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olymorphic organic anion transporting
olypeptide 1B1 is a major determinant of
epaglinide pharmacokinetics

Background and Objective: A large interindividual variability exists in the plasma concentrations of repaglin-
ide. Our aim was to investigate possible associations between the pharmacokinetics of repaglinide and single
nucleotide polymorphisms (SNPs) in the genes encoding for the drug transporters organic anion transport-
ing polypeptide 1B1 (OATP1B1) (SLCO1B1) and P-glycoprotein (MDR1, ABCB1) and the drug-
metabolizing enzymes cytochrome P450 (CYP) 2C8 and CYP3A5.
Methods: A total of 56 healthy volunteers ingested a single 0.25-mg dose of repaglinide. Plasma repaglinide
and blood glucose concentrations were measured for up to 7 hours. All subjects were genotyped for the
�11187G>A and 521T>C SNPs in SLCO1B1 and the 3435C>T and 2677G>T/A SNPs in ABCB1, as well
as for the CYP2C8*3 (416G>A, 1196A>G), CYP2C8*4 (792C>G), and CYP3A5*3 (6986A>G) alleles.
Results: The area under the plasma concentration–time curve from time 0 to infinity [AUC(0-�)] and peak
concentration in plasma (Cmax) of repaglinide varied 16.9-fold and 10.7-fold, respectively, between individ-
ual subjects. Multiple regression analyses indicated that the SLCO1B1 521T>C SNP and the CYP2C8*3 allele
were independent predictors of the AUC(0-�) and Cmax of repaglinide (adjusted multiple R2 � 45% and 36%,
respectively). In subjects with the SLCO1B1 521CC genotype, the AUC(0-�) of repaglinide was 107% and
188% higher, respectively, than in subjects with the SLCO1B1 521TC or 521TT (reference) genotype (P <
.0001). In subjects with the CYP2C8*1/*3 genotype, the AUC(0-�) and Cmax of repaglinide were 48% and
44% lower, respectively, than in those with the CYP2C8*1/*1 genotype (P < .05). The pharmacokinetics of
repaglinide was not associated with the studied ABCB1 SNPs or the CYP3A5*3 allele. The elimination
half-life of repaglinide was not associated with any SNP. Only the SLCO1B1 �11187GA genotype was
significantly associated with an enhanced effect of repaglinide on blood glucose.
Conclusions: Genetic polymorphism in SLCO1B1 is a major determinant of interindividual variability in the
pharmacokinetics of repaglinide. The effect of SLCO1B1 polymorphism on the pharmacokinetics of repaglin-
ide may be clinically important. (Clin Pharmacol Ther 2005;77:468-78.)
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A considerable interindividual variability is evident
n the pharmacokinetics of repaglinide, a meglitinide
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nalog antidiabetic drug.1 The oral bioavailability of
epaglinide is about 60%,2 and it is eliminated com-
letely by metabolism,3 occurring presumably in the
iver. In vitro studies have identified cytochrome P450
CYP) 2C8 and CYP3A4 as the principal catalysts of
he biotransformation of repaglinide.4 In our previous
nvestigation the CYP2C8*3 allele was associated with
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educed plasma concentrations of repaglinide, but this
nly partly explained the interindividual variability in
epaglinide concentrations.5

Pharmacokinetic interaction studies in humans have
hown that the CYP3A4 inhibitors itraconazole and clar-
thromycin modestly increase the area under the plasma
oncentration–time curve (AUC) of repaglinide, by about
0%.6,7 In addition to inhibiting CYP3A4,8,9 itraconazole
nd clarithromycin have been shown to inhibit the drug
ransporter P-glycoprotein.10-12 The CYP2C8 inhibitor tri-

ethoprim has been shown to increase the AUC of repa-
linide by 61%.13 Gemfibrozil showed a drastic effect on
epaglinide pharmacokinetics, increasing the AUC of re-
aglinide by about 8-fold.7 Gemfibrozil and especially its
lucuronide conjugate inhibit CYP2C814,15 and also the
ptake transporter organic anion transporting polypeptide
B1 (OATP1B1, previously known as OATP-C, OATP2,
nd LST-1).15 OATP1B1 expression is exclusive to the
asolateral membrane of hepatocytes, and OATP1B1 is
hought to mediate uptake of its substrates from blood into
epatocytes.16 Therefore, in addition to CYP2C8 and
YP3A4, P-glycoprotein and OATP1B1 might play a

ole in the pharmacokinetics of repaglinide.
Functionally significant polymorphisms in CYP3A4

ppear to be relatively rare in white subjects.17 Another
ember of the CYP3A subfamily, CYP3A5, is very

imilar to CYP3A4 with respect to its amino acid
equence and catalyzes the biotransformation of many
YP3A4 substrates.18 Expression of CYP3A5 is poly-
orphic, which mainly results from a common single

ucleotide polymorphism (SNP) (6986A�G) causing
lternative splicing and protein truncation.19 The
986A�G SNP distinguishes the variant (CYP3A5
onexpressor) allele CYP3A5*3 from the reference
CYP3A5 expressor) CYP3A5*1 allele.19,20

Several SNPs have been found in the ABCB1 (MDR1)
ene encoding for the P-glycoprotein.21,22 The common
ynonymous ABCB1 SNP, 3435C�T, has been associ-
ted in several, but not all, studies with reduced tissue
xpression of P-glycoprotein and increased plasma con-
entrations of P-glycoprotein substrates.21,22 Another
ommon ABCB1 variant, 2677G�T (Ala893Ser), has
lso been variably associated with altered transport activ-
ty of P-glycoprotein.21,22 Certain common SNPs in the
LCO1B1 gene encoding for OATP1B1 are associated
ith a reduced transport activity of OATP1B1 in vitro (eg,
21T�C, Val174Ala)23 and increased plasma concentra-
ions of the OATP1B1 substrate pravastatin in healthy
olunteers.24-26

Because genetic polymorphism in CYP3A5, CYP2C8,
BCB1, or SLCO1B1 might contribute to the large inter-
ndividual variability in the pharmacokinetics of repaglin- c
de, we have investigated possible associations between
YP3A5, CYP2C8, ABCB1, and SLCO1B1 polymor-
hisms and the pharmacokinetics and effects of repaglin-
de in healthy volunteers.

