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yclosporine markedly raises the plasma
oncentrations of repaglinide

Background and Objective: Repaglinide is an antidiabetic drug metabolized by cytochrome P450 (CYP) 2C8
and 3A4, and it appears to be a substrate of the hepatic uptake transporter organic anion transporting
polypeptide 1B1 (OATP1B1). We studied the effects of cyclosporine (INN, ciclosporin), an inhibitor of
CYP3A4 and OATP1B1, on the pharmacokinetics and pharmacodynamics of repaglinide.
Methods: In a randomized crossover study, 12 healthy volunteers took 100 mg cyclosporine or placebo orally
at 8 PM on day 1 and at 8 AM on day 2. At 9 AM on day 2, they ingested a single 0.25-mg dose of repaglinide.
Concentrations of plasma and urine repaglinide and its metabolites (M), blood cyclosporine, and blood
glucose were measured for 12 hours. The subjects were genotyped for single-nucleotide polymorphisms in
CYP2C8, CYP3A5, SLCO1B1 (encoding OATP1B1), and ABCB1 (P-glycoprotein). The effect of cyclosporine
on repaglinide metabolism was studied in human liver microsomes in vitro.
Results: During the cyclosporine phase, the mean peak repaglinide plasma concentration was 175% (range,
56%-365%; P � .013) and the total area under the plasma concentration–time curve [AUC(0-�)] was 244%
(range, 119%-533%; P < .001) of that in the placebo phase. The amount of unchanged repaglinide and its
metabolites M2 and M4 excreted in urine were raised 2.7-fold, 7.5-fold, and 5.0-fold, respectively, by
cyclosporine (P < .001). The amount of M1 excreted in urine remained unchanged, but cyclosporine reduced
the ratio of M1 to repaglinide by 62% (P < .001). Cyclosporine had no significant effect on the elimination
half-life or renal clearance of repaglinide. Although the mean blood glucose–lowering effect of repaglinide
was unaffected in this low-dose study with frequent carbohydrate intake, the subject with the greatest
pharmacokinetic interaction had the greatest increase in blood glucose–lowering effect. The effect of cyclo-
sporine on repaglinide AUC(0-�) was 42% lower in subjects with the SLCO1B1 521TC genotype than in
subjects with the 521TT (reference) genotype (P � .047). In vitro, cyclosporine inhibited the formation of
M1 (IC50 [concentration of inhibitor to cause 50% inhibition of original enzyme activity], 0.2 �mol/L) and
M2 (IC50, 4.3 �mol/L) but had no effect on M4.
Conclusions: Cyclosporine raised the plasma concentrations of repaglinide, probably by inhibiting its
CYP3A4-catalyzed biotransformation and OATP1B1-mediated hepatic uptake. Coadministration of cyclo-
sporine may enhance the blood glucose–lowering effect of repaglinide and increase the risk of hypoglycemia.
(Clin Pharmacol Ther 2005;78:388-99.)
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Repaglinide is a short-acting meglitinide analog an-
idiabetic drug used to reduce postprandial glucose
evels in patients with type 2 diabetes.1,2 It lowers
lood glucose concentrations by enhancing glucose-
timulated insulin release. Repaglinide undergoes first-
ass metabolism, resulting in an oral bioavailability of
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bout 60%.3 Cytochrome P450 (CYP) 3A4 and
YP2C8 are the main enzymes that participate in its
xidative biotransformation.4,5 Repaglinide is not a
ubstrate of P-glycoprotein, but it is extensively metab-
lized to inactive metabolites, which are excreted pri-
arily into feces.6-8 The area under the concentration-

ime curve (AUC) of repaglinide is markedly increased
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n homozygous carriers of the SLCO1B1 521T�C
Val174Ala) single-nucleotide polymorphism (SNP),
trongly suggesting that repaglinide is a substrate of the
LCO1B1-encoded hepatic uptake transporter organic
nion transporting polypeptide 1B1 (OATP1B1; previ-
usly known as LST-1, OATP2, and OATP-C).7

The plasma concentrations of repaglinide are mod-
rately raised by drugs that inhibit either CYP2C8 or
YP3A4.8-11 However, gemfibrozil, a lipid-lowering
rug of the fibrate class, has caused, on average, an
-fold increase in the AUC from time 0 to infinity
AUC(0-�)] of repaglinide, greatly increasing its
lucose-lowering effect.9 Parent gemfibrozil does not
nhibit CYP3A412 and is only a moderate inhibitor of
YP2C8.13 It was recently shown that a glucuronide
onjugate of gemfibrozil is a relatively potent inhibitor
f CYP2C8 and OATP1B1 but does not inhibit
YP3A4.14 Combined inhibition of the hepatic uptake
nd CYP2C8-mediated biotransformation of repaglin-
de may explain the observed in vivo interaction be-
ween gemfibrozil and repaglinide.9

