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ffects of organic anion transporting
olypeptide 1B1 haplotype on
harmacokinetics of pravastatin, valsartan,
nd temocapril

Objective: Recent reports have shown that genetic polymorphisms in organic anion transporting polypeptide
(OATP) 1B1 have an effect on the pharmacokinetics of drugs. However, the impact of OATP1B1�1b alleles,
the frequency of which is high in all ethnicities, on the pharmacokinetics of substrate drugs is not known after
complete separation of subjects with OATP1B1�1a and �1b. Furthermore, the correlation between the
clearances of OATP1B1 substrate drugs in individuals has not been characterized. We investigated the effect
of genetic polymorphism of OATP1B1, particularly the �1b allele, on the pharmacokinetics of 3 anionic
drugs, pravastatin, valsartan, and temocapril, in Japanese subjects.
Methods: Twenty-three healthy Japanese volunteers were enrolled in a 3-period crossover study. In each
period, after a single oral administration of pravastatin, valsartan, or temocapril, plasma and urine were
collected for up to 24 hours.
Results: The area under the plasma concentration–time curve (AUC) of pravastatin in �1b/�1b carriers (47.4 �

19.9 ng · h/mL) was 65% of that in �1a/�1a carriers (73.2 � 23.5 ng · h/mL) (P � .049). Carriers of �1b/�15
(38.2 � 15.9 ng · h/mL) exhibited a 45% lower AUC than �1a/�15 carriers (69.2 � 23.4 ng · h/mL) (P �

.024). In the case of valsartan we observed a similar trend as with pravastatin, although the difference was not
statistically significant (9.01 � 3.33 �g · h/mL for �1b/�1b carriers versus 12.3 � 4.6 �g · h/mL for �1a/�1a
carriers [P � .171] and 6.31 � 3.64 �g · h/mL for �1b/�15 carriers versus 9.40 � 4.34 �g · h/mL for �1a/�15
carriers [P � .213]). The AUC of temocapril also showed a similar trend (12.4 � 4.1 ng · h/mL for �1b/�1b
carriers versus 18.5 � 7.7 ng · h/mL for �1a/�1a carriers [P � .061] and 16.4 � 5.0 ng · h/mL for �1b/�15
carriers versus 19.0 � 4.1 ng · h/mL for �1a/�15 carriers [P � .425]), whereas that of temocaprilat (active form
of temocapril) was not significantly affected by the haplotype of OATP1B1. Interestingly, the AUC of valsartan
and temocapril in each subject was significantly correlated with that of pravastatin (R � 0.630 and 0.602, P <
.01). The renal clearance remained unchanged for each haplotype for all drugs.
Conclusion: The major clearance mechanism of pravastatin, valsartan, and temocapril appears to be similar,
and OATP1B1�1b is one of the determinant factors governing the interindividual variability in the pharma-
cokinetics of pravastatin and, possibly, valsartan and temocapril. (Clin Pharmacol Ther 2006;79:427-39.)
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The administration of the same dose of a drug some-
imes results in large interindividual differences in
harmacokinetics and subsequent pharmacologic and
oxicologic effects. The pharmacokinetics of certain
rugs are dominated by absorption, disposition, metab-
lism, and elimination, and many molecules, such as
etabolic enzymes and transporters, have been re-

orted to be involved in each process. Recently, poly-
orphisms in each molecule have been identified, and
any in vitro and clinical studies have demonstrated

hat some of them are associated with a change in the
xpression and function of molecules and the pharma-
okinetics of drugs. Although there is much informa-
ion regarding metabolic enzymes such as cytochrome
450 (CYP) and phase II conjugation enzymes, the
linical significance of the genetic polymorphisms in
ransporters is not well understood.

Organic anion transporting polypeptide (OATP) 1B1
formerly known as OATP-C or OATP2) is exclusively
xpressed in the liver and located on the basolateral
embrane.1–3 Some reports have indicated that
ATP1B1 can transport a wide variety of compounds

ncluding clinically important drugs such as 3-hydroxy-
-methylglutaryl–coenzyme A reductase inhibitors,1,4,5

hich suggests that OATP1B1 may be responsible for
he hepatic uptake of various kinds of anionic drugs,
hich efficiently accumulate in liver. Hepatic clearance

onsists of intrinsic clearances of hepatic uptake, sinu-
oidal efflux, metabolism, and biliary excretion. From
he viewpoint of pharmacokinetics, a change in the
ptake process will directly affect the overall hepatic
learance, regardless of the absolute values of each
ntrinsic clearance.6 Therefore genetic polymorphisms
n OATP1B1 may have an effect on the hepatic clear-
nce of OATP1B1 substrates.