ETHODS
Subjects. A total of 56 healthy volunteers who had

articipated in our previous studies7,13,27 or ongoing
harmacokinetic studies with repaglinide were in-
luded in this study. Eleven subjects were women and
5 were men. Their mean (�SD) age was 23 � 2 years
range, 19-28 years); weight, 73 � 12 kg (range, 46-
00 kg); and height, 177 � 9 cm (range, 155-197 cm).
hree subjects were tobacco smokers, and none were

aking any continuous medication. All subjects gave
ritten informed consent.
Study design. The study protocols were approved by

he Ethics Committee for Studies in Healthy Subjects of
he Helsinki and Uusimaa Hospital District. After an
vernight fast, the subjects ingested a single 0.25-mg
ose of repaglinide (half of a 0.5-mg tablet of No-
onorm; NovoNordisk, Bagsværd, Denmark) with 150
L of water at 9 AM. The subjects received a standard-

zed breakfast 15 minutes after the administration of
epaglinide, a standardized snack after 1 and 2 hours,
nd a standardized warm meal after 3 hours, as de-
cribed previously.7,13,27 Plasma repaglinide concentra-
ions were quantified in timed plasma samples for up to

hours by liquid chromatography–tandem mass spec-
rometry.7,13,27 The intraday coefficient of variation
as below 10% and the between-day coefficient of
ariation was below 15% at relevant concentrations.
he limit of quantification was 0.1 ng/mL. Blood glu-
ose concentrations were determined after each blood
ampling by the glucose oxidase method with the Pre-
ision G Blood Glucose Testing System (Medisense,
edford, Mass). For genetic analysis, a 10-mL ethyl-
nediaminetetraacetic acid blood sample was drawn
rom each subject and stored at �20°C until deoxyri-
onucleic acid (DNA) extraction. DNA was extracted
ith standard methods (QIAamp DNA Blood Mini Kit;
iagen, Hilden, Germany).
Pharmacokinetics. The pharmacokinetics of repa-

linide was characterized by the peak concentration in
lasma (Cmax), time to Cmax (tmax), elimination half-life
t1/2), and AUC from time 0 to infinity [AUC(0-�)].
he elimination rate constant (ke) was determined by

inear regression analysis of the log-linear part of the
oncentration-time curve. The t1/2 was calculated by the
quation t1/2 � ln2/ke. AUC(0-�) was calculated by a

ombination of the linear and log-linear trapezoidal
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ules, with extrapolation to infinity by division of the
ast measured concentration by ke.

Pharmacodynamics. The blood glucose response to
epaglinide was characterized by the maximum in-
rease and maximum decrease in blood glucose con-
entration, as well as by the mean change in blood
lucose concentration from 0 to 7 hours. The mean
hange was calculated by dividing the net incremental
UC of blood glucose, calculated with the linear trap-

zoidal rule, by the corresponding time interval.
SLCO1B1 genotyping. All subjects were genotyped

or the �11187G�A SNP in the promoter region and
he 521T�C (Val174Ala) SNP in exon 5 of the
LCO1B1 gene by allelic discrimination with TaqMan
�-nuclease assays, by use of the ABI Prism 7700
equence Detection System (ABI, Weiterstadt, Germany).
he primers used in 521T�C genotyping were 5�-GAA-
CACTCTCTTATCTACATAGGTTGTTTA-3� (forward)

nd 5�-CCCCTATTCCACGAAGCAT-3� (reverse). The
aqMan MGB probes were VIC-TACCCATGAACA-
ATATA and FAM-TACCCATGAACGCATATA. The
rimers used for �11187G�A were 5�-CATATATGCAT-
CTCACATTACCACAT-3� (forward) and 5�-AATAAA-
TACAGACCCTTCTCTCACATAAA-3� (reverse), and

he TaqMan MGB probes were VIC-TGTATACAGG-
AAAAGTG and FAM-TGTGTATACAAGTAAAAG.
he polymerase chain reaction conditions for both assays
ere 1 cycle at 50°C for 2 minutes and at 95°C for 10
inutes, followed by 40 cycles at 92°C for 15 seconds and at

0°C for 1 minute, as recommended by the manufacturer.
he validity of the method was confirmed by sequencing.
ABCB1 genotyping. All subjects were genotyped

or the 3435C�T SNP in exon 26 and the 2677G�T/A
NP in exon 21 of the ABCB1 gene by denaturing
PLC as described previously.28 ABCB1 haplotype

nalysis was done as described by Johne et al.29

CYP2C8 genotyping. Twenty-one of the subjects
ad been genotyped for the CYP2C8*3 and CYP2C8*4
lleles in a previous study.5 The remaining 35 subjects
ere genotyped for the CYP2C8*3 and CYP2C8*4

lleles as described previously.5

CYP3A5 genotyping. All subjects were genotyped for
he CYP3A5*3 (6986A�G) allele by allelic discrimina-
ion with a TaqMan 5�-nuclease assay by use of the ABI
rism 7700 Sequence Detection System. The primers
sed were 5�-ATGGAGAGTGGCATAGGAGATA-
C-3� (forward) and 5�-GGTAATGTGGTCCAAAC-
GGG-3� (reverse). The TaqMan MGB probes were
IC-TGTCTTTCAGTATCTCTT and FAM-TGTCTT-
CAATATCTCTT. The polymerase chain reaction con-
itions were 1 cycle at 50°C for 2 minutes and at 95°C for

0 minutes, followed by 40 cycles at 92°C for 15 seconds t
nd at 60°C for 1 minute, as recommended by the man-
facturer. The validity of the method was confirmed by
equencing.

