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Purpose. We previously demonstrated the HMG-CoA reductase inhibi-
tor, pravastatin, is actively taken up into isolated rat hepatocytes through
multispecific organic anion transporters. The present study examined
whether a newly cloned organic anion transporting polypeptide (oatp2)
transports pravastatin.

Methods. We investigated functional expression of oatp2 in Xenopus
laevis oocytes, to examine ['“C}] pravastatin uptake.

Results. ['*C] Pravastatin (30 wM) uptake into oatp2 cRNA-injected
oocytes was 40 times higher than that of water-injected control oocytes.
The oatp2-mediated pravastatin uptake was Na*-independent and satu-
rable. The Michaelis-Menten constant was 37.5 = 99 uM, a level
comparable to that obtained in isolated rat hepatocytes in our previous
study. As is the case with rat hepatocytes, the uptake of pravastatin
(30 M) was inhibited by 300 wM concentrations of taurocholate,
cholate, bromosulfophthalein, estradiol-17B-glucuronide, and simvas-
tatin acid, but not by para-aminohippurate. On the other hand, ['*C]
stmvastatin acid (30 pM) uptake of oatp2 cRNA-injected oocytes was
not significantly different from that of water-injected oocytes.
Conclusions. The cloned oatp2 was identified as the transporter
responsible for the active hepatocellular pravastatin uptake.

KEY WORDS: Pravastatin, HMG-CoA reductase inhibitor; organic
anion transporter; oatp2; hepatic transport.

INTRODUCTION

HMG-CoA reductase inhibitors decrease serum choles-
terol by inhibiting cholestero! biosynthesis in the liver (1,2).
Because inhibition of cholesterol synthesis in other types of
tissues may lead to side effects (3), it is of great interest to
restrict the inhibitory effect to liver tissue. Pravastatin, a hydro-
philic HMG-CoA reductase inhibitor (Fig. 1), has been shown
to inhibit cholesterol synthesis specifically in the liver (4,5).
One reason for this selectivity of pravastatin may be its highly
hydrophilic nature, which restricts its distribution to a limited
number of organs. Thus, we hypothesized hepatic uptake of
pravastatin on the liver surface involved a specific type of
mechanism associated with a so-called “multispecific anion
transporter (6).”
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Previously, we demonstrated that pravastatin is taken up
actively into rat hepatocytes through a multispecific anion trans-
porter (7,8). The initial uptake of pravastatin by isolated rat
hepatocytes is competitively inhibited by bile acids (taurocho-
late and cholate); dibromosulfophthalein, a typical ligand for
the multispecific anion transporter in the liver; and simvastatin
acid, an active form of highly lipophilic HMG-CoA reductase
inhibitor (Fig. 1). In contrast, Na*-independent taurocholate
uptake is competitively inhibited by pravastatin. Furthermore,
the hepatic permeability surface area products for indices of
unbound pravastatin, evaluated in four different experimental
systems (in vivo (9), in vitro liver perfusion (10), isolated cells
(8), and primary cultured cells (10)), were in good agreement,
which indicates the active transporter mechanism on the liver
surface for this drug is entirely responsible for its initial distribu-
tion into the liver (11).

At a molecular level, however, the transport system respon-
sible for the hepatocellular pravastatin uptake has yet to be
clarified. Jacquemin et al. have cloned Na*-independent organic
anion transporting polypeptides (oatpl) from rat liver, as a
mulitispecific organic anion transporter (12). oatpl represents
an 80-kDa basolateral transporter (13) that mediates the hepato-
cellular uptake of a wide range of amphipathic substrates,
including bromosulfophthalein, bile acids, estrogen conjugates,
and peptide mimetic drugs (12,14,15). However, Kouzuki et
al. found pravastatin uptake was not stimulated in COS-7 cells
expressing oatpl (16).

Recently, we succeeded in isolating oatp2 and oatp3 from
rat retina, as homologues of oatpl, and demonstrated that these
transporters took up thyroid hormone T3 and T4, as well as
taurocholate (17). oatp2 mRNA was exclusively expressed in
the liver, brain, and retina, and oatp3 was expressed in the
kidney and retina (17). Noe et al. also cloned oatp2 from
rat brain, and showed oatp2 transported bile acids, estrogen
conjugates, ouabain, and digoxin (18). Recently, we demon-
strated oatp2 immunoreactivity was observed at the basolateral
membrane of the hepatocytes (19).

In the present study, we examined whether oatp2 transports
pravastatin, to identify the transporter responsible for hepatocel-
lular pravastatin uptake.