Several genetic polymorphisms in OATP1B1 have
een reported, and in vitro studies have shown that
ome of them reduce the transport capability of several
ubstrates in OATP1B1 variant–expressing cells.7–9

mong these, previous studies have focused on 2 mu-
ations, Asn130Asp and Val174Ala, because they are
requently observed in all ethnic groups investigated
reviously and their allele frequencies show some eth-
ic differences,9,10 which may cause an ethnic differ-
nce in the pharmacokinetics of OATP1B1 substrates.
nterestingly, Nishizato et al10 demonstrated that
al174Ala was tightly linked with Asn130Asp and

ormed a haplotype referred to as OATP1B1�15 in
apanese subjects. In addition, after oral administration
f pravastatin, healthy Japanese volunteers with the �15
llele showed an increase in the area under the plasma

oncentration–time curve (AUC) of pravastatin. This t
esult was supported by in vitro analysis showing that
he intrinsic maximum velocity normalized by the ex-
ression level for OATP1B1�15 variant was drastically
educed compared with OATP1B1�1a.7–9 Subse-
uently, 2 clinical studies showed that the Val174Ala
utation also increased the AUC of pravastatin in
hite subjects.11,12 Very recently, Niemi et al13,14 re-
orted that the pharmacokinetics of fexofenadine and
epaglinide was also affected by the Val174Ala muta-
ion. These results suggest that the Val174Ala mutation
n OATP1B1 reduces the transport function. On the
ther hand, Mwinyi et al12 showed that the AUC of
ravastatin in subjects with �1a/�1b (Asn130Asp) or
1b/�1b alleles tended to be lower than that in �1a
omozygotes. However, they did not completely sepa-
ate the subjects with the �1b allele from those with the
1a allele, and so we cannot directly compare the effect
f the �1b allele with that of the �1a allele. The allele
requency of OATP1B1�1b was reported to be high and
howed some ethnic differences (eg, 0.30 in white
mericans [n � 49],9 0.74 in black Americans [n �
4],9 and 0.63 in Japanese subjects [n � 120]10), im-
lying that this might cause the ethnic differences in the
harmacokinetics of drugs. Therefore we were partic-
larly interested in the effect of the Asn130Asp variant
f OATP1B1 on the pharmacokinetics of 3 drugs, prav-
statin, valsartan, and temocapril, and we classified the
ubjects into 4 groups, �1a/�1a, �1b/�1b, �1a/�15, and
1b/�15 carriers, to directly investigate the difference
n the pharmacokinetics of the subjects with the �1a
nd �1b alleles (�1a/�1a versus �1b/�1b and �1a/�15
ersus �1b/�15).
Valsartan is a novel angiotensin II receptor antago-

ist, and temocapril is an angiotensin-converting en-
yme inhibitor. Drugs in these categories are widely
sed for the treatment of hypertension. Valsartan is
ainly eliminated via the liver. Valsartan itself is phar-
acologically active and is thought to be excreted into

he bile in unchanged form without extensive metabo-
ism.15 Because of its hydrophilicity and carboxyl moi-
ty, some organic anion transporters may be involved
n the hepatic clearance of valsartan. Temocapril is an
sterified prodrug and is rapidly converted to the active
etabolite temocaprilat by carboxyl esterase.16 Temo-

aprilat is mainly excreted into the bile, whereas the
ctive metabolites of other angiotensin-converting en-
yme inhibitors such as enalaprilat are mainly excreted
nto the urine because temocaprilat, but not enalaprilat,
an interact with multidrug resistance associated pro-
ein 2 (MRP2), which is an efflux transporter located on
he apical membrane.17 Sasaki et al18 demonstrated that

ranscellular vectorial transport of temocaprilat was
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bserved in OATP1B1/MRP2 double-transfected cells,
uggesting that temocaprilat is a substrate of
ATP1B1.
Therefore the purpose of this study was to clarify the

mportance of the OATP1B1 haplotype, especially the
1b allele, in the pharmacokinetics of the OATP1B1
ubstrates pravastatin, valsartan, and temocaprilat, as
ell as to determine whether the clearances of
ATP1B1 substrate drugs in each subject are well

orrelated with one another in healthy Japanese volun-
eers.

ETHODS
Subjects. Twenty-three healthy male Japanese vol-

nteers participated in this clinical study. They were
ecruited from a population of 100 male Japanese vol-
nteers whose OATP1B1 haplotype was prescreened
fter written informed consent was obtained. The geno-
yping method of OATP1B1 has been described previ-
usly.10 The haplotypes of OATP1B1 in the 23 partic-
pants were �1a/�1a (n � 5), �1a/�15 (n � 6), �1b/�1b
n � 7), and �1b/�15 (n � 5). The participants were
ged between 20 and 35 years. Each participant had a
ody weight of between 50 and 80 kg and a body mass
ndex of between 17.6 and 26.4 kg/m2. Within 1 month
efore this clinical study was started, a medical history
as obtained from the participants, who then under-
ent a physical examination, electrocardiography, rou-

ine blood testing, and urinalysis. They were also
creened for narcotic drugs and psychotropic sub-
tances. This allowed us to confirm that all of the
ubjects were able to participate in this study.

Study design. This study protocol was approved by
he Ethics Review Boards at both the Graduate School
f Pharmaceutical Sciences, The University of Tokyo,
okyo, and Kannondai Clinic, Tsukuba, Japan. All
articipants provided written informed consent. All
ubjects took part in the 3-period crossover trial and
eceived pravastatin, valsartan, and temocapril in a
andom sequence. There was a washout period of 1
eek between each administration. In each period sub-

ects came to the clinic on the day before drug admin-
stration. After an overnight fast, each subject received
0 mg pravastatin sodium (Mevalotin tablet; Sankyo,
okyo, Japan), 2 mg temocapril hydrochloride (Acecol

ablet; Sankyo), or 40 mg valsartan (Diovan tablet;
ovartis, Basel, Switzerland). Venous blood samples

7 mL each) were collected in tubes containing heparin
efore and at 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 12, and 24
ours after drug administration. Urine samples were
ollected for 24 hours. Plasma was separated by cen-

rifugation. Plasma and urine samples were stored at p
80°C until analysis. Alcohol, grapefruit juice, St
ohn’s wort, and other drugs were not permitted from 2
ays before admission to the clinic until the end of the
tudy periods, and smoking was prohibited during the
tudy periods. During the study periods, standardized
eals were served to all subjects at scheduled times.
or the safety of subjects, after the end of each period,
ll subjects underwent a physical examination and rou-
ine blood testing and urinalysis were carried out.

