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General Introduction

The liver is one of the most important organs for the detoxification of
endogenous and exogenous compounds. In the process of detoxification,
compounds are first taken up into the liver, then metabolized by Phase |
enzymes, such as cytochrome P450 (CYP), which mainly catalyze the oxidation
of a variety of sub-structures, and Phase Il conjugation enzymes, such as
glutathione-S-transferase (GST), UDP-glucuronosyl transferase (UGT) and
sulfo-transferase (SULT), which add hydrophilic groups to the compounds and/or
- their metabolites, which are then excreted into the bile. In general, the
membrane permeability is thought to be largely determined by the molecular
weight and Log P value (water/octanol partition coefficient)(Levin, 1980).
However, some recent reports have indicated that hydrophilic compounds which
cannot easily penetrate the plasma membrane because of their physicochemical
properties are efficiently taken up into specific organs, such as liver and
kidney(Mizuno et al., 2003). Currently, many uptake and efflux transporters
have been identified and characterized in human liver and in some cases they
play an important role in drug disposition. For example, pravastatin, an

HMG-CoA reductase inhibitor, is efficiently taken up by the liver, which is a



pharmacological target of this drug and retained in the hepatobiliary system for a
long time by enterohepatic circulation with only minimal systemic exposure,
which results in an increase in its pharmacological effects and a reduction in its
side effects, such as rhabdomyolysis. Several reports have demonstrated that
the beneficial pharmacokinetic properties of pravastatin are achieved by several
uptake and efflux transporters, such as organic anion transporting polypeptide
(OATP) 1B1 and multidrug resistance associated protein (MRP) 2 in the liver and,
possibly, the small intestine(Tamai et al., 1995; Yamazaki et al., 1996; Hsiang et
al., 1999; Nakai et al., 2001; Sasaki et al., 2002; Nozawa et al., 2004). Several
SLC (solute carrier) family uptake transporters are expressed on the sinusoidal
membrane of the human liver (Fig. G-1)(Hagenbuch and Meier, 1996; Muller and
Jansen, 1997; Hagenbuch and Meier, 2003). Na'-taurocholate co-transporting
polypeptide (NTCP) is responsible for the transport of bile acids in a
Na+-dependent manner(Hagenbuch and Meier, 1994). Organic anion
transporter (OAT) 2 is involved in the uptake of small hydrophilic organic
anions(Sun et al., 2001), while organic cation transporter (OCT) 1 plays a role in
the uptake of small organic cations(Zhang et al., 1997). OATP family

transporters can accept several kinds of bulky organic anions(Hagenbuch and



Meier, 2003). Several ABC (ATP-binding cassette) transporters, which can
pump out the compounds from cells by using the energy of ATP hydrolysis, are
located on the bile canalicular membrane (Fig. G-1). MRP2 is thought to be
responsible for the biliary excretion of glucuronides, glutathione-conjugates and
some unconjugated organic anions(Suzuki and Sugiyama, 1998; Konig et al.,
1999). Bile salt export pump (BSEP) is important for the efflux of bile acids(Noe
et al., 2001; Byrne et al., 2002; Noe et al., 2002). Multidrug resistance (MDR) 1
(P-glycoprotein) is involved in the efflux of various kinds of hydrophobic neutral
and cationic compounds(Tanigawara, 2000; Varadi et al., 2002). Breast cancer
resistance protein (BCRP) has been cloned most recently and can also accept
several kinds of compound, especially sulfate conjugates(Suzuki et al., 2003).
The main characteristic of molecules involved in the detoxification of xenobiotics,
such as metabolic enzymes and transporters, is their broad substrate specificity
and molecular diversity, which is advantageous for the elimination of many kinds
of structurally-diverse compounds.

Based on the pharmacokinetic concept explained above, the apparent
intrinsic clearance (CL.inta) Ccan be explained by the following equation (Fig.

G-2)(Shitara et al., 2005).
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, where CLin, CLmetab, Cles, CI—'seq represent the intrinsic clearance for hepatic
uptake, metabolism, backflux from cell to blood and efflux from cell to bile,
respectively. If the sum of CLmetar and CLseq is much greater than CLes, Eq. G-1
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In this case, the rate-determining process of the overall intrinsic clearance is
hepatic uptake. On the other hand, if the sum of CLnetap and CLgeq is much

smaller than CLes, Eq. G-1 can be described as Eq. G-3.
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We should note that intrinsic hepatic clearance is always proportional to the
uptake clearance (CL;) regardless of the situation. Therefore, a change in the
uptake clearance has a direct influence on the intrinsic hepatic clearance.
Especially for the uptake of organic anions in human liver, OATP1B1 and
OATP1B3 are thought to be important because they are almost exclusively
expressed in liver and accept a wide variety of organic anions including

endogenous compounds, such as bilirubin and thyroxine, and



clinically-important drugs, such as rifampicin, HMG-CoA reductase inhibitors (so
.called “statins”), ACE inhibitors and angiotensin Il  receptor
antagonists(Hagenbuch and Meier, 2003). Due to the high homology of these
molecules, the substrate specificities generally overlap each other and one
compound can be transported by both transporters. To predict the effect of the
functional change in each transporter caused by genetic polymorphisms and
transporter-mediated drug interactions on the overall pharmacokinetics of drugs,
it is essential to have information about the contribution of each transporter to
the overall membrane transport process. Fortunately, we can now use
cryopreserved human hepatocytes for the characterization of uptake activity in
human liver. Shitara et al. have demonstrated that the transport activity of
typical transporter substrates (estradiol-173-glucuronide, taurocholate) in
cryopreserved human hepatocytes is almost fully retained compared with that in
freshly isolated hepatocytes(Shitara et al., 2003b) and using human hepatocytes,
it has been shown that the drug-drug interaction between cyclosporin A and
cerivastatin is mainly caused by inhibition of the hepatic uptake of cerivastatin by
cyclosporin A(Shitara et al., 2003a). We recently established the three

methods to estimate the contribution of OATP1B1, 1B3 and 2B1 to the overall



hepatic uptake of organic anions: (1) Using transporter-selective substrates as
reference compounds, we can calculate the ratio of the uptake clearance in
human hepatocytes to that in transporter expression systems and then estimate
the uptake clearance mediated by a specific transporter by multiplying that ratio
by the uptake clearance of the test compounds in expression system. This
method (called RAF (relative activity factor) method) was originally used in the
field of CYP enzymes and we have applied this method to the field of hepatic
uptake transporters. (2) Using Western blot analysis, we can estimate the ratio
of the band density of a specific transporter in human hepatocytes to that in the
expression system and carry out the calculation using the same concept as that
described earlier. (3) Using transporter-selective inhibitors, we can estimate
the inhibitable portion of the transporter-specific uptake in the presence of
selective inhibitors in human hepatocytes(Hirano et al., 2004; Hirano et al., 2006;
Ishiguro et al., 2006). From our analyses, we have shown that the relative
contribution of OATP1B1 and OATP1B3 depends on the individual compounds
even in the same category of drugs(lshiguro et al., 2006; Yamashiro et al.,
2006).

Therefore, to further investigate the importance of each uptake transporter



for the hepatic clearance of drugs, in Part | we investigated the role of uptake
transporters in the hepatic uptake of ursodeoxycholate (UDCA) by using human
cryopreserved hepatocytes and transporter expression systems. UDCA is
often used for the treatment of several hepatic diseases. Like substrates for
anion transporters, UDCA undergoes enterohepatic circulation being efficiently
taken up into liver, excreted into bile and reabsorbed from the intestine.
However, although the pharmacological target of UDCA is liver, its transport
mechanism has not yet been fully characterized.

Then, to demonstrate the importance of the function of the uptake
transporter in the clinical pharmacokinetics of drugs, in Part Il, we performed a
clinical study to investigate the effect of the haplotype of OATP1B1 on the
pharmacokinetics of pravastatin, valsartan and temocapril. Nishizato et al.
have clearly demonstrated that the area under the plasma concentration-time
curve (AUC) of pravastatin in subjects with OATP1B1*15 (Asn130Asp &
Val174Ala) is significantly greater than that in non-carriers of the *15 allele,
which shows that the OATP1B1*15 mutant results in a reduction in the hepatic
clearance of pravastatin(Nishizato et al., 2003). However, at that time, there

were few reports about the change in the pharmacokinetics of the substrate



drugs for OATP1B1 other than statins.

