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Abbreviations:

ABC: ATP-binding cassette

AUC: area under the plasma concentration-time curve

BCRP (Bcrp): breast cancer resistance protein

BSEP (Bsep): bile salt export pump

CCK-8: cholecystokinin octapeptide

E.S: estrone-3-sulfate

E,17BG: 17B-estradiol-17B3-D-glucuronide

EHBR: Eisai hyperbilirubinemic rat

GFP: green fluorescent protein

HEK: human embryonic kidney

HMG-CoA: 3-hydroxy-3-methylglutaryl-coenzyme A

Km: Michaelis constant

MDCK: Madin—-Darby canine kidney

MDR: multidrug resistance protein

MRP: multidrug resistance-associated protein

NTCP: sodium taurocholate cotransporting polypeptide

OATP: organic anion transporting polypeptide
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SD: Sprague Dawley

SNP: single nucleotide polymorphism

TLC: thin-layer chromatography

Vmax: Maximum transport velocity
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Abstract

Rosuvastatin is an HMG—-CoA reductase inhibitor and one of the most

hydrophilic of the commercially available statins. It is efficiently accumulated in

the liver and excreted into the bile in an unchanged form in rats, suggesting that

hepatic transporters play a major role in the clearance of rosuvastatin.

Therefore, we investigated the transporters responsible for the hepatic uptake

and biliary excretion of rosuvastatin. Uptake studies revealed that human

organic anion transporting polypeptide (OATP) 1B1, OATP1B3, and OATP2B1

accept rosuvastatin as a substrate. Among the OATP family transporters,

OATP1B1 contributes predominantly to the hepatic uptake of rosuvastatin, as

estimated with the previously published relative activity factor method (Hirano et

al., 2004), and OATP1B3 is also partly involved. Significant vectorial basal-to-

apical transport was observed in OATP1B1/MRP2, OATP1B1/MDR1, and

OATP1B1/BCRP double transfectants compared with that in an OATP1B1

single transfectant or in vector-transfected control cells. The ATP-dependent

uptake of rosuvastatin by human breast cancer resistance protein (BCRP)-

expressing membrane vesicles was significantly higher than the uptake by

GFP-expressing control vesicles, suggesting that MRP2, MDR1, and BCRP can
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transport rosuvastatin. Under in vivo conditions, the biliary excretion clearance

based on the intrahepatic concentration of parent rosuvastatin in Eisai

hyperbilirubinemic rats and Bcrpl-knockout mice was reduced to 53% and 12%

of that in the control SD rats and FVB mice, respectively, indicating that rat

Mrp2 and mouse Bcrpl are both partly involved in the biliary excretion of

rosuvastatin. These results suggest that multiple transporters are involved in

the hepatic uptake and efflux of rosuvastatin.
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Introduction

Statins are potent inhibitors of hydroxymethylglutaryl-coenzyme A (HMG-

CoA) reductase. They reduce the plasma concentration of low-density

lipoprotein cholesterol in a dose-dependent manner. Rhabdomyolysis is a rare

but life-threatening adverse effect of statins, and high plasma levels of statins

are a risk factor for this complication (Hamilton-Craig, 2001). Because the liver

is the pharmacological target as well as the clearance organ for statins, it is

essential to clarify the mechanisms underlying the hepatobiliary transport of

rosuvastatin to predict both the desired pharmacological effects and the

unwanted adverse effects.

Of all the commercially available statins, rosuvastatin exhibits the greatest

inhibitory effect on cholesterol biosynthesis in primary cultured rat hepatocytes

(McTaggart et al., 2001). Rosuvastatin is relatively hydrophilic compared with

other statins (McTaggart et al., 2001) and is anionic at neutral pH. After its oral

administration to rats, it is efficiently concentrated in the rat liver and collected in

the bile, mostly in an unchanged form (Nezasa et al., 2002). In humans, its

hepatic elimination accounts for approximately 70% of its total clearance (Martin

et al., 2003). Metabolic clearance is thought to be minor (Fujino et al., 2004). It
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has been suggested that the major clearance mechanism of rosuvastatin is

biliary excretion of the unchanged form, indicating that several transporters

might be involved in that step.

Many uptake and efflux transporters of organic anions in the human liver

have been characterized. Organic anion transporting polypeptide (OATP) 1B1

(Abe et al., 1999; Hsiang et al., 1999), OATP1B3 (Konig et al., 2000), OATP2B1

(Kullak-Ublick et al., 2001), and organic anion transporter 2 (OAT2) (Babu et al.,

2002), on the sinusoidal membrane, are thought to be involved in the hepatic

uptake of a wide variety of anions, and sodium taurocholate cotransporting

polypeptide (NTCP) is responsible for the uptake of bile acids (Trauner and

Boyer, 2003). Among these, OATP1B1 and OATP1B3 are selectively

expressed in the human liver and exhibit broad substrate specificities,

suggesting the importance of these transporters in the hepatic uptake of many

anions, including clinically important drugs.

Multidrug resistance-associated protein 2 (MRP2) (Konig et al., 1999),

multidrug resistance 1 (MDR1) (Tanigawara, 2000), breast cancer resistance

protein (BCRP) (Staud and Pavek, 2005), and the bile salt export pump (BSEP)

(Trauner and Boyer, 2003) are expressed on the canalicular membrane. MRP2
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is thought to be responsible for the biliary excretion of various organic anions,

including glutathione and glucuronide conjugates. Recently, other ATP-binding

cassette (ABC) transporters have also been shown to accept some organic

anions (Hirano et al., 2005), so it is possible that multiple efflux transporters are

cooperatively involved in their biliary excretion.

In general, several drug transporters expressed on the same membrane act

to transport substrates in the same direction, with overlapping substrate

specificities. Thus, membrane penetration by substrates is often achieved by

multiple transporters. We consider it necessary therefore to determine the

contribution of each transporter to the hepatic transport of drugs because such

information enables us to predict changes in hepatic intrinsic clearance when

the functions of transporters are altered by genetic polymorphisms, disease, or

drug—drug interactions.

Hirano et al. (2004) have already established methodologies for estimating

the contribution of transporters to the hepatic uptake of compounds using

transporter-specific substrates and western blot analysis. Using these

approaches, we have clarified the differences in the relative contributions of

OATP1B1 and OATP1B3 to the hepatic uptake of some drugs (Maeda and

10
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Sugiyama, 2007). We have established a set of double transfectants

expressing uptake (OATP1B1) and efflux transporters (MDR1, MRP2, or BCRP)

to evaluate the efflux transporters in humans (Sasaki et al., 2002; Matsushima

et al., 2005). Using these cell lines, we have shown that MDR1 and BCRP as

well as MRP2 can transport several organic anions. These cell lines are useful

for the easy identification of uptake and efflux transporters and for comparing

the relative transport clearance mediated by each transporter. It has recently

been reported that all of OATP1B1, OATP1B3 and OATP2B1 transport

rosuvastatin (Ho et al., 2006), but their relative contribution has not been

clarified yet.

In this study, we focused on OATP1B1, OATP1B3, and OATP2B1 as

transporters responsible for the hepatic uptake of rosuvastatin, and MRP2,

MDR1, and BCRP for its biliary excretion. We estimated the relative

contribution of these transporters in the hepatic uptake and biliary excretion of

rosuvastatin using several approaches established in our laboratory.

11
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Materials and Methods

Animals Male Sprague Dawley rats (SD rats, nine weeks old) and Eisai
hyperbilirubinemic rats (EHBRs, nine weeks old) were purchased from Japan
SLC, Inc. (Shizuoka, Japan). Male wild-type FVB mice and Bcrpl-knockout
mice (13-15 weeks old) were also used in this study (Jonker et al., 2002). All
animals were maintained under standard conditions with a reverse dark-light
cycle and were treated humanely. Food and water were available ad libitum.
The studies reported in this manuscript were carried out in accordance with the
guidelines provided by the Institutional Animal Care Committee, Graduate
School of Pharmaceutical Sciences, University of Tokyo.