Quantification of concentrations of pravastatin and
ts metabolite, RMS-416, in plasma and urine. Con-
entrations of pravastatin and RMS-416 in plasma and
rine were measured by liquid chromatography–
andem mass spectrometry as described in an earlier
eport.19 One milliliter of plasma was mixed with 100
L internal standard (R-122798, 800 ng/mL; prepared
y Sankyo), 1 mL 10% methanol, and 300 �L 0.5-
ol/L phosphate buffer (pH 4.0). In addition, 0.5 mL

rine was mixed with 50 �L internal standard (R-
22798), 0.5 mL 10% methanol, and 300 �L 0.5-mol/L
hosphate buffer (pH 4.0). The mixture was applied to
Bond Elut C8 cartridge (200 mg/3 mL) (Varian, Palo
lto, Calif), washed twice with 3 mL 5% methanol

plasma) or distilled water (urine), and eluted with 2
L acetonitrile. The eluate was evaporated under ni-

rogen gas at 40°C, mixed with 120 �L acetonitrile, and
ltrasonicated for 3 minutes. Then, 180 �L 10-mmol/L
mmonium acetate was added, and aliquots (20 �L for
lasma and 10 �L for urine) were injected into the
iquid chromatography–tandem mass spectrometry sys-
em. Separation by HPLC was conducted with an Agi-
ent 1100 Series system (Agilent Technologies, Palo
lto, Calif) with an Inertsil ODS-3 column (4.6 � 150
m, 5 �m; GL Sciences, Tokyo, Japan). The compo-

ition of the mobile phase was acetonitrile/water/am-
onium acetate/formic acid/triethylamine (400:600:

.77:0.2:0.6 [vol/vol/wt/vol/vol]). The flow rate was 1
L/min. Mass spectra were determined with an API

000 tandem mass spectrometer (MDS Sciex, Concord,
ntario, Canada) in the negative ion–detecting mode

t the atmospheric pressure–chemical ionization interface.
he turbo gas temperature was 600°C. The samples were

onized by reacting with solvent-reactant ions produced by
he corona discharge (�5.0 �A) in the chemical ioniza-
ion mode. The precursor ions of pravastatin at mass-to-
harge ratio (m/z) 423.2, RMS-416 at m/z 423.2, and
-122798 at m/z 409.2 were admitted to the first quadru-
ole (Q1). After the collision-induced fragmentation in the
econd quadrupole (Q2), the product ions of pravastatin at
/z 321.1, RMS-416 at m/z 321.3, and R-122798 at m/z
21.4 were monitored in the third quadrupole (Q3). The

eak area ratio of each compound to the corresponding
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nternal standard was calculated with Analyst Software
version 1.3.1; Applied Biosystems, Foster City, Calif).
he calibration curves were linear over the standard con-
entration range of 0.1 ng/mL to 100 ng/mL for pravasta-
in and RMS-416 in plasma, 20 ng/mL to 2000 ng/mL for
ravastatin in urine, and 5 ng/mL to 500 ng/mL for
MS-416 in urine.
Quantification of valsartan concentration in

lasma and urine. One hundred microliters of plasma
r urine was mixed with 100 �L internal standard
[2H9]-valsartan in 50% methanol, 500 ng/mL; pre-
ared by Novartis Pharma, Basel, Switzerland) and 300
L 2% trifluoroacetic acid (TFA) aqueous solution.
he mixture was applied to a 96-well Empore Disk
late C18 SD (Sumitomo 3M, Tokyo, Japan); washed 3

imes with 200 �L 1% TFA aqueous solution, 1% TFA
n 5% methanol, and 1% TFA in 20% methanol; and
luted twice with 100 �L methanol. The eluate was
vaporated under nitrogen gas at 40°C, mixed with 100
L (for plasma) or 400 �L (for urine) methanol/aceto-
itrile/0.1% TFA (35:20:45 [vol/vol/vol]), and ultra-
onicated for 3 minutes. Then, 5-�L aliquots were
njected into the liquid chromatography–tandem mass
pectrometry system. Separation by HPLC was con-
ucted with an Agilent 1100 Series system (Agilent
echnologies) with a Symmetry C18 column (2.1 � 30
m, 3.5 �m; Waters, Milford, Mass). The composition

f the mobile phase was methanol/acetonitrile/0.1%
FA (35:20:45 [vol/vol/vol]). The flow rate was 0.2
L/min. Mass spectra were determined with an API

000 tandem mass spectrometer (Applied Biosystems)
n the positive ion–detecting mode at the electrospray
onization interface. The turbo gas temperature was
00°C, and the spray voltage was 5500 V. The precur-
or ions of valsartan at m/z 436.1 and [2H9]-valsartan at
/z 445.1 were admitted to the first quadrupole (Q1).
fter the collision-induced fragmentation in the second
uadrupole (Q2), the product ions of valsartan at m/z
91.1 and [2H9]-valsartan at m/z 300.1 were monitored
n the third quadrupole (Q3). The peak area ratio of
ach compound to the corresponding internal standard
as calculated with Analyst Software (version 1.3.1;
pplied Biosystems). The calibration curves were lin-

ar over the standard concentration range of 2 ng/mL to
000 ng/mL for plasma and 20 ng/mL to 5000 ng/mL
or urine.