Cyclosporine (INN, ciclosporin) is an immunosup-
ressive drug used in organ transplant patients and in
he treatment of chronic inflammatory diseases. Cyclo-
porine is metabolized in the intestine and liver, and the
etabolites are excreted mainly via bile into feces. The

eak concentration of cyclosporine in blood is reached
pproximately 2 hours after its oral administration, and
ts elimination half-life (t½) is about 12 hours.15 In

able I. Characteristics of subjects, pharmacokinetic d
YP3A5 genotypes of subjects

Age
(y)

Weight
(kg)

Cyclosporine

Cmax

(ng/mL)
AUC(0-�)
(ng · h/mL) �

Subject No.
1 25 93 492 1402
2 23 67 660 1890
3 24 70 716 2611
4 22 84 423 1167
5 25 63 798 3030
6 24 70 846 2694
7 19 77 663 1746
8 22 68 535 1497
9 22 56 956 2631

10 24 72 650 2350
11 20 76 724 1684
12 23 100 499 1270

Mean�SD 23 � 2 75 � 13 664 � 158 1998 � 636

Cmax, Peak concentration in blood; AUC(0-�), area under blood concentrat
itro, cyclosporine potently inhibits the transporter pro- S
eins P-glycoprotein and OATP1B1, as well as
YP3A4.16-19 Cyclosporine raises the plasma concen-

rations of several statins, at least partially by inhibiting
heir OATP1B1-mediated hepatic uptake.16,20,21 For
xample, the AUC of pravastatin, a statin with no
ignificant CYP-mediated biotransformation, is raised
ore than 10-fold by cyclosporine.22,23

Because cyclosporine markedly increases the plasma
oncentrations of several OATP1B1 substrates16,20-22,24

nd because polymorphism in the SLCO1B1 gene encod-
ng for OATP1B1 is a major determinant of the pharma-
okinetics of repaglinide,7 we hypothesized that cyclo-
porine might interact with repaglinide. Therefore we
ave investigated the effects of cyclosporine on the phar-
acokinetics and pharmacodynamics of repaglinide in

ealthy subjects.

ETHODS
Subjects. Twelve healthy nonsmoking male volun-

eers (age range, 19-25 years; weight range, 56-100 kg)
articipated in the study after giving written informed
onsent (Table I). They were ascertained to be healthy
y a medical history, physical examination, and routine
aboratory tests. None of the subjects used any contin-
ous medication, and use of grapefruit juice or any
harmaceuticals was not allowed for 2 weeks before the
tudy days. The subjects had previously been geno-
yped for the �11187G�A SNP in the promoter region
nd the 521T�C SNP (Val174Ala) in exon 5 of the

cyclosporine, and SLCO1B1, ABCB1, CYP2C8, and

O1B1 ABCB1

CYP2C8 CYP3A5�A 521T�C 2677G�T/A 3435C�T

TT GG CC *1/*4 *1/*3
TC GT CT *1/*1 *3/*3
TT GT CT *1/*1 *3/*3
TC GT TT *1/*1 *3/*3
TT TT TT *1/*1 *3/*3
TT TT TT *1/*1 *3/*3
TT GA CC *1/*3 *3/*3
TC GT CT *1/*1 *3/*3
TT GT CC *1/*1 *3/*3
TT TT CT *1/*1 *3/*3
TC GT CT *1/*1 *1/*3
TT GT TT *1/*1 *3/*3

urve from time 0 to infinity.
ata for

SLC

11187G

GG
GG
GA
GA
GG
GG
GA
GA
GG
GG
GG
GG
LCO1B1 gene, for the 2677G�T/A SNP (Ala893Ser/
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hr) in exon 21 and the 3435C�T SNP (synonymous)
n exon 26 of the ABCB1 gene, for the CYP2C8*3
416G�A, 1196A�G [Arg139Lys, Lys399Arg]) and
YP2C8*4 (792C�G [Ile264Met]) alleles, and for the
YP3A5*3 (6986A�G, nonexpressor) allele (Table I).7

Study design. The study protocol was approved by
he Ethics Committee for Studies in Healthy Subjects
nd Primary Care of the Hospital District of Helsinki
nd Uusimaa and the National Agency for Medicines.