Through in vitro and in vivo clinical studies, | wish to show the importance of

hepatic uptake transporters in the pharmacokinetics of several drugs which

selectively accumulate in the liver.
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Fig. G-1 Schematic diagram of the detoxification system in human liver

OCT: organic cation transporter

OAT: organic anion transporter

OATP: organic anion transporting polypeptide
NTCP: Na'-taurocholate cotransporting polypeptide
MRP: multidrug resistance associated protein
MDR: multidrug resistance

BSEP: bile salt export pump

BCRP: breast cancer resistance protein
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Fig. G-2 Detailed mechanisms for the clearance of drugs in liver

CLi.s: intrinsic uptake clearance from blood to cells
ClLes: intrinsic backflux clearance from cells to blood
CLmetab: intrinsic metabolic clearance

ClLseq: intrinsic efflux clearance from cells to bile
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Part |

Uptake of ursodeoxycholate and its conjugates
by human hepatocytes: role of Na'-taurocholate
cotransporting polypeptide (NTCP), organic anion
transporting polypeptide (OATP) 1B1 (OATP-C)
and OATP1B3 (OATPS).
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Abstract

Ursodeoxycholate (UDCA) is widely used for the treatment of cholestatic
liver disease. After oral administration, UDCA is absorbed, taken up efficiently
by hepatocytes, and conjugated mainly with glycine to form glycolursodeoxy-
cholate (GUDC) or partly with taurine to form tauroursodeoxycholate (TUDC),
which undergo enterohepatic circulation. In this study, to check whether three
basolateral transporters — Na*-taurocholate cotransporting polypeptide (NTCP,
SLC10A1), organic anion transporting polypeptide (OATP) 1B1 (OATP-C) and
OATP1B3 (OATP8) mediate uptake of UDC, GUDC, and TUDC by human
hepatocytes, we investigated their transport properties using transporter-
expressing HEK293 cells and human cryopreserved hepatocytes. TUDC and
GUDC could be taken up via human NTCP, OATP1B1 and OATP1B3, whereas
UDCA could be transported significantly by NTCP, but not OATP1B1 and
OATP1B3 in our expression systems. We observed a time-dependent and
saturable uptake of UDCA and its conjugates by human cryopreserved
hepatocytes and more than half of the overall uptake involved a saturable
component. Kinetic analyses revealed that the contribution of Na*-dependent

and -independent pathways to the uptake of UDCA or TUDC was very similar,
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while the Na*-independent uptake of GUDC was predominant. These results
suggest that UDCA and its conjugates are taken up by both multiple saturable
transport systems and non-saturable transport in human liver with different
contributions. These results provide an explanation for the efficient hepatic

clearance of UDCA and its conjugates in patients receiving UDCA therapy.
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Introduction

Ursodeoxycholate (UDCA) is a natural, non-cytotoxic bile acid that is used
as a drug for the treatment of various cholestatic disorders(Hofmann, 1999;
Paumgartner and Beuers, 2002), though the exact molecular mechanisms of its
pharmacological actions have not been clarified(Paumgartner and Beuers,
2002)(Fig. I-1A). Under normal conditions, UDCA accounts for only about 3 %
of the total bile acids in human bile. However, the fraction of UDCA conjugates
in total bile acids increases up to 30-50 % in patients receiving UDCA(Invernizzi
et al., 1999). Lindor et al. reported that after repetitive administration of UDCA
for 2 years to primary biliary cirrhosis patients, the percentage of UDCA in serum
bile acids is well correlated with that in biliary bile acids, but in some patients
plasma bile acids were enriched with UDCA, but not biliary bile acids(Lindor et
al., 1998). They also reported that changes in biliary UDCA concentration,
rather than in serum concentration, correlated well with the decrease in the
concentration of alkaline phosphatase, aspartate aminotransferase (AST) and
bilirubin in the serum, which are clinical markers of hepatic function(Lindor et al.,
1998). Therefore, in order to predict the effectiveness of the treatment for

individual patients, it is important to understand the molecular mechanism of
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UDCA accumulation in the bile.

After oral administration of UDCA, it is absorbed from the small intestine,
efficiently extracted by hepatocytes and conjugated mainly with glycine to give
glycoursodeoxycholate (GUDC) and partly with taurine, to give
tauroursodeoxycholate (TUDC). GUDC and TUDC are secreted into bile and
join endogenous bile acids circulating enterohepatically. So hepatic uptake
process of UDCA and its conjugates partly contributes to their long-time
retention in bile (Fig. I-1B).

Traditionally, the hepatic uptake of bile acids consists of
Na*-independent and Na*-dependent pathways(Van Dyke et al., 1982). For
example, cholate is taken up into isolated rat hepatocytes mainly in an
Na*-independent manner, while about 80 % of the taurocholate uptake is
mediated by the Na®-dependent route(Anwer and Hegner, 1978). At the
present time, it is known that Na*-taurocholate cotransporting polypeptide
(NTCP) is involved in Na’-dependent uptake(Hagenbuch and Meier, 1994),
whereas the organic anion transporting polypeptide (OATP) family, also present
on the basolateral membrane, is responsible for Na*-independent

uptake(Hagenbuch and Meier, 2003). OATP1B1 (OATP-C) and OATP1B3
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(OATPS8) are expressed exclusively in the liver and transport a wide variety of
endogenous compounds as well as drugs(Hagenbuch and Meier, 2003). They
can also transport not only unconjugated bile acids (e.g. cholate) but also
conjugated bile acids (e.g. glycocholate and taurocholate)(Hagenbuch and Meier,
2003). Regarding the uptake mechanism of UDCA and its conjugates in
humans, it has been reported that TUDC can be a substrate of NTCP and
OATP1A2 (OATP-A)(Kullak-Ublick et al., 1995; Meier et al., 1997), although the
role of OATP1A2 in its hepatic uptake is thought to be minor because the
expression level of OATP1A2 in human liver is very low(Alcorn et al., 2002).

On the other hand, some previous reports have shown that TUDC can be
transported by rat Ntcp, Oatp1a1 (Oatp1)(Eckhardt et al., 1999), Oatp1a4
(Oatp2)(Reichel et al., 1999) and Oatp1a5 (Oatp3)(Walters et al., 2000), and
GUDC can be transported by Oatp1a5 in rats(Walters et al., 2000). Which
transporters, if any, mediate the transport of UDCA has not been clarified.
Poupon et al. used perfused rat liver to demonstrate that UDCA can be taken up
in a saturable manner, which indicates the involvement of transporters in the
hepatic uptake of UDCA(Poupon et al., 1988). Because there is no strict

one-to-one relationship between rodent Oatps and human OATPs and the
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composition of conjugated bile acids in bile differs markedly between rats and
humans, it seemed to be important for us to perform transport analyses of UDCA
and its conjugates using human gene products and human hepatocytes. In this
study, we have characterized the transport of UDCA, GUDC and TUDC by NTCP,
OATP1B1 and OATP1B3 using transporter expression systems and human

cryopreserved hepatocytes.
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Materials & Methods
Materials

[*H]Ursodeoxycholate (20 Ci/mmol) was obtained from SibTech Inc.
(Newington, CT) by customized synthesis. 22,23-[*H]Tauroursodeoxycholate
(10 Ci/mmol) and 22,23-[*H]glycoursodeoxycholate (11 Ci/mmol) were
synthesized by reductive tritiation of the unsaturated precursor. (see Ref.
(Sorscher et al., 1992)). [*H]Taurocholate (2 Ci/mmol) was purchased from
PerkinElmer Life Sciences (Boston, MA). Unlabeled sodium ursodeoxycholate,
sodium tauroursodeoxycholate and sodium glycoursodeoxycholate were kindly
provided by Mitsubishi Pharma Co. (Osaka, Japan). Unlabeled taurocholate
was purchased from Sigma Chemical Co. (St. Louis, MO). All other chemicals

used were commercially available and of reagent grade.

Construction of human NTCP-expressing cells

The human NTCP cDNA was amplified by PCR using human liver cDNA
purchased from BD Biosciences Clontech (Palo Alto, CA) as a template. The
sequences of the forward and reverse primer to obtain the full-length NTCP

cDNA were 5-GCTAGCATCGATGCCGCCATGGAGGCCCACAACGCGTC-3
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and 5-AAGCTTGCGGCCGCCTAGGCTGTGCAAGGGGAGC-3.. The
amplified cDNA fragment was TA-cloned into the pGEM vector (Promega, CA,
USA). Then, human NTCP-cloned vector was digested with Nhe | and Hind IlI
and subcloned into pcDNA3.1(+)(Invitrogen, Carisbad, CA). HEK293 cells
were transfected with expression vector using FUGENEG6 (Roche Diagnostics
Corp., Indianapolis, IN), according to the manufacturer’s instruction. After
G418 selection (800 pg/mL) for 3 weeks, single colonies were screened using
the transport activity of taurocholate and the clone with the highest activity was

maintained and used for further analyses.

Cell Culture

Transporter-expressing HEK293 cells and vector-control cells were grown in
Dulbecco’s modified Eagle’s medium (low glucose version) (Invitrogen, Carlsbad,
CA) supplemented with 10 % fetal bovine serum, 100 units/mL penicillin, 100

Hg/mL streptomycin at 37 °C with 5 % CO2 and 95 % humidity.