Quantification of temocapril and temocaprilat con-
entrations in plasma and urine. Two hundred micro-
iters of plasma was mixed with 200 �L internal stan-
ard ([2H5]-temocaprilat, 10 ng/mL; prepared by
ankyo), 2 mL 0.1% formic acid, and 200 �L metha-

ol. Then, 500 �L urine was mixed with 200 �L f
nternal standard ([2H5]-temocaprilat), 500 �L 0.5%
ormic acid, and 500 �L methanol. The mixture was
pplied to a Sep-Pak Vac PS-2 cartridge (200 mg/3 mL)
Waters), washed with twice with 3 mL distilled water,
nd eluted twice with 3 mL methanol. The eluate was
vaporated under nitrogen gas at 45°C, mixed with 280
L methanol, and ultrasonicated for 3 minutes. Then,
20 �L 0.2% acetic acid was added, and 10-�L ali-
uots were injected into the liquid chromatography–
andem mass spectrometry system. Separation by
PLC was conducted with an Agilent 1100 Series

ystem (Agilent Technologies) with a Symmetry C18
olumn (2.1 � 150 mm, 5 �m; Waters). The compo-
ition of the mobile phase was methanol/water/acetic
cid (700:300:2 [vol/vol/vol]). The flow rate was 0.2
L/min. Mass spectra were determined with an API

000 tandem mass spectrometer (Applied Biosystems)
n the positive ion–detecting mode at the electrospray
onization interface. The turbo gas temperature was
00°C, and the spray voltage was 5500 V. The precur-
or ions of temocapril at m/z 477.0, temocaprilat at m/z
48.9, and [2H5]-temocaprilat at m/z 454.0 were admit-
ed to the first quadrupole (Q1). After the collision-
nduced fragmentation in the second quadrupole (Q2),
he product ions of temocapril at m/z 270.0, temocap-
ilat at m/z 269.8, and [2H5]-temocaprilat at m/z 269.9
ere monitored in the third quadrupole (Q3). The peak

rea ratio of each compound to the corresponding in-
ernal standard was calculated with Analyst Software
version 1.3.1; Applied Biosystems). The calibration
urves were linear over the standard concentration
ange of 0.5 ng/mL to 200 ng/mL for temocapril and
emocaprilat in plasma, 1 ng/mL to 80 ng/mL for te-
ocapril in urine, and 5 ng/mL to 400 ng/mL for

emocaprilat in urine.
Uptake study by use of OATP1B1 expression system.

he OATP1B1-expressing human embryonic kidney
HEK) 293 cells and vector-transfected control cells have
een established previously, and the transport study was
arried out as described previously.5 Tritium-labeled val-
artan and unlabeled valsartan were kindly donated by
ovartis Pharma, and carbon 14–labeled temocaprilat and
nlabeled temocaprilat were donated by Sankyo. Uptake
as initiated by the addition of Krebs-Henseleit buffer

ontaining radiolabeled and unlabeled substrates after
ells had been washed twice and preincubated with
rebs-Henseleit buffer at 37°C for 15 minutes. The
rebs-Henseleit buffer consisted of 118-mmol/L so-
ium chloride, 23.8-mmol/L sodium bicarbonate, 4.8-
mol/L potassium chloride, 1.0-mmol/L potassium

hosphate [monobasic], 1.2-mmol/L magnesium sul-

ate, 12.5-mmol/L N-[2-hydroxyethyl]piperazine-N�-



[
a
T
a
m
t
s
k
f
o
w
l
C
s
J
c
t
s

t
p
b
w
d
h
e
5
p
H
a
c
m
t
(
b
t
p
(
m
b
s

K
v
m
c
d
m
m
r
2
s

a
o
(
s
m
d
T
w
c
V
fl
s
i
t
p
o

H
o
d
a
1
i
s
d
u
�
p
(
M
Z
i
t
p
i
a
t
T
m
4
(
R
u
r

f
t
c
i
m
d

CLINICAL PHARMACOLOGY & THERAPEUTICS
2006;79(5):427-39 OATP1B1 and PK of pravastatin, valsartan, and temocapril 431
2-ethanesulfonic acid] (HEPES), 5.0-mmol/L glucose,
nd 1.5-mmol/L calcium chloride adjusted to pH 7.4.
he uptake was terminated at a designated time by the
ddition of ice-cold Krebs-Henseleit buffer after re-
oval of the incubation buffer. Cells were then washed

wice with 1 mL of ice-cold Krebs-Henseleit buffer,
olubilized in 500 �L of 0.2N sodium hydroxide, and
ept overnight at 4°C. Aliquots (500 �L) were trans-
erred to scintillation vials after the addition of 250 �L
f 0.4N hydrochloric acid. The radioactivity associated
ith the cells and incubation buffer was measured in a

iquid scintillation counter (LS6000SE; Beckman
oulter, Fullerton, Calif) after the addition of 2 mL of

cintillation fluid (Clear-sol I; Nacalai Tesque, Kyoto,
apan) to the scintillation vials. The remaining 50 �L of
ell lysate was used to determine the protein concen-
ration by the method of Lowry et al18a with bovine
erum albumin as a standard.