randomized crossover study with 2 phases and a
ashout period of 4 weeks was carried out. The sub-

ects took 100 mg cyclosporine (1 Sandimmun Neoral
00-mg capsule; Novartis Pharma SA, Huningue,
rance) or placebo orally at 8 PM on day 1 and at 8 AM

n day 2. At 9 AM on day 2, after an overnight fast and
hour after the second pretreatment dose, they ingested
single 0.25-mg dose of repaglinide (one half of a
ovoNorm 0.5-mg tablet; Novo Nordisk A/S, Bags-
aerd, Denmark) with 150 mL water. The volunteers
emained seated for 3 hours after the administration of
epaglinide. The timing of repaglinide administration
as chosen to ensure adequate absorption of cyclospor-

ne before repaglinide ingestion to maximize the extent
f possible interaction. For safety reasons, a subthera-
eutic repaglinide dose and short-term cyclosporine
retreatment were used.
Food intake on day 2 was identical in both phases. The

olunteers received a standardized light breakfast pre-
isely 15 minutes after repaglinide administration, a stan-
ardized snack rich in carbohydrates at precisely 1 hour
nd 2 hours after repaglinide, a standardized warm meal
fter 3 hours and 7 hours, and a standardized light meal
fter 11 hours. The breakfast was eaten within 10 minutes
nd the snacks within 5 minutes. The breakfast contained
pproximately 1550 kJ energy, 70 g carbohydrates, 8 g
rotein, and 6 g fat. The snacks were identical and con-
ained about 840 kJ energy, 45 g carbohydrates, 2 g
rotein, and 1 g fat each. During the days of repaglinide
dministration, the subjects were under direct medical
upervision and blood glucose levels were monitored
hroughout the day. Additional carbohydrates, glucose
olution for intravenous use, and glucagon for intramus-
ular use were available, but they were not needed. For
afety reasons, the blood pressure and heart rate of the
ubjects were also measured before and at 3, 6, and 12
ours after repaglinide administration. The measurement
as done in a sitting position with an automatic oscillo-
etric blood pressure monitor (HEM-711; Omron Health-

are, Hamburg, Germany).
Sampling and determination of blood glucose con-

entrations. On the days of repaglinide administration,

imed blood samples (5 mL each) were drawn from a T
annulated forearm vein before and at 20, 40, 60, 80,
nd 100 minutes and 2, 2.5, 3, 4, 5, 7, 9, and 12 hours
fter the administration of repaglinide. Blood samples
ere collected into tubes containing ethylenediami-
etetraacetic acid. Blood glucose concentrations were
easured immediately after each blood sampling by the

lucose oxidase method (Precision G Blood Glucose
esting System; Medisense, Bedford, Mass). Plasma
as separated within 30 minutes after blood sampling

nd stored at �70°C until analysis. Whole-blood cy-
losporine concentrations were measured from addi-
ional blood samples (3 mL each), drawn before and at
0 and 60 minutes and 2, 3, 5, 7, and 12 hours after the
dministration of repaglinide. Urine was collected from
to 12 hours after the administration of repaglinide.
Determination of drug concentrations. Concentra-

ions of plasma repaglinide and urine repaglinide and
ts metabolites M1, M2, and M4 (Fig 1) were measured
y use of an API 3000 liquid chromatography–tandem
ass spectrometry system (Sciex Division of MDS Inc,
oronto, Ontario, Canada). Reversed-phase chromato-
raphic separation was achieved on a Symmetry C8

olumn (150 � 2.1 mm internal diameter, 3.5 �m
article size) (Waters, Milford, Mass) by use of gradi-
nt elution. The mobile phase consisted of 10-mmol/L
mmonium formate (pH 3.5, adjusted with 99% formic
cid) and acetonitrile. An aliquot (15 �L) was injected
t a flow rate of 180 �L/min to give a total chromato-
raphic run time of 24 minutes. Clopidogrel served as
n internal standard. The mass spectrometer was oper-
ted in positive TurboIonSpray mode, and the samples
ere analyzed via selected reaction monitoring by use
f the transition of the [M�H]� precursor ion to prod-
ct ion for each analyte and internal standard. The
elected reaction monitoring ion transitions were mass-
o-charge ratio (m/z) 453 to m/z 230 for repaglinide, m/z
85 to m/z 162 for M1, m/z 485 to m/z 230 for M2, m/z
69 to m/z 246 for M4, and m/z 421 to m/z 212 for
lopidogrel. The limit of quantification for repaglinide
as 0.02 ng/mL, and the day-to-day coefficients of
ariation were 13.7% at 0.05 ng/mL, 8.7% at 0.1 ng/
L, and 6.9% at 2.0 ng/mL (n � 20). Because authen-

ic reference compounds were not available, repaglin-
de metabolite concentrations are given in arbitrary
nits (units per milliliter) relative to the ratio of the
eak height of each metabolite to that of the internal
tandard in the chromatogram.