Materials Rosuvastatin, calcium bis [(+)-(3R,5S,6E)-7-[4-(p-fluorophenyl)-6-
isopropyl-2-(N-methylmethanesulfonamido)-5-pyrimidinyl]-3,5-dihydroxy-6-
hepteonate] and [*H]-rosuvastatin (79 Ci/mmol) were kindly donated by
AstraZeneca (Macclesfield, UK). [*H]- estrone-3-sulfate (E;S; 45 Ci/mmol) and
[*H]-17B-estradiol-17B-D-glucuronide (E»17BG; 46 Ci/mmol) were purchased
from PerkinElmer Life and Analytical Sciences (Boston, MA, USA). [*H]-
cholecystokinin octapeptide (CCK-8) was purchased from GE Healthcare Bio-

Sciences Corp. (Piscataway, NJ, USA). Unlabeled E;S, CCK-8, and E;17BG

12
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were purchased from Sigma-Aldrich (St Louis, MO, USA). All other chemicals
were of analytical grade and commercially available.

Establishment of cell lines and culture conditions  Construction of
OATP1B1 (OATP1B1*la),, OATP1B3-, and OATP2B1l-expressing HEK293
cells, and single- and double-transfected MDCKII cells expressing human
OATP1B1, MDR1, MRP2, or BCRP was as described previously (Hirano et al.,
2004; Matsushima et al., 2005). The transporter- or vector-transfected HEK293
cells and the MDCKII cells were grown in low-glucose Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum (Sigma-Aldrich), 100 U/mL penicillin, 100 ug/mL streptomycin, and 0.25
ug/mL amphotericin B at 37 °C under 5% CO, and 95% humidity.

Uptake study The uptake study was carried out as described previously
(Hirano et al., 2004). Briefly, transporter-expressing or vector-transfected
HEK293 cells were seeded onto 12-well plates at a density of 1.2 x 10° cells per
well, and grown for two days. The culture medium was then replaced with
medium supplemented with 5 mM sodium butyrate for 24 h before transport
study to increase the expression of transporters. The cells were washed twice

and preincubated with Krebs—Henseleit buffer (118 mM NaCl, 23.8 mM

13
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NaHCOg3, 4.8 mM KCI, 1.0 mM KH,PO,, 1.2 mM MgSO,, 12.5 mM HEPES, 5.0

mM glucose, 1.5 mM CaCl, adjusted to pH 7.4) at 37 °C for 15 min. Uptake

was initiated by the addition of Krebs—Henseleit buffer containing radiolabeled

or unlabeled rosuvastatin, and was terminated at the designated time by the

addition of ice-cold Krebs—Henseleit buffer after the removal of the incubation

buffer. The cells were then washed three times with 1 mL of ice-cold Krebs—

Henseleit buffer, solubilized in 500 yL of 0.2 N NaOH, and incubated overnight

at 4 °C. Aliquots (500 uL) were transferred to scintillation vials after the addition

of 250 pL of 0.4 N HCI. The radioactivity associated with the cells and with the

incubation buffer was measured in a liquid scintillation counter (LS6000SE;

Beckman Coulter, Fullerton, CA, USA) after the addition of 2 mL of scintillation

cocktail (Clear-sol I; Nacalai Tesque, Kyoto, Japan) to the scintillation vials.

The remaining 50 pL of cell lysate was used to determine the protein

concentration by the Lowry method, with bovine serum albumin as the standard.

Ligand uptake was normalized to the amount of cellular protein and expressed

as the uptake volume (uL/mg protein), calculated as the amount of radioactivity

associated with the cells (dpm/mg protein) divided by its concentration in the

14
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incubation medium (dpm/uL). Transporter-mediated uptake was calculated by
subtracting the uptake of control cells from that of transporter-expressing cells.

Estimation of the contribution of OATP1B1 and OATP1B3 to the uptake of
compound in human hepatocytes The detailed methodology has been
described previously (Hirano et al., 2004). In brief, the relative activity factor (R
value) for OATP1B1 or OATP1B3 was calculated as the ratio of the uptake
clearance of E;S or CCK-8, respectively, in human hepatocytes (CLnepatocyte) tO
that in transporter-expressing cells (CLyansporter).  Then, the contribution of
OATP1B1 or OATP1B3 to the hepatic uptake of the test compound in human

hepatocytes was calculated using the following equations.

CL, (E,S)
R — epatocyte 1 E 1
ARl CLOATPlBl(Els) ( “ )
CL eparocyie (CCK —8)
Roatpiss = Py (Eq. 2)

CLOATPlBB (CCK - 8)

CL (test) = Roarpiey X CLloarp e (1€S1) + Roarpias X CLoarpims (tESt) (Eq. 3)

hepatocyte

ROATPlBl X CLOATPlBl(teSt)

Contribution (test) = (Eq. 4)
OATPIEY CLhepatocyte (teSt)
I R L
Contributi ON rp s (tEST) = —OATPLES XCLouressa(teSt) (Eq.5)
CLhepatocyte (teSt)

Transcellular transport study The transcellular transport study was carried

out as reported previously (Sasaki et al., 2002; Matsushima et al., 2005).

Briefly, transfected MDCKII cells were seeded onto Transwell membrane inserts

15
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(6.5 mm diameter, 0.4 pm pore size; Corning Coster, Bodenheim, Germany) at
a density of 1.4 x 10° cells per well, and grown to confluence for three days.
The culture medium was replaced with medium supplemented with 5 mM
sodium butyrate 24 h before the transport study to induce the expression of
exogenous transporters. The cells were washed twice and preincubated with
Krebs—Henseleit buffer at 37 °C for 20 min. Transcellular transport was initiated
by the addition of Krebs—Henseleit buffer containing radiolabeled or unlabeled
rosuvastatin either to the apical compartment (250 pL) or to the basal
compartment (1000 yL). At the designated times, 100 pL of buffer in the
opposite compartment was transferred to a scintillation vial. After the addition
of 3 mL of scintillation fluid (Clear-sol 1), the radioactivity was measured with a
liquid scintillation counter (LS6000SE). At the end of the experiments, the cells
were washed three times with 1.5 mL of ice-cold Krebs—Henseleit buffer after
the removal of the incubation buffer, and were solubilized in 500 yL of 0.2 N
NaOH. After the addition of 100 yL of 1 N HCI, an aliquot (450 uL) was
transferred to a liquid scintillation vial. The radioactivity was measured in a
liquid scintillation counter after the addition of 2 mL of scintillation cocktail

(Clear-sol 1) to the scintillation vial. An aliquot (50 pL) of cell lysate was used to

16
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determine the protein concentration, as described above. The transcellular

transport clearance of rosuvastatin (uL/mg protein) from the basal to the apical

side (PSnetbtoa) @nd from the apical to the basal side (PSpetatob) Was calculated

by dividing the basal-to-apical or apical-to-basal transcellular transport velocity

by the initial concentration in the basal or the apical compartment, respectively.

The efflux clearance across the apical membrane (PSapica;; ML/Mg protein) was

calculated by dividing the transcellular transport velocity from the basal to the

apical side by the steady-state intracellular concentration of rosuvastatin,

assuming that the cell volume was 4 yL/mg protein.