Statistical analysis. Results are expressed as mean
SD in the text and tables and, for clarity, as mean �

EM in the figures. The contribution of different
LCO1B1, ABCB1, CYP2C8, and CYP3A5 SNPs and
lleles to variability in the pharmacokinetic and phar-
acodynamic variables of repaglinide was investigated

y use of forward, stepwise multiple linear regression
nalysis. The different SNPs and alleles were put into
he model as independent variables with each SNP and
llele described by 2 binary variables (1:1 equals het-
rozygous carrier and 0 equals other; 2:1 equals ho-
ozygous carrier and 0 equals other). Statistical com-

arisons of all pharmacokinetic and pharmacodynamic
ariables between noncarriers and heterozygous and
omozygous carriers of an SNP or allele were done by
se of ANOVA, followed by a posteriori testing with
he Tukey test. Data for tmax were analyzed by the

ann-Whitney U test or the Kruskal-Wallis test with a
osteriori testing with the Dunn test. Relationships be-
ween the pharmacokinetic and pharmacodynamic vari-
bles of repaglinide were investigated with the Pearson
orrelation coefficient. The data were analyzed with the
tatistical programs Systat for Windows, version 6.0.1,
nd SPSS 11.0 for Windows (SPSS Inc, Chicago, Ill).
ifferences were considered statistically significant at
� .05.

ESULTS
Genotypes. The SLCO1B1, ABCB1, CYP2C8, and

YP3A5 genotypes and allele frequencies of the sub-
ects are shown in Table I. All observed genotype
requencies were in Hardy-Weinberg equilibrium.

Regression analyses. The AUC(0-�) and Cmax of
epaglinide varied 16.9-fold and 10.7-fold, respec-
ively, and the t1/2 varied 4.2-fold between individual
ubjects. In a stepwise, forward multiple regression
nalysis, heterozygosity (P � .0432) and homozygosity
P � .0001) for the SLCO1B1 521T�C SNP and
eterozygosity for the CYP2C8*3 allele (P � .0269)
ndependently predicted the AUC(0-�) of repaglinide
adjusted multiple R2 � 45%). The Cmax of repaglinide
as predicted by homozygosity for the SLCO1B1
21T�C SNP (P � .0001) and heterozygosity for the
YP2C8*3 allele (P � .0253) (adjusted multiple R2 �
6%), but the t1/2 of repaglinide was not predicted by
ny of these SNPs.

Transporter genotypes and repaglinide pharmaco-
inetics. In subjects with the SLCO1B1 521CC geno-

ype, the AUC(0-�) of repaglinide was 107% and
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88% higher, respectively, than in subjects with the
LCO1B1 521TC and 521TT (reference) genotypes (P

.0001) (Fig 1 and Table II). The mean Cmax of
epaglinide was 102% and 152% higher, respectively,
n subjects with the SLCO1B1 521CC genotype than in
ubjects with the SLCO1B1 521TC and 521TT geno-
ypes (P � .0003 and P � .0001). In subjects with the
21TC genotype, the AUC(0-�) of repaglinide was
9% higher than in those with the 521TT genotype (P

.0707). There was also a tendency toward a higher
UC(0-�) of repaglinide in subjects heterozygous for

he SLCO1B1 �11187G�A SNP, possibly because of
artial linkage between the �11187G�A and 521T�C
NPs.26 The pharmacokinetics of repaglinide was not
ssociated with ABCB1 SNPs (Table III) or haplotypes
data not shown).

CYP genotypes and repaglinide pharmacokinetics. In
ubjects with the CYP2C8*1/*3 genotype, the AUC(0-�)
nd Cmax of repaglinide were 48% and 44% lower, re-
pectively, than in those with the CYP2C8*1/*1 genotype
P � .0319 and P � .0394) (Fig 1 and Table IV). Because
he SLCO1B1 521T�C SNP had a major effect on the
harmacokinetics of repaglinide, the effect of the
YP2C8*3 allele on repaglinide pharmacokinetics was
lso investigated in relation to the 521T�C genotypes. In
ubjects with the 521TT (reference) genotype, the
UC(0-�) of repaglinide was 27% lower in heterozygous

arriers of CYP2C8*3 (n � 8) than in noncarriers of
YP2C8*3 (n � 28) (P � .049). In subjects with the