Whole-blood cyclosporine concentrations were mea-
ured with a commercially available radioimmunoassay
ethod (CYCLO-Trac; DiaSorin, Stillwater, Minn).

he quantification limit was 30 ng/mL. The day-to-day
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oefficients of variation were 4.6% at 100 ng/mL and
.0% at 350 ng/mL.
Pharmacokinetics. The pharmacokinetics of repa-

linide was characterized by the peak concentration
Cmax) in plasma, time to Cmax (tmax), AUC(0-�), and

½. The Cmax and tmax values were taken directly from
riginal data. The terminal log-linear part of each
oncentration-time curve was identified visually, and
he elimination rate constant (ke) was determined from
og-transformed data by use of linear regression anal-
sis. The t½ was calculated by the following equation:

½ � ln2/ke. The AUC values were calculated by use of
he linear trapezoidal rule for the rising phase of the
lasma repaglinide concentration–time curve and the
og-linear trapezoidal rule for the descending phase,
ith extrapolation to infinity, when appropriate, by
ividing the last measured concentration by ke. The
enal clearance of repaglinide was calculated by divid-
ng the amount excreted into urine within 12 hours by
he repaglinide AUC from 0 to 12 hours. The pharma-
okinetics of cyclosporine was characterized by Cmax in
lood and AUC(0-�). All pharmacokinetic calculations
ere performed with the program MK-Model, version
.0 (Biosoft, Cambridge, United Kingdom).
Pharmacodynamics. The pharmacodynamics of re-

aglinide was characterized by mean change, maxi-
um increase, and maximum decrease in blood glucose

oncentration. The mean change was calculated by
ividing the net area under the blood glucose concen-
ration–time curve from 0 to 3 hours and 0 to 12 hours
y the corresponding time interval. The mean blood

Fig 1. Chemical structures of repaglinide and
catalyzing reactions in vitro, as described by
ressure and mean heart rate were calculated by divid- I
ng the area under the blood pressure– or heart rate–
ime curve from 0 to 12 hours by the corresponding
ime interval.

Statistical analysis. Results are expressed as mean
alues � SD in the text and tables. The pharmacoki-
etic and pharmacodynamic variables between the pla-
ebo and cyclosporine phases were compared by use of
epeated-measures ANOVA. The tmax values were
ompared with the Wilcoxon signed rank test. The
eometric mean ratio and its 95% confidence interval
ere calculated for all pharmacokinetic variables, ex-

ept tmax. The Pearson correlation coefficient was used
o investigate possible relationships between cyclospor-
ne pharmacokinetic variables, repaglinide blood glu-
ose–lowering response, and the extent of interaction
etween cyclosporine and repaglinide. Possible associ-
tions of SLCO1B1, ABCB1, CYP2C8, and CYP3A5
NPs with the degree of interaction between cyclospor-

ne and repaglinide were investigated by use of
NOVA, followed by a posteriori testing with the
ukey test. The analysis was performed with the sta-

istical programs Systat for Windows, version 6.0.1,
nd SPSS 11.0 for Windows (SPSS, Chicago, Ill).
ifferences were considered statistically significant at
	 .05.
In vitro study. Pooled human liver microsomes

HLMs) (new catalog No. 452161, lot 26) and human
ecombinant (Supersomes) CYP2C8 � b5 (new catalog
o. 456252, lot 15) and CYP3A4 � b5 (new catalog
o. 456202, lot 55) were purchased from Gentest

Woburn, Mass). Repaglinide (Boehringer Ingelheim,

M2, and M4 metabolites, as well as enzymes
et al.5
its M1,
ngelheim, Germany), 
-nicotinamide adenine dinucle-
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tide phosphate reduced (
-NADPH), and cyclosporine
Sigma-Aldrich, St Louis, Mo) were used in this study.

ethanol, acetonitrile, and 2-propanol were obtained
rom Rathburn Chemicals (Walkerburn, Scotland);
ther chemicals were from Merck (Darmstadt,
ermany).
All incubations were conducted in duplicate in a

haking water bath at 37°C, and the incubation times
nd microsomal protein concentrations were within the
inear range for reaction velocity. The incubations were
arried out in 0.1-mol/L sodium phosphate buffer (pH
.4), containing 5.0-mmol/L magnesium chloride. The
tock solutions of repaglinide and cyclosporine were
repared in methanol (final concentration, 1% [vol/vol]
n the incubation mixture). The drug(s), buffer, and
LMs or recombinant enzymes were premixed, and

ncubations were commenced by the addition of
-NADPH (final concentration, 1.0 mmol/L). The re-
ction was stopped at 15 minutes from the start of the
ncubation by the addition of phosphoric acid, and
etabolite (M1, M2, and M4) concentrations were
easured by liquid chromatography–tandem mass

pectrometry.
The formation rates of the M1, M2, and M4 metab-

lites of repaglinide (2 �mol/L) were compared in
ecombinant CYP2C8 and CYP3A4. The effect of cy-