Transport Assay in transporter expression systems

The transport study was carried out as described previously(Hirano et al.,
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2004). Cells were seeded in 12-well plates ata density of 1.5 x 10° cells/well.
Cell culture medium was replaced with culture medium supplemented with 5 mM
sodium-butyrate 24 h before transport assay to induce the expression of
OATP1B1, OATP1B3 and OAT2. Uptake was initiated by adding
Krebs-Henseleit buffer containing radiolabeled and unlabeled substrates after
cells had been washed twice and preincubated with Krebs-Henseleit buffer at
37°C for 15 min. To measure the Na'-independent uptake, sodium chloride and
sodium bicarbonate in Krebs-Henseleit buffer were replaced with choline
chloride and choline bicarbonate. The Krebs-Henseleit buffer consists of 118
mM NaCl, 23 mM NaHCO3;, 4.8 mM KCI, 1.0 mM KH2PO4, 1.20 mM MgSQOs,,
12.5 mM HEPES, 5 mM glucose, and 1.53 mM CaCl, adjusted to pH 7.4. The
uptake was terminated at a designated time by adding ice-cold Krebs-Henseleit
buffer after removal of the incubation buffer. Then, cells were washed twice
with 1 mL ice-cold Krebs-Henseleit buffer, solubilized in 500 yL 0.2 N NaOH, and
kept overnight at 4°C. Aliquots (500 pL) were transferred to scintillation vials
after adding 250 yL 0.4 N HCI. The radioactivity associated with the cells and
incubation buffer was measured in a liquid scintillation counter (LS6000SE;

Beckman Coulter, Inc.) after adding 2 mL scintillation fluid (Clear-sol I, NACALAI

21



TESQUE, Kyoto, Japan) to the scintillation vials. The remaining 50 pL of the
aliquots of cell lysate was used to determine the protein concentration by the

method of Lowry with bovine serum albumin as a standard.

Transport by human cryopreserved hepatocytes

This experiment was performed as described previously(Shitara et al.,
2003b). Cryopreserved human hepatocytes were purchased from In Vitro
Technologies (Baltimore, USA). Just before the study, the hepatocytes (1 mL
suspension) were thawed at 37 °C, then immediately suspended in 10 mL
ice-cold Krebs-Henseleit buffer and centrifuged (50 g) for 2 min at 4 °C, followed
by removal of the supernatant. This procedure was repeated once more to
remove cryopreservation buffer and then cells were resuspended in the same
buffer to give a cell density of 1.0x10° viable cells/mL for the uptake study. The
number of viable cells was determined by trypan blue staining. The average
fraction of viable cells in human cryopreserved hepatocytes was 65-80%. To
measure the uptake in the absence of Na®, sodium chloride and sodium
bicarbonate in Krebs-Henseleit buffer were replaced with choline chloride and

choline bicarbonate. Prior to the uptake studies, the cell suspensions were
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prewarmed in an incubator at 37 °C for 3 min. The uptake studies were initiated
by adding an equal volume of buffer containing labeled and unlabeled substrates
to the cell suspension. After incubation at 37 °C for 0.5, 2 or 5 min, the reaction
was terminated by separating the cells from the substrate solution. For this
purpose, an aliquot of 80 pL incubation mixture was collected and placed in a
centrifuge tube (450 pL) containing 50 uL 2 N NaOH under a layer of 100 pL of
oil (density, 1.015, a mixture of silicone oil and mineral oil; Sigma-Aldrich, St.
Louis, MO), and subsequently, the sample tube was centrifuged for 10 s using a
tabletop centrifuge (10,000g; Beckman Microfuge E; Beckman Coulter, Inc.,
Fullerton, CA). During this process, hepatocytes passed through the oil layer
into the alkaline solution. After an overnight incubation in alkali to dissolve the
hepatocytes, the centrifuge tube was cut and each compartment was transferred
to a scintillation vial. The compartment containing the dissolved cells was
neutralized with 50 pL 2 N HCI, mixed with scintillation cocktail, and the

radioactivity was measured in a liquid scintillation counter.

Data Analyses

The uptake was expressed as the uptake volume (uL/mg protein), given as the
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amount of radioactivity associated with the cells (dpm/mg protein) divided by its
concentration in the incubation medium (dpm/uL). To estimate the hepatic
clearance of the substrate in human hepatocytes, uptake clearance (CL 2 min-0.5
min) (LL/min/10° cells)) was calculated by subtracting the uptake volume (V4
(uL/10° cells)) at 0.5 min from that at 2 min as shown in (Eq. I-1), because the
uptake at the Y-intercept (time 0) of the graph is thought to represent
non-specific adsorption to the culture dish or the cell surface of the hepatocytes
and 0.5 min is the shortest measurable sampling point from a practical point of
view.  Also, the saturable hepatic clearance (CLpep (LL/min/10° cells)) was
determined by subtracting the uptake clearance in the presence of excess
unlabeled substrate (300 uM) (CL 2 min-0.5 min),excess) from thatin the presence of 1

:lM Substrate (CL(Q min-0.5 min),tracef) as ShOWﬂ II"\ (Eq |'2)

Va 2min =V4,05mi
CL (2 min-0.5 min) = — m;_o 5 =2 (Eq. I-1)

CLhep = CL(Zmin—O.Smin),tracer - CL(Zmin—O.Smin),excess (Eq. I-2)

Kinetic parameters were obtained using the following equation:

y = —max X; +PdifXS ‘ (Eq |-3)

where v is the initial uptake velocity of substrate (pmol/min/mg protein(or 10°

cells)), S is the substrate concentration in the incubation buffer (uM), K, is the
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Michaelis-Menten constant (uM), Vpa is the maximum uptake velocity
(pmol/min/mg protein(or 10° cells)) and Py is the nonspecific uptake clearance
(uL/min/mg protein(or 10° cells)). The uptake data were fitted to this equation
by a nonlinear least-squares method using a MULTI program (Yamaoka et al.,
1981). The input data were weighted as the reciprocal of the observed values

and the Damping Gauss Newton method was used as the fitting algorithm.

25



Results
Uptake of taurocholate, UDCA and its conjugates by human OATP1B1-,
OATP1B3- and OAT2-expressing HEK293 cells
The time course of the uptake of UDCA and its conjugates, TUDC and

GUDC, by human OATP1B1- and OATP1B3-expressing HEK293 cells are
shown in Fig. I-2A, B and C, respectively. TUDC and GUDC showed
significantly greater uptake in HEK293 cells expressing OATP1B1 or OATP1B3
compared with vector-transfected cells. The time-dependent uptake of UDCA
was observed even in vector-transfected cells and transfection of OATP1B1 or
OATP1B3 to HEK293 cells did not enhance the intracellular accumulation of
UDCA. As previously described (Hagenbuch and Meier, 2003), significant
uptake of taurocholate by our OATP1B1 and OATP1B3 expression system was
also observed (Fig. I-2D). On the other hand, the significant uptake of UDCA,
TUDC, GUDC and TCA was not observed in human OAT2-transfected cells
compared with vector-transfected cells (Fig. I-6).

Because the uptake of TUDC and GUDC was linear up to 2 min (Fig. I-2B, C),
the initial uptake was investigated as the uptake for 2 min at various substrate

concentrations (Fig. I-3). The uptake of TUDC and GUDC by HEK293 cells
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expressing OATP1B1 and OATP1B3 was saturated at higher concentration.
The Eadie-Hofstee plots shown in Fig. I-3 indicate that the uptake of TUDCA and
GUDCA by OATP1B1- and OATP1B3-expressed HEK293 cells consists of one
saturable component. The Ky, and Vpax values are summarized in Table I-1A.
The uptake clearance (Vmax/Km) of GUDC by OATP1B1- and

OATP1B3-expressed cells was about 3 times higher than that of TUDC.

Uptake of taurocholate, UDCA and its conjugates by human
NTCP-expressing HEK293 cells

The time course of the uptake of UDCA and its conjugates, TUDC and
GUDC, by human NTCP-expressing HEK293 cells is shown in Fig. I-4A, B and C,
respectively. TUDC and GUDC were taken up by HEK293 cells expressing
human NTCP more rapidly than vector-transfected cells. NTCP-mediated
significant uptake of UDCA was observed, although it was very low.
Eadie-Hofstee plots of the NTCP-mediated uptake of TUDC and GUDC are
shown in Fig. I-5. It appears that GUDC exhibits biphasic saturation kinetics,
while TUDC has only one saturable component. The K, and V.« values are

listed in Table I-1B.
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Uptake of taurocholate, UDCA and its conjugates by human cryopreserved
hepatocytes

The uptake of UDCA, TUDC, GUDC and taurocholate by human
cryopreserved hepatocytes prepared from three independent donors was
investigated. Typical uptake time courses by human cryopreserved
hepatocytes from one donor (Lot. OCF) are shown in Fig. I-7. Time-dependent
uptake of all compounds was observed and this decreased in the presence of an
excess of unlabeled compounds (Fig. I-7). The proportion of the saturable
uptake clearance of UDCA, TUDC, GUDC and taurocholate calculated as
explained in the Materials & Methods under tracer conditions was 64, 74, 47
and 43 % of the total uptake clearance, respectively. Replacement of Na® with
choline in the incubation buffer resulted in a partial reduction of their uptake (Fig.
I-7). The results of the uptake experiments using the other two lots of
hepatocytes showed the same pattern as described above. The saturable
uptake clearance of each compound in the three lots of human hepatocytes in
the presence or absence of Na® is given in Table I-2. The average

Na*-dependent fraction of the total uptake clearance of UDCA, TUDC, GUDC
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and taurocholate obtained from the three lots of hepatocytes was 49, 55, 21 and

63 %, respectively.

