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The aim of this study was to investigate how variability in multiple genes related to pharmacokinetics affects
fluvastatin exposure. We determined fluvastatin enantiomer pharmacokinetics and sequenced 379 pharmacokinetic
genes in 200 healthy volunteers. CYP2C9*3 associated with significantly increased area under the plasma
concentration-time curve (AUC) of both 3R,5S-fluvastatin and 3S,5R-fluvastatin (by 67% and 94% per variant allele
copy, P=3.77 x 10 ° and P = 3.19 x 10'12). In contrast, SLCO1B1 c.521T>C associated with increased AUC of
active 3R,5S-fluvastatin only (by 34% per variant allele copy; P = 8.15 x 1078). A candidate gene analysis suggested
that CYP2C9*2 also affects the AUC of both fluvastatin enantiomers and that SLCO2B1 single-nucleotide variations
may affect the AUC of 3S,5R-fluvastatin. Thus, SLCO transporters have enantiospecific effects on fluvastatin
pharmacokinetics in humans. Genotyping of both CYP2C9 and SLCO1B1 may be useful in predicting fluvastatin

efficacy and myotoxicity.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC:?

™ High interindividual variability exists in the pharma-
cokinetics of fluvastatin. CYP2C9*3 has previously shown to
increase the area under the plasma concentration-time curve
(AUC) of fluvastatin enantiomers, but comprehensive studies
evaluating the effects of variability in multiple pharmacokinetic
genes on fluvastatin exposure have not been conducted.
WHAT @ESTION DID THIS STUDY ADDRESS?

[V] This study investigated how genetic variants in pharma-
cokinetic genes affect the exposure to fluvastatin enantiomers.
WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

[VI This study shows that CYP2C9*3 and CYP2C9*2 af

fect the pharmacokinetics of both fluvastatin enantiomers.

Fluvastatin is a 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase inhibitor, which is used in the treatment of hypercholes-
terolemia. It is a racemic mixture of two enantiomers, of which
3R,5S-fluvastatin is 30 times more active than 3S,5R-fluvastatin.!
Fluvastatin is extensively metabolized via cytochrome P450 (CYP)
2C9.%3 In vitro also CYP3A4, CYP2CS8, and possibly CYP2D6
and CYP1AL1 contribute to fluvastatin metabolism.” In addition,
fluvastatin is a substrate of several drug transporters, including
organic anion transporting polypeptides (OATP) 1B1, 1B3, 2B1,
breast cancer resistance protein, multidrug resistance-associated

SLCOIBI ¢521T>C has an enantiospecific effect on active
3R,5S-fluvastatin AUC. Furthermore, the results suggest that
SLCO2BI missense variants may affect 3S,5R-fluvastatin ex-
posure. Based on the results, genotype scores were generated to
predict how combinations of CYP2C9 and transporter variants
affect fluvastatin enantiomer plasma exposures.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

[Vl This knowledge might aid in predicting the risk of fluvasta-
tin adverse reactions and thus in individualizing treatment with
statins.

protein 2, and sodium-dependent taurocholate cotransporting
polypeptide.*~

High interindividual variability exists in the pharmacokinetics
of fluvastatin. The decreased-function CYP2C9*3 (c.1075A>C,
p.Ile359Leu, rs1057910) allele”'® has been associated with mark-
edly increased plasma concentrations of both fluvastatin enantio-
mers.!! Furthermore, the decreased-function A/BCG2 c.421C>A
(p.GIn141Lys, rs2231142) variant'*™" has been associated with
markedly increased plasma concentrations of racemic fluvastatin. '
On the other hand, the decreased-function SLCO1B1 ¢.521T>C
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Table 1 Results of the stepwise forward linear regression analysis of the effects of 46,064 SNVs in 379 genes on fluvastatin

pharmacokinetics

Effect®

Pharmacokinetic variable dbSNP ID Gene Location Nucleotide change MAF Average (%) 90% ClI P value
3R,5S-fluvastatin

AUC,_, 1.rs77760615 CYP2C9 Upstream c.-5813A>G 0.072 69.7 49.0,93.2 2.16x 107

2.rs58310495 SLCO1B1 Intron 10/14 ¢.1332-1091C>T  0.29 34.4 24.9,44.6 3.07x107*

Cmax — — _ — — — _ —

tin - - - - - - - -
3S,5R-fluvastatin

AUC,_, rs77760615  CYP2C9 Upstream c.-5813A>G 0.072 88.9 62.8,119.1 2.93x 1071

Cmax _ _ _ _ _ _ _ _

tin _ _ _ _ _ _ _ _
Total fluvastatin AUC,__, rs77760615  CYP2C9 Upstream c.-5813A>G 0.072 81.6 57.4,109.6 8.50 x 107**
3R,55/3S,5R AUC,__, 1.rs4149056 SLCO1B1  Exon 6/15 c.521T>C 0.22 23.3 19.6,27.2 1.30x 1072
ratio 2.rs12367888 SLCO1B1 Intron 7/14  ¢.728-2859G>A  0.16 -11.6 -14.7,-8.3 5.24x1078

AUC,_,, area under the plasma concentration-time curve from O hour to infinity; Cl, confidence interval; C

peak plasma concentration; dbSNP, National Center for

max’

Biotechnology Information Short Genetic Variations database; MAF, minor allele frequency; SNV, single-nucleotide variation; t,,, elimination half-life; —, not applicable.

@Per variant allele copy.

(pVal174Ala, rs4149056) variant'®"* and the ABCBI c.1236T-
¢.2677T-c.3435T haplotype have not affected fluvastatin phar-
macokinetics.2"* Comprehensive studies evaluating the effects
of variants in multiple genes on fluvastatin pharmacokinetics have
not been conducted previously. Therefore, the aim of this study
was to investigate how variability in pharmacokinetic genes af-
fects fluvastatin exposure. We determined the pharmacokinetics of
3R,5S-fluvastatin and 3S,5R-fluvastatin after a 40 mg oral dose of
racemic fluvastatin in 200 healthy volunteers and fully sequenced
379 pharmacokinetic genes using massive parallel sequencing.