able I. Genotype and allele frequencies of SLCO1B1
ealthy volunteers

Gene and variant Genotype F

SLCO1B1 �11187G�A GG
GA

SLCO1B1 521T�C TT
TC
CC

ABCB1 2677G�T/A GG
GT
TT
GA

ABCB1 3435C�T CC
CT
TT

CYP2C8 *1/*1
*3 (416G�A, 1196A�G) *1/*3
*4 (792C�G) *1/*4

CYP3A5 *1/*1
*3 (6986G�A) *1/*3
21TC genotype, the AUC(0-�) and Cmax of repaglinide i
ere 66% and 69% lower, respectively, in heterozygous
arriers of CYP2C8*3 (n � 2) than in noncarriers (n �
4) (P � .001 and P � .035). Similarly, among noncar-
iers of CYP2C8*3, the AUC(0-�) of repaglinide was
0% or 171% higher in subjects with the SLCO1B1
21CC genotype (n � 4) than in subjects with the 521TC
n � 14) or 521TT (n � 28) (reference) genotypes,
espectively (P � .0005 and P � .0001). In noncarriers of
YP2C8*3, the AUC(0-�) of repaglinide was 43% higher

n subjects with the 521TC genotype than in those with the
21TT genotype (P � .0576). The Cmax of repaglinide
as 139% higher in CYP2C8*3 noncarriers with the
21CC genotype than in those with the 521TT genotype
P � .0001). The pharmacokinetics of repaglinide
as not associated with the CYP3A5*1 allele (Fig 1 and
able IV).
Pharmacodynamics of repaglinide. In a stepwise,

orward multiple regression analysis, only the
LCO1B1 �11187G�A SNP independently predicted
he maximum decrease in blood glucose concentration
R2 � 11%, P � .0126) and the mean change in blood
lucose concentration (R2 � 6.6%, P � .0561). None
f the other SNPs was significantly associated with the
lood glucose–lowering effect of repaglinide (Fig 2).
lood glucose variables are presented in relation to the
LCO1B1 SNPs and CYP2C8 alleles in Table V. The
lood glucose response to repaglinide was greatest in 1
ubject with the SLCO1B1 �11187GA/521CC geno-
ype, who also had the largest AUC(0-�) of repaglin-

1, CYP2C8, and CYP3A5 variants in 56 Finnish

y (N � 56) Allele Frequency (N � 112)

5.7%) G 104 (92.9%)
4.3%) A 8 (7.1%)
4.3%) T 88 (78.6%)
8.6%) C 24 (21.4%)
.1%)
5.0%) G 57 (50.9%)
8.2%) T 53 (47.3%)
3.2%) A 2 (1.8%)
.6%)
1.4%) C 43 (38.4%)
3.9%) T 69 (61.6%)
4.6%)
3.2%) *1 97 (86.6%)
7.9%) *3 10 (8.9%)
.9%) *4 5 (4.5%)
4.3%) *1 8 (7.1%)
5.7%) *3 104 (92.9%)
, ABCB

requenc

48 (8
8 (1

36 (6
16 (2

4 (7
14 (2
27 (4
13 (2
2 (3

12 (2
19 (3
25 (4
41 (7
10 (1
5 (8
8 (1
de. The Cmax and AUC(0-�) of repaglinide correlated
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ith the mean change in blood glucose from 0 to 7
ours (r � �0.28 [P � .0356] and r � �0.37 [P �

Fig 1. Mean (�SEM) plasma concentration
SLCO1B1 �11187G�A (A), SLCO1B1 52
3435C�T (D) single-nucleotide polymorphis
types. A single oral dose of 0.25 mg repaglin
0053], respectively). t
ISCUSSION
This study shows that the SLCO1B1 521T�C SNP and

linide in 56 healthy volunteers in relation to
B), ABCB1 2677G�T/A (C), and ABCB1
s) and CYP2C8 (E) and CYP3A5 (F) geno-
given after an overnight fast.
of repag
1T�C (
ms (SNP
he CYP2C8*3 allele are significant and independent pre-
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ictors of the pharmacokinetics of repaglinide. The AUC
f repaglinide was nearly 3-fold higher in subjects ho-
ozygous for the SLCO1B1 521T�C SNP than in sub-

ects with the 521TT (reference) genotype. The
YP2C8*3 allele had an opposite effect on plasma repa-
linide concentrations: subjects with the CYP2C8*1/*3
enotype had a 30% to 50% lower AUC of repaglinide
han subjects with the reference genotype. Analysis of
ata stratified by the SLCO1B1 521T�C SNP or the
YP2C8*3 allele and stepwise multiple linear regression
nalyses indicated that the 521T�C SNP and the
YP2C8*3 allele had independent effects on the pharma-
okinetics of repaglinide and confirmed that the differ-

able II. Pharmacokinetic variables of single 0.25-mg
11187G�A and 521T�C (Val174Ala) single nucleo

SLCO1B1 variant Cmax (ng/mL)

�11187GG genotype (n � 48) 4.0 � 2.2
�11187GA genotype (n � 8) 5.2 � 3.1

P value .1855
521TT genotype (n � 36) 3.5 � 1.6
521TC genotype (n � 16) 4.4 � 2.4

P value .2957
521CC genotype (n � 4) 8.9 � 2.6

P value, versus TT genotype � .0001
ANOVA P value � .0001

Data are given as mean � SD, except for tmax, which is given as median a
Cmax, Peak concentration in plasma; tmax, time to peak concentration in pla

rom time 0 to infinity; NS, not significant.

able III. Pharmacokinetic variables of single 0.25-m
and 3435C�T single nucleotide polymorphisms

ABCB1 variant Cmax (ng/mL)