Concentration-dependence of Na’-dependent and -independent uptake
clearance of UDCA and its conjugates by human cryopreserved
hepatocytes

Fig. I-8 shows the Eadie-Hofstee plots of the uptake of UDCA, TUDC and
GUDC in the presence or absence of Na' using human cryopreserved
hepatocytes of OCF, the lot with the highest uptake activity. One saturable and
one non-saturable model can explain the concentration dependency of each
experiment so well. Kinetic parameters for UDCA, TUDC and GUDC are
summarized in Table |-3. The K, and Vma values for the Na'-independent
uptake of all compounds were smaller than those for uptake in the presence of

Na’.
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Discussion

In this study, we focused on the hepatic uptake of UDCA and its conjugates,
which is one of the important processes in their enterohepatic circulation. To
clarify the involvement of transporters and their contributions to the hepatic
uptake, we performed kinetic analyses using transporter-expressing HEK293
cells and human cryopreserved hepatocytes.

First we checked the involvement of transporters in the hepatic uptake of
UDCA and its conjugates in human NTCP, OATP1B1, OATP1B3 and
OAT2-expressing HEK293 cells. It is generally believed that NTCP is
responsible for the Na*-dependent uptake, while OATP1B1 and OATP1B3 are
mainly involved in the Na*-independent uptake. Our results indicate that NTCP,
OATP1B1 and OATP1B3 transport TUDC and GUDC in a saturable manner.
The Ky values for OATP1B1 were lower than those for OATP1B3. The K,
values of TUDC and GUDC obtained in the present study were very similar to
reported K, values for rat Oatps(Eckhardt et al., 1999; Reichel et al., 1999;
Walters et al., 2000). In the case of NTCP, the uptake of GUDC could be
explained by a two-saturable model, while TUDC exhibited monophasic

saturation. The K, value of TUDC for human NTCP was lower than that for rat
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Ntcp (14 uM)(Schroeder et al., 1998). Comparing the reported K, values of
taurocholate for NTCP (6.2, 7.9 uM)(Hagenbuch and Meier, 1994; Kim et al.,
1999) and OATP1B1 (10, 33.8 uM)(Hsiang et al., 1999; Cui et al., 2001), TUDC
and GUDC showed higher affinity than taurocholate in human NTCP and
OATP1B1 and the relative uptake clearance of TUDC and GUDC was higher
than that of taurocholate (Figs. I-2 and 4).

On the other hand, NTCP showed a very small but significant uptake of
UDCA, while no significant uptake via OATP1B1 and OATP1B3 was observed.
This result was consistent with the recent report showing that rat Oatp1a1 can
transport TUDC and GUDC, but not UDCA(Hata et al., 2003). We observed
time-dependent association of UDCA in the control cells. Because the uptake
of 1 uM UDCA was not significantly changed even in the presence of 300 uM
UDCA or 300 uM probenecid, which was used as a typical inhibitor of organic
anion transport systems, and the uptake at 37 °C was not very different from that
at 4 °C (data not shown), we confirmed that UDCA is taken up not by
energy-driven active transport mechanism for organic anion in HEK293 cells.

Next, we characterized the uptake of UDCA and its conjugates by human

cryopreserved hepatocytes.  Although some inter-batch differences were
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observed, more than half of the uptake clearance was saturable, which suggests
the importance of transporters in the hepatic uptake of UDCA and its conjugates.
The Na'-dependent fraction in the overall uptake was 63 % for taurocholate, and
about 50 % for TUDC and UDCA. On the other hand, it is interesting that
Na*-dependent fraction in overall hepatic uptake of GUDC was only about 20%,
which was relatively low compared with UDCA and TUDC. GUDC is the most
important molecule as far as the enterohepatic circulation of UDCA is concerned
because 70-80 % of orally administered UDCA is conjugated with
glycine(Invernizzi et al., 1999). In rats, UDCA is extensively conjugated with
taurine and TUDC undergoes enterohepatic circulation(Crosignani et al., 1996).
The uptake of TUDC in isolated rat hepatocytes in the absence of Na* has been
reported to be about one-thirteenth of that in the presence of Na*(Takikawa et al.,
1995), indicating that the contribution of the Na'-dependent pathway to the
uptake of TUDC in rat hepatocytes is greater than that in human hepatocytes.
Taking these findings into consideration, it is possible that Na’-dependent uptake
of TUDC is responsible for the efficient enterohepatic circulation of UDCA in rats,
while the Na’-independent pathway is also important for the enterohepatic

circulation of UDCA (as its glycine conjugate) in humans.
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Then, we performed self-inhibition experiments in the presence and
absence of Na* using human cryopreserved hepatocytes (Table. I-3). The Ky,
values of TUDC and GUDC uptake in the presence of Na* were higher than that
of taurocholate (2-8 uM)(Shitara et al., 2003b), while those in the absence of Na*
were close to those of OATPs. We have already developed a method for
determining the contribution of OATP1B1 and OATP1B3 to the hepatic uptake of
a variety of compounds(Hirano et al., 2004). Applying this method to the
estimation, the contribution of OATP1B1 was almost the same as that of
OATP1B3 to the hepatic uptake of UDCA conjugates. On the other hand, the
Km values of UDCA conjugates in the presence of Na* were greater than those of
NTCP. It has been shown that the K, value of taurocholate uptake in
cryopreserved human hepatocytes (2-8 pM)(Shitara et al., 2003b) was
comparable with that in human NTCP-expression systems (6.2, 7.9
uM)(Hagenbuch and Meier, 1994; Kim et al., 1999), implying that the saturation
kinetics of taurocholate uptake in human hepatocytes could be explained by the
result obtained from NTCP-expression system. Therefore, this discrepancy
between the K, values of UDCA conjugates in human hepatocytes and the

NTCP expression system suggests that unknown transporters may be
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responsible for the Na’-dependent uptake of UDCA conjugates. Microsomal
epoxide hydrolase (mEH) might be one of the candidates for the low affinity
Na*-dependent transport system because the K, value of taurocholate uptake
via mEH has been reported to be 26.3 uM(von Dippe et al., 1996), which is
greater than that via NTCP (6 uM), although the functional significance of mEH
is controversial.

Regarding the hepatic uptake of UDCA, it has been reported that the
contributions of the Na’-dependent and -independent pathways to its hepatic
uptake were almost identical in isolated hamster hepatocytes, which is
consistent with our results(Bouscarel et al., 1995). On the other hand, we did
not see any significant uptake of UDCA via OATP1B1 and OATP1B3, which we
expected to work as high-affinity Na*-independent transport systems. Britz et al.
have reported that Bamet-UD2 (cisplatin conjugated with two molecules of
UDCA) can be taken up by OATP1A2 (OATP-A), OATP1B1 (OATP-C), organic
cation transporter (OCT) 1, OCT2 and NTCP(Briz et al., 2002). Therefore,
other transporters may play a role in the Na*-independent uptake of UDCA.
Moreover, the rank order of the Na*-dependent uptake of UDCA and its

conjugates in human hepatocytes was different from that in the NTCP
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expression system. Further characterization of the UDCA transport
mechanisms will be needed.

In humans, most of UDCA is conjugated with glycine and serum
concentration of conjugated UDCA in portal venous blood was larger than that of
unconjugated UDCA in gallstone patients treated with UDCA(Ewerth et al.,
1985). Therefore, the clearance of GUDC may be one of the determinant
factors for the pharmacokinetics of UDCA. We showed that the hepatic uptake
of GUDC is mediated mainly by Na*-independent carriers, such as OATP1B1
and OATP1B3, so the function of OATP1B1 and OATP1B3 may partly determine
the pharmacokinetics of UDCA. Some single nucleotide polymorphisms
(SNPs) in OATP1B1 and OATP1B3 changed the transport activity compared
with wild type and especially SNPs in OATP1B1 markedly affected the
pharmacokinetics of substrates of OATP1B1 such as pravastatin in clinical
situations®. Therefore, the SNPs in these transporters may also alter the
clinical pharmacokinetics of UDCA.

In conclusion, we confirmed that UDCA and its conjugates can be taken up
in both a Na*-dependent and Na*-independent manner and that their uptake is

saturable, indicating the involvement of transporters in the hepatic uptake of
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UDCA and its conjugates in human cryopreserved hepatocytes. In particular,
GUDC, which is the major component of UDCA administered clinically, can be
transported mainly in a Na*-independent manner in human hepatocytes. From
the results of the transport assay using expression systems, UDCA can be
recognized by NTCP, but not OATP1B1 and OATP1B3, while conjugated UDCA
can be transported by at least NTCP, OATP1B1 and OATP1B3. We suggest
that these transporters may play an important role in the enterohepatic

circulation of UDCA and its subsequent therapeutic effects.
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Tables and Figures

(A)
OATP1B1 OATP1B3
Km Vmax Vmax/Km Km Vmax Vmax/Km
M] ipmol/min/mg protein [uL/min/mg protein] [LM] pmol/min/mg protein [uL/min/mg protein]
TUDC 7.47 £ 0.99 8.71+1.02 1.17 £ 0.21 1569+ 3.3 402+7.6 2.54+£0.71
GUDC 517 £ 0.71 20625 3.99+0.73 247+1.8 195+ 13 7.90 +0.79
(B)
NTCP

Km Vmax Vmax/Km

[uM] ‘pmol/min/mg protein [uL/min/mg protein]
TUDC 3.491 034 10.1 £ 0.6 2.90 £ 0.31
GUDC 0.376 £ 0.174 0.358 + 0.145 0.953 + 0.587

253138 36.7+1.2 1.45+0.11

Table. I-1 Kinetic parameters of OATP1B1, OATP1B3 (A) and NTCP- (B)
mediated uptake of TUDC and GUDC.