RESULTS

Fluvastatin pharmacogenomics

Among the 200 healthy volunteers, the areas under the plasma
concentration-time curve from 0 hour to infinity (AUC,__) of
3R,5S-fluvastatin and 3S,5R-fluvastatin varied 16-fold and 19-
fold, respectively (Table S1). A single-nucleotide variation (SN'V),
1577760615, located upstream of CYP2C9 showed the strongest
association with the pharmacokinetics of both fluvastatin enan-
tiomers (Table 1, Figure 1). The AUC| _ of 3R,5S-fluvastatin
was 70% (P = 2.16 x 107'%) and that of 3S,5R-fluvastatin was 89%
(P=293x10"" larger per copy of the variant allele. After ad-
justing for this variant, an intronic SLCOI1BI variant, rs58310495,
associated with a 34% larger AUC__ of 3R,5S-fluvastatin per
copy of the variant allele (P = 3.07 x 107'%). No other variants
remained statistically significantly associated with the AUC,__
of 3S,5R-fluvastatin. The investigated genetic variants had no sig-
nificant effect on the peak plasma concentrations (C__ ) or the
elimination half-ives () of fluvastatin enantiomers.

In agreement with these results, also the total 3R,55+3S,5R-
fluvastatin AUC,__ associated significantly with the CYP2C9
upstream variant rs77760615 (Table 1). The AUC,, _ was 82%
larger per copy of the variant allele (P = 8.50 x 10~'"). After

adjusting for this variant, no other variants remained statistically
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significantly associated with the total fluvastatin AUC__. The
investigated variants had no significant effect on the C__ or 7,
of total fluvastatin.

To further identify the genetic factors that differently affect the
two enantiomers, we investigated the associations of the genetic vari-
ants with 3R,55/3S,5R-fluvastatin AUC,,__ ratio. The AUC,__ ratio
was significantly associated with the SLCOIBI missense SNV
c521T>C (pV174A, rs4149056). The AUC, _ ratio was in-
creased by 23% per copy of the variant allele (P = 1.30 x 107*),
After adjusting for this variant, an intronic triallelic SLCO1B1 SNV
1512367888 remained significantly associated with the AUC,__
ratio. The ratio was 12% lower per copy of the rs12367888 A-allcle
(P=524%107%).

Linkage disequilibrium and haplotype analysis

In order to identify the causative SN'Vs underlying the associa-
tions of CYP2C9 rs77760615 and SLCOIBI rs58310495 and
rs12367888, we next investigated the linkage disequilibrium of
these variants with missense SN'Vs in the respective genes. The
1s77760615 SNV was in a complete linkage disequilibrium (=1,
P =7.04 x 10~) with the ¢.1075A>C (p.Ile359Leu, rs1057910)
missense SNV, defining the CYP2C9"3 allele (Figure 2a). The
SLCO1BI 1558310495 SNV was strongly linked with the SLCO1B1
missense variants ¢.521T>C (> = 0.69, P = 5.78 x 107>%) and
¢.388A>G (p.Asn130Asp, rs2306283; 7 = 0.41, P= 1.58 x 10~"?)
(Figure 2b). Moreover, the A allele of the triallelic rs12367888 SNV
was relatively strongly linked with the missense variants ¢.463C>A
(Pro155Thr, rs11045819; 7 = 0.48, P=2.95 x 107%),c.1929A>C
(p-Leu643Phe, rs34671512; #* = 0.28, P = 1.19 x 107", and
c388A>G (¥ =0.25,P =342 x 107'2).

Previous studies have suggested that the functional effects of
SLCOIBI SNVs may depend on the combinations of SNVs in
the same haplotype.'” > We therefore computed SLCOIBI hap-
lotypes using missense variations and the noncoding rs58310495
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Figure 1 The associations of 46,064 SNVs in 379 pharmacokinetic genes with 3R,5S-fluvastatin (a) and 3S,5R-fluvastatin (c) AUC,__,
adjusting for BSA (left panel), and BSA and the CYP2C9 rs77760615 SNV (right panel). The y-axes in (a) and (c) describe the negative
logarithm of the P value for each SNV, and the horizontal lines indicate the Bonferroni-corrected significance level of 1.09 x 1075, The x-axes
show individual SNVs grouped by protein function. The geometric mean + geometric standard deviation BSA-adjusted AUC,__, values grouped

by the top associated SNVs are illustrated in (b) and (d). AUC

0- @rea under the plasma concentration-time curve from O hour to infinity; BSA,

body surface area; SNV, single-nucleotide variation. [Colour figure can be viewed at wileyonlinelibrary.com]

and 512367888 SN'Vs (Figure 2c). The rs58310495 variant was
found to be present in all SLCOIBI*S and *15 haplotypes and in
63% of the *1B haplotypes, but not in */4 or *35. The rs12367888
A allele was present in all SLCO1B1*14 and *35 haplotypes, and in
24% of the *I B haplotypes.