Transport study with human BCRP-expressing membrane vesicles The

construction and infection of recombinant adenovirus carrying human

BCRP/ABCG2 and GFP, and the preparation of membrane vesicles have been

previously described (Kondo et al., 2005). The transport studies were

performed using a rapid filtration technique (Niinuma et al., 1999). Briefly, 15 uL

of transport buffer (10 mM Tris-HCI, 250 mM sucrose, 10 mM MgCl,, pH 7.4)

containing radiolabeled or unlabeled rosuvastatin was preincubated at 37 °C for

3 min and then rapidly mixed with 5 uL of membrane vesicle suspension (2 ug

of protein). The reaction mixture contained 5 mM ATP or AMP, together with an

17
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ATP-regenerating system (10 mM creatine phosphate and 100 ug/mL creatine

phosphokinase). The transport reaction was terminated by the addition of 1 mL

of ice-cold stop buffer (10 mM Tris-HCI, 250 mM sucrose, 0.1 M NaCl, pH 7.4).

The stopped reaction mixture was filtered through a 0.45 um JH filter (Millipore

Corp., Bedford, MA, USA) and then washed twice with 5 mL of stop buffer. The

radioactivity retained on the filter was determined in a liquid scintillation counter

(LS6000SE) after the addition of 2 mL of scintillation cocktail (Clear-sol 1), with

shaking overnight. The ATP-dependent uptake of rosuvastatin mediated by

BCRP was estimated by subtracting the ATP-dependent uptake into the control

vesicles from that into the BCRP-expressing vesicles, and ATP-dependent

uptake was calculated by subtracting the uptake into the vesicles in the

presence of AMP from that in the presence of ATP.

Kinetic analysis The kinetic parameters were calculated using the following

equations:
V__ XS
= —max +P XS Eqg. 6
K.+S dif (Eq. 6)
_ Vi, (high)xS N V. (loOW) xS (Eq. 7)

~ K, (high)+S = K_(low)+S

where V is the uptake velocity of the substrate (pmol/min per mg protein), S is

the substrate concentration in the medium (uM), Ky, is the Michaelis constant

18
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(uM), Vmax is the maximum uptake velocity (pmol/min per mg protein), and P is

the nonsaturable uptake clearance (uL/min per mg protein). “High” and “low” in

(Eq. 7) indicate that they are parameters of the high- and low-affinity

components, respectively. Fitting was performed with the nonlinear least-

squares method (the Damping Gauss—Newton method algorithm) using the

MULTI program (Yamaoka et al., 1981).

In vivo infusion study in rats Male SD rats and EHBRs (Mrp2-deficient rats)

weighing approximately 300-350 g were used for these experiments. Under

pentobarbital anesthesia (40 mg/kg), the femoral vein was cannulated with a

polyethylene catheter (PE-50) for the injection of rosuvastatin. The bile duct

was cannulated with a polyethylene catheter (PE-10) for bile collection. The

rats received a constant infusion of rosuvastatin at a dose of 667 pmol/min per

kg. Blood samples were collected from the femoral artery cannulated with a

polyethylene catheter (PE-50), and the plasma was prepared by the

centrifugation of the blood samples (10,000 x g; Microfuge, Beckman, Fullerton,

CA, USA). The bile was collected in preweighed test tubes at 60 min intervals

throughout the experiments. The radioactivity in 100 yL of plasma and in 20 yL

of bile was determined in a liquid scintillation counter after the addition of 5 mL

19
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of scintillation cocktail (Hionic Fluor; PerkinElmer Life and Analytical Sciences).

The rats were killed after 300 min, and the entire liver was excised immediately.

The liver was weighed and minced, and 200 uL of hydrogenperoxide and 400

uL of isopropanol were added to approximately 200 mg of minced liver. This

sample was incubated at 55 °C for 3 h after the addition of 2 mL of Soluene-350

(PerkinElmer Life and Analytical Sciences) to dissolve the tissues. The

radioactivity was determined in a liquid scintillation counter after the addition of

10 mL of scintillation cocktail (Hionic Fluor).

In vivo infusion study in mice Male FVB and Bcrpl-knockout mice weighing

approximately 28-33 g were used throughout these experiments. Under

pentobarbital anesthesia (40 mg/kg), the jugular vein was cannulated with a

polyethylene catheter (PE-10) connected to a 30G needle for the injection of

rosuvastatin. The bile duct was cannulated with a polyethylene catheter (UT-

03) for bile collection. The mice received a constant infusion of rosuvastatin at

a dose of 100 pmol/min per kg following a bolus intravenous administration of

rosuvastatin (3 nmol/kg). Blood samples were collected from the contralateral

jugular vein, and the plasma was prepared by centrifugation of the blood

samples (10,000 x g). The bile was collected in preweighed test tubes at 30

20
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min intervals throughout the experiments. The radioactivity in 20 yL of plasma

and in 10 L of bile was determined in a liquid scintillation counter after the

addition of 5 mL of scintillation cocktail (Hionic Fluor). The mice were killed

after 120 min, and the entire liver was excised immediately. The liver was

weighed and minced, and 100 puL of hydroxyperoxide and 200 uL of isopropanol

were added to approximately 100 mg of minced liver. The sample was

incubated at 55 °C for 3 h after the addition of 2 mL of Soluene-350 to dissolve

the tissues. The radioactivity was then determined in a liquid scintillation

counter after the addition of 10 mL of scintillation cocktail (Hionic Fluor).

Quantification of the percentage of parent rosuvastatin Nonmetabolized

rosuvastatin was separated, and the percentage of parent rosuvastatin relative

to the total radioactivity was quantified with a thin-layer chromatography (TLC)

method (Nezasa et al.,, 2002). Plasma and liver samples were obtained after

300 min from rats or after 120 min from mice. The samples were mixed with

two and three volumes of methanol, respectively, and were centrifuged for 3

min to separate the supernatants. These methanol extracts were evaporated to

dryness under reduced pressure in a rotary evaporator. The residues were

reconstituted in a small volume of methanol and subjected to TLC. Portions of
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the bile samples, collected at 240—-300 min from rats and 90-120 min from mice

in each infusion study, were applied directly to a TLC plate (LK6DF; Whatman,

Brentford, UK). Unlabeled rosuvastatin (50 nmol) was also applied to the plate

to overlap each sample. The TLC plates were developed with

chloroform/methanol/acetic acid (20:10:1, by volume) for 60 min (Nezasa et al.,

2002). After development, the silica gel on the plates was scraped off based on

the locations of the standard bands. The radioactivity was measured after the

addition of 10 mL of scintillation cocktail (Clear-sol I) with shaking overnight, to

determine the relative amounts (%) of unchanged rosuvastatin to the total

radioactivity in each sample.

Pharmacokinetic analysis  Total plasma clearance relative to plasma

concentration (CLwp), and biliary excretion clearance relative to plasma

concentration (CLpiep) and relative to hepatic concentration (CLpjen) were

calculated with the following equations:

ClLiot,p = Inf/Cp ss (Eq. 8)
CLyile,p = Vbile,ss/Cp,ss (Eq. 9)
CLuyileH = Vbile,ss/CH,ss (Eq. 10)
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where Inf represents the infusion rate (pmol/min per kg), C,ss the plasma

concentration at steady state (nM), Vpiess the biliary excretion rate at steady

state (pmol/min per kg), and Cyss the hepatic concentration at steady state

(nM). In rats, C,ss Was calculated as the plasma concentration of the parent

rosuvastatin at 300 min, and Vyiess as the biliary excretion rate of the parent

rosuvastatin from 240 to 300 min. In mice, Cpss Was calculated as the plasma

concentration of the parent rosuvastatin at 120 min, and Vyiess as the biliary

excretion rate of the parent rosuvastatin from 90 to 120 min. In both animals,

Cu.ss Was calculated as the hepatic rosuvastatin concentration at the end of the

in vivo experiment. To calculate Cuss, the specific gravity of the liver was

assumed to be one. Thus, the amount in the liver (pmol/g liver) can be

regarded as the hepatic concentration (pmol/mL = nM).