MATERIALS AND METHODS

Materials

['“C]Pravastatin (specific activity: 14.3 mCi/mmol) was
synthesized at Amersham Japan (Tokyo, Japan). The radio-
chemical purity, checked by HPLC methods, was 99%.
{('“C]Simvastatin (lactone form, specific activity: 7.22 mCi/
mmol) was synthesized at Amersham Japan (Tokyo, Japan),
and ['*C]simvastatin acid (open acid form) was prepared from
['*C)simvastatin as follows: 10 pmol of [*C]simvastatin was
added to a mixture of 100 pl ethanol and 25 pl 0.5N NaOH.
After a 30 min incubation at room temperature, the mixture
was diluted with 100 pl 100 mM phosphate buffer and 675 p.l
ethanol (final concentration 10 mM). The radiochemical purity
of ['*C]simvastatin acid, checked by HPLC methods, was 95%.

All other chemicals were of reagent grade.
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Fig. 1. Chemical structures of the HMG-CoA reductase inhibitors:
pravastatin and simvastatin acid.

Animals

Mature Xenopus laevis females were purchased from
Hamamatsu Kyozai (Hamamatsu, Japan) and kept under stan-
dard conditions (20).

Expression of oatp2 in Xenopus laevis Oocytes

The coding region of oatp2 was ligated into Xenopus
expression vector pGEM-HE, containing the Xenopus beta-
globin 5’ and 3’ untranslated regions with some modifications
(21). The complementary RNA (cRNA) was synthesized in
vitro using T7 RNA polymerase in the presence of cap analogue
m7GpppG from linearized construct. Frogs were anesthetized
in an ice-cold bath containing 0.1% of ethyl m-amino benzoate
(MS-222) for 30 minutes. Oocytes were removed from the
ovary by laparotomy and transferred in Ca?*-free OR-2 solution
(in mM: 82.5 NaCl, 5 HEPES, pH 7.5, 2 KCl, 1 MgCl,) con-
taining 2 mg/ml collagenase A (Boehringer Mannheim). After
2 hours of incubation with gentle shaking at 18°C, the oocytes
were washed in modified Barth’s solution (in mM: 88 NaCl,
10 HEPES, pH 7.4, 1 KCl, 0.33 Ca(NO,),, 0.41 CaCl,, 0.82
MgSO0,, 2.4 NaHCO;) containing 50 pg/ml gentamicin, 10 unit/
mi penicilin, 10 pg/ml streptomicin, and 2.5 mM pyruvate.
Stage V and VI oocytes were selected. After an overnight
incubation at 18°C in the solution, vital oocytes were injected
with 5 ng of oatp2 cRNA and cultured for 3 days at 18°C, with
a daily change of the modified Barth’s solution.

Uptake into Oocytes

Uptake experiments were started by incubating 6 oocytes
at room temperature in 100 pl of either sodium-free or sodium-
containing uptake buffer (in mM: 100 CholineCl (or NaCl), 10
HEPES/S Tris, pH 7.5, 1 KC), 1 CaCl,, 2 MgCl,) containing
["“Clpravastatin or ['*C]simvastatin acid. After the indicated
intervals, uptake was terminated by the addition of 3 ml of ice-
cold incubation buffer, and the oocytes were washed three times
with the same ice-cold buffer. Single oocytes were dissolved
in 0.5 mi of 10% (w/w) sodium dodecyl sulfate, and 4 mi
of scintillation fluid (Hionic Fluor, Packard) was added. The
radioactivity was determined in a Packard TriCarb 2200 CA
liquid scintillation analyzer.

Determination of Kinetic Parameters

The oatp2-mediated uptake velocity (Vg) of pravastatin
was calculated by subtracting the uptake in water-injected

HO\CCOOH
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Fig. 2. Uptake of ['*C]pravastatin was measured in sodium chioride
(Na*(+))- or choline chloride (Na*(—))-containing medium (see Mate-
rial and Methods) in oatp2-cRNA- and H,O-injected oocytes. Data are
expressed as the mean * SE of 3 to 5 uptake measurements.

Na'(+)

oocytes from that in cRNA-injected oocytes. The kinetic param-
eters for pravastatin were estimated according to the following
equation: Vo = Vmax - S/(Km + S), where Vmax is the
maximum uptake velocity (pmol/min/oocyte), Km is the
Michaelis constant (WM), and S is the pravastatin concentration
in medium (uWM). The above equation was fitted to the uptake
data by an iterative nonlinear least-squares method using Win-
Nonlin (Verl.l, Scientific Consulting, Inc.).