670

Candidate gene analysis

To mitigate the risk of false negatives due to the conservative
Bonferroni correction used in the primary analysis, we next car-
ried out a candidate gene analysis without correction for multiple
testing, including missense and functional variants with minor
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Figure 2 Linkage disequilibrium of (a) CYP2C9 and (b) SLCO1B1 missense and top noncoding SNVs. (¢) SLCO1B1 haplotypes (MAF >0.01)
inferred with missense and top noncoding SLCO1B1 SNVs. Intronic nucleotide changes are depicted in yellow and blue, and missense
variations in red. MAF, minor allele frequency; SNV, single-nucleotide variation. [Colour figure can be viewed at wileyonlinelibrary.com]

allele frequencies of > 0.01 in genes involved in fluvastatin phar-
macokinetics (Table $2). The candidate gene analysis focused
on AUC, _, because it describes total exposure and is likely the
best surrogate for drug response. In this analysis, CYP2C9*3 was

associated with a 67% (P=3.77 x 10_9), SLCOIBI c521T>C with
a34% (P = 8.15 x 10°%), and CYP2C9*2 (rs1799853, c.430C>T,
p.Argl44Cys) with a 23% (P = 0.00213) increased AUC,,__ of
3R,5S-fluvastatin per copy of each variant allele (Table 2). The
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Table 2 Results of the candidate gene analysis on 3R,5S-fluvastatin and 3S,5R-fluvastatin AUC,__, total fluvastatin AUC,__,
and 3R,55/3S,5R-fluvastatin AUC,_  ratio

Effect®

Bonferroni- Adjusted R? for
Pharmacokinetic variable Covariate/SNV Average (%) 90% ClI P value adjusted P value each step
3R,5S-fluvastatin AUC BSA -19.9 -23.4,-16.2 3.10 x 107 — 0.24
CYP2C9#3 66.7 45.4,91.0 3.77x107° 1.01 x 107" 0.36
(rs1057910)
SLCO1B1 34.2 23.0, 46.4 8.15x 1078 2.20x 107 0.44
.521T>C
(rs4149056)
CYP2C9*2 227 10.1, 36.7 0.00213 0.0575 0.46
(rs1799853)
3S,5R-fluvastatin AUC,__, BSA -20.7 -24.4,-16.8 1.06 x 10713 — 0.20
CYP2C9*3 93.6 67.2, 124.2 3.19 x 10712 8.61x 1071t 0.35
(rs1057910)
CYP2C9*2 20.1 14.9, 45.1 3.94 x 107* 0.0106 0.38
(rs1799853)
SLCO2B1 45.2 10.6, 90.7 0.0246 0.664 0.39
c.601G>A
(rs35199625)
SLCO2B1 -21.7 -35.0, -5.7 0.0306 0.825 0.40
c.1457C>T
(rs2306168)
Total fluvastatin AUC,_, BSA -19.7 -23.3,-16.0 1.75x 10718 — 0.23
CYP2C9#3 75.4 52.4,101.8 3.17 x 10710 1.00 x 1078 0.37
(rs1057910)
SLCO1B1 20.4 10.1, 31.7 7.54 x 107% 0.0203 0.40
€.521T>C
(rs4149056)
CYP2C9*2 25.4 12.2,40.2 9.63 x107% 0.0260 0.43
(rs1799853)
3R,55/3S,5R AUC SLCO1B1 28.2 23.7,32.8 4.37x107% 1.18 x 10722 0.41
c.521T>C
(rs4149056)
SLCO1B1 -15.6 -20.0, -11.0 4.52 x 1077 1.22 x 107° 0.48
€.1929A>C
(rs34671512)
SLCO1B1 -10.4 -14.1, -6.6 2.62x107° 7.08 x 1074 0.53
c.463C>A
(rs11045819)
CYP2C9*3 -10.7 -14.7, -6.6 4.41 %1070 0.00119 0.55
(rs1057910)
SLCO2B1 8.8 2.9, 15.1 0.0134 0.361 0.56
.1457C>T
(rs2306168)
SLCO2B1 -5.1 -8.5,-1.5 0.0221 0.597 0.57
c.935G>A
(rs12422149)
SLCO1B3 -4.0 -7.2,-0.8 0.0434 1.173 0.58
C.699G>A
(rs7311358)°

AUC,_.,, area under the plasma concentration-time curve from O hour to infinity; BSA, body surface area; Cl, confidence interval; MAF, minor allele frequency;
SNV, single nucleotide variation; —, not applicable.
@Per 10% increase in BSA or per variant allele copy. bCompletely linked with SLCO1B3 missense SNV ¢.334T>G (rs4149117).

AUC, of 3S,5R-fluvastatin was 94% (P = 3.19 x 10_12), 29%  1s35199625) variant allele, respectively, and 22% (P = 0.0306)
(P =394 x 107%), and 45% (P = 0.0246) larger per copy of  smaller per copy of the SLCO2BI ¢.1457C>T (p.Ser486Phe,
CYP2C9*3,CYP2C9*2,and SLCO2BI c.601G>A (p.Val201Met,  rs2306168) variant allele. When the candidate gene analysis
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was performed with SLCOIBI haplotypes instead of SN'Vs, the
SLCOIBI*1S haplotype was associated with 3R,5S-fluvastatin
AUC, _ (Table $3). None of the SLCOIBI haplotypes associ-
ated with 3S,5R-fluvastatin AUC,,__.

The total fluvastatin AUC,__ was75% (P = 3.17 x 1079, 20%
(P =754 x 107", and 25% (P = 9.63 x 1079 larger per copy of
the CYP2C9*3, SLCOIBI ¢.521T>C, and CYP2C9*2 variant al-
lele, respectively (Table 2). The 3R,55/3S,5R-fluvastatin AUC,
ratio showed significant association with variants in the SLCO1B1,
CYP2C9,SLCO2BI,and SLCO1B3 genes. Of the SLCO1B1 hap-
lotypes, SLCO1B1*15 was associated with increased total fluvasta-
tin AUC, _; SLCOIBI™S and *15 were associated with increased,
and the */4 and 35S haplotypes with decreased, 3R,55/3S,5R-
fluvastatin AUC|__ ratio (Table S3).