Statistical analysis Statistically significant differences were determined using

Student’s t test. Differences were considered to be significant at P < 0.05.
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Results

Uptake of rosuvastatin and reference compounds (E;S and CCK-8) into

OATP1B1-, OATP1B3-, and OATP2B1l-expressing HEK293 cells The time

profiles for the uptake of rosuvastatin are shown in Fig. 1. The uptake of

rosuvastatin (0.1 uM) into OATP1B1-, OATP1B3-, and OATP2B1l-expressing

HEK293 cells was significantly higher than that into vector-transfected control

cells. In parallel, we measured the uptake of transporter-selective reference

compounds (E;S for OATP1B1 and CCK-8 for OATP1B3) mediated by

OATP1B1 and OATP1B3. The uptake clearance of the reference compounds

and rosuvastatin in the OATP1B1l- and OATP1B3-expressing cells is

summarized in Table 1.

Concentration-dependent uptake of rosuvastatin mediated by OATP1B1,

OATP1B3, and OATP2B1 The transporter-mediated uptake of rosuvastatin for

1 min (0.1-100 uM) was estimated, and Eadie—Hofstee plots for the uptake of

rosuvastatin mediated by OATP1B1, OATP1B3, and OATP2B1 are shown in

Fig. 2A, 2B, and 2C, respectively. The concentration-dependent uptake of

rosuvastatin mediated by each transporter can be explained by one saturable
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and one nonsaturable component. Their kinetic parameters were calculated

using Eq. 6 and are summarized in Table 2.

Transcellular transport of rosuvastatin across double transfectants Time

profiles for the transcellular transport of rosuvastatin (0.1 uM) across double-

transfected MDCKII cells expressing an uptake transporter (OATP1B1) and an

efflux transporter (MDR1, MRP2, or BCRP) were compared with those across

single-transfected cells or vector-transfected control cells. As shown in Fig. 3, a

symmetrical flux of rosuvastatin was observed across the control, OATP1B1-,

MRP2-, MDR1-, and BCRP-expressing MDCKII cells (Fig. 3 A-E). In contrast,

the basal-to-apical flux of rosuvastatin was approximately 8, 25, and 1.7 times

higher than that in the opposite direction in OATP1B1/MRP2, OATP1B1/MDR1,

and OATP1B1/BCRP double-transfected cells, respectively (Fig. 3 F-H). To

confirm whether rosuvastatin is a substrate of MRP2, MDR1, or BCRP, the

efflux clearance of rosuvastatin (0.1 pM) across the apical membranes of

MDCKII cells (PSapicar) Was also calculated at steady state by dividing the basal-

to-apical transport rate by the intracellular concentration of rosuvastatin

measured at 120 min. The PSgpica Values for rosuvastatin in OATP1B1/MRP2,

OATP1B1/MDR1, and OATP1B1/BCRP double-transfected cells were
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approximately 10, 5.4, and 2.7 times higher, respectively, than that in OATP1B1
single-transfected cells (data not shown). We also checked the transcellular
transport and PSapica value for E;178G in parallel as a positive control, and
obtained results similar to those measured previously (Matsushima et al., 2005)
(data not shown).

Concentration-dependent transcellular transport of rosuvastatin in
OATP1B1/MRP2 and OATP1B1/MDR1 double transfectants The basal-to-
apical transcellular transport (PSnetp 10 a) and efflux clearance across the apical
membrane (PSapica) Of rosuvastatin showed concentration dependence in both
OATP1B1/MRP2- and OATP1B1/MDR1-expressing cell lines (Fig. 4). Kinetic
analyses revealed that the saturation is best described by assuming the
presence of one saturable and one nonsaturable component. The analysis
produced the Ky, Vimax and Py values shown in Table 3.

ATP-dependent uptake of rosuvastatin into BCRP-expressing membrane
vesicles The time profiles and Eadie-Hofstee plots for the uptake of
rosuvastatin by BCRP-expressing membrane vesicles are shown in Fig. 5. The
uptake of rosuvastatin (0.1 uM) into membrane vesicles prepared from human-

BCRP-expressing HEK293 cells was markedly stimulated in the presence of
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ATP but not in vesicles prepared from GFP-expressing control cells (Fig. 5A).

The concentration dependence (0.1-100 uM) of the ATP-dependent uptake of

rosuvastatin mediated by BCRP (1 min) was also examined. The saturable

uptake can be explained by two saturable components (Fig. 5B), and by fitting

these data to Eq. 7, the K, and Vnax values were calculated as 2.02 + 1.12 uM

and 304 + 195 pmol/min per mg protein, respectively, for the high-affinity

component, and 60.9 + 40.1 uM and 3320 + 937 pmol/min per mg protein,

respectively, for the low-affinity component.

Kinetic parameters of unchanged rosuvastatin in SD rats and EHBRs The

plasma concentration and biliary excretion rate, estimated from the total tritium

radioactivity derived from the administered rosuvastatin, reached a plateau at

240 min during constant infusion (Fig. 6). The percentage of parent

rosuvastatin in plasma, bile, and liver at 300 min was estimated by TLC, as

described in the Materials and Methods section. The percentages of

unchanged rosuvastatin relative to the total radioactivity in the plasma, bile, and

liver were 34%, 85%, and 50%, respectively, for SD rats, and 48%, 84%, and

51%, respectively, for EHBRs. The clearance of parent rosuvastatin in SD rats

and EHBRs was calculated using Egs. 8-10, and these parameters are
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summarized in Table 4. The CLiyp, Clupiep and Clpien values for parent

rosuvastatin in SD rats were significantly lower than those for the control SD

rats. The K,n value for parent rosuvastatin in EHBRs was also significantly

lower than that in SD rats.

Kinetic parameters of parent rosuvastatin in FVB mice and Bcrpl-

knockout mice The plasma concentration and biliary excretion rate, estimated

using the total tritium radioactivity derived from the administered rosuvastatin,

almost reached a plateau at 90 min during constant infusion following

intravenous bolus administration (Fig. 7). The percentage of parent

rosuvastatin in the plasma, bile, and liver at 120 min was estimated by TLC, as

described in the Materials and Methods section. The percentage of

unchanged rosuvastatin relative to the total radioactivity in the plasma, bile, and

liver was 42%, 69%, and 25%, respectively, for the FVB mice and 42%, 11%,

and 9%, respectively, for the Bcrpl-knockout mice. In plasma, the percentage

of parent rosuvastatin in the Bcrpl-knockout mice was approximately the same

as that in FVB mice, whereas in bile and liver, that in the Bcrpl-knockout mice

was significantly lower than that in the FVB mice. The pharmacokinetic

parameters for the parent rosuvastatin in FVB mice and Bcrpl-knockout mice
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were calculated using the equations described in Materials and Methods, and

these parameters are summarized in Table 5. The Vyjess, Clupie,p, and CLpien

values for the parent rosuvastatin in the Bcrpl-knockout mice were much lower

than those in the control mice. The Cli, and Kpn values for parent

rosuvastatin in the Bcrpl-knockout mice seemed to be lower than those in the

FVB mice, although the difference was not statistically significant.
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Discussion

Rosuvastatin is marginally metabolized in the human liver and is thought to

be excreted into the bile mainly in an intact form. In this study, we focused on

the involvement of the OATP family transporters in the sinusoidal uptake and

MRP2, MDR1, and BCRP in the biliary excretion of rosuvastatin.

Significant uptake of rosuvastatin in OATP1B1-, OATP1B3-, and OATP2B1-

expressing cells was observed (Fig. 1). The uptake clearances for the

reference compounds measured simultaneously were similar to the reported

values (Hirano et al., 2004) (Table 1). Concentration-dependent rosuvastatin

uptake via OATP1B1, OATP1B3, and OATP2B1 was described by assuming

one-saturable and one-nonsaturable component (Fig. 2, Table 2). This kind of

saturation pattern was not due to the cytotoxicity induced by high concentration

of rosuvastatin, because protein amount was not decreased after the exposure

of 100 uM rosuvastatin (data not shown). Similar saturation patterns have also

been observed in the uptake of other compounds (CCK-8, valsartan) via the

OATP family transporters (Hirano et al., 2004; Yamashiro et al., 2006). We

think this phenomenon does not directly have any clinical impact on the
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transport properties of rosuvastatin because its plasma concentration in the

clinical situation is much lower than the K, value for each transporter.