The uptake of TUDC and GUDC into OATP1B1, OATP1B3 (A) and NTCP- (B) expressing

HEK?293 cells was measured at different substrate concentrations.

Kinetic parameters

were obtained by fitting the Michaelis-Menten equation as described in Materials &
Data represent the mean + computer calculated S.D.

Methods.
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substrate Lot. OCF Lot. ETR Lot. 094 average
TCA Na+(+) 10.7+23 4.01+0.93 7.49+0.28 7.4010.83
Na+(-) 3.64+4.30 1.05+1.08 3.621+1.52 2.77+1.56
Nat+-dependent| 7.0734.90 2.97+1.43 3.871+1.55 4.64+1.78
UDCA Na+(+) 424182 21.5+4.7 9.1713.06 244433
Na+(-) 157198 16123 5571+274 12535
Nat+-dependent| 26.7+12.8 5.43+5.25 3.59+4.11 11.9+4.8
TUDC Na+(+) 21.5+77 7.80+2.01 6.43+262 11.9+28
Na+(-) 9.86+3.66 4.51%0.60 1.79%+1.25 5.39+1.30
Na+—-dependent 11.71+85 3.29+2.09 4.65+291 6.55+3.07
GUDC Na+(+) 11.2+3.3 3.79+£257 3.24+1.65 6.081+1.50
Na+(-) 8.701+2.46 1.6910.95 3.94+3.83 4.78+1.55
Na+-dependent| 2.52+4.14 2.10+273 (<0) 1.30+2.16

Table. -2 Na*-dependent and —independent uptake of TCA, UDCA, TUDC
and GUDC in human cryopreserved hepatocytes.

(Unit: uL/min/106cells)

The uptake of TCA, UDCA, TUDC and GUDC in three independent lots of human
cryopreserved hepatocytes was measured in the presence and absence of Na+.
Na+-dependent uptake clearance was calculated by subtracting the clearance in the

absence of Na* from that in the presence of Na*.

separate determinations.
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(A)

Na'(+)
Km Vmax Vmax/Km Pdif
[uM] [pmol/min/10° cells]| [ul/min/10° cells] | [uL/min/10° cells]
UDCA 421 +13.1 1860 £ 670 | 44.3+21.1 15.6 £ 3.1
TUDC 21.2+13.0 453 + 266 21.4+18.9 253123
GUDC 84.1+335 1350 + 721 16.0+10.7 | 9.31+£2.72

(B)

Na'(-)
Km Vmax Vmax/Km Pdif
JuM] [pmolimin/10° cells]| [L/min/10° cells] | [uL/min/10° cells]
UDCA 4.30+2.98 66.9 + 38.3 15.5+14.0 11.2%1.2
TUDC 15.2+27.3 122 £ 221 8.05 £ 20.54 13.5+27
GUDC 32.8+14.1 366 + 164 11.1+6.9 5.40 £1.05

Table. I-3 Kinetic parameters of the uptake of UDCA, TUDC and GUDC in
human cryopreserved hepatocytes in the presence (A) or absence (B) of
Nat.

The uptake of UDCA, TUDC and GUDC into human cryopreserved hepatocytes (Lot. OCF)
was measured in the presence (A) or absence (B) of Na*. Kinetic parameters were
obtained by fitting the one-saturable one-non-saturable model as described in Materials &

Methods. Data represent the mean + computer calculated S.D.
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(B)

UDCA, GUDC, TUDC
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. UDCA—»GUDC, TUDC UDCA
Liver |
a (i Enterohepatic
BSEP ? CJ - . ,
MRP2 2 circulation

ASBT ?

Small Intestine

Deconjugation and conversion
by intestinal flora

Fig. -1 Chemical structure of UDCA (A) and schematic diagram of the
hepatobiliary transport of UDCA and its conjugates (B)

(B)

LCA: lithocholate

ASBT: apical sodium-dependent bile salt transporter
OST: organic solute carrier
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Fig. -2 Time course of the uptake of UDCA (A) , TUDC (B), GUDC (C)
and taurocholate (TCA) (D) by OATP1B1-expressing, OATP1B3-expressing
and vector-transfected HEK293 cells

The concentration of bile acids is 1 pM. Uptake in OATP1B1-expressing cells is indicated
by squares, in OATP1B3-expressing cells by diamonds, and in vector-transfected cells by
circles. Each data point and bar represents the mean + S.E. (n = 3). *p < 0.05,
significantly different from vector-transfected cells by Student’s t test.
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bar represents the mean £ S.E. (n = 3).
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Fig. -4 Time course of the uptake of UDCA (A), TUDC (B), GUDC (C) and
taurocholate (TCA) (D) by NTCP-expressing and vector-transfected
HEK293 cells

The concentration of bile acids is 1 uM. Uptake in NTCP-expressing cells is indicated by
closed circles and in vector-transfected cells by open circles. Each data point and bar
represents mean + S.E. (n = 3). *p < 0.05, significantly different from vector-transfected
cells by Student’s ¢ test.
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Fig. I-5 Eadie-Hofstee plots of the NTCP-mediated uptake of TUDC (A)
and GUDC (B)

The concentration-dependence (1-100 uM) of NTCP-mediated uptake of TUDC (A) and
GUDC (B) was determined. NTCP-mediated uptake was calculated by subtracting the
uptake into vector-transfected cells from that into NTCP-expressing cells. Each data point

and bar represents mean £ S.E. (n = 3).
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Fig. -6 Time course of the uptake of UDCA (A), TUDC (B), GUDC (C) and
taurocholate (TCA) (D) by human OAT2-expressing and vector-transfected
HEK293 cells

The concentration of bile acids is 1 uM. Uptake in human OAT2-expressing cells is
indicated by closed circles and in vector-transfected cells by open circles. Each data point
and bar represents mean + S.E. (n = 3).
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Fig. I-7  Time-profiles for the uptake of UDCA (A), TUDC (B), GUDC (C)
and TCA (D) in human cryopreserved hepatocytes (Lot. OCF)

Uptake of UDCA (A), TUDC (B), GUDC (C) and taurocholate (TCA) (D) into human
cryopreserved hepatocytes was measured by incubating cells with 1 uM (closed symbols) or
300 uM (open symbols) of each ligand at 37°C in the presence (squares) or absence of Na*
(circles). The viability of the human hepatocytes used in this experiment was 70 %. Each
time point and bar represents mean * S.E. of 3 separate determinations.
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Concentration-dependence of the uptake of UDCA (A), TUDC (B)

and GUDC (C) in human cryopreserved hepatocytes (Lot. OCF) in the

presence or absence of Na*

The uptake of UDCA (A), TUDC (B) and GUDC (C) into human cryopreserved
hepatocytes was measured in the presence (closed square) or absence of Na™ (open

square).

The clearance at each concentration (1-300 uM) was determined by (Eq. I-1)

shown in the Materials & Methods. The viability of the human hepatocytes used in this

experiment was 70 %.

Each time point and bar represents mean + S.E. of 3 separate determinations.
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Part i
Effects of OATP1B1 haplotype on
pharmacokinetics of pravastatin, valsartan and

temocapril
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Abstract

Recent reports have shown that genetic polymorphisms in OATP1B1 have an
effect on the pharmacokinetics of drugs. However, the impact of OATP1B1*1b
alleles, whose frequency 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 clearances of
OATP1B1 substrate drugs in individuals has not been characterized. So, to
investigate the effect of genetic polymorphism of OATP1B1, particularly the *1b
allele, on the pharmacokinetics of three anionic drugs, pravastatin, valsartan and
temocapril in Japanese subjects, 23 Japanese healthy volunteers were enrolled
in a three-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. As a result, the plasma AUC of pravastatin in
*1b/*1b carriers (47.4 £ 19.9 ng*hr/mL) was 65% of that in *1a/*1a carriers (73.2
* 23.5 ng*hr/mL; p = 0.049). *1b/*15 carriers (38.2 £ 15.9 ng*hr/mL) exhibited a
45 % lower plasma AUC than *1a/*15 carriers (69.2 + 23.4 ng*hr/mL; p = 0.024).
In the case of valsartan, we observed the similar trend as with pravastatin,

although the difference was not statistically significant (*1b/*1b (9.01 + 3.33
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pug*hr/mL) vs *1a/*1a (12.3 £ 4.6 ug*hr/mL); p =0.171, *1b/*15 (6.31 + 3.64
ug*hr/mL) vs *1a/*15 (9.40 + 4.34 pg*hr/mL); p =0.213). The plasma AUC of
temocapril also showed a similar trend (*1b/*1b (12.4 + 4.1 ng*hr/mL) vs *1a/*1a
(18.5 £ 7.7 ng*hr/mL); p =0.061, *1b/*15 (16.4 £ 5.0 ng*hr/mL) vs *1a/*15 (19.0 +
4.1 ng*hr/mL); p =0.425), while that of temocaprilat (active form of temocapril)
was not significantly affected by the haplotype of OATP1B1. Interestingly, the
plasma AUC of valsartan and temocapril in each subject was significantly
correlated with that of pravastatin (R = 0.630 and 0.602; p < 0.01). The renal
clearance remained unchanged for each haplotype for all drugs. Therefore,
these results indicated that 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

pharmacokinetics of pravastatin and, possibly, valsartan and temocapril.