Fig 2. Mean (�SEM) plasma concentrations o
dose of repaglinide (0.25 mg) during placeb
circles). Inset depicts same data on a semilog
losporine on the metabolism of repaglinide was stud- r
ed by coincubating repaglinide (2 �mol/L) with cyclo-
porine (0-30 �mol/L) in HLMs. The concentrations of
LMs, recombinant CYP2C8, and recombinant
YP3A4 were 0.1 mg/mL, 5 pmol/mL, and 5 pmol/mL,

espectively. The conversion factors are as follows:
epaglinide, 1 �mol/L equals 453 ng/mL; cyclosporine,
�mol/L equals 1203 ng/mL.
Reaction velocity was determined for each incuba-

ion by dividing the amount of metabolite formed (ar-
itrary units) by the respective time interval and en-
yme concentration. IC50 values (concentration of
nhibitor to cause 50% inhibition of original enzyme
ctivity) were estimated from reaction velocity data by
se of nonlinear regression analysis with the FigP pro-
ram (version 6.0; Biosoft).

ESULTS
Repaglinide pharmacokinetics. The plasma concen-

rations of repaglinide were significantly raised by cy-
losporine (Fig 2 and Table II). Cyclosporine raised the
ean Cmax and AUC(0-�) of repaglinide to 175% (P �

013) and 244% (P 	 .001) of control values, respec-
ively. An increase in the AUC(0-�) was seen in every
ubject (range, 119%-533% of control). There was no
tatistically significant change in the tmax or t½ of

inide in 12 healthy volunteers after single oral
(open circles) or cyclosporine phase (solid
scale.
f repagl
o phase
epaglinide.



A
o
t
b
l
b
r
p
m
�
b
r
p
g
.
r

m
i
t
s
b
H
a
�
r

u
u
u
m
4
e

T
o

peak plas
c

T
a

CLINICAL PHARMACOLOGY & THERAPEUTICS
2005;78(4):388-99 Interaction between cyclosporine and repaglinide 393
Repaglinide pharmacodynamics and blood pressure.
lthough no statistically significant differences were
bserved in the mean blood glucose response between
he placebo and cyclosporine phases (Table III), the
lood glucose response of individual subjects corre-
ated with the degree of pharmacokinetic interaction
etween cyclosporine and repaglinide. The ratio of
epaglinide Cmax values between the cyclosporine and
lacebo phases correlated with the difference in the
ean blood glucose change from 0 to 3 hours (r �
0.586, P � .045) and with the difference in maximum

lood glucose increase (r � �0.623, P � .031). The
atio of repaglinide AUC(0-�) values between the
hases correlated with the difference in the mean blood
lucose change from 0 to 3 hours (r � �0.602, P �
038). The subject with the greatest (5-fold) increase in

able II. Pharmacokinetic variables of single oral dos
ral administration of placebo or 100 mg cyclosporine

Variable

Placebo
phase

(control)
Cyclosp

phas

Repaglinide
Cmax (ng/mL) 3.9 � 1.9 6.7 �
tmax (min) 40 (20-40) 40 (20
t½ (h) 1.3 � 0.3 1.3 �
AUC(0-�) (ng · h/mL) 4.44 � 1.68 10.82 �
Clrenal (mL/h) 12.8 � 4.5 13.8 �

Amount excreted in urine
Repaglinide (ng) 53.8 � 18.3 142.6 �
M1 metabolite (U) 379 � 111 389 �
M2 metabolite (U) 955 � 300 7142 �
M4 metabolite (U) 126 � 33 630 �
M1/repaglinide ratio (U/ng) 8.0 � 3.6 3.0 �
M2/repaglinide ratio (U/ng) 20.5 � 10.3 52.9 �
M4/repaglinide ratio (U/ng) 2.6 � 1.0 4.7 �

Data are given as mean � SD, except for tmax data, which are given as me
CI, Confidence interval; Cmax, peak plasma concentration; tmax, time to

oncentration–time curve from time 0 to infinity; Clrenal, renal clearance.

able III. Pharmacodynamic variables of single oral d
dministration of placebo or 100 mg cyclosporine at 1

Variable
Placebo phase

(control)

Mean change, 0-3 h (mmol/L) �0.3 � 0.7
Mean change, 0-12 h (mmol/L) �0.2 � 0.5
Maximum increase (mmol/L) 1.6 � 0.9
Maximum decrease (mmol/L) 1.5 � 0.7

Data are given as mean � SD.
epaglinide AUC(0-�) also had the greatest enhance- s
ent of the blood glucose–lowering effect of repaglin-
de (Fig 3). However, none of the subjects had symp-
omatic hypoglycemia in this low-dose repaglinide
tudy with frequent carbohydrate intake. The mean
lood pressure (systolic/diastolic) was 130 � 10 mm
g/74 � 5 mm Hg and 133 � 7 mm Hg/75 � 5 mm Hg

nd the mean heart rate was 62 � 11 beats/min and 62
7 beats/min in the placebo and cyclosporine phases,

espectively.
Excretion of repaglinide and its metabolites into

rine. Compared with the corresponding control val-
es, cyclosporine increased the urinary excretion of
nchanged repaglinide (to 265%, P 	 .001) and its
etabolites M2 (to 748%, P 	 .001) and M4 (to