Transcellular transport study by use of double-
ransfected cells. The transcellular transport study was
erformed as reported previously by Sasaki et al.18 In
rief, Madin-Darby canine kidney II (MDCKII) cells
ere grown on Transwell membrane inserts (6.5-mm
iameter, 0.4-�m pore size; Corning Coster, Boden-
eim, Germany) at confluence for 3 days, and the
xpression level of transporters was induced with
-mmol/L sodium butyrate for 2 days before the trans-
ort study. Cells were first washed with Krebs-
enseleit buffer at 37°C. Subsequently, substrates were

dded in Krebs-Henseleit buffer either to the apical
ompartments (250 �L) or to the basolateral compart-
ents (1 mL). After a designated period, the aliquot of

he incubation buffer in the opposite compartments
100 �L from apical compartment or 250 �L from
asal compartment) was collected. The amount of
ritium-labeled estradiol-17�-glucuronide in the sam-
les was determined by a liquid scintillation counter
LS6000SE; Beckman Coulter), and the amount of te-
ocapril and RMS-416 in the samples was determined

y liquid chromatography–mass spectrometry as de-
cribed later.

Quantification of temocapril concentration in
rebs-Henseleit buffer. A 50-�L sample was mixed
igorously with 250 �L of ethyl acetate. Two hundred
icroliters of supernatant was collected, dried up by a

entrifugal concentrator (TOMY, Tokyo, Japan), and
issolved in 40 �L dimethylsulfoxide. Thirty-
icroliter aliquots were injected into the liquid chro-
atography–tandem mass spectrometry system. Sepa-

ation by HPLC was conducted with a Waters Alliance
695 Separations Module with an L-column octadecyl-

ilane (2.1 � 150 mm, 5 �m; Chemicals Evaluation w
nd Research Institute, Tokyo, Japan). The composition
f the mobile phase was acetonitrile/0.05% formic acid
40:60 [vol/vol]). The flow rate was 0.3 mL/min. Mass
pectra were determined with a Micromass ZQ2000
ass spectrometer (Waters) in the positive ion–

etecting mode at the electrospray ionization interface.
he source temperature and desolvation temperature
ere 100°C and 350°C, respectively. The capillary,

one, and extractor voltages were 3200 V, 30 V, and 5
, respectively. The cone gas flow and desolvation gas
ow were 65 L/h and 375 L/h, respectively. The mass
pectrometer was operated in the selected ion monitor-
ng mode by use of a positive ion, m/z 477.30 for
emocapril. The retention time of temocapril was ap-
roximately 3.7 minutes. Standard curves were linear
ver the range of 3 to 300 nmol/L.
Quantification of RMS-416 concentration in Krebs-
enseleit buffer. A 60-�L sample was mixed vigor-

usly with 60 �L of methanol including internal stan-
ard (0.5 �g/mL R-122798; kindly donated by Sankyo)
nd deproteinized by centrifugation for 10 minutes at
5,000 rpm at 4°C. Then, 50 �L of supernatant was
njected into the liquid chromatography–tandem mass
pectrometry system. Separation by HPLC was con-
ucted with a Waters Alliance 2695 Separations Mod-
le with an Inertsil ODS-3 column (4.6 � 150 mm, 5
m; GL Sciences). The composition of the mobile
hase was acetonitrile/ammonium acetate, 10 mmol/L
pH 4) (40:60 [vol/vol]). The flow rate was 0.3 mL/min.

ass spectra were determined with a Micromass
Q2000 mass spectrometer (Waters) in the negative

on–detecting mode at the electrospray ionization in-
erface. The source temperature and desolvation tem-
erature were 100°C and 350°C, respectively. The cap-
llary, cone, and extractor voltages were 3200 V, 20 V
nd 5 V, respectively. The cone gas flow and desolva-
ion gas flow were 65 L/h and 375 L/h, respectively.
he mass spectrometer was operated in the selected ion
onitoring mode by use of respective positive ions, m/z

23.30 for RMS-416 and m/z 409.30 for R-122798
internal standard). The retention time of RMS-416 and
-122798 was approximately 3.6 minutes and 2.6 min-
tes, respectively. Standard curves were linear over the
ange of 5 to 1000 nmol/L.

Pharmacokinetic and statistical analyses. The AUC
rom time 0 to 24 hours (AUC0-24) was calculated by
he linear trapezoidal rule. Renal clearance (CLr) was
alculated by division of the cumulative amount of drug
n urine collected for 24 hours by AUC0-24. All phar-
acokinetic data are given as mean � SD. Statistical

ifferences between the data for each haplotype group

ere determined by ANOVA, followed by the Fisher
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east significant difference test. P � .05 was considered
o be statistically significant.