50



Introduction

The administration of the same dose of a drug sometimes results in large
inter-individual ~ differences in the pharmacokinetics and subsequent
pharmacological and toxicological effects. The pharmacokinetics of certain
drugs is dominated by absorption, disposition, metabolism and elimination and
many molecules, such as metabolic enzymes and transporters, have been
reported to be involved in each process. Recently, polymorphisms in each
molecule have been identified and many in vitro and clinical studies have
demonstrated that some of them are associated with a change in the expression
and function of molecules and the pharmacokinetics of drugs. Although there is
much information regarding metabolic enzymes like cytochrome P450 and
phase |l conjugation enzymes, the clinical significance of the genetic
polymorphisms in transporters is not well understood.

Organic anion transporting polypeptide 1B1 (OATP1B1; formerly called
OATP-C/OATP2) is exclusively expressed in the liver and located on the
basolateral membrane(Abe et al., 1999; Hsiang et al., 1999; Konig et al., 2000).
Some reports have indicated that OATP1B1 can transport a wide variety of

compounds including clinically-important drugs such as
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3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors(Hsiang
et al,, 1999; Shitara et al., 2003a; Hirano et al., 2004), which suggests that
OATP1B1 may be responsible for the hepatic uptake of various kinds of anionic
drugs, which efficiently accumulate in liver. Hepatic clearance consists of
intrinsic clearances of hepatic uptake, sinusoidal efflux, metabolism and biliary
excretion. From the viewpoint of pharmacokinetics, a change in the uptake
process will directly affect the overall hepatic clearance, regardless of the
absolute values of each intrinsic clearance(Shitara et al., 2005). Therefore,
genetic polymorphisms in OATP1B1 may have an effect on the hepatic
clearance of OATP1B1 substrates.

Several genetic polymorphisms in OATP1B1 have been reported and in vitro
studies have shown that some of them reduce the transport capability of several
substrates in OATP1B1 variant-expressing cells(Tirona et al., 2001; Iwai et al.,
2004; Kameyama et al., 2005). Among these, previous studies have focused
on two mutations, Asn130Asp and Val174Ala, because they are frequently
observed in all ethnic groups investigated previously and their allele frequencies
show some ethnic differences(Tirona et al., 2001; Nishizato et al., 2003), which

may cause an ethnic difference in the pharmacokinetics of OATP1B1 substrates.
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Interestingly, Nishizato et al. demonstrated that Val174Ala was tightly linked with
Asn130Asp and formed a haplotype referred to as OATP1B1*15 in Japanese.
In addition, after oral administration of pravastatin, healthy Japanese volunteers
with the *15 allele showed an increase in the plasma AUC of
pravastatin(Nishizato et al., 2003). This result was supported by in vitro
analysis showing that the intrinsic Vihax value normalized by the expression level
for OATP1B1*15 variant was drastically reduced compared with
OATP1B1*1a(Tirona et al., 2001; Iwai et al., 2004; Kameyama et al., 2005).
Subsequently, two clinical studies showed that the Val174Ala mutation also
increased the plasma AUC of pravastatin in Caucasians(Mwinyi et al., 2004;
Niemi et al, 2004). Very recently, Niemi et al. reported that the
pharmacokinetics of fexofenadine and repaglinide were also affected by the
Val174Ala mutation(Niemi et al., 2005b). These results suggest that the
Val174Ala mutation in OATP1B1 reduces the transport function. On the other
hand, Mwinyi et al. showed that the plasma AUC of pravastatin in subjects with
*1a/*1b (Asn130Asp) or *1b/*1b alleles tended to be lower than that in *1a
homozygotes(Mwinyi et al., 2004). However, they didn’t completely separate

the subjects with *1b allele from those with *1a allele, and so we cannot directly
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compare the effect of *1b allele with that of *1a. The allele frequency of
OATP1B1*1b was reported to be high and showed some ethnic differences (e.g.
European American (n=49): 0.30(Tirona et al., 2001), African American (n=44):
0.74(Tirona et al., 2001), Japanese (n=120): 0.63(Nishizato et al., 2003)),
implying that this might cause the ethnic differences of the pharmacokinetics of
drugs. Therefore, we were particularly interested in the effect of the
Asn130Asp variant of OATP1B1 on the pharmacokinetics of three drugs,
pravastatin, valsartan and temocaprilat, and we classified the subjects into 4
groups; *1a/*1a, *1b/*1b, *1a/*15, *1b/*15 to directly investigate the difference in
the pharmacokinetics of the subjects with *1a and *1b (*1a/*1a vs *1b/*1b and
*1a/*15 vs *1b/*15).

Valsartan is a novel angiotensin Il receptor antagonist and temocapril is an
angiotensin converting enzyme (ACE) inhibitor (Fig. 1I-2B,C). Drugs in these
categories are widely used for the treatment of hypertension. Valsartan is
mainly eliminated via the liver. Valsartan itself is pharmacologically active and
is thought to be excreted into the bile in unchanged form without extensive
metabolism(lsraili, 2000). Because of its hydrophilicity and carboxyl moiety,

some organic anion transporters may be involved in the hepatic clearance of
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valsartan. Temocapril is an esterified prodrug and rapidly converted to the
active metabolite, temocaprilat, by carboxyl esterase(Oizumi et al., 1988)(Fig.
II-2C). Temocaprilat is mainly excreted into bile, while active metabolites of
other ACE inhibitors such as enalaprilat are mainly excreted into urine because
temocaprilat, but not enalaprilat, can interact with multidrug resistance
associated protein 2 (Mrp2), which is an efflux transporter located on the apical
membrane(ishizuka et al., 1997). Sasaki et al. demonstrated that transcellular
vectorial transport of temocaprilat was observed in OATP1B1/MRP2 double
transfected cells, suggesting that temocaprilat is a substrate of OATP1B1(Sasaki
et al., 2002).

Therefore, the purpose of this study was to clarify the importance of the
OATP1B1 haplotype, especially *1b allele, in the pharmacokinetics of OATP1B1
substrates, pravastatin, valsartan and temocaprilat, and to check whether the
clearances of OATP1B1 substrate drugs in each subject are well correlated with

one another in healthy Japanese volunteers.
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Materials & Methods

Subjects. 23 healthy Japanese male volunteers participated in this clinical
study (Fig. II-1). They were recruited from a population of 100 Japanese male
volunteers, whose OATP1B1 haplotype was pre-screened after obtaining written
informed consent. The genotyping method of OATP1B1 has been described
previously(Nishizato et al., 2003). The haplotypes of OATP1B1 in the 23
participants were *1a/*1a (n = 5), *1a/*15 (n = 6), *1b/*1b (n = 7) and *1b/*15 (n =
5). The age of the participants was between 20 and 35. Each participant had
a body weight of between 50 and 80 kg, and a body mass index of between 17.6
and 26.4 kg/m%  Within 1 month before starting this clinical study, a medical
history was obtained from the participants who then underwent a physical
examination, electrocardiography, routine blood testing and urinalysis. They
were also screened for narcotic drugs and psychotropic substances. This

allowed us to confirm that all the subjects were able to participate in this study.

Study design. This study protocol was approved by the Ethics Review Board
both in the Graduate School of Pharmaceutical Sciences, the University of Tokyo

and in Kannondai Clinic. All participants provided their written informed consent.
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All subjects took part in the three-period crossover trial and received pravastatin,
valsartan and temocapril in a random sequence (Fig. ll-1). There was a washout
period of one week between each administration. In each period, subjects came
to the clinic the day before the drug administration. After an overnight fast, each
subject received 10 mg pravastatin sodium (Mevalotin tablet; Sankyo Co., Ltd.,
Tokyo, Japan), 2 mg temocapril hydrochloride (Acecol tablet; Sankyo Co., Ltd.), or
40 mg valsartan (Diovan tablet; Novartis AG, Basel, Switzerland). Venous blood
samples (each 7 mL) were collected in tubes containing heparin before and at 0.25,
0.5, 0.75, 1, 2, 4, 6, 8, 12 and 24 hours after drug administration. Urine samples
were collected for 24 hours. Plasma was separated by centrifugation. Plasma
and urine samples were stored at -80 °C until analysis. Alcohol, grapefruit juice, St.
John’s Wort and other drugs were not permitted from two days before admission to
the clinic to the end of the study period and smoking was prohibited during the
study period. During the study periods, standardized meals were served to all
subjects at scheduled times. For the safety of subjects, after the end of each
period, all subjects were given a physical examination and routine blood testing