99%, P 	 .001) but had no significant effect on the
xcretion of M1 (Table II). However, cyclosporine

aglinide (0.25 mg) in 12 healthy volunteers after
ours and 1 hour before repaglinide administration

Cyclosporine phase:
Percentage of

control and range

Geometric mean
ratio and 95%

CI
P

value

175% (56%-365%) 1.82 (1.28-2.58) .003
.180

97% (69%-133%) 0.98 (0.86-1.13) .806
244% (119%-533%) 2.54 (1.91-3.35) 	 .001
108% (67%-189%) 1.08 (0.86-1.35) .462

265% (155%-600%) 2.74 (2.11-3.54) 	 .001
103% (57%-142%) 1.05 (0.89-1.23) .548
748% (217%-1794%) 7.33 (5.14-10.45) 	 .001
499% (227%-1132%) 5.01 (3.70-6.78) 	 .001

38% (17%-72%) 0.38 (0.29-0.50) 	 .001
258% (129%-611%) 2.68 (1.94-3.72) 	 .001
181% (106%-343%) 1.83 (1.51-2.22) 	 .001

ange.
ma concentration; t½, elimination half-life; AUC(0-�), area under plasma

repaglinide (0.25 mg) in 12 healthy volunteers after
and 1 hour before repaglinide administration

orine
se

Mean difference between phases
and 95% CI P value

0.5 0.1 (�0.4 to 0.7) .644
0.5 0.1 (�0.3 to 0.4) .718
0.6 0.0 (�0.7 to 0.7) .981
0.6 0.0 (�0.6 to 0.6) �.999
e of rep
at 13 h

orine
e

2.1
-40)
0.3
3.28
5.6

46.7
85
2574
165
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�62%, P 	 .001) and increased the ratio of M2 to
epaglinide (�158%, P 	 .001) and M4 to repaglin-
de (�81%, P 	 .001) in urine. The renal clearance
f repaglinide remained unchanged by cyclosporine
P � .521).

Cyclosporine pharmacokinetics. The mean Cmax

nd AUC(0-�) and median tmax values of cyclosporine
ere 664 � 158 ng/mL, 1998 � 636 ng/mL, and 80
inutes (range, 80-120 minutes), respectively (Fig 3

nd Table I). There was a significant correlation be-
ween the AUC(0-�) of cyclosporine and the increase
n the AUC(0-�) of repaglinide caused by cyclosporine

Fig 3. Plasma concentrations of repaglinide (
subject 12, who had the greatest increase in r
the blood glucose–lowering effect of repaglin
rithmic scale. Open circles, Placebo phase; so
Pearson r � 0.61, P � .034) (Fig 4). o
Genotypes and repaglinide pharmacokinetics. The
LCO1B1, ABCB1, CYP2C8, and CYP3A5 genotypes
f the subjects are shown in Table I. In subjects with
he SLCO1B1 521TC genotype, the increase in the
UC(0-�) of repaglinide by cyclosporine (4.3 � 3.8
g · h/mL) was 42% smaller than in subjects with the
21TT (reference) genotype (7.4 � 2.8 ng · h/mL) (P

.047) (Fig 5). No other statistically significant
ssociations between the investigated SNPs or hap-
otypes and the extent of interaction or repaglinide
aseline pharmacokinetics were found.
In vitro study. Cyclosporine inhibited the formation

hange in blood glucose concentrations (B) in
e concentrations and the greatest increase in
t in A depicts the same data on a semiloga-

les, cyclosporine phase.
A) and c
epaglinid
ide. Inse
f the repaglinide metabolites M1 (IC50, 0.2 �mol/L)
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nd M2 (IC50, 4.3 �mol/L) in HLMs, with no effect on
he formation of M4 (Fig 6, A). The maximum inhibi-
ion values of M1 and M2 formation were approxi-
ately 90% and 60%, respectively, and the IC50 values

or the inhibitory processes were 0.13 �mol/L and
.47 �mol/L, respectively.
All metabolites were formed in incubations with

ecombinant CYP2C8 and CYP3A4. M1 and M2 were
redominantly formed by recombinant CYP3A4,
hereas M4 was formed mainly by recombinant

ig 4. A, Mean (�SEM) plasma concentrations of cyclo-
porine after second (last) 100-mg dose. Time 0 refers to
dministration of cyclosporine, that is, 1 hour before the
dministration of repaglinide. B, Relationship between cyclo-
porine area under the concentration-time curve from time 0
o infinity [AUC(0-�)] and increase in repaglinide AUC(0-�)
y cyclosporine. Open circles, Subjects with SLCO1B1
21TT genotype; solid circles, subjects with SLCO1B1
21TC genotype.
YP2C8 (Fig 6, B). i
ISCUSSION
This study shows that even short-term use of cyclo-