To predict the relative effects of combinations of CYP2C9 and
SLCO1BI or SLCO2BI1 genotypes on fluvastatin and fluvastatin
enantiomer exposures, we calculated genotype scores (GS) using
the following equations based on the candidate gene linear regres-
sion models:

GSyuss tain = 1 677(CYP2CY3) o | 34n(SLCOIBIeS2IC) g 5 3n(CYP2CY"2)
—flvastatin . * °

GS3S,SR—ﬂvmtatin =19 4n(CYP2C9*3) ~ 1'29n(CYP2C9*2)
%1 45n(SLCOZBlc.601A) %0 78n(SLCOZBl ¢.1457T)

GS _ 1.75n(CYP2C9*3) % 1.207(8LCO1B1c521C) 1.25"(6”’2@*2)

total flivastatin

where 7 is the number of variant alleles (0, 1, or 2).

The genotype scores predict the fold differences in AUCs be-
tween carriers of different genotype combinations and non-carriers
(Table 3, Figure 3). A total of 12%, 2.0%, and 9.5% of the study
population had GS predicting more than twofold increased AUCs
of 3R,SS-fluvastatin, 3S,SR-fluvastatin, and total fluvastatin,
respectively.

Fluvastatin transport by OATP1B1 and metabolism in vitro
To mechanistically validate the findings, we investigated the trans-
port of fluvastatin enantiomers in OATP1BI-transfected human
embryonic kidney 293 cells, expressing either the reference or the
¢.521T>C variant SLCOI1BI1. Both 3R,5S-fluvastatin and 3S,5R-
fluvastatin were substrates of reference OATP1BI, as indicated by
7.3-fold and 4.1-fold higher cellular uptake at 0.5 pM, and 2.5-fold
and 2.5-fold higher at 4 pM in OATP1BI-transfected cells than in
mock-transfected cells (P < 0.001). The ¢.521T>C SNV reduced
the uptake of both enantiomers to 7% of the control (P < 107°)
(Figure 4).

We also investigated the metabolism of fluvastatin enantio-
mers by human liver microsomes (HLM), and recombinant
CYP2C9.1, CYP2C9.2, and CYP2C9.3 enzymes. The micro-
somal intrinsic clearance (CLim’HLM) of 3R,5S-fluvastatin was
39 pL/minute/mg protein and that of 3S,5R-fluvastatin was
33 pL/minute/mg protein (P = 1.32 X 1074, Figure 4). The
CYP2C9 inhibitor sulfaphenazole25 inhibited the CL, 1y, of
3R,5S-fluvastatin by 51% (P = 2.14 x 10_9) and that of 3S,5R-
fluvastatin by 69% (P = 1.60 x 1077). Fluvastatin enantiomers

were similarly metabolized by CYP2C9.1 (P = 0.455). The CL,
of 3R,5S-fluvastatin was reduced by 38% (P = 0.0132) and 65%
(P=0.00273), and that of 3S,5R-fluvastatin by 25% (P = 0.00620)
and 84% (P = 4.95 x 1079 by recombinant CYP2C9.2 and
CYP2C9.3, respectively, as compared with CYP2C9.1.

DISCUSSION

These results show that genetic variation in CYP2C9 strongly
affects the pharmacokinetics of both fluvastatin enantiomers.
SLCOIBI variants, on the other hand, affect the pharmacoki-
netics of 3R,5S-fluvastatin only. Moreover, the candidate gene
approach suggests that SLCO2BI variants may affect the plasma
concentrations of 3S,5R-fluvastatin. Taken together, although
the activity of CYP2C9 strongly affects the exposures to both
fluvastatin enantiomers, the effects of SLCO transporters are
enantiospecific.

The CYP2C9*3 and CYP2C9*2 alleles are known to impair
the function of CYP2C9.>1%2¢ The finding that CYP2C9*3
had a markedly larger effect than CYP2C9"2 in vivo is in line
with our iz vitro results showing a larger effect of CYP2C9*3
than CYP2C9*2 on fluvastatin metabolism. In a previous study,
CYP2C9*3 was associated with increased AUC of both fluvas-
tatin enantiomers, whereas the effect of CYP2C9*2 was not sig-
nificant.!! However, the number of participants in that study
was relatively small. Nevertheless, our results indicate that both
CYP2C9*3 and *2 affect the pharmacokinetics of both fluvasta-
tin enantiomers.

The finding that CYP2C9*3 had a larger effect on the AUC
of 3S,5R-fluvastatin than 3R,5S-fluvastatin could be explained
by different contributions of CYP2C9 to the climination of
the enantiomers, enantiomer-dependent effect of CYP2C9*3,
or both. Our iz vitro results support both of these hypothe-
ses, as the CYP2CY inhibitor sulfaphenazole and recombinant
CYP2C9.3 reduced the metabolism of 3S,5R-fluvastatin more
than that of 3R,5S-fluvastatin.

In addition to CYP2C9 variants, an intronic SLCOIBI
rs58310495 SNV was associated with significantly increased
AUC of 3R,5S-fluvastatin. This SNV is strongly linked with the
decreased-function SLCOIBI ¢.521T>C variant,lé_23 which
suggests that the association is due to ¢.521T>C. Interestingly,
no associations with SLCO1B1 variants were present for 3S,5R-
fluvastatin even in the candidate gene analysis with no correc-
tion for multiple testing (effect size 6.5% per copy of the ¢.521C
allele, P = 0.259). Accordingly, the ¢.521T>C variant was as-
sociated with significantly increased 3R,5S-/3S,5R-fluvastatin
AUC ratio. Thus, our results demonstrate that the effect of
the SLCOIBI genotype on fluvastatin pharmacokinetics is
enantiospecific.