2677GG genotype (n � 14) 5.0 � 3.4
2677GT genotype (n � 27) 3.6 � 1.8

P value .2375
2677TT genotype (n � 13) 4.2 � 1.6

P value, versus GG genotype .8140
2677GA genotype (n � 2) 5.1 � 4.1

P value, versus GG genotype 1.0000
ANOVA P value .2703

3435CC genotype (n � 12) 4.8 � 2.6
3435CT genotype (n � 19) 4.5 � 2.9

P value .9568
3435TT genotype (n � 25) 3.6 � 1.6

P value, versus CC genotype .3333
ANOVA P value .2636

Data are given as mean � SD, except for tmax, which is given as median a
nces noted in the analysis of single SNPs were not a o
esult of unequal distribution of the other significant SNP.
he SLCO1B1 521T�C SNP and the CYP2C8*3 allele
ere not significantly associated with changes in the
lood glucose–lowering effect of repaglinide, whereas the
LCO1B1 �11187G�A SNP was associated with an
ncreased glucose-lowering effect. Repeated food intake
nd the use of a subtherapeutic dose of repaglinide prob-
bly masked differences in blood glucose concentrations
etween subjects with different genotypes. Nevertheless,
he blood glucose–lowering effect of repaglinide corre-
ated with the AUC of repaglinide. This is the first study
o show that SLCO1B1 polymorphism may significantly
ffect the disposition of a drug that is completely metab-

ose of repaglinide in relation to SLCO1B1
lymorphisms

tmax (min) t1/2 (h)

AUC(0-�)
(ng · h/

mL)

40 (20-60) 1.3 � 0.4 4.8 � 2.7
40 (40-40) 1.5 � 0.4 7.0 � 4.8

.2596 .1250 .0665
40 (20-40) 1.2 � 0.3 4.1 � 2.0
40 (20-60) 1.4 � 0.5 5.8 � 2.5

NS .2465 .0707
40 (20-40) 1.4 � 0.6 11.9 � 5.0

NS .5931 � .0001
.8587 .2195 � .0001

elimination half-life; AUC(0-�), area under plasma concentration–time curve

ose of repaglinide in relation to ABCB1 2677G�T/

x (min) t1/2 (h) AUC(0-�) (ng · h/mL)

(20-40) 1.4 � 0.5 6.9 � 4.1
(20-60) 1.2 � 0.3 4.4 � 2.0
NS .3064 .0651

(20-40) 1.3 � 0.4 4.7 � 1.8
NS .7250 .2483

(40-40) 1.3 � 0.0 5.4 � 4.5
NS .9476 .9122

.3572 .3876 .0924
(20-40) 1.3 � 0.3 6.0 � 3.5
(20-60) 1.2 � 0.4 5.7 � 4.0
NS .7609 .9714

(20-40) 1.3 � 0.5 4.3 � 1.8
NS .9999 .2582

.4965 .6487 .1744
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Repaglinide has an oral bioavailability of about
0%.2 It is eliminated completely by metabolism,3 and
YP2C8 and CYP3A4 are the principal enzymes cat-
lyzing its biotransformation.4 That the plasma concen-
rations of repaglinide were markedly increased in sub-
ects with the SLCO1B1 521CC genotype suggests
hat OATP1B1-mediated (OATP1B1 is encoded by
LCO1B1) hepatic uptake of repaglinide is important
or its elimination by CYP-catalyzed biotransforma-
ion. The AUC and Cmax of repaglinide were greatly
ncreased, whereas the t1/2 remained unchanged by
he SLCO1B1 polymorphism, which suggests that
ATP1B1 affects the pharmacokinetics of repaglinide
ainly during the absorption phase. This might be

xplained by the much higher concentrations of repa-
linide in the portal vein during the absorption phase
han in the hepatic circulation during the elimination
hase. In addition to OATP1B1, some other transport-
rs may participate in the hepatic uptake of repaglinide,
ith OATP1B1 playing a major role at higher concen-

rations and another transporter at lower concentrations.
n vitro studies are required to characterize the kinetics
f OATP1B1-mediated uptake of repaglinide.
The SLCO1B1 polymorphism has been associated

ith the pharmacokinetics of pravastatin.24-26 In addi-
ion, cyclosporine (INN, ciclosporin), an inhibitor of
ATP1B1,30 greatly increases the AUC and Cmax of
ravastatin (nearly 10-fold) without any effect on its

1/2.31 Pravastatin and repaglinide differ considerably in
heir pharmacokinetic characteristics. Most important,
he hydrophilic pravastatin is not significantly metabo-
ized by CYP enzymes and a considerable fraction of
bsorbed pravastatin is excreted unchanged, whereas
epaglinide is completely biotransformed via hepatic
YP enzymes.1,32 It is possible that SLCO1B1 poly-

able IV. Pharmacokinetic variables of single 0.25-m
YP3A5 genotypes

Genotype Cmax (ng/mL)

CYP2C8*1/*1 (n � 41) 4.6 � 2.3
CYP2C8*1/*3 (n � 10) 2.6 � 1.1

P value .0394
CYP2C8*1/*4 (n � 5) 4.0 � 3.0

P value, versus *1/*1 genotype .8591
ANOVA P value .0502

CYP3A5*1/*3 (n � 8) 4.6 � 2.2
CYP3A5*3/*3 (n � 48) 4.1 � 2.4

P value .5815

Data are given as mean � SD, except for tmax, which is given as median a
orphism also affects the pharmacokinetics of other W
rugs that are metabolized in the liver. Drug substrates
or OATP1B1 include, for example, rosuvastatin and
erivastatin,30,33 but its contribution to the hepatic up-
ake of other drugs is largely unknown.