ESULTS
Effect of OATP1B1 haplotype on pharmacokinetics

f pravastatin and its metabolite, RMS-416. After
ral administration of pravastatin, the plasma con-
entration of pravastatin in OATP1B1�1b/�1b sub-
ects was lower than that in �1a/�1a subjects (Fig 1,
). Similarly, the plasma concentration in �1b/�15
ubjects was lower than that in �1a/�15 subjects (Fig
, B). The mean AUC0-24 of pravastatin in �1b/�1b
ubjects was significantly lower than that in �1a/�1a
ubjects (65% of �1a/�1a), and the AUC0-24 in �1b/
15 subjects was significantly lower than that in
1a/�15 subjects (55% of �1a/�15) (Fig 1, C, and
able I). In addition, CLr was not significantly dif-

erent among the haplotype groups (Table I). Prava-
tatin was converted to RMS-416 by chemical
pimerization. We also calculated the concentration
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netics of pravastatin. Plasma concentration (c
tration of 10 mg pravastatin in OATP1B1�1a
(inverted triangles, n � 7) (A) and in �1a/�
(diamonds, n � 5) (B). Each point represents m
concentration–time curve (AUC) of pravastati
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with Fisher least significant difference test (P
f the sum of pravastatin and RMS-416 in plasma s
nd urine. The AUC0-24 value of the sum of prava-
tatin and RMS-416 in �1b carriers tended to be
ower than that in �1a carriers, whereas this value in
15 carriers tended to be higher than that in non-�15
arriers (Table I). The CLr calculated from the sum
f pravastatin and RMS-416 was not markedly dif-
erent between each haplotype group.

Effect of OATP1B1 haplotype on pharmacokinetics
f valsartan. After oral administration of valsartan, the
lasma concentration of valsartan in OATP1B1�1b/�1b
ubjects was lower than that in �1a/�1a subjects (Fig 2,
) and the plasma concentration in �1b/�15 subjects
as lower than that in �1a/�15 subjects (Fig 2, B).
lthough the difference did not reach statistical signif-

cance, the mean AUC0-24 of valsartan in �1b/�1b sub-
ects tended to be lower than that in �1a/�1a subjects
73% of �1a/�1a), and the AUC0-24 in �1b/�15 subjects
as significantly lower than that in �1a/�15 subjects

67% of �1a/�15) (Fig 2, C, and Table I), exhibiting a
rend similar to pravastatin. The CLr was almost the
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Effect of OATP1B1 haplotype on pharmacokinetics
f temocapril and temocaprilat. After oral administra-
ion of temocapril, temocapril was rapidly eliminated
rom the blood, and the concentration of temocapril was
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Fig 2. Effect of OATP1B1 haplotype on phar
profiles of valsartan after oral administration
(squares, n � 5) and �1b/�1b subjects (inve
(triangles, n � 6) and �1b/�15 subjects (diam
valsartan in each haplotype group.

able I. AUC0-24 and CLr of pravastatin and its meta
etabolite (temocaprilat) in each haplotype group

�1a/�1a (n � 5)

Pravastatin
AUC0-24 (ng · h/mL) 73.2 � 23.5
CLr (L/h) 15.1 � 2.7

Pravastatin plus RMS-416
AUC0-24 (ng · h/mL) 112 � 25
CLr (L/h) 12.5 � 2.0

Valsartan
AUC0-24 (�g · h/mL) 12.3 � 4.6
CLr (L/h) 0.450 � 0.063

Temocaprilat
AUC0-24 (ng · h/mL) 426 � 91
CLr (L/h) 1.41 � 0.06

Temocapril
AUC0-24 (ng · h/mL) 18.5 � 7.7
CLr (L/h) 0.818 � 0.476

Data are presented as mean � SD.
AUC0-24, Area under plasma concentration–time curve from 0 to 24 hours;
†Significantly different from values in �1a/�1a subjects as determined by A
‡Significantly different from values in �1a/�15 subjects as determined by A
ndetectable at 1 to 2 hours after administration as a result t
f the rapid conversion of temocapril to the active metab-
lite temocaprilat by carboxylesterase. Temocaprilat was
hen detected at 0.25 hour, and its plasma concentration
eached a maximum at 0.75 to 2 hours after intake of
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� 5) (B). C, Box-whisker plot of AUC of

MS-416), valsartan, and temocapril and its active

(n � 7) �1a/�15 (n � 6) �1b/�15 (n � 5)

19.9† 69.2 � 23.4 38.2 � 15.9‡
7.6 12.6 � 2.5 17.0 � 3.5

20.4 143 � 40 95.1 � 33.6‡
8.5 11.0 � 1.5 13.5 � 2.4

3.33 9.40 � 4.34 6.31 � 3.64
0.049 0.489 � 0.109 0.477 � 0.096

100 429 � 41 389 � 77
0.26 1.31 � 0.12 1.32 � 0.15

4.1 19.0 � 4.1 16.4 � 5.0
1.16 1.21 � 0.52 2.14 � 1.77
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th Fisher least significant difference test (P � .05).
ith Fisher least significant difference test (P � .05).
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emocaprilat showed a similar pattern in OATP1B1�1b/
1b and �1a/�1a subjects (Fig 3, A) and �1b/�15 and
1a/�15 subjects (Fig 3, B). The mean AUC0-24 of temo-
aprilat in �1b/�1b subjects was not significantly very
ifferent from that in �1a/�1a subjects (87% of �1a/�1a),
nd the AUC0-24 in �1b/�15 subjects was not different
rom that in �1a/�15 subjects (91% of �1a/�15) (Fig 3, C
nd Table I). The OATP1B1�15 allele did not affect the
UC0-24 of temocaprilat. The CLr of temocaprilat was

lmost the same in each haplotype group (Table I). On the
ther hand, the plasma concentration of temocapril in
ATP1B1�1b/�1b subjects tended to be lower than that in
1a/�1a subjects (Fig 4, A), and the plasma concentration
n �1b/�15 subjects tended to be lower than that in �1a/
15 subjects (Fig 4, B). Although not statistically signif-
cant, the AUC0-24 of temocapril in �1b/�1b carriers was
ower than that in �1a/�1a carriers (67% of �1a/�1a) and
he AUC0-24 in �1b/�15 carriers was lower than that in
1a/�15 carriers (86% of �1a/�15) (Fig 4, C, and Table I),
nd the CLr of temocapril in each haplotype group was not
ignificantly different (Table I).