In addition to SLCOIBI ¢.521T>C, the A allele of a triallelic
intronic SLCO1BI SNV (rs12367888) was associated with signifi-
cantly decreased 3R,55/3S,5R-fluvastatin AUC ratio. Similarly,
in the candidate gene analysis, the missense c.463C>A and
¢.1929A>C SNVs, which are strongly linked with the rs12367888
A allele, significantly decreased the AUC ratio. As the SLCO1BI
genotype has an enantiospecific effect on 3R,5S-fluvastatin, the
decreased AUC ratio is likely due to increased OATP1BI activity.
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Table 3 Pharmacokinetic variables of 3R,5S-fluvastatin, 3S,5R-fluvastatin, and total fluvastatin grouped by genotype scores?

AUC,__, (ng/hour/

Cpnax (NE/ML) T ,ax (hoUr) mL) t1/2 (hour)
3R,5S-fluvastatin
Genotype score >0.80, <1.25°
Geometric mean (CV%) 124 (72%) 1(0.5-5) 172 (46%) 1.9 (33%)
Genotype score > 1.25, < 2.00
Geometric mean (CV%) 183 (65%) 0.75 (0.5-2) 249 (37%) 2.0 (23%)
Ratio to control (90%Cl) 1.48 (1.26, 1.73) — 1.45(1.30, 1.61) 1.05 (0.98, 1.13)
P value 5.37 x 107° 0.547 3.02x 1078 0.241
Genotype score > 2.00
Geometric mean (CV%) 235 (59%) 1(0.5-2) 386 (49%) 2.1 (18%)
Ratio to control (90% Cl) 1.90 (1.50, 2.40) — 2.24 (1.91, 2.63) 1.10 (0.99, 1.22)
P value 1.03x107° 0.400 7.53 x 107*° 0.141
3S,5R-fluvastatin
Genotype score >0.80, <1.25°
Geometric mean (CV%) 145 (78%) 0.5 (0.5-5) 175 (45%) 2.5 (29%)
Genotype score < 0.80
Geometric mean (CV%) 94 (93%) 1 (0.5-2) 125 (48%) 2.3 (18%)
Ratio to control (90% Cl) 0.65 (0.44, 0.97) — 0.72 (0.55, 0.93) 0.90 (0.78, 1.04)
P value 0.0740 0.088 0.0358 0.246
Genotype score > 1.25, < 2.00
Geometric mean (CV%) 187 (78%) 1 (0.5-2) 250 (54%) 2.5 (29%)
Ratio to control (90% Cl) 1.30 (1.09, 1.54) — 1.43 (1.27, 1.60) 1.01 (0.95, 1.08)
P value 0.0149 0.009 9.72x 107" 0.807
Genotype score > 2.00
Geometric mean (CV%) 299 (23%) 1 (0.5-1) 573 (28%) 2.4 (20%)
Ratio to control (90% Cl) 2.06 (1.16, 3.68) — 3.27 (2.23, 4.81) 0.96 (0.78, 1.19)
P value 0.0396 0.349 8.65 x 107" 0.762
Total fluvastatin
Genotype score >0.80, <1.25°
Geometric mean (CV%) 286 (75%) 1(0.5-5) 369 (46%) 2.1 (32%)
Genotype score > 1.25, < 2.00
Geometric mean (CV%) 378 (79%) 1 (0.5-2) 543 (47%) 2.1 (20%)
Ratio to control (90% Cl) 1.32 (1.05, 1.67) — 1.47 (1.26, 1.71) 1.01 (0.91, 1.12)
P value 0.0442 0.319 4.88 x107° 0.832
Genotype score > 2.00
Geometric mean (CV%) 481 (50%) 1 (0.5-1.5) 763 (47%) 2.2 (21%)
Ratio to control (90% Cl) 1.68 (1.29, 2.19) — 2.07 (1.74, 2.47) 1.08 (0.96, 1.22)
P value 1.26 x 1073 0.368 1.05 x 107 0.263

AUC,_.,, area under the plasma concentration-time curve from O hour to infinity
elimination half-life; T__ , time to peak plasma concentration. T

max max
2Genotype scores are the predicted relative effects of combinations of CYP2C9

regression model. bControl group.

In line with this, the SLCO1B1*14 (containing c.463C>A) and
*3S (containing ¢.1929A>C) haplotypes have previously been
associated with increased hepatic expression of OATP1B1%* and
increased clearance of the OATP1B1 substrate methotrexate.”®
SLCOI1B1*14 has also been associated with a decreased AUC of
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; CV, geometric coefficient of variation; C__ , peak plasma concentration; t,,,

data are given as median (range); —, not applicable.

and SLCO1B1 or SLCO2B1 genotypes on AUC, based on the candidate gene linear

atorvastatin®’ and c.463C>A with decreased plasma concentra-
tions of rifampin.29

Although SLCOIBI ¢521T>C markedly raises the plasma
concentrations of many statins'’>® the AUC of total fluvasta-

tin was only nonsignificantly (by 19%) increased in ¢.521CC
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Figure 3 Geometric mean (90% Cl) BSA-adjusted plasma concentrations of (a) 3R,5S-fluvastatin and (c) 3S,5R- fluvastatin after a single

40 mg oral dose of racemic fluvastatin in 200 healthy volunteers with different combinations of CYP2C9 and SLCO1B1 or SLCO2B1 genotypes.
The insets depict the same data on a semilogarithmic scale. The volunteers were grouped by genotype scores predicting the fold differences
in AUC,_,, values between carriers of different genotype combinations and non-carriers. The right panels in (a) and (¢) show the genotype
scores for individuals with different genotypes. Reference genotypes are depicted with white, heterozygous with gray, and homozygous variant
genotypes with black rectangles. The geometric mean + geometric standard deviation BSA-adjusted AUC,,__ values grouped by combinations

of CYP2C9 and SLCO1B1 or SLCO2B1 genotypes, as well as the genotype scores are illustrated in (b) and (d). AUC

concentration-time curve from O hour to infinity; BSA, body surface area; Cl, confidence interval.
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CL,

int’

homozygotes in a previous study.21 In our candidate gene analy-
sis, the effect of ¢.521T>C on total fluvastatin was significant and
larger than in the previous study. This difference may be explained
by the substantially larger sample size in the present study and that
the present study also included carriers of SLCOIBI haplotypes
that enhance OATP1BI activity, e.g., SLCOIBI*14 and *35. In
another previous study, individuals homozygous for the ABCG2
missense variant ¢.421C>A (152231142, p.GIn141Lys) had signifi-
cantly increased plasma concentrations of racemic fluvastatin.
In the present study, the variant showed no significant association
with fluvastatin pharmacokinetics. However, only one participant
was homozygous for c.421C>A.