This study substantiates our earlier finding that the
YP2C8*3 allele is associated with reduced plasma
oncentrations of repaglinide.5 Comprehensive analy-
es showed that the observed effect was not caused by
neven distribution of SLCO1B1 SNPs. On the basis
f previous in vitro studies with other CYP2C8
ubstrates,34-36 one would have expected higher plasma
oncentrations of repaglinide in carriers of CYP2C8*3
ompared with subjects with the reference genotype.
his apparent discrepancy might be explained, for ex-
mple, by substrate specificity of the CYP2C8*3 vari-
nt, by increased expression of CYP enzymes as a
esult of CYP2C8*3, by linkage of the CYP2C8*3
ariant to a hypothetic causative variant, or through
ffects of CYP2C8*3 on physiologic mediators, as dis-
ussed previously.5 The plasma concentrations of the
YP2C8 and CYP2C9 substrate ibuprofen were in-
reased in subjects carrying the CYP2C8*3 variant.37

The allelic frequency of the SLCO1B1 521C variant
as about 21% in this population, which is similar to

hat reported in other white populations.23,25 Tirona et
l23 reported an allelic frequency of 14% for this vari-
nt in a sample of 49 European Americans. Between
% and 5% of the white population can be estimated
o be homozygous for this variant. Therefore the
LCO1B1 521T�C SNP is likely to play a major role
n interindividual variability of the pharmacokinetics of
rugs such as pravastatin and repaglinide.
The ABCB1 3435T variant showed a relatively high

llelic frequency (62%) in this population (Finns). This is
much higher frequency than that found previously in a

ose of repaglinide in relation to CYP2C8 and

ax (min) t1/2 (h) AUC(0-�) (ng · h/mL)

(20-60) 1.3 � 0.4 5.7 � 3.1
(40-40) 1.3 � 0.5 3.0 � 1.2
NS .9914 .0319
(20-40) 1.4 � 0.2 5.0 � 4.1
NS .6799 .8660

.4324 .6827 .0413
(20-60) 1.2 � 0.4 5.2 � 2.1
(20-40) 1.2 � 0.4 5.1 � 3.3

.9859 .7574 .9922
g oral d

tm

40
40

40

40
40
est African population (Ghanians, 10%) and also some-
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Fig 2. Mean (�SEM) change in blood glucose concentration after single oral dose of 0.25 mg
repaglinide in 56 healthy volunteers in relation to SLCO1B1 �11187G�A (A), SLCO1B1 521T�C
(B), ABCB1 2677G�T/A (C), and ABCB1 3435C�T (D) SNPs and CYP2C8 (E) and CYP3A5 (F)
genotypes. A standardized breakfast was given 15 minutes after repaglinide, a standardized snack

was given after 1 and 2 hours, and a standardized warm meal was given after 3 hours.
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hat higher than that observed in a large white population
50%) (P � .0001 and P � .0168, Fisher exact test).38

nterethnic and geographic differences in ABCB1 SNP
requencies are well-known phenomena.38,39 The frequen-
ies of the CYP2C8*3, CYP2C8*4, and CYP3A5*3 alleles
ere similar to those reported previously in white popu-

ations.20,34,36,37

Because subjects with the SLCO1B1 521CC geno-
ype showed markedly increased plasma concentrations
f repaglinide, it is possible that a lower repaglinide
ose (50% to 75% lower than in subjects with the
21TT genotype) would suffice in patients with this
enotype. It is unclear why only the �11187G�A SNP
as significantly associated with the blood glucose

esponse to repaglinide, but the partial linkage between
his SNP and the 521T�C SNP26 may be involved. The
LCO1B1 521T�C or �11187G�A SNP may be as-
ociated with an increased risk of hypoglycemia, espe-
ially at the beginning of repaglinide treatment.

In conclusion, genetic polymorphism in SLCO1B1,
hich encodes for the hepatic uptake transporter
ATP1B1, is a major determinant of interindividual
ariability in the plasma concentrations of repaglinide.
he effect of SLCO1B1 polymorphism on the pharma-
okinetics of repaglinide may be clinically important.

The authors have identified no conflicts of interest in relation to

able V. Blood glucose variables of single 0.25-mg o
11187G�A and 521T�C (Val174Ala) single nucleo

Variant
Maximum inc

(mmol/L)

�11187GG genotype (n � 48) 1.5 � 0.8
�11187GA genotype (n � 8) 1.4 � 1.0

P value .8644
521TT genotype (n � 36) 1.5 � 0.8
521TC genotype (n � 16) 1.6 � 0.8

P value .9279
521CC genotype (n � 4) 1.1 � 0.8

P value, versus TT genotype .6913
ANOVA P value .6256

CYP2C8*1/*1 (n � 41) 1.5 � 0.8
CYP2C8*1/*3 (n � 10) 1.5 � 0.8

P value 1.000
CYP2C8*1/*4 (n � 5) 1.5 � 1.0

P value, versus *1/*1 genotype .9945
ANOVA P value .9949

Data are given as mean � SD.
his manuscript.
eferences

1. Hatorp V. Clinical pharmacokinetics and pharmacodynam-
ics of repaglinide. Clin Pharmacokinet 2002;41:471-83.

2. Hatorp V, Oliver S, Su CA. Bioavailability of repa-
glinide, a novel antidiabetic agent, administered orally
in tablet or solution form or intravenously in healthy
male volunteers. Int J Clin Pharmacol Ther 1998;36:
636-41.

3. van Heiningen PN, Hatorp V, Kramer Nielsen K, Hansen
KT, van Lier JJ, De Merbel NC, et al. Absorption,
metabolism and excretion of a single oral dose of (14)C-
repaglinide during repaglinide multiple dosing. Eur
J Clin Pharmacol 1999;55:521-5.

4. Bidstrup TB, Bjørnsdottir I, Sidelmann UG, Thomsen
MS, Hansen KT. CYP2C8 and CYP3A4 are the principal
enzymes involved in the human in vitro biotransforma-
tion of the insulin secretagogue repaglinide. Br J Clin
Pharmacol 2003;56:305-14.