porine markedly increases the plasma concentrations
f repaglinide. There was large variation in the extent
f the interaction, with the increase in the AUC of
epaglinide ranging from 1.2-fold to over 5-fold even in
his homogeneous group of young healthy volunteers.
his variation can be partly explained by genetic fac-

ors and variability in cyclosporine concentrations.
owever, cyclosporine had no significant effect on the
lood glucose–lowering effect of repaglinide, which
an be explained, at least partially, by the use of a
ubtherapeutic dose of repaglinide and the frequent
ood intake after repaglinide administration.

Both CYP2C8 and CYP3A4 participate in the me-
abolism of repaglinide.4,5 There is evidence suggesting
hat the role of CYP2C8 might be more important than
hat of CYP3A4; inhibition of CYP3A4 by itraconazole
r clarithromycin has resulted in an increase of about
0% in the AUC of repaglinide9,11; inhibition of
YP2C8 by trimethoprim has resulted in a 61% in-
rease.10 In addition, genetic variation in CYP2C8 is
ssociated with altered repaglinide pharmacokinet-

ig 5. Increase in AUC(0-�) of repaglinide caused by cy-
losporine in relation to SLCO1B1 521T�C single-nucleotide
olymorphism. Bar, Group mean; open circles, subjects with
LCO1B1 521TT genotype; solid circles, subjects with
LCO1B1 521TC genotype.
cs.7,25 Gemfibrozil, an inhibitor of CYP2C8,26 has
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aised the AUC of repaglinide about 8-fold, greatly
nhancing its blood glucose–lowering effect.9 The
lucuronide conjugate of gemfibrozil inhibits CYP2C8
ore strongly than parent gemfibrozil does, without

nhibiting CYP3A4,14 and gemfibrozil and this conju-
ate metabolite also inhibit OATP1B1.14 In a recent
tudy the AUC of repaglinide was 3-fold higher in
ubjects homozygous for the functionally significant
LCO1B1 521T�C SNP compared with subjects with
he reference genotype, consistent with a major role for
ATP1B1 in repaglinide pharmacokinetics.7 Thus

ombined inhibition of the hepatic uptake of repaglin-
de and its CYP2C8-mediated biotransformation could
xplain the observed in vivo interaction between gem-
brozil and repaglinide.
Inhibition of a single CYP enzyme by specific inhib-

tors, without an additional mechanism, has produced
nly moderate increases in the AUC of repaglinide. In
he current study the mean AUC of repaglinide was
aised about 2.5-fold by cyclosporine. Inhibition of
YP-mediated biotransformation of repaglinide by cy-

ig 6. A, Effect of cyclosporine on formation of metabolites
1, M2, and M4 from repaglinide (2 �mol/L) by human liver
icrosomes (HLM). B, Formation of repaglinide metabolites
1, M2, and M4 by recombinant CYP2C8 and recombinant
YP3A4. IC50, Concentration of inhibitor to cause 50%

nhibition of original enzyme activity.
losporine is unlikely to solely explain this a
yclosporine-repaglinide interaction, because cyclo-
porine is weaker than itraconazole or clarithromycin as
n inhibitor of CYP3A4 in vivo, and cyclosporine does
ot significantly inhibit CYP2C8.27-30 Our in vitro re-
ults demonstrated that cyclosporine potently inhibited
he CYP3A4-mediated repaglinide metabolism to M1,
ithout an effect on M4 formed by CYP2C8. In this

tudy the peak concentrations of cyclosporine (range,
23-956 ng/mL) were higher than the in vitro IC50 for
epaglinide metabolism to M1 but not to M2.

In our study the ratio of M1 (formed primarily by
YP3A4)5 to repaglinide in urine was significantly
ecreased by cyclosporine, suggesting that cyclospor-
ne also inhibited the formation of M1 in vivo, similar
o that which occurred in vitro. On the other hand, the
atios of M2 (formed only partially by CYP3A4)5 to
epaglinide and M4 (formed primarily by CYP2C8)5 to
epaglinide in urine were increased, suggesting that
yclosporine did not inhibit the formation of these
ajor metabolites in vivo, although it caused a partial

nhibition of M2 formation by HLMs in vitro. The
ncreases in the ratios of M2 and M4 to repaglinide in
rine by cyclosporine may be explained by inhibition of
he hepatic (or biliary) elimination of M2 and M4. For
xample, cyclosporine inhibits the P-glycoprotein31

nd multidrug resistance–associated protein 232 efflux
ransporters, expressed in the canalicular membrane of
he hepatocyte, and can thus affect the biliary elimina-
ion of drugs and their metabolites.