To elucidate the mechanism underlying the enantiospecific
effects of SLCOIBI genotype, we investigated the transport of
fluvastatin enantiomers by OATP1B1 in vitro. The enantiomers
had less than twofold difference in the i vitro uptake clearance
and the ¢.521T>C variant similarly impaired their uptake. These
preliminary 7z vitro results cannot explain the enantiospecific
effects of SLCOIBI genotype on fluvastatin pharmacokinetics
in humans. Therefore, it seems that different contributions of
other transporters to the hepatic disposition of the enantiomers
is the most likely explanation for the enantiospecific effects of the
SLCO1B1 genotype. In addition to OATP1B1, racemic fluvasta-
tin isa substrate of OATP1B3, OATP2B1, and sodium-dependent
taurocholate cotransporting polypeptide, with the highest affinity
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intrinsic clearance; HLM, human liver microsomes; K, Michaelis—Menten constant; V,

max: Maximum transport rate.

reported for OATP2B1.* Our candidate gene analysis suggested
that SLCO2B1 missense variants affect 3S,5R-fluvastatin but not
3R,5S-fluvastatin AUC. The ¢.1457C>T SNV, which associated
with decreased 3S,5R-fluvastatin AUC, has previously been asso-
ciated with decreased fexofenadine and celiprolol AUC."! In
addition to SLCO2BI SNVs, a missense SNV in SLCO1B3 was
associated with a minor effect on the 3R,55/3S,5R-fluvastatin
AUC ratio. It is noteworthy that the SLCO2BI and SLCO1B3
associations were significant only when no correction for multi-
ple testing was applied, and therefore the results should be inter-
preted with caution.

Although statins are generally well tolerated, they can cause mus-
cle toxicity. The clinical spectrum of statin-induced myotoxicity
ranges from mild myopathy to potentially life-threatening rhabdo-
myolysis.32 There seem to be no published studies on how the risk
of myotoxicity is related to fluvastatin exposure. Because statin-
induced myotoxicity is, however, generally dose-dependent and

) 2,
concentranon—depcndent,3 3

it is likely that increased systemic
exposure to the active 3R,5S-fluvastatin predisposes to this adverse
reaction. Both CYP2C9*3 and *2, as well as SLCOIBI ¢.521T>C
increase 3R,SS-fluvastatin AUC. Of these, the CYP2C9*3 allele
has previously been associated with fluvastatin-induced adverse
reactions.”* Moreover, the SLCOIBI ¢.521T>C SNV increases
simvastatin acid AUC more than threefold and associates with a

markedly increased risk of simvastatin-induced myotoxicity.zo’35
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As the effect of the ¢.521T>C SNV on 3R,5S-fluvastatin AUC
is smaller than on simvastatin acid AUC, the increase in myo-
toxicity risk is also likely smaller. Markedly larger increases in
3R,5S-fluvastatin AUC are seen in individuals carrying the
¢.521T>C SNV together with CYP2C9 variants, however. Based
on CYP2C9 and SLCO variants, we calculated GS to predict the
exposure to fluvastatin. The GS might be useful in predicting the
risk of fluvastatin-induced myotoxicity. For patients with 3R,5S-
fluvastatin GS 22.0, it could be advisable to prescribe a lower dose
of fluvastatin or consider an alternative statin.

The site of action of statins is within the hepatocytes, and flu-
vastatin efficacy is therefore related to the hepatocyte exposure to
3R,5S-fluvastatin.”® The maximum fluvastatin dose (80 mg/ day)
reduces Low-density lipoprotein cholesterol on average by 33%,36
which is less than that seen with the maximum doses of rosuvasta-
tin and atorvastatin. As the CYP2C9*3 and *2 variants impair the
hepatic metabolism of fluvastatin, they should increase the hepato-
cyte concentration of 3R,5S-fluvastatin to at least the same extent
as its plasma concentration and therefore enhance its cholesterol-
lowering efficacy. Low-density lipoprotein cholesterol decreases
by 6% for every twofold increase in fluvastatin dose. > Therefore,
individuals with, e.g., the CYP2C9*2/*3 genotype, associated with
twofold increased 3R,5S-fluvastatin AUC (Figure 3), should show
at least 6% greater low-density lipoprotein cholesterol-lowering
efficacy of fluvastatin than individuals with the *1/*I genotype.
In one small study, there was a tendency for greater cholesterol-
lowering effect of fluvastatin in patients with the CYP2C9*1/"3
genotype than in those with the *1/*1 genotypc.37 On the other
hand, the SLCOIBI ¢.521T>C variant reduces the hepatic uptake
of 3R,5S-fluvastatin and might thus reduce fluvastatin efficacy. In
a previous study, a trend of impaired fluvastatin efficacy has been
reported in ¢.521C allele carriers.”® Furthermore, the c.463C>A
missense SNV, which associates with increased OATP1B1 activity,
has been associated with increased cholesterol-lowering efficacy of
fluvastatin.”® Taken together, the CYP2C9*3 and *2 alleles are ex-
pected to increase both the efficacy and the risk of myotoxicity of
fluvastatin, whereas the SLCO1B1 ¢.521T>C allele likely increases
myotoxicity risk only.

