of decreased OATP1B1 function and CYP3A4
activity. Reduced simvastatin doses should be considered for indi-
viduals with decreased OATPIBI function or CYP3A4 activity.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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