Correlation between AUC of pravastatin, valsartan,
emocaprilat, and temocapril in each subject. The
UC values of valsartan in each subject were signif-

cantly correlated with those of pravastatin (R �
.630, P � .01) (Fig 5, A). The AUC values of
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emocapril in each subject were also significantly t
orrelated with those of pravastatin (R � 0.602, P �
01) (Fig 5, C). However, the AUC values of temo-
aprilat were not significantly correlated with those
f pravastatin (R � 0.229) (Fig 5, B).
OATP1B1-mediated uptake of valsartan and temo-

aprilat in expression system. The time-dependent
ptake of valsartan and temocaprilat in OATP1B1-
xpressing HEK293 cells was significantly higher
han that in vector-transfected control cells (Fig 6).

OATP1B1-/MRP2-mediated transcellular of temo-
april and RMS-416 in OATP1B1/MRP2 double-
ransfected MDCKII cells. As a positive control, we
scertained that the vectorial basal-to-apical trans-
ellular transport of estradiol-17�-glucuronide
OATP1B1/MRP2 bisubstrate) was clearly observed
n OATP1B1/MRP2 double-transfected cells (Fig 7,
), whereas symmetric transport was observed in
ATP1B1 single-transfected cells and vector-

ransfected control cells (Fig 7, A and B) as shown in
he previous report.18 Under the same condition,
asal-to-apical transport of temocapril and RMS-416
as significantly larger than that in the opposite
irection in OATP1B1/MRP2 double-transfected
ells (Fig 7, F and I), whereas their vectorial trans-
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ransfected cells (Fig 7, E and H) and vector-
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ISCUSSION
We investigated the impact of the OATP1B1 haplotype,
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Pravastatin, valsartan, and temocaprilat are mainly
xcreted into the bile without extensive metabolism,
nd the involvement of transporters is needed to explain
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AUCoral �
F · Dose

fB · CLint
(1)

n which F is the fraction of the dose absorbed into and
hrough the gastrointestinal membranes, fB is the blood
nbound fraction, and CLint is the hepatic intrinsic
learance. In addition, CLint can be expressed by equa-
ion 2:

CLint � CLuptake ·
CLex � CLmetab

CLex � CLmetab � CLeff
(2)

here CLuptake, CLex, CLmetab, and CLeff represent the
ntrinsic clearances for hepatic uptake, biliary excre-
ion, metabolism, and sinusoidal efflux, respec-
ively.6 When equations 1 and 2 are considered,
Luptake directly affects the AUC after oral administra-

ion in any situation.
We especially focused on the impact of the

ATP1B1�1b allele on the pharmacokinetics of the 3
rugs. The allele frequency of OATP1B1�1b is rela-
ively high in some ethnic groups: 0.30 in white Amer-
cans, 0.74 in black Americans, and 0.63 in Japanese
ubjects.9,10

Pravastatin has been reported to be a substrate of
ATP1B1.1,8,18,20 We demonstrated that valsartan and

emocaprilat could also be recognized by OATP1B1 as
ubstrates (Fig 6).

The OATP1B1�1b allele significantly reduced the
UC of pravastatin compared with �1a, which is con-

istent with a previous report.12 The CLr of pravastatin
as not affected by �1b, suggesting that the
ATP1B1�1b variant apparently enhances the hepatic
ptake activity of pravastatin. On the other hand, the
ATP1B1�15 allele did not remarkably affect the AUC
f pravastatin in our study, which apparently differs
rom findings in earlier reports showing that the �15
llele results in a significant increase in the AUC of
ravastatin.10,11 After oral administration, a significant
mount of pravastatin was converted to RMS-416 (3�	-
sopravastatin), mainly in the stomach, by a chemical
eaction rather than by enzymatic metabolism, because
ravastatin is unstable in acidic solution.21 In our study
he interindividual difference in the AUC of RMS-416
as about 50-fold (2.37-120 ng · h/mL; mean, 48.8 ng

· h/mL). It is generally accepted that the pH values in
he stomach exhibit large interindividual differences.

e hypothesized that these differences might affect the
onversion rate to RMS-416, which could mask the
ffect of OATP1B1�15 on the pharmacokinetics of
ravastatin in our cases. RMS-416 is an epimer of
ravastatin, and only the position of 1 hydroxyl group

as different. We confirmed that RMS-416 is also a d
ubstrate of OATP1B1 (Fig 7). If it is assumed that the
harmacokinetic profile of pravastatin was not so dif-
erent from that of RMS-416 because of their similar
hemical structures, a genetic polymorphism of
ATP1B1 would affect the pharmacokinetics of the

um of pravastatin and RMS-416 more markedly than
hat of pravastatin itself. In our study we could see the
xpected tendency showing that the �1b allele reduced
he AUC of the sum of pravastatin and RMS-416 com-
ared with �1a, whereas the �15 allele increased the
UC (Table I). Recent studies have demonstrated that

he Val174Ala mutation in OATP1B1 could alter the
holesterol-lowering effect of pravastatin.22,23 Because
MS-416 is not pharmacologically active, our study

uggests that the conversion rate to RMS-416, as well
s the genetic polymorphism in OATP1B1, may have
n effect on the pharmacokinetics and pharmacologic
ction of pravastatin.