Although one compound can be recognized by several transporters, we

have reported that the major transporter responsible for hepatic uptake varies

among substrates (Maeda and Sugiyama, 2007). We estimated the relative

contributions of the OATP family transporters to the hepatic uptake of

rosuvastatin using a previously reported methodology (Hirano et al., 2004). The

contribution of OATP2B1 was deemed to be negligible because the ratio of the

protein expression in human hepatocytes to that in our OATP2B1-expressing

cells was 6-15 times lower than that of cells expressing OATP1B1 or OATP1B3

(Hirano et al.,, 2006). We measured the uptake clearance of transporter-

selective reference compounds (E;S and CCK-8) and of rosuvastatin mediated

by OATP1B1 and OATP1B3. Using these values and the reported uptake

clearances for E;S and CCK-8 in three different batches of human hepatocytes

(Hirano et al., 2004), we estimated the relative contributions of OATP1B1 and

OATP1B3 to the hepatic uptake of rosuvastatin in human hepatocytes (Table

1). This result suggests that OATP1B1 is mainly involved in the uptake of

rosuvastatin, with 16%—-34% attributable to OATP1B3.
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By measuring its Na'-dependent uptake, a recent study estimated that the
contribution of NTCP to the uptake of rosuvastatin in human hepatocytes is
about 35% (Ho et al., 2006). Though we did not consider the contribution of
NTCP, assuming that Na*-independent uptake is dominated by OATP family
transporters, the relative contribution of OATP1B1 is deemed to be 43%-55%
of its total uptake. It can be said that OATP1B1, as well as NTCP, is important
in the uptake of rosuvastatin.

Among other statins, OATP1B1 is the predominant transporter in the
hepatic uptake of pravastatin and pitavastatin (Nakai et al., 2001; Hirano et al.,
2004). The recent clinical studies demonstrated that a single nucleotide
polymorphism (SNP) (T521C) in OATP1B1 caused a significant increase in the
plasma AUC of pravastatin and pitavastatin (Nishizato et al., 2003; Chung et al.,
2005), while the relatively small increase in that of rosuvastatin (Lee et al.,
2005). This difference might be partly explained by the large contribution of
other transporters, such as NTCP and OATP1B3, to its hepatic uptake
compared with other statins.

Next, we examined the candidate transporters responsible for the biliary

excretion of rosuvastatin using double transfectants. A significant basal-to-
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apical flux was observed in all the double transfectants (Fig. 3), suggesting that

MRP2, MDR1, and BCRP recognize rosuvastatin as a substrate. Huang et al.

(2006) previously reported that no vectorial transcellular transport of

rosuvastatin was observed in MDR1-expressing MDCK cells. This may be

explained by the inefficient penetration of rosuvastatin across the basal

membrane in single transfectants, while OATP1B1 accelerates its accumulation

into double transfectants. Huang et al. (2006) also observed no significant

transport in MRP2-expressing membrane vesicles. We have no good

explanation for the different outcomes in these different experimental systems

with the different exposure of rosuvastatin to the transporter. However, from

our experiments, MRP2 could also be involved in the biliary excretion of

rosuvastatin in humans.

In both OATP1B1/MRP2 and OATP1B1/MDR1 double transfectants, the

saturable transcellular transport clearance (PSye) and efflux clearance across

the apical membrane (PSapica) Was observed (Fig. 4, Table 3). The K, values

for rosuvastatin uptake for OATP1B1 (0.80 uM) and OATP1B3 (14.2 uM) were

different from those of PS;e, suggesting that the transcellular transport
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clearance of rosuvastatin might not be determined solely by the uptake

clearance.

Though the transcellular transport in the OATP1B1/BCRP double

transfectant was too small to perform kinetic analyses, its transport was clearly

observed in BCRP-expressing membrane vesicles, which is consistent with a

previous report (Huang et al., 2006). The low transcellular transport and efflux

clearance of rosuvastatin across the apical membrane in OATP1B1/BCRP

double transfectants might partly result from the difference in the protein

expression levels of BCRP in the BCRP-expressing vesicles and the double

transfectant. The BCRP-mediated transport of rosuvastatin was well explained

by two-saturable components. This may be due to the existence of two binding

sites in BCRP, at least for the recognition of rosuvastatin, though exact reason

is still unknown.

To investigate further whether an efflux transporter is involved in the biliary

excretion of rosuvastatin in vivo, we observed the biliary excretion of

rosuvastatin in Mrp2-deficient EHBRs and Bcrpl-knockout mice. The biliary

excretion clearance based on the hepatic concentration (CLpjen) decreased to

53% in EHBRs compared with that of the control SD rats (Table 4), and to 12%
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in Berpl-knockout mice compared with that of the control FVB mice (Table 5).

These results suggest that Mrp2 and Bcrpl play important roles in the biliary

excretion of rosuvastatin, with relative contributions of 50% and 90% in rats and

mice, respectively. This result implies a species difference in the relative

contributions of MRP2 and BCRP to the biliary excretion of rosuvastatin.

Similarly, the biliary excretion of 2-amino-1-methyl-6-phenylimidazo[4,5-

Blpyridine (PhIP) decreased to 23% and 17% of the control value in TR™ rats

(Mrp2-deficient) and Bcrpl-knockout mice, respectively (Dietrich et al., 2001,

van Herwaarden et al., 2003). Previous reports have suggested that Mrp2

expression is relatively high in rats compared with other animals (Ishizuka et al.,

1999). This species difference in the contribution of efflux transporters to biliary

excretion must be clarified to interpret the results of animal experiments

appropriately.

If the biliary excretion of rosuvastatin is decreased by a functional

deficiency in efflux transporters, the K,n value should increase, which is

inconsistent with our results (Tables 4, 5). The decrease in the Ky value in

transporter-deficient animals suggests that the hepatic uptake of rosuvastatin

might have decreased and/or the sinusoidal efflux increased. Indeed, it has
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been reported that the upregulation of Mrp3 and the downregulation of Oatplal

and Oatpla4 expression was observed in EHBRs (Akita et al., 2001; Kuroda et

al., 2004). This kind of compensation might change the hepatic clearance of

rosuvastatin and its distribution.

Currently, we have no methodology for predicting the quantitative

contributions of efflux transporters to the biliary excretion of compounds in

human hepatocytes. However, in comparing the PSapica Value for rosuvastatin

for each transporter with the reported values for other compounds, we can

discuss the differences in the relative importance of three efflux transporters.

The PSgpica Of pravastatin in the OATP1B1/MRP2 double transfectant was

much larger than that in the OATP1B1/MDR1 or OATP1B1/BCRP transfectants

(Matsushima et al., 2005), which is consistent with a previous result showing

that biliary excretion was dramatically reduced in EHBRs (Yamazaki et al.,

1996). Conversely, the relative contribution of MDR1 and BCRP to the biliary

excretion of rosuvastatin in humans should be larger than that of pravastatin.

Recent reports have suggested that a SNP in BCRP (C421A) affects the

pharmacokinetics of rosuvastatin (Zhang et al., 2006). Future studies are
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required to predict the quantitative contribution of efflux transporters to the

overall biliary excretion of compounds in humans.

In this study, we have demonstrated that rosuvastatin is a substrate of

OATP1B1, OATP1B3, and OATP2BL1 in sinusoidal uptake and of MRP2, MDR1,

and BCRP in biliary excretion. We suggest that OATP1B1 as well as NTCP

plays an important role in rosuvastatin uptake into human hepatocytes, and that

OATP1B3 is also partly involved in its uptake. This kind of information will

make it possible to predict changes in the pharmacokinetics of rosuvastatin

under special circumstances, such as SNPs, disease, and/or drug—drug

interactions.