The present study was conducted in Finnish white volunteers.
The frequencies of CYP2C9 and SLCOIBI variants, however,
differ between populations. The allele frequencies of CYP2C972,
*3, and SLCO1BI1 ¢.521T>C are 0.12, 0.056, 0.18 in Europeans,
0.024, 0.013, and 0.019 in Sub-Saharan Africans, and < 0.001,
0.034, and 0.12 in East Asians, r<35pcctivn:ly.40’41 Therefore, the
extent to which these variants can explain population variability
in fluvastatin pharmacokinetics differs between ethnic groups.
Nevertheless, CYP2C9*2, *3, and SLCOIBI c.521T>C are
decreased-function alleles, as demonstrated both iz vitro and in
vivo, and individuals carrying these should have similarly increased
fluvastatin exposures, irrespective of the ethnic background.

In conclusion, genetic variability in CYP2C9 significantly affects
fluvastatin pharmacokinetics. In addition, SLCO1BI genotype has
an enantiospecific effect on active 3R,5S-fluvastatin pharmacoki-
netics. However, no obvious difference between the enantiomers
was observed in the uptake by OATP1BI iz vitro. The genotype
scores may predict how combinations of CYP2C9 and SLCO1B1

variants affect 3R,5S-fluvastatin exposure and aid in predicting the
risk of myotoxicity.

METHODS

A total of 200 healthy unrelated Finnish white volunteers participated
in the study after giving written informed consent. Their health was
confirmed by medical history, clinical examination, and laboratory
tests. Participants were not on any continuous medication nor were
tobacco smokers. The study was approved by the Coordinating Ethics
Committee of the Hospital District of Helsinki and Uusimaa and the
Finnish Medicines Agency Fimea. Of the participants, 99 were women
and 101 were men. Their mean £ SD age was 23 + 4 years, height
174 + 9 cm, weight 70 + 12 kg, and body mass index 22.8 + 2.6 kg/m”.

Fluvastatin pharmacokinetics

After fasting overnight, the participants ingested a 40 mg dose of racemic
fluvastatin (Lescol capsule, Novartis Finland Oy, Espoo, Finland) with
150 mL of water at 8 aMm. Standardized meals were served at 4, 7, and
10 hours after fluvastatin ingestion. Timed blood samples (4-9 mL cach)
were collected to light-protected ethylenediaminetetraacetic acid tubes
prior to and up to 12 hours after fluvastatin administration. Tubes were
immediately placed on ice. Plasma was separated within 30 minutes and
stored at =70°C until analysis.

The determination of 3R,5S-fluvastatin and 3S,5R-fluvastatin in
plasma was based on chiral liquid chromatographic-tandem mass spec-
trometric (LC-MS/MS) method employing commercial pure reference
compounds (Toronto Research Chemicals, Inc., North York, ON). The
analytical system consisted of a Nexera X2 liquid chromatography in-
strument (Shimadzu, Kyoto, Japan) interfaced with a 5500 Qtrap mass
spectrometer (AB Sciex, Toronto, ON, Canada). Chromatographic sep-
aration of the enantiomers was achieved on a Lux Cellulose-1 chiral col-
umn (150 x 2.0-mm internal diameter, 3-pm particle size; Phenomenex,
Torrance, CA). The mobile phase consisted of a mixture of acetonitrile,
methanol and water (12:18:20 v/v/v) containing 0.01% formic acid, and
the flow rate was 220 pL/minute. The mass spectrometer was operated in
a negative electrospray ionization mode, and the targeted mass-to-charge
ion transition for both fluvastatin enantiomers was 410-348. Deuterium-
labeled fluvastatin was monitored as an internal standard. The lower limits
of quantification were 0.25 ng/mL, and the inter day coefficients of vari-
ation of the quality control samples were below 7% for both enantiomers.
The AUC, ,C ., and t, values were calculated for 3R,5S-fluvastatin,
3S,5R-fluvastatin, and total fluvastatin with standard noncompartmental
methods using Phoenix WinNonlin, version 6.3 (Certara, Princeton, NJ).

DNA sequencing and genotyping

Genomic DNA was extracted from ecthylenediaminetetraacetic acid
blood samples using the Maxwell 16 LEV Blood DNA Kit on a Maxwell
16 Research automated nucleic acid extraction system (Promega,
Madison, WI). A total of 379 pharmacokinetic genes + 20 kb were
completely sequenced in the study participants using targeted massive
parallel sequencing at the Technology Centre at Institute for Molecular
Medicine Finland (Helsinki, Finland).**** A total of 46,064 SN Vs with
minor allele frequency > 0.05 were included in the statistical analysis.

In order to verify genotype calls and to supplement missing data, all
study participants were genotyped for the CYP2C9*3, CYP2C92, and
SLCOIBI ¢521T>C, ¢.388A>G, and ¢.463C>A SNVs with TagMan
genotyping assays on a QuantStudio 12K Flex Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA). Call identity with sequencing
data was 100%. TagMan genotyping was also used to supplement miss-
ing data of SLCOIBI ¢.1929A>C, SLCO1B3 c.334T>G (p.Ser112Ala,
rs4149117), SLCO2B1 ¢.1457C>T, and SLCO2BI c.601G>A SNVs.
Triallelic rs12367888 genotype calling was verified and missing data sup-
plemented by Sanger sequencing. All participants were genotyped for rel-
evant CYP2D6 alleles with TagMan genotyping assays.44 The CYP2D6
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copy number was determined with a TagMan copy number assay targeting
exon 9. CYP2D6 mctabohzcr status was inferred from the genotypes using
the activity score method.*®

In vitro studies with transfected OATP1B1 cells

Recombinant baculoviruses containing reference or ¢.521T>C variant
SLCOIBI gene or the gene for enhanced yellow fluorcsccnt protein
(¢YFP) were prepared using a modified Bac-to-Bac method.*® Human
embryonic kidney 293 cells were seeded on Corning BioCoat Poly-D-
Lysine 24 well plates (Corning, Woburn, MA) at a density of 250,000
cells per well and transfected with recombinant baculoviruses carrying
cither reference or variant SLCOIBI gene or the eYFP gene for the con-
trol cells. Sodium butyrate (5 mM) was used to stimulate the expression
of the recombinant proteins.