5. Niemi M, Leathart JB, Neuvonen M, Backman JT, Daly
AK, Neuvonen PJ. Polymorphism in CYP2C8 is associ-
ated with reduced plasma concentrations of repaglinide.
Clin Pharmacol Ther 2003;74:380-7.

6. Niemi M, Neuvonen PJ, Kivistö KT. The cytochrome
P4503A4 inhibitor clarithromycin increases the plasma
concentrations and effects of repaglinide. Clin Pharmacol
Ther 2001;70:58-65.

7. Niemi M, Backman JT, Neuvonen M, Neuvonen PJ. Effects
of gemfibrozil, itraconazole, and their combination on the

of repaglinide in relation to SLCO1B1
lymorphisms and CYP2C8 genotypes

Maximum decrease
(mmol/L)

Mean change from
0 to 7 h
(mmol/L)

1.2 � 0.5 �0.2 � 0.4
1.8 � 0.9 �0.6 � 0.8

.0126 .0561
1.3 � 0.6 �0.3 � 0.5
1.3 � 0.5 �0.2 � 0.5

.9376 .9004
1.5 � 1.1 �0.6 � 1.1

.9032 .5521

.8337 .4799
1.3 � 0.6 �0.3 � 0.6
1.3 � 0.6 �0.2 � 0.4

.9969 .8359
1.1 � 0.5 �0.1 � 0.4

.7437 .6313

.7513 .5979
ral dose
tide po

rease
pharmacokinetics and pharmacodynamics of repaglinide:



1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

CLINICAL PHARMACOLOGY & THERAPEUTICS
2005;77(6):468-78 Pharmacogenetics of repaglinide 477
potentially hazardous interaction between gemfibrozil and
repaglinide. Diabetologia 2003;46:347-51.

8. Olkkola KT, Backman JT, Neuvonen PJ. Midazolam
should be avoided in patients receiving the systemic
antimycotics ketoconazole or itraconazole. Clin Pharma-
col Ther 1994;55:481-5.

9. Gorski JC, Jones DR, Haehner-Daniels BD, Hamman
MA, O’Mara EM Jr, Hall SD. The contribution of intes-
tinal and hepatic CYP3A to the interaction between mi-
dazolam and clarithromycin. Clin Pharmacol Ther 1998;
64:133-43.

0. Wang EJ, Lew K, Casciano CN, Clement RP, Johnson
WW. Interaction of common azole antifungals with P
glycoprotein. Antimicrob Agents Chemother 2002;46:
160-5.

1. Wakasugi H, Yano I, Ito T, Hashida T, Futami T, Nohara
R, et al. Effect of clarithromycin on renal excretion of
digoxin: interaction with P-glycoprotein. Clin Pharmacol
Ther 1998;64:123-8.

2. Fromm MF. Importance of P-glycoprotein at blood-tissue
barriers. Trends Pharmacol Sci 2004;25:423-9.

3. Niemi M, Kajosaari LI, Neuvonen M, Backman JT, Neu-
vonen PJ. The CYP2C8 inhibitor trimethoprim increases
the plasma concentrations of repaglinide in healthy sub-
jects. Br J Clin Pharmacol 2004;57:441-7.

4. Wang JS, Neuvonen M, Wen X, Backman JT, Neuvonen
PJ. Gemfibrozil inhibits CYP2C8-mediated cerivastatin
metabolism in human liver microsomes. Drug Metab
Dispos 2002;30:1352-6.

5. Shitara Y, Hirano M, Sato H, Sugiyama Y. Gemfibrozil
and its glucuronide inhibit the organic anion transporting
polypeptide 2 (OATP2/OATP1B1:SLC21A6)-mediated
hepatic uptake and CYP2C8-mediated metabolism of
cerivastatin: analysis of the mechanism of the clinically
relevant drug-drug interaction between cerivastatin and
gemfibrozil. J Pharmacol Exp Ther 2004;311:228-36.

6. Hagenbuch B, Meier PJ. Organic anion transporting
polypeptides of the OATP/SLC21 family: phylogenetic
classification as OATP/SLCO superfamily, new nomen-
clature and molecular/functional properties. Pflugers
Arch 2004;447:653-65.

7. Daly AK. Pharmacogenetics of the major polymorphic
metabolizing enzymes. Fundam Clin Pharmacol 2003;17:
27-41.

8. Huang W, Lin YS, McConn DJ II, Calamia JC, Totah
RA, Isoherranen N, et al. Evidence of significant contri-
bution from CYP3A5 to hepatic drug metabolism. Drug
Metab Dispos 2004;32:1434-45.

9. Kuehl P, Zhang J, Lin Y, Lamba J, Assem M, Schuetz J,
et al. Sequence diversity in CYP3A promoters and char-
acterization of the genetic basis of polymorphic CYP3A5
expression. Nat Genet 2001;27:383-91.

0. King BP, Leathart JB, Mutch E, Williams FM, Daly AK.
CYP3A5 phenotype-genotype correlations in a British

population. Br J Clin Pharmacol 2003;55:625-9.
1. Marzolini C, Paus E, Buclin T, Kim RB. Polymorphisms
in human MDR1 (P-glycoprotein): recent advances and
clinical relevance. Clin Pharmacol Ther 2004;75:13-33.

2. Schwab M, Eichelbaum M, Fromm MF. Genetic poly-
morphisms of the human MDR1 drug transporter. Annu
Rev Pharmacol Toxicol 2003;43:285-307.