37

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

Acknowledgments

We would like to thank Dr. Alfred H. Schinkel (The Netherlands Cancer Institute,

the Netherlands) for supplying the Bcrpl-knockout mice and Dr. Piet Borst (The

Netherlands Cancer Institute) for providing the MDCKII cells expressing MRP2

and MDR1.

38

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

References

Abe T, Kakyo M, Tokui T, Nakagomi R, Nishio T, Nakai D, Nomura H, Unno M,

Suzuki M, Naitoh T, Matsuno S and Yawo H (1999) Identification of a

novel gene family encoding human liver-specific organic anion

transporter LST-1. J Biol Chem. 274:17159-17163.

Akita H, Suzuki H and Sugiyama Y (2001) Sinusoidal efflux of taurocholate is

enhanced in Mrp2-deficient rat liver. Pharm Res 18:1119-1125.

Babu E, Takeda M, Narikawa S, Kobayashi Y, Yamamoto T, Cha SH, Sekine T,

Sakthisekaran D and Endou H (2002) Human organic anion transporters

mediate the transport of tetracycline. Jpn J Pharmacol. 88:69-76.

Chung JY, Cho JY, Yu KS, Kim JR, Oh DS, Jung HR, Lim KS, Moon KH, Shin

SG and Jang 1J (2005) Effect of OATP1B1 (SLCO1B1) variant alleles on

the pharmacokinetics of pitavastatin in healthy volunteers. Clin

Pharmacol Ther. 78:342-350.

Dietrich CG, de Waart DR, Ottenhoff R, Bootsma AH, van Gennip AH and

Elferink RP (2001) Mrp2-deficiency in the rat impairs biliary and intestinal

39

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

excretion and influences metabolism and disposition of the food-derived

carcinogen 2-amino-1-methyl-6-phenylimidazo. Carcinogenesis 22:805-

811.

Fujino H, Saito T, Tsunenari Y, Kojima J and Sakaeda T (2004) Metabolic

properties of the acid and lactone forms of HMG-CoA reductase

inhibitors. Xenobiotica 34:961-971.

Hamilton-Craig | (2001) Statin-associated myopathy. Med J Aust. 175:486-489.

Hirano M, Maeda K, Hayashi H, Kusuhara H and Sugiyama Y (2005) Bile salt

export pump (BSEP/ABCB11) can transport a nonbile acid substrate,

pravastatin. J Pharmacol Exp Ther 314:876-882.

Hirano M, Maeda K, Shitara Y and Sugiyama Y (2004) Contribution of OATP2

(OATP1B1) and OATP8(OATP1B3) to the Hepatic Uptake of Pitavastatin

in Humans. J Pharmacol Exp Ther 311:139-146.

Hirano M, Maeda K, Shitara Y and Sugiyama Y (2006) Drug-drug interaction

between pitavastatin and various drugs via OATP1B1. Drug Metab

Dispos. 34:1229-1236.

40

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

Ho RH, Tirona RG, Leake BF, Glaeser H, Lee W, Lemke CJ, Wang Y and Kim

RB (2006) Drug and bile acid transporters in rosuvastatin hepatic uptake:

function, expression, and pharmacogenetics. Gastroenterology.

130:1793-1806.

Hsiang B, Zhu Y, Wang Z, Wu Y, Sasseville V, Yang WP and Kirchgessner TG

(1999) A novel human hepatic organic anion transporting polypeptide

(OATP2). Identification of a liver-specific human organic anion

transporting polypeptide and identification of rat and human

hydroxymethylglutaryl-CoA reductase inhibitor transporters. J Biol Chem.

274:37161-37168.

Huang L, Wang Y and Grimm S (2006) ATP-dependent transport of

rosuvastatin in membrane vesicles expressing breast cancer resistance

protein. Drug Metab Dispos. 34:738-742.

Ishizuka H, Konno K, Shiina T, Naganuma H, Nishimura K, Ito K, Suzuki H and

Sugiyama Y (1999) Species differences in the transport activity for

organic anions across the bile canalicular membrane. J Pharmacol Exp

Ther. 290:1324-1330.

41

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

Jonker JW, Buitelaar M, Wagenaar E, Van Der Valk MA, Scheffer GL, Scheper

RJ, Plosch T, Kuipers F, Elferink RP, Rosing H, Beijnen JH and Schinkel

AH (2002) The breast cancer resistance protein protects against a major

chlorophyll-derived dietary phototoxin and protoporphyria. Proc Natl

Acad Sci U S A 99:15649-15654.

Kondo C, Suzuki H, Itoda M, Ozawa S, Sawada J, Kobayashi D, leiri I, Mine K,

Ohtsubo K and Sugiyama Y (2005) Functional analysis of SNPs variants

of BCRP/ABCG2. Pharm Res. 21:1895-1903.

Konig J, Cui Y, Nies AT and Keppler D (2000) Localization and genomic

organization of a new hepatocellular organic anion transporting

polypeptide. J Biol Chem. 275:23161-23168.

Konig J, Nies AT, Cui Y, Leier | and Keppler D (1999) Conjugate export pumps

of the multidrug resistance protein (MRP) family: localization, substrate

specificity, and MRP2-mediated drug resistance. Biochim Biophys Acta.

1461:377-394.

Kullak-Ublick GA, Ismair MG, Stieger B, Landmann L, Huber R, Pizzagalli F,

Fattinger K, Meier PJ and Hagenbuch B (2001) Organic anion-

42

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

transporting polypeptide B (OATP-B) and its functional comparison with

three other OATPs of human liver. Gastroenterology 120:525-533.

Kuroda M, Kobayashi Y, Tanaka Y, Itani T, Mifuji R, Araki J, Kaito M and Adachi

Y (2004) Increased hepatic and renal expressions of multidrug

resistance-associated protein 3 in Eisai hyperbilirubinuria rats. J

Gastroenterol Hepatol. 19:146-153.

Lee E, Ryan S, Birmingham B, Zalikowski J, March R, Ambrose H, Moore R,

Lee C, Chen Y and Schneck D (2005) Rosuvastatin pharmacokinetics

and pharmacogenetics in white and Asian subjects residing in the same

environment. Clin Pharmacol Ther. 78:330-341.

Maeda K and Sugiyama Y (2007) In vitro-in vivo scale-up of drug transport

activities, in: Drug transporters (You G and Morris ME eds), pp 557-588,

John Wiley & Sons, Inc., Hoboken, New Jersey.

Martin PD, Warwick MJ, Dane AL, Brindley C and Short T (2003) Absolute oral

bioavailability of rosuvastatin in healthy white adult male volunteers. Clin

Ther. 25:2553-2563.

43

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

Matsushima S, Maeda K, Kondo C, Hirano M, Sasaki M, Suzuki H and

Sugiyama Y (2005) Identification of the Hepatic Efflux Transporters of

Organic Anions Using Double-Transfected Madin-Darby Canine Kidney Il

Cells Expressing Human Organic Anion-Transporting Polypeptide 1B1

(OATP1B1)/Multidrug Resistance-Associated Protein 2,

OATP1B1/Multidrug Resistance 1, and OATP1B1/Breast Cancer

Resistance Protein. J Pharmacol Exp Ther 314:1059-1067.

McTaggart F, Buckett L, Davidson R, Holdgate G, McCormick A, Schneck D,

Smith G and Warwick M (2001) Preclinical and clinical pharmacology of

Rosuvastatin, a new 3-hydroxy-3-methylglutaryl coenzyme A reductase

inhibitor. Am J Cardiol. 87:28B-32B.