and urinalysis were carried out.
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Quantification of pravastatin and its metabolite, RMS-416, in plasma and
urine. Pravastatin and RMS-416 in plasma and urine were measured by liquid
chromatography-tandem mass spectrometry as described in an earlier
report(Kawabata et al., 2005). One mL of plasma was mixed with 100 pL
internal standard (R-122798, 800 ng/mL, prepared from Sankyo Co., Ltd.), 1 mL
10 % methanol and 300 uL 0.5 M phosphate buffer (pH 4.0). In addition, 0.5
mL urine was mixed with 50 pL internal standard (R-122798), 0.5 mL 10 %
methanol and 300 uL 0.5 M phosphate buffer (pH 4.0). The mixture was
applied to a Bond Elut C8 cartridge (200mg/3mL) (Varian, Inc., Harbor City, CA),
washed twice with 3 mL 5 % methanol (plasma) or distilled water (urine) and
eluted with 2 mL acetonitrile. The eluate was evaporated under nitrogen gas
at 40 °C, mixed with 120 pL acetonitrile and ultrasonicated for 3 minutes. Then,
180 uL 10 mM ammonium acetate was added and aliquots (20 uL for plasma, 10
uL for urine) were injected into the liquid chromatography-tandem mass
spectrometry system. Separation by HPLC was conducted using an Agilent
1100 series system (Agilent Technologies Inc., Palo Alto, CA) with an Inertsil
ODS-3 column (4.6 x 150 mm; 5 um) (GL Sciences Inc., Tokyo, Japan). The

composition of the mobile phase was
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acetonitrile/water/ammoniumacetate/formic acid/triethylamine
(400/600/0.77/0.2/0.6; vol/vol/wt/vol/vol). The flow rate was 1 mL/min. Mass
spectra were determined with an API-4000 tandem mass spectrometer (Applied
Biosystems, MDS SCI EX, Foster City, CA) in the negative ion-detecting mode at
the atmospheric pressure-chemical ionization interface. The turbo gas
temperature was 600 °C. The samples were ionized by reacting with
solvent-reactant ions produced by the corona discharge (-5.0 pA) in the
chemical ionization mode. The precursor ions of pravastatin at a
mass-to-charge ratio (m/z) 423.2, RMS-416 at m/z 423.2, and R-122798 at m/z
409.2 were admitted to the first quadrupole (Q1). After the collision-induced
fragmentation in the second quadrupole (Q2), the product ions of pravastatin at
m/z 321.1, RMS-416 at m/z 321.3, and R-122798 at m/z 321.4 were monitored
in the third quadrupole (Q3). The peak area ratio of each compound to the
corresponding internal standard was calculated with Analyst ver. 1.3.1 software
(Applied Biosystems). The calibration curves were linear over the standard
concentration range of 0.1 ng/mL to 100 ng/mL for pravastatin and RMS-416 in
plasma, 20 ng/mL to 2000 ng/mL for pravastatin in urine, and 5 ng/mL to 500

ng/mL for RMS-416 in urine.
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Quantification of valsartan in plasma and urine. One hundred pL plasma or
urine was mixed with 100 pL internal standard ([?Hg]-valsartan in 50 % methanol,
500 ng/mL, prepared from Novartis Pharma K.K.) and 300 uL 2 % trifluoroacetic
acid (TFA) aqueous solution. The mixture was applied to a 96-well Empore
Disk Plate Cqg SD (Sumitomo 3M Limited, Tokyo, Japan), washed three times
with 200 uL 1 % TFA aqueous solution, 1 % TFAin 5 % methanol and 1% TFA in
20 % methanol and eluted twice with 100 uL methanol. The eluate was
evaporated under nitrogen gas at 40 °C and mixed with 100 uL (plasma) or 400
uL  (urine) methanol/acetonitrile/0.1% TFA (35/20/45; vol/vol/vol) and
ultrasonicated for 3 minutes. Then, 5 pL aliquots were injected into the liquid
chromatography-tandem mass spectrometry system. Separation by HPLC was
conducted using an Agilent 1100 series system (Agilent Technologies Inc.) with a
Symmetry Cg column (2.1 x 30 mm; 3.5 um) (Waters Corporation, Milford, MA).
The composition of the mobile phase was methanol/acetonitrile/0.1% TFA
(35/20/45; vollvol/vol). The flow rate was 0.2 mL/min. Mass spectra were
determined with an API-4000 tandem mass spectrometer (Applied Biosystems)

in the positive ion-detecting mode at the electrospray ionization interface. The
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turbo gas temperature was 500 °C and the spray voltage was 5500 V. The
precursor ions of valsartan at m/z 436.1 and [°Hg]-valsartan at m/z 445.1 were
admitted to the first quadrupole (Q1). After the collision-induced fragmentation
in the second quadrupole (Q2), the product ions of valsartan at m/z 291.1 and
[*Hg]-valsartan at m/z 300.1 were monitored in the third quadrupole (Q3). The
peak area ratio of each compound to the corresponding internal standard was
calculated with Analyst ver. 1.3.1 software (Applied Biosystems). The
calibration curves were linear over the standard concentration range of 2 ng/mL

to 5000 ng/mL for plasma and 20 ng/mL to 5000 ng/mL for urine.

Quantification of temocapril and temocaprilat in plasma and urine. Two
hundred pL plasma was mixed with 200 pL internal standard ([*Hs}-temocaprilat,
10 ng/mL, prepared from Sankyo Co., Ltd.), 2 mL 0.1 % formic acid and 200 uL
methanol. Then, 500 uL urine was mixed with 200 uL internal standard
(PPHs]-temocaprilat), 500 uL 0.5 % formic acid and 500 pL methanol. The
mixture was applied to a Sep-Pak Vac PS-2 cartridge (200mg/3mL) (Waters
Corporation), washed with twice with 3 mL distilled water and eluted twice with 3

mL methanol. The eluate was evaporated under nitrogen gas at 45 °C, mixed
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with 280 uL methanol and ultrasonicated for 3 minutes. Then, 120 uL 0.2 %
acetic acid was added and 10 uL aliquots were injected into the liquid
chromatography-tandem mass spectrometry system. Separation by HPLC was
conducted using an Agilent 1100 series system (Agilent Technologies Inc.) with a
Symmetry C4g column (2.1 x 150 mm; 5 um) (Waters Corporation). The
composition of the mobile phase was methanol/water/acetic acid (700/300/2;
vol/vol/vol). The flow rate was 0.2 mL/min. Mass spectra were determined
with an API-4000 tandem mass spectrometer (Applied Biosystems) in the
positive ion-detecting mode at the electrospray ionization interface. The turbo
gas temperature was 600 °C and the spray voltage was 5500 V. The precursor
ions of temocapril at m/z 477.0, temocaprilat at m/z 448.9, and [?Hs]-temocaprilat
at m/z 454.0 were admitted to the first quadrupole (Q1). After the
collision-induced fragmentation in the second quadrupole (Q2), the product ions
of temocapril at m/z 270.0, temocaprilat at m/z 269.8, and [Hs]-temocaprilat at
m/z 269.9 were monitored in the third quadrupole (Q3). The peak area ratio of
each compound to the corresponding internal standard was calculated with
Analyst ver. 1.3.1 software (Applied Biosystems). The calibration curves were

linear over the standard concentration range of 0.5 ng/mL to 200 ng/mL for
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temocapril and temocaprilat in plasma, 1 ng/mL to 80 ng/mL for temocapril in

urine, and 5 ng/mL to 400 ng/mL for temocaprilat in urine.

Uptake study using OATP1B1-expression system. The
OATP1B1-expressing HEK293 cells and vector-transfected control cells have
been established and transport study was carried out as described
previously(Hirano et al., 2004). [*HJ-valsartan and unlabeled valsartan were
kindly donated by Novartis Pharma KK. (Basel, Switzerland) and
['“C]-temocaprilat and unlabeled temocaprilat were donated by Sankyo Co., Ltd.
(Tokyo, Japan). Uptake was initiated by adding Krebs-Henseleit buffer
containing tritium-labeled and unlabeled substrates after cells had been washed
twice and preincubated with Krebs-Henseleit buffer at 37°C for 15 min. The
Krebs-Henseleit buffer consisted of 118 mM NaCl, 23.8 mM NaHCOj3;, 4.8 mM
KCI, 1.0 mM KH2PO4, 1.2 mM MgS0O,, 12.5 mM HEPES, 5.0 mM glucose, and
1.5 mM CaCl; adjusted to pH 7.4. The uptake was terminated at a designated
time by adding ice-cold Krebs-Henseleit buffer after removal of the incubation
buffer. Then, cells were washed twice with 1 ml of ice-cold Krebs-Henseleit

buffer, solubilized in 500 pl of 0.2 N NaOH, and kept overnight at 4°C. Aliquots

63



(500 pl) were transferred to scintillation vials after adding 250 pl of 0.4 N HCI.
The radioactivity associated with the cells and incubation buffer was measured
in a liquid scintillation counter (LS6000SE; Beckman Coulter, Fullerton, CA) after
adding 2 ml of scintillation fluid (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 method of Lowry with bovine serum albumin as a

standard.