RESULTS

oatp2-Mediated ['*C] Pravastatin Uptake in Xenopus
laevis Oocytes

["“C]Pravastatin (30 wM) uptake into oatp2-cRNA injected
oocytes was 40 times higher than that of water-injected control
oocytes (Fig. 2). The replacement of sodium in the medium by
choline did not show any effect on the pravastatin uptake,
thereby indicating its Na*-independence. Figure 3 shows the
time course of [“C]pravastatin uptake by oocytes. As the uptake
linearly increased up to 60 min, all subsequent initial uptake
measurements were performed at 60 min. oatp2-mediated
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Fig. 3. Time course of [*Clpravastatin (30 wM) uptake by oatp2-
cRNA(@)- and H,0 (O)-injected oocytes. The uptake was measured
in a Na*(—) medium. Data are expressed as the mean * SEof 310 5
uptake measurements.
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Fig. 4. Concentration dependency of oatp2-mediated ['“C]pravastatin
uptake in oatp2-cRNA(@®)- and H,O (O)-injected oocytes. The uptake
was measured in a Na*(—) medium. Data are expressed as the mean
* SE of 3 to 5 uptake measurements. The solid line is the least-squares
fit of data to Eq. 1.

['“C]pravastatin uptake was saturable with the Michaelis-Men-
ten constant (Km) 37.5 = 9.9 pM (n = 3) (Fig. 4).

Cis-Inhibition of oatp2-Mediated ['*C] Pravastatin by
Organic Anions

The cis-inhibition study was performed to further charac-
terize oatp2-mediated pravastatin uptake (Fig. 5). The addition
of 300 pM of taurocholate or cholate inhibited the uptake of
{'“C)pravastatin at 30 pM. The ["“C]pravastatin uptake was
also strongly inhibited by 300 u.M concentrations of bromosul-
fophthalein (the typical organic anion transporter substrate),
estradiol-17B3-glucuronide (a compound reported to be an excel-
lent substrate for oatp2, with the Km 3 = 1 uM (18)), and
simvastatin acid. On the other hand, para-aminohippurate (a
substrate for a renal organic anion exchanger OAT1(22)) did
not exert any significant cis-inhibitory effect on the pravas-
tatin uptake.

H,0 injected

oatp2 injected
+TCA
+CA
+BSP
+E17G
+SVA
+PAH

i i | 'l 3

0 1 2 3 4 5
Pravastatin uptake (pmoloocyte/h)

Fig. 5. Effects of bile acids and organic anions (300 uM) on [**Clpra-
vastatin (30 wM) uptake in oatp2-cRNA-injected oocytes. The uptake
was measured in a Na* (—) medium. TCA: taurocholate; CA: cholate;
BSP: bromosuifophthalein; E17G: estradiol-17B-glucuronide; SVA:
simvastatin acid; PAH: para-aminohippurate. Data are expressed as the
mean * SE of 4 to 7 uptake measurements.
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oatp2-Mediated {'*C] Simvastatin Acid Uptake in
Xenopus laevis Oocytes

As ["*C]simvastatin acid uptake linearly increased up to
15 min (data not shown), the initial uptake measurements were
performed at 15 min. ['*C]simvastatin acid uptake of oatp2-
cRNA-injected oocytes up to 100 pM was not significantly
different from that of water-injected oocytes (Fig. 6).

DISCUSSION

After oral administration, pravastatin was well absorbed
from the gastrointestinal tract (70% in rats, and more than 50%
in dogs) (23). Regarding transport across the intestinal brush-
border membrane, a proton-gradient-dependent carrier-medi-
ated mechanism has been suggested (24). Pravastatin is taken
up efficiently from the circulation by the liver through a multi-
specific anion transporter (8). Subsequently, pravastatin is
excreted to the bile via a primary active transporter system
termed the “canalicular multispecific organic anion transporter”
(cMOAT) (25), and enterohepatic circulation has been sug-
gested to ensue (23). These carrier-mediated transport mecha-
nisms contribute to efficient exposure of the target enzyme
(HMG-CoA reductase) in the liver to this orally administered
drug.

Though some investigators have identified a number of
characteristics of pravastatin uptake into the liver (8,9,26), the
molecular entity responsible for hepatocellular pravastatin
uptake has not yet been clarified. In the present study, we
demonstrated oatp2 mediates the uptake of pravastatin in Xeno-
pus laevis oocytes. ['*C)pravastatin (30uM) uptake in oatp2-
cRNA-injected oocytes was 40 times higher than that in water-
injected control oocytes. This uptake was Na*-independent (Fig.
2) and saturable (Fig. 4). The Michaelis-Menten constant we
observed, 37.5 £ 9.9 pM, was comparable to that obtained
in isolated rat hepatocytes (29.1 = 5.8 pM). The uptake of
['“C]pravastatin was inhibited by bile acids, bromosulfophthal-
ein, estradiol-17B-glucuronide, and simvastatin, but not by para-
aminohippurate. All the data obtained in oatp2-expressing
oocytes were in accord with those obtained in isolated rat
hepatocytes (8). These data strongly suggested oatp2 was the
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Fig. 6. Concentration dependency of {"*C]simvastatin acid uptake by
oatp2-cRNA (@)- and H,O (O)-injected oocytes. The uptake was
measured in a Na*(—) medium. Data are expressed as the mean = SE
of 3 to 6 uptake measurements.
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transporter responsible for the active hepatocellular pravas-
tatin uptake.