Nakai D, Nakagomi R, Furuta Y, Tokui T, Abe T, Ikeda T and Nishimura K

(2001) Human liver-specific organic anion transporter, LST-1, mediates

uptake of pravastatin by human hepatocytes. J Pharmacol Exp Ther.

297:861-867.

Nezasa K, Takao A, Kimura K, Takaichi M, Inazawa K and Koike M (2002)

Pharmacokinetics and disposition of rosuvastatin, a new 3-hydroxy-3-

44

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

methylglutaryl coenzyme A reductase inhibitor, in rat. Xenobiotica

32:715-727.

Niinuma K, Kato Y, Suzuki H, Tyson CA, Weizer V, Dabbs JE, Froehlich R,

Green CE and Sugiyama Y (1999) Primary active transport of organic

anions on bile canalicular membrane in humans. Am J Physiol.

276:G1153-1164.

Nishizato Y, leiri |, Suzuki H, Kimura M, Kawabata K, Hirota T, Takane H, Irie S,

Kusuhara H, Urasaki Y, Urae A, Higuchi S, Otsubo K and Sugiyama Y

(2003) Polymorphisms of OATP-C (SLC21A6) and OAT3 (SLC22A8)

genes: consequences for pravastatin pharmacokinetics. Clin Pharmacol

Ther. 73:554-565.

Sasaki M, Suzuki H, Ito K, Abe T and Sugiyama Y (2002) Transcellular

transport of organic anions across a double-transfected Madin-Darby

canine kidney Il cell monolayer expressing both human organic anion-

transporting polypeptide (OATP2/SLC21A6) and Multidrug resistance-

associated protein 2 (MRP2/ABCC2). J Biol Chem. 277:6497-6503.

45

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

Staud F and Pavek P (2005) Breast cancer resistance protein (BCRP/ABCG2).

Int J Biochem Cell Biol. 37:720-725.

Tanigawara Y (2000) Role of P-glycoprotein in drug disposition. Ther Drug

Monit. 22:137-140.

Trauner M and Boyer JL (2003) Bile salt transporters: molecular

characterization, function, and regulation. Physiol Rev. 83:633-671.

van Herwaarden AE, Jonker JW, Wagenaar E, Brinkhuis RF, Schellens JH,

Beijnen JH and Schinkel AH (2003) The breast cancer resistance protein

(Bcrpl/Abcg?) restricts exposure to the dietary carcinogen 2-amino-1-

methyl-6-phenylimidazo[4,5-b]pyridine. Cancer Res. 63:6447-6452.

Yamaoka K, Tanigawara Y, Nakagawa T and Uno T (1981) A pharmacokinetic

analysis program (multi) for microcomputer. J Pharmacobiodyn.

Nov4:879-885.

Yamashiro W, Maeda K, Hirouchi M, Adachi Y, Hu Z and Sugiyama Y (2006)

Involvement of transporters in the hepatic uptake and biliary excretion of

46

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

valsartan, a selective antagonist of the angiotensin Il AT1-receptor, in

humans. Drug Metab Dispos. 34:1247-1254.

Yamazaki M, Kobayashi K and Sugiyama Y (1996) Primary active transport of

pravastatin across the liver canalicular membrane in normal and mutant

Eisai hyperbilirubinaemic rats. Biopharm Drug Dispos 17:645-659.

Zhang W, Yu BN, He YJ, Fan L, Li Q, Liu ZQ, Wang A, Liu YL, Tan ZR, Fen J,

Huang YF and Zhou HH (2006) Role of BCRP 421C>A polymorphism on

rosuvastatin pharmacokinetics in healthy Chinese males. Clin Chim Acta

373:99-103.

47

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

Footnotes

This study was supported by Labor Sciences Research Grants from the Ministry

of Health, Labor, and Welfare for Research on Toxicogenomics and a Grant-in-

Aid for Young Scientists (B) (19790119) from the Ministry of Education, Culture,

Sports, Science and Technology.

48

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 10, 2008 as DOI: 10.1124/dmd.108.021410
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #21410

Legends for Figures

Fig. 1 Time profiles of rosuvastatin uptake in human OATP1B1-, OATP1B3-,

and OATP2B1l-expressing HEK293 cells. Closed circles, squares, triangles,

and open circles represent the uptake of rosuvastatin (0.1 uM) by human

OATP1B1-, OATP1B3-, OATP2B1- and vector-transfected HEK293 cells,

respectively. Each point represents the mean = S.E. (n = 3). Where vertical

bars are not shown, the S.E. values are within the limits of the symbols.

Fig. 2 Eadie—Hofstee plots of the uptake of rosuvastatin in human OATP1B1-,

OATP1B3-, and OATP2B1-expressing HEK293 cells. The concentration

dependence of the (A) OATP1B1-, (B) OATP1B3-, and (C) OATP2B1-mediated

uptake of rosuvastatin is shown in the Eadie-Hofstee plots. The uptake

clearance in 1 min was determined at various concentrations (0.1-100 pM).

The OATP1B1-, OATP1B3-, and OATP2B1-mediated transport was calculated

by subtracting the uptake in vector-transfected control cells from that in

transporter-expressing cells. The data were fitted to Eq. 6 (described in

Materials and Methods) by the nonlinear least-squares method, and each solid

line represents the fitted curve. Each point represents the mean + S.E. (n = 6).
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Where vertical and/or horizontal bars are not shown, the S.E. values are within

the limits of the symbols.

Fig. 3 Time profiles for the transcellular transport of rosuvastatin across MDCKII

monolayers expressing human transporters. Transcellular transport of

rosuvastatin (0.1 yM) across MDCKII monolayers expressing OATP1B1 (B),

MRP2 (C), MDR1 (D), BCRP (E), both OATP1B1 and MRP2 (F), both

OATP1B1 and MDR1 (G), or both OATP1B1 and BCRP (H) was compared with

that across a vector-transfected control MDCKIlI monolayer (A). Closed and

open circles represent the transcellular transport (PSpet) in the basal-to-apical

and apical-to-basal directions, respectively. Each point represents the mean *

S.E. (n = 3). Where vertical bars are not shown, the S.E. values are within the

limits of the symbols. ** P < 0.01, ** P < 0.001.

Fig. 4 Concentration dependence of the transcellular transport clearance (PSyer)

(A, B) and apical transmembrane clearance (PSgica) (C, D) of rosuvastatin

across MDCKII monolayers expressing OATP1B1/MRP2 (A, C) or

OATP1B1/MDR1 (B, D). The concentration dependence of PS,e from the basal
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to the apical side (A, B) and of PSaca (C, D) across MDCKII monolayers

expressing both OATP1B1 and MRP2 (closed squares) or both OATP1B1 and

MDR1 (closed triangles) were compared with those across an OATP1B1-

expressing monolayer (open squares) or a vector-transfected control MDCKII

monolayer (open circles). PS;e from the basal to the apical side and PSgpica for

120 min were determined at various concentrations of rosuvastatin (0.1-300

MM). The data were fitted to Eq. 6 (described in Materials and Methods) by

the nonlinear least-squares method, and each solid line represents the fitted

curve. Each point represents the mean + S.E. (n = 3). Where vertical and/or

horizontal bars are not shown, the S.E. values are within the limits of the

symbols.

Fig. 5 Time profiles and Eadie—Hofstee plots of the transport of rosuvastatin by

human BCRP- or GFP-expressing membrane vesicles. (A) Time profile of the

uptake of rosuvastatin (0.1 uM) was examined at 37 °C in medium containing 5

mM ATP (closed symbols) or AMP (open symbols). Circles and triangles

represent the uptake in BCRP- and GFP-expressing membrane vesicles,

respectively. Each point represents the mean + S.E. (n = 3). (B) The
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concentration dependence of the ATP-dependent transport of rosuvastatin

mediated by BCRP is shown in Eadie—Hofstee plots. The transport clearance

for 1 min was determined at various concentrations (0.1-100 uM). The ATP-

dependent transport mediated by BCRP was calculated by subtracting the ATP-

dependent transport in GFP-expressing control vesicles from that in BCRP-

expressing vesicles. The data were fitted to Eq. 7 (described in Materials and

Methods) by the nonlinear least-squares method, and each solid line

represents the fitted curve. Each point represents the mean = S.E. (n = 3).