In the case of valsartan the �1b allele showed a reduc-
ion in the AUC of valsartan, but the �15 allele did not
how any increase in the AUC, which is almost the same
s pravastatin. Unfortunately, the difference in its AUC
etween �1a and �1b did not show statistical significance,
robably because of the lack of statistical power, and we
elieve that a greater number of subjects will be needed to
how the significant difference. Valsartan was partly me-
abolized to the 4-hydroxylated form (M-2) by
YP2C9,24 but a previous report indicated that, after oral
dministration of [14C]-valsartan, this metabolite ac-
ounted for only 10% of the total radioactivity in the feces
nd urine.24 Therefore the interindividual difference in
YP2C9 activity plays only a minor role in the pharma-
okinetics of valsartan. The solubility of valsartan is dras-
ically affected by the pH, and it is possible that an
nterindividual difference in the pH value in the gastroin-
estinal tract may affect its solubility and the subsequent
mount of valsartan absorbed.25 However, 1 report dem-
nstrated that coadministration of cimetidine increased the
UC only by 7%.26 Thus the exact reason why the �15

llele did not affect the pharmacokinetics of valsartan
emains to be clarified.

The AUC of temocapril and temocaprilat was not
hanged significantly in each haplotype group. How-
ver, there was a trend suggesting that the �1b allele
educed the AUC of temocapril and temocaprilat and
hat the �15 allele showed a slight increase in the AUC.

e determined that temocapril is also a substrate of
ATP1B1 (Fig 7). The difference in the AUC of te-
ocaprilat in each haplotype group was relatively small

ompared with that of the other drugs.
We also compared the pharmacokinetics of the 3
rugs in each subject, and the AUC of pravastatin was
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ignificantly correlated with that of valsartan and temo-
april, but not temocaprilat (Fig 5). This result sug-
ested that the clearance mechanism of pravastatin may
e shared with that of valsartan and temocapril and that
he relative contribution of OATP1B1 to the hepatic
ptake of pravastatin may be similar to that of valsartan
nd temocapril but larger than that of temocaprilat.

Some in vitro studies have indicated that the trans-
ort activity of several compounds including pravasta-
in in the OATP1B1�1b variant was almost comparable
o that of OATP1B1�1a.7–9,27 However, this study dem-
nstrated that OATP1B1�1b subjects showed an in-
rease in hepatic clearance compared with that of
ATP1B1�1a subjects. We hypothesized that this ap-
arent discrepancy may be explained by the higher
xpression level of OATP1B1�1b in the liver compared
ith that of OATP1B1�1a. This can be proven by

nvestigating the relative expression level of
ATP1B1�1a and �1b in several batches of human
epatocytes that are genotyped in advance. Moreover,
e must pay attention to several pharmacokinetic is-

ues such as the different proportion of hepatic clear-
nce to total clearance, the different contribution of
ATP1B1 to overall hepatic uptake, and the substrate

pecificity of the effect of genetic polymorphisms in
ATP1B1. The percentage of hepatic clearance with

egard to total clearance has been estimated to be about
3% for pravastatin, 71% for valsartan, and 62% for
emocaprilat in humans24,28 (drug information for te-
ocaprilat provided by Sankyo). Previous reports sug-

est that the de-esterification of temocapril mainly oc-
urs in the liver (drug information published by
ankyo). The urinary excretion of temocapril as a per-
entage of the administered dose is about 1.1% in this
tudy. We believe that it is possible that temocapril is
fficiently taken up into hepatocytes, followed by con-
ersion to temocaprilat, and its hepatic clearance is
uch higher than its CLr. That may be the reason why

he AUC of temocapril showed a better correlation with
hat of pravastatin than with that of temocaprilat. Re-
arding the contribution of individual transporters, our
reliminary study suggested that all 3 compounds are
ubstrates of OATP1B3, as well as OATP1B1 (Hirano
, Maeda K, Sugiyama Y, unpublished data, Aug 25,

004). The previous studies suggested that pravastatin
s thought to be mainly taken up via OATP1B1.20 From
he result of the present study, we speculated that the
elative importance of OATP1B1 with regard to hepatic
learance is in the following order: pravastatin greater
han valsartan and temocapril greater than temocaprilat.

e have established the method for estimating the

ontribution of OATP1B1 and OATP1B3 to overall
epatic uptake by using expression systems and human
epatocytes.5 With this information being taken into
onsideration, the prediction of the effect of genetic
olymorphisms in OATP1B1 on the pharmacokinetics
f drugs from in vitro data will be the subject of further
nvestigation.

In conclusion, our study indicated that the
ATP1B1�1b allele increases the hepatic clearance of
ravastatin compared with that of the �1a allele, and
alsartan and temocapril showed a similar tendency. In
ddition, the AUC of pravastatin correlates well with that
f valsartan and temocapril, suggesting that pravastatin,
alsartan, and temocapril may share the same elimination
athway.
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14C]-labeled and unlabeled temocaprilat, temocapril, RMS-416, and
-122798 and Novartis Pharma for providing Diovan tablets and tritium-
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MS-416, temocapril, and temocaprilat. We are also grateful to Drs
yosei Kawai and Yuko Tsukamoto, Novartis Pharma, and Drs Toshi-
iko Ikeda, Yasushi Orihashi, and Hideo Naganuma, Sankyo, for sup-
orting our study and giving us helpful suggestions.
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