Although cyclosporine also inhibited the formation of
1 in vivo, this inhibition alone is unlikely to explain the

ffect of cyclosporine on the pharmacokinetics of parent
epaglinide, because M1 is quantitatively only a minor
etabolite of repaglinide.6 Furthermore, itraconazole,
hich raised the AUC of repaglinide by only 40%, re-
uced the plasma AUC ratio of M1 to repaglinide by
0%,9 whereas cyclosporine reduced the ratio of M1 to
epaglinide in urine by only 62%. Given that the pharma-
okinetics of repaglinide depends largely on the
LCO1B1 (encoding OATP1B1) polymorphism7 and that
yclosporine is a potent inhibitor of OATP1B1,17 inhibi-
ion of the OATP1B1-mediated hepatic uptake of repa-
linide by cyclosporine probably contributes to their in-
eraction. This conclusion is further supported by the
nding that the effect of cyclosporine on repaglinide phar-
acokinetics was smaller in carriers of SLCO1B1

21T�C SNP than in noncarriers. Thus inhibition of both
he CYP3A4-mediated biotransformation and the
ATP1B1-mediated hepatic uptake by cyclosporine
robably explains the interaction between cyclosporine

nd repaglinide.
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Although cyclosporine increased the AUC of repa-
linide by about 2.5-fold, it had no effect on the t½ of
epaglinide in this study. In a previous study in children
ho had received heart transplants, cyclosporine in-

reased the AUC of pravastatin by 10-fold without
ffecting its t½.23 Moreover, SLCO1B1 521CC geno-
ype did not affect repaglinide t½, despite a 3-fold
ncrease in AUC.7 Increased bioavailability can only
artly explain these increases in plasma drug concen-
rations, and further studies are needed to clarify the
harmacokinetic mechanisms involved.
In transplant recipients treated with cyclosporine, the

xposure to all statins studied has been, on average, 3- to
0-fold higher than in control subjects.16,20,21,24,33-35

emfibrozil has raised the concentrations of statins 2- to
-fold.12,26,36-38 OATP1B1 is involved in the hepatic up-
ake of pravastatin,39,40 cerivastatin,17 and rosuvastatin.21

t is likely that atorvastatin, simvastatin, and lovastatin are
lso substrates of this hepatic uptake transporter.7,21,39

yclosporine inhibits CYP3A4,41 P-glycoprotein,18,19 and
ATP1B1,17 whereas gemfibrozil (and its glucuronide

onjugate) inhibits CYP2C8 and OATP1B1 but not
YP3A4 or P-glycoprotein.12,13,42 The similarities in the
bserved drug interactions of gemfibrozil and cyclospor-
ne suggest that they share a common pharmacokinetic
nteraction mechanism, that is, inhibition of OATP1B1.

There was no statistically significant difference in the
ean glucose-lowering effect between the 2 phases in

ur study, despite a marked difference in the exposure
o repaglinide between the phases. The obvious reason
or this apparent discrepancy is that only a small dose
f repaglinide was given, followed by frequent carbo-
ydrate intake to prevent hypoglycemia. The blood
lucose–lowering effect of repaglinide is dose- and
oncentration-dependent.2 Accordingly, the greatest in-
reases in the plasma repaglinide concentrations were
ssociated with the greatest increases in the blood glu-
ose–lowering effect of repaglinide. Thus concomitant
se of cyclosporine may increase the blood glucose–
owering effect of repaglinide and the risk of hypogly-
emia, particularly if higher cyclosporine and repaglin-
de doses are used. Of note, there was a linear
elationship between cyclosporine AUC and the in-
rease in repaglinide AUC by cyclosporine. It is, there-
ore, advisable to monitor blood glucose concentrations
losely if cyclosporine is started in a patient taking
epaglinide. In a previous study the combination of
emfibrozil and itraconazole synergistically increased
he plasma concentrations (by nearly 20-fold) and ef-
ects of repaglinide.9 Such synergism may occur if
yclosporine is combined with an inhibitor of CYP2C8,

eading to simultaneous inhibition of OATP1B1-
ediated hepatic uptake and CYP-mediated biotrans-
ormation of repaglinide.

In conclusion, cyclosporine considerably raised the
lasma concentrations of repaglinide. This interaction
s probably caused by inhibition of both the CYP3A4-
atalyzed metabolism and the OATP1B1-mediated he-
atic uptake of repaglinide by cyclosporine. The pos-
ibility of an increased risk of hypoglycemia should be
onsidered when the 2 drugs are used concomitantly.

We thank Mrs Kerttu Mårtensson, Mrs Eija Mäkinen-Pulli, and
rs Lisbet Partanen for skillful technical assistance.
The authors have identified no conflicts of interest in relation to

his article.
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