On the other hand, ['*C]simvastatin acid uptake of oatp2-
c¢RNA-injected oocytes was in no way different from that of
water-injected oocytes (Fig. 6). The non-specific uptake clear-
ance of ['*C]simvastatin acid, calculated from the uptake into
H,0-injected oocytes, was 0.04 pl/minfoocyte, i.e., about 500
times higher than that of ['*C]pravastatin (8 X 107% pl/min/
oocyte). This high level of passive diffusion of [*C]simvastatin
acid may hide the contribution of oatp2 to the total uptake of
[*“Clsimvastatin acid. If the transporter is highly expressed in
hepatocytes, the carrier-mediated transport system could con-
tribute to the ['*C]simvastatin acid uptake. However, when we
consider the carrier-mediated uptake clearance (18.8 pwl/min/
mg protein) and the non-specific uptake clearance (1.6 wl/min/
mg protein) of ['*Clpravastatin in isolated rat hepatocytes (8),
we may have to conclude that the transporters contribute only
slightly to the ['*C]simvastatin acid uptake in the hepatocytes.

Estradiol-17B-glucuronide, a good substrate for oatp2,
strongly inhibited the ['*C]pravastatin uptake. On the other
hand, simvastatin acid strongly inhibited the [14C]pravastatin
uptake, even though it was not a good substrate for oatp2 (Fig.
5). When discussing substrate specificity of a transporter, we
should note a good inhibitor is not always a good substrate for
the transporter.

oatp2 is highly expressed in the brain as well as in the
liver, especially in the hippocampus, cerebellum, and choroid
plexus (17). Nevertheless, since it has been shown that pravas-
tatin did not distribute to the rat brain after intravenous adminis-
tration (23) or in rat brain perfusion (27), we can surmise oatp2
may not contribute to the brain uptake of pravastatin. More
definite studies on the exact topical and cellular localization of
oatp2 in the rat brain will be required. Very recently, Li et al.
reported glutathione was a driving force of oatpl (28). The
driving force of oatp2-mediated transmembrane substrate trans-
port should be examined, to determine the direction of the
transport.

oatpl is highly homologous to oatp2, with an amino acid
sequence identity of 77%. The reported substrate specificity
was similar, and the only exception was digoxin, a cardiac
glycoside (18). Digoxin was transported by oatp2- but not by
oatpl-expressing oocytes. The structural components of impor-
tance for the identification of oatp and its transport are not
known. Further investigations on the substrate specificities of
oatpl and oatp2 should help elucidate the muitiplicity of the
hepatic uptake of organic anions.

Kouzuki er al. recently found that pravastatin uptake by
COS-7 celis transfected with oatpl was not stimulated (16).
However, it should also be noted, from this result alone we
cannot conclude the contribution of oatp! to Na*-independent
pravastatin uptake by rat hepatocytes is negligible. First, this
is because the assay system Kouzuki ef al. used may not have
been adequate to detect the small transporting activities, and
second, the configuration of oatpl expressed in the COS-7
transfectant system may not have been suitable for accepting
pravastatin as a substrate. Further studies should be performed
to estimate the exact contribution of oatpl to pravastatin uptake
by rat hepatocytes.

It was suggested pravastatin was also taken up by human
hepatocytes via an active transport system (29). The transport
kinetics in human hepatocytes have not yet been reported. As
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a hepatic organic anion transporter in humans, OATP has been
cloned by Kuliak-ublick et al. (30). However, since human
OATP was shown to be mainly expressed in the brain and was
not found to accept digoxin as a substrate (18), we can assume
it is not necessarily a counterpart of rat oatpl or rat oatp2.
There may be several additional clones coding for what may
be closely related organic anion transporter proteins.

In summary, the cloned oatp2 was identified as the trans-
porter responsible for active hepatocellular pravastatin uptake.
To further elucidate the contribution of oatp2 to the hepatic
uptake of pravastatin, the inhibition of uptake in rat hepatocytes
using function-perturbing antibodies should be examined.
Moreover, studies seeking to identify a human transporter
responsible for pravastatin uptake will be required.
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