3. Tirona RG, Leake BF, Merino G, Kim RB. Polymor-
phisms in OATP-C: identification of multiple allelic vari-
ants associated with altered transport activity among
European- and African-Americans. J Biol Chem 2001;
276:35669-75.

4. Nishizato Y, Ieiri I, Suzuki H, Kimura M, Kawabata K,
Hirota T, et al. Polymorphisms of OATP-C (SLC21A6)
and OAT3 (SLC22A8) genes: consequences for prava-
statin pharmacokinetics. Clin Pharmacol Ther 2003;73:
554-65.

5. Mwinyi J, Johne A, Bauer S, Roots I, Gerloff T. Evi-
dence for inverse effects of OATP-C (SLC21A6) 5 and
1b haplotypes on pravastatin kinetics. Clin Pharmacol
Ther 2004;75:415-21.

6. Niemi M, Schaeffeler E, Lang T, Fromm MF, Neuvonen
M, Kyrklund C, et al. High plasma pravastatin concen-
trations are associated with single nucleotide polymor-
phisms and haplotypes of organic anion transporting
polypeptide-C (OATP-C, SLCO1B1). Pharmacogenetics
2004;14:429-40.

7. Kajosaari LI, Backman JT, Neuvonen M, Laitila J, Neu-
vonen PJ. Lack of effect of bezafibrate and fenofibrate on
the pharmacokinetics and pharmacodynamics of repa-
glinide. Br J Clin Pharmacol 2004;58:390-6.

8. Furuno T, Landi MT, Ceroni M, Caporaso N, Bernucci I,
Nappi G, et al. Expression polymorphism of the blood-
brain barrier component P-glycoprotein (MDR1) in rela-
tion to Parkinson’s disease. Pharmacogenetics 2002;12:
529-34.

9. Johne A, Kopke K, Gerloff T, Mai I, Rietbrock S, Meisel
C, et al. Modulation of steady-state kinetics of digoxin by
haplotypes of the P-glycoprotein MDR1 gene. Clin Phar-
macol Ther 2002;72:584-94.

0. Shitara Y, Itoh T, Sato H, Li AP, Sugiyama Y. Inhibition
of transporter-mediated hepatic uptake as a mechanism
for drug-drug interaction between cerivastatin and cyclo-
sporin A. J Pharmacol Exp Ther 2003;304:610-6.

1. Hedman M, Neuvonen PJ, Neuvonen M, Holmberg C,
Antikainen M. Pharmacokinetics and pharmacodynamics
of pravastatin in pediatric and adolescent cardiac trans-
plant recipients on a regimen of triple immunosuppres-
sion. Clin Pharmacol Ther 2004;75:101-9.

2. Hatanaka T. Clinical pharmacokinetics of pravastatin:
mechanisms of pharmacokinetic events. Clin Pharmaco-
kinet 2000;39:397-412.

3. Simonson SG, Raza A, Martin PD, Mitchell PD, Jarcho
JA, Brown CD, et al. Rosuvastatin pharmacokinetics in
heart transplant recipients administered an antirejection
regimen including cyclosporine. Clin Pharmacol Ther

2004;76:167-77.



3

3

3

3

3

3

CLINICAL PHARMACOLOGY & THERAPEUTICS
478 Niemi et al JUNE 2005
4. Dai D, Zeldin DC, Blaisdell JA, Chanas B, Coulter SJ,
Ghanayem BI, et al. Polymorphisms in human CYP2C8
decrease metabolism of the anticancer drug paclitaxel and
arachidonic acid. Pharmacogenetics 2001;11:597-607.

5. Soyama A, Saito Y, Hanioka N, Murayama N, Nakajima O,
Katori N, et al. Non-synonymous single nucleotide alter-
ations found in the CYP2C8 gene result in reduced in vitro
paclitaxel metabolism. Biol Pharm Bull 2001;24:1427-30.

6. Bahadur N, Leathart JB, Mutch E, Steimel-Crespi D,
Dunn SA, Gilissen R, et al. CYP2C8 polymorphisms in
Caucasians and their relationship with paclitaxel 6alpha-
hydroxylase activity in human liver microsomes. Bio-

chem Pharmacol 2002;64:1579-89.
7. Garcia-Martin E, Martinez C, Tabares B, Frias J, Agun-
dez JA. Interindividual variability in ibuprofen pharma-
cokinetics is related to interaction of cytochrome P450
2C8 and 2C9 amino acid polymorphisms. Clin Pharma-
col Ther 2004;76:119-27.

8. Schaeffeler E, Eichelbaum M, Brinkmann U, Penger
A, Asante-Poku S, Zanger UM, et al. Frequency of
C3435T polymorphism of MDR1 gene in African peo-
ple. Lancet 2001;358:383-4.

9. Tang K, Wong LP, Lee EJ, Chong SS, Lee CG.
Genomic evidence for recent positive selection at the
human MDR1 gene locus. Hum Mol Genet 2004;13:

783-97.


	Polymorphic organic anion transporting polypeptide 1B1 is a major determinant of repaglinide pharmacokinetics
	METHODS
	Subjects
	Study design
	Pharmacokinetics
	Pharmacodynamics
	SLCO1B1 genotyping
	ABCB1 genotyping
	CYP2C8 genotyping
	CYP3A5 genotyping
	Statistical analysis

	RESULTS
	Genotypes
	Regression analyses
	Transporter genotypes and repaglinide pharmaco-kinetics
	CYP genotypes and repaglinide pharmacokinetics.
	Pharmacodynamics of repaglinide

	DISCUSSION
	References