The cellular uptake assays were performed on a heated orbital shaker
plate 48 hours post-transfection. Cell culture medium was first removed and
1 mL of transport buffer (Hank’s Balanced Salt Solution; Gibco, Thermo
Fisher Scientific; 4.17 mM NaHCO3 and 25 mM HEPES adjusted to pH
7.4 with HCI) was added to wells for 3-minute preincubation. The buffer
was then replaced with 250 pL of test solution, which contained 0.1, 0.5,
1,2, 4,8, or 16 pM (n = 2-3) of 3R,5S-fluvastatin or 3S,5R-fluvastatin
for determining the transport kinetics, or 0.5 pM (2 = 6) for testing the
effect of ¢.521T>C. After 1 minute, the test solution was removed, and the
wells were washed with ice-cold transport buffer three times and left to dry.
Thereafter, 250 pL of methanol water mixture (3:1) containing deuterium-
labeled fluvastatin was added to lyse the cells. After 30 minutes, the sam-
ples were centrifuged and the supernatant was separated for LC-MS/MS
analysis.

Fluvastatin concentrations were measured with the Nexera X2 liquid
chromatography-AB Sciex 5500 Qtrap mass spectrometer. The chromato-
graphic separation was achieved on a reversed phase Kinetex C8 column
(75 x 2.1-mm internal diameter, 2.6-pm particle size; Phenomenex)
with a mobile phase of 0.1% formic acid (A) and acetonitrile (B). The
mobile phase flow rate was 300 pL/minute, and a gradient profile was
applied as follows: a linear increase from 25% B to 65% B over 2.5 min-
ute, then 0.5 minute at 90% B on hold before a re-equilibration step to
the starting composition. The mass spectrometric detection was per-
formed as described for plasma samples. Dichlorofluorescein (Santa Cruz
Biotechnology, Dallas, TX) was used for assay quality control in three
wells expressing reference OATP1B1 or eYFP. These wells were lysed with
0.1 M NaOH. Protein concentration was determined by adding 300 pL of
Coomassie Plus reagent (Thermo Fisher Scientific) to 10 pL of the quality
control cell lysate and measuring absorbance at 595 nm with Varioskan
LUX (Thermo Fischer Scientific). The cellular uptake was normalized to
the protein content.

The OATP1B1-mediated uptake was obtained by subtracting the up-
take in €YFP-transfected cells from that in OATP1B1-transfected cells.
Transport kinetics were calculated with GraphPad Prism 7 (GraphPad
Software, San Diego, CA) to obtain Michaelis—Menten constant (K )
and maximum transport rate (¥ ) values for both fluvastatin enantio-
mers. The CLim,upmkc was calculated as V_ /K .

In vitro studies with HLM and recombinant enzymes

The incubations were performed with pooled HLM (Corning) and re-
combinant CYP2C9.1, CYP2C9.2, and CYP2C9.3 (EasyCYP, Cypex
Ltd., Dundee, UK) enzymes. The incubation mixtures (» = 3 or 6)
contained 100 mM phosphate buffer, pH 7.4, 0.3 mg/mL of protein,
1 mM P-nicotinamide adenine dinucleotide phosphate (f-NADPH,
tetrasodium salt), and 0.1 pM 3R,5S-fluvastatin or 3S,5R-fluvastatin
in a total volume of 500 pL. Sulfaphenazole concentration was 10 pM
in the inhibition experiments. Control incubations were performed in
duplicate without the addition of NADPH. The reactions were initi-
ated by the addition of the substrate or the mixture of substrate and
inhibitor, and incubated in a shaking ThermoMixer (Eppendorf AG,
Hamburg, Germany) at 37 °C. Reactions were stopped by transferring
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50 uL samples to 50-pL acetonitrile-containing deuterium-labeled flu-
vastatin at time points 0, 20, 40, and 60 minutes. After centrifugation,
the supernatants were analyzed by using LC-MS/MS as described for
the OATP1BI uptake experiments. The depletion rate constants (k,, p)
of the substrates were calculated with the first-order elimination ki-
netics equation. CL, _in each matrix was obtained by dividing the £

dep
with protein concentration.

Statistical analysis

The data were analyzed with the statistical programs JMP Genomics
7.0 (SAS Institute, Inc., Cary, NC) and IBM SPSS 22.0 for Windows
(Armonk, NY). The pharmacokinetic variables were logarlthmxcally
transformed before analysis. Sex, body weight, lean body Welght and
body surface arca® were tested as demographic covariates for pharma-
cokinetic data using stepwise linear regression analysis, with P value
thresholds of 0.05 for entry and 0.10 for removal. Possible effects of
genetic variants on pharmacokinetic variables were investigated using
linear regression analysis fixed for significant demographic covariates
with a stepw1sc approach. A Bonferroni-corrected P value threshold
of 1.09 x 107¢ was employed for the 379 genes and thresholds of 0.05
for entry and 0.10 for removal for the candidate gene analysis. Additive
coding was employed for genetic variants, and multiallelic variants were
expanded. CYP2DG6 data were included as the activity scores in the can-
didate gene analysis. Haplotz;pe computations for SLCOIBI were per-
formed with PHASE v2.1.1.*>°° Statistical comparisons of iz vitro data
were done using independent samples Student’s #-test, with logarithmic
transformation as appropriate.
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