Where vertical and/or horizontal bars are not shown, the S.E. values are within

the limits of the symbols.

Fig. 6 Time profiles for plasma concentrations and biliary excretion rates for

rosuvastatin in control SD rats (closed symbols) and Mrp2-deficient EHBRs

(open symbols). The plasma concentrations (A) and biliary excretion rates (B)

of the total radioactivity during the constant intravenous infusion of rosuvastatin

into SD rats (closed circles) and EHBRs (open circles) were determined. Each

point represents the mean + S.E. (n = 3). Where vertical bars are not shown,

the S.E. values are within the limits of the symbols.
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Fig. 7 Time profiles for plasma concentrations and biliary excretion rates of

rosuvastatin in control FVB mice (closed symbols) and Bcrpl-knockout mice

(open symbols). The plasma concentrations (A) and biliary excretion rates (B)

of the total radioactivity during constant intravenous infusion of rosuvastatin into

FVB mice (closed circles) or Bcrpl-knockout mice (open circles) were

determined. Each point represents the mean £ S.E. (n = 3). Where vertical

bars are not shown, the S.E. values are within the limits of the symbols.
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Table 1 Uptake clearance of reference compounds (E1S and CCK-8) and

rosuvastatin in OATP1B1- and OATP1B3-expressing HEK293 cells (our results)

and human hepatocytes (reported values), and the relative contribution of

OATP1B1 and OATP1B3 to the overall hepatic uptake of rosuvastatin in human

hepatocytes
Reference compounds Rosuvastatin
(©) Clsepaocyte
Lot (1) Human (2) Expression (4) Expression Contribution
Transporter R value (MU/mMin/10° cells)
No. hepatocytes* system system (%)
e 3@
(M|Jmin/106 cells) (uL/min/mg protein) (UL/min/mg protein)
OATP1B1 110 96.0 1.15 4.79 5.49 66.3
OCF
OATP1B3 7.89 41.9 0.188 14.8 2.79 33.7
OATP1B1 134 96.0 1.40 4.79 6.69 844
094
OATP1B3 3.50 419 00835 14.8 124 15.6
OATP1B1 57.7 96.0 0.601 4.79 2.88 80.2
ETR
OATP1B3 2.02 41.9 00482 14.8 0.713 19.8

In the experiments using transporter expression systems, the uptake of E;S

(reference compound for OATP1B1) for 0.5 min, CCK-8 (reference compound

for OATP1B3) for 5 min, and rosuvastatin for 1 min were simultaneously

determined, respectively. OATP1B1- and OATP1B3-mediated transport was

calculated by subtracting the uptake in vector-transfected control cells from that
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in OATP1B1- and OATP1B3-expressing cells. The method is described in

detail in Materials and Methods.

* These data are cited from a previous report (Hirano et al., 2004)
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Table 2 Kinetic parameters of the uptake of rosuvastatin in OATP1B1-,

OATP1B3-, and OATP2B1-expressing HEK293 cells

Km Vmax I:)dif
transporter

(uMm) (pmol/min/mg) (uL/min/mg)
OATP1B1 0.802 *= 0.274 211 += 0.59 1.27 + 0.07
OATP1B3 142 + 28 120 = 25 3.00 + 0.30
OATP2B1 6.42 + 1.03 322 +* 49 1.12 + 0.10

Data shown in Fig. 2 were used to determine the Kn, Vmax, and Pg; values.

These parameters were determined by fitting the data using the nonlinear least-

squares method. Each point represents the mean + S.E. (n = 6).
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basal side to the apical side (PSnetp 0 a) @nd the intrinsic efflux clearance across

the apical membrane (PSapica)) Of rosuvastatin in OATP1B1/MRP2- and

OATP1B1/MDR1 double-transfected MDCKII cells

Km Vmax I:>dif
(uM) (pmol/min/mg) (uL/min/mg)
PShet 299 + 45 274 = 40 0.258 + 0.148
OATP1B1/MRP2
PSapical 343 + 6.7 329 * 64 0.335 * 0.243
PShet 21.7 + 21 106 + 9 0.0868 =+ 0.0390
OATP1B1/MDR1
PSapical 40.1 = 6.3 152 = 24 0.101 + 0.081

Data shown in Fig. 4 were used to determine the K, Vmax and Pgs values.

These parameters were determined by fitting the data using the nonlinear least-

squares method. Each point represents the mean + S.E. (n = 3).
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Table 4 Pharmacokinetic parameters of rosuvastatin during constant

intravenous infusion into SD rats and EHBRs

Cp, ss CLtot,p CH,ss Kp,H Vbile,ss CI-I;Jile,p CI-biIe,H

(nM) (mL/min/kg) (nM) (pmol/min/kg) (mL/min/kg) (mL/min/kg)
SD rat 133 = 09 506 + 3.2 139 + 6 106 = 1.1 493 + 24 376 = 3.8 355 + 0.18
EHBR 351 + 18| 191 + 1.0 | 190 =+ 13 541 + 0411*| 359 + 24 102 + 0.4* | 1.89 =+ 0.10*

Each point represents the mean = S.E (n = 3).

C,ss, plasma steady-state concentration (mean plasma concentration at 300

min);

CLuot,p, total plasma clearance calculated by dividing the infusion rate by Cpss;

Cuss, hepatic steady-state concentration (mean hepatic concentration at 300

min);

Ko.h, liver-to-plasma concentration ratio at steady state, which was calculated by

dividing the Cy ss value by the Cp ss value;

Viiess, Steady-state biliary excretion rate (mean biliary excretion rate during

240-300 min);

ClLuie,p, biliary excretion clearance relative to the plasma concentration, which

was calculated by dividing the Ve ss vValue by the C,ss value;
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CLuien, biliary excretion clearance relative to the hepatic concentration, which

was calculated by dividing the Vye ss Value by the Cy ¢s value.

*P <0.05, * P <0.01.
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Table 5 Pharmacokinetic parameters of rosuvastatin during constant

intravenous infusion into FVB mice and Bcrpl-knockout mice

Cp ss CLtot,p Ch,ss Kp.H Vhile,ss CLubile,p CLubile,

(nM) (mL/min/kg) (nM) (pmol/min/kg) (mL/min/kg) (mL/min/kg)
FVB 138 + 028 | 779 =+ 133 115 + 15 858 =+ 0.77 |49.7 + 17 387 + 6.6 4.48 =+ 0.63
Berpl(-
B 240 + 009|418 + 16 |129 + 26 |535 + 103|599 =+ 1.26**| 248 + 0.46*| 0531 + 0.205*

Each point represents the mean + S.E (n = 3).

C,ss, plasma steady-state concentration (mean plasma concentration at 120
min);

CLot,p, total plasma clearance calculated by dividing the infusion rate by C, ss;
Cuss, hepatic steady-state concentration (mean hepatic concentration at 120
min);

Ko, liver-to-plasma concentration ratio at steady state, which was calculated by
dividing the Cy s value by the C, s value,

Vyie ss, Steady-state biliary excretion rate (mean biliary excretion rate during 90—
120 min);

ClLuie,p, biliary excretion clearance relative to the plasma concentration, which

was calculated by dividing the Vye ss Value by the C, s value;
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CLuien, biliary excretion clearance relative to the hepatic concentration, which

was calculated by dividing the Vye ss Value by the Cy ¢s value.

*P <0.05,* P <0.01, ** P <0.001.
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