Transcellular transport study using double transfected cells. The
transcellular transport study was performed as reported previously (Sasaki et al.,
2002). Briefly, MDCKII cells were grown on Transwell membrane inserts (6.5
mm diameter, 0.4 um pore size; Corning Coster, Bodenheim, Germany) at
confluence for 3 days and the expression level of transporters was induced with
5 mM sodium butyrate for 2 days before the transport study. Cells were firstly
washed with Krebs-Henseleit buffer (118 mM NaCl, 23.8 mM NaHCO3;, 4.83 mM
KCl, 0.96 mM KH2PO4, 1.20 mM MgSO0, 12.5 mM HEPES, 5.0 mM glucose, and
1.53 mM CaCl, adjusted to pH 7.4) at 37 °C. Subsequently, substrates were

added in Krebs-Henseleit buffer either to the apical compartments (250 pl) or to
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the basolateral compartments (1 ml). After a designated period, the aliquot of
the incubation buffer in the opposite compartments (100 ul from apical
compartment or 250 pl from basal compartment) was collected. The amount of
estradiol-17B-glucuronide in the samples was determined by a liquid scintillation
counter (LS 6000SE, Beckman Instruments, Inc., Fullerton, CA) and the amount
of temocapril and RMS-416 in the samples was determined by LC/MS as

mentioned below.

Quantification of temocapril in the Krebs-Henseleit buffer. 50 uL sample
was mixed vigorously with 250 uL of ethyl acetate. 200 puL of supernatant was
collected, dried up by centrifugal concentrator (TOMY, Tokyo, Japan) and
dissolved in 40 pL dimethylsulfoxide. 30 pL aliquots were injected into the
liquid chromatography-tandem mass spectrometry system. Separation by
HPLC was conducted using a Waters Alliance 2695 Separations Module (Waters
Corporation, Milford, MA) with an L-column ODS (2.1 x 150 mm; 5 um)
(Chemicals Evaluation and Research Institute, Tokyo, Japan). The composition
of the mobile phase was acetonitrile/0.05% formic acid (40/60; vol/vol). The

flow rate was 0.3 mL/min. Mass spectra were determined with a Micromass
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ZQ2000 mass spectrometer (Waters Corporation) in the positive ion-detecting
mode at the electrospray ionization interface. The source temperature and
desolvation temperature were 100 °C and 350 °C, respectively. The capillary,
cone and extractor voltage were 3200 V, 30 V and 5 V, respectively. The cone
gas flow and desolvation gas flow were 65 L/h and 375 L/h. The mass
spectrometer was operated in the selected ion monitoring mode (SIM) using
positive ion, m/z 477.30 for temocapril. The retention time of temocapril was
approximately 3.7 min. Standard curves were linear over the range of 3-300

nM.

Quantification of RMS-416 in the Krebs-Henseleit buffer. 60 uL sample
was mixed vigorously with 60 uL of methanol including internal standard (0.5
ng/mL R-122798; kindly donated from Sankyo Co., Ltd.) and deproteinized by
centrifugation for 10 min at 15,000 rpm at 4 °C. Then, 50 uL of supernatant was
injected into the liquid chromatography-tandem mass spectrometry system.
Separation by HPLC was conducted using a Waters Alliance 2695 Separations
Module (Waters Corporation) with a Inertsil ODS-3 (4.6 x 150 mm; 5 um) (GL

Sciences Inc., Tokyo, Japan). The composition of the mobile phase was
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acetonitrile/10 mM ammonium acetate (pH=4) (40/60; vol/vol). The flow rate
was 0.3 mL/min. Mass spectra were determined with a Micromass ZQ2000
mass spectrometer (Waters Corporation) in the negative ion-detecting mode at
the electrospray ionization interface. The source temperature and desolvation
temperature were 100 °C and 350 °C, respectively. The capillary, cone and
extractor voltage were 3200 V, 20 V and 5 V, respectively. The cone gas flow
and desolvation gas flow were 65 L/h and 375 L/h. The mass spectrometer
was operated in the selected ion monitoring mode (SIM) using respective
positive ions, m/z 423.30 for RMS-416 and m/z 409.30 for R-122798 (internal
standard). The retention time of RMS-416 and R-122798 was approximately
3.6 min and 2.6 min, respectively. Standard curves were linear over the range

of 5-1000 nM.

Pharmacokinetic and statistical analyses. The area under the plasma
concentration-time curve from time 0 to 24 hours (AUCq.24) was calculated by the
linear trapezoidal rule. Renal clearance (CL;) was calculated by dividing the
cumulative amount of drug in urine collected for 24 hours by the AUCy24. All

pharmacokinetic data are given as the mean + S.D. The statistical differences
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between the data for each haplotype group were determined by analysis of
variance (ANOVA) followed by Fisher’s least significant difference test. P <

0.05 was considered to be statistical significant.
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Results

Effect of OATP1B1 haplotype on the pharmacokinetics of pravastatin and
its metabolite, RMS-416

After oral administration of pravastatin, the plasma concentration of pravastatin
in subjects with OATP1B1*1b/*1b was lower than that in subjects with
OATP1B1*1a/*1a (Fig. lI-3A). Similarly, the plasma concentration in *1b/*15
subjects was lower than that in *1a/*15 subjects (Fig. 1I-3B). The mean AUCy.24
of pravastatin in *1b/*1b subjects was significantly lower than that in *1a/*1a
subjects (65 % of *1a/*1a) and the AUCq.24 in *1b/*15 subjects was significantly
lower than that in *1a/*15 subjects (55 % of *1a/*15) (Fig. 1I-3C, Table. li-1). In
addition, the renal clearance (CL;) was not significantly different among the
haplotype groups (Table. 1l-1). Pravastatin was converted to RMS-416 by
chemical epimerization (Fig. 1I-2A). Then, we also calculated the concentration
of the sum of pravastatin and RMS-416 in plasma and urine. The AUC.24 value
of the sum of pravastatin and RMS-416 in *1b carriers tended to be lower than
that in *1a carriers, while this value in *15 carriers tended to be higher than that
in non-*15 carriers (Fig. 1I-4, Table. Il-1); The renal clearance calculated from

the sum of pravastatin and RMS-416 was not markedly different between each
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haplotype group(Table. II-1).

Effect of OATP1B1 haplotype on the pharmacokinetics of valsartan

After oral administration of valsartan, the plasma concentration of valsartan in
subjects with OATP1B1*1b/*1b was lower than that in subjects with
OATP1B1*1a/*1a (Fig. II-5A) and the plasma concentration in *1b/*15 subjects
was lower than that in *1a/*15 subjects (Fig. 1I-5B). Although the difference did
not reach statistical significance, the average AUCy.z4 of valsartan in *1b/*1b
subjects tended to be lower than that in *1a/*1a subjects (73 % of *1a/*1a) and
the AUCq.24 in *1b/*15 subjects was significantly lower than that in *1a/*15
subjects (67 % of *1a/*15) (Fig. 1I-56C, Table. lI-1), exhibiting the similar trend as
pravastatin. The renal clearance (CL;) was almost the same in each haplotype

group (Table. II-1).

Effect of OATP1B1 haplotype on the pharmacokinetics of temocapril and
temocaprilat
After oral administration of temocapril, temocapril was rapidly eliminated

from the blood and the concentration of temocapril was undetectable at 1 - 2 hr
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after administration due to the rapid conversion of temocapril to the active
metabolite, temocaprilat by carboxyl esterase (Fig. II-7A, B). Then,
temocaprilat was detected at 0.25 hr and its plasma concentration reached a
maximum at 0.75 - 2 hr after intake of temocapril (Fig. Il-7A, B). The plasma
concentration of temocaprilat showed a similar pattern in subjects with
OATP1B1*1b/*1b and *1a/*1a (Fig. 3A), and *1b/*15 and *1a/*15 (Fig. 11-6B).
The mean AUC,.o4 of temocaprilat in *1b/*1b subjects was not significantly very
different from that in *1a/*1a subjects (87 % of *1a/*1a) and the AUCq.24 in
*1b/*15 subjects was also not different from that in *1a/*15 subjects (91% of
*1a/*15) (Fig. II-6C, Table. II-1). The OATP1B1*15 allele did not affect the
AUC,.24 of temocaprilat. The renal clearance (CL;) of temocaprilat was almost
the same in each haplotype group (Table. 1I-1). On the other hand, the plasma
concentration of temocapril in subjects with OATP1B1*1b/*1b tended to be lower
than that in subjects with OATP1B1*1a/*1a (Fig. 1I-7A) and the plasma
concentration in *1b/*15 subjects tended to be lower than that in *1a/*15
subjects (Fig. 1I-7B). Although not statistically significant, the AUCg.4 of
temocapril in *1b/*1b carriers was lower than that in *1a/*1a carriers (67% of

*1a/*1a) and the AUC;.24 in *1b/*15 carriers was lower than that in *1a/*15
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carriers (86% of *1a/*15) (Fig. lI-7C, Table. 1I-1), while the renal clearance (CL,)

of temocapril in each haplotype group was not significantly different (Table. 1I-1).

Correlation between the plasma AUC of pravastatin, valsartan,
temocaprilat and temocapril in each subject

The plasma AUC values of valsartan in each subject were significantly
correlated with those of pravastatin (Correlation coefficient: 0.630; P < 0.01) (Fig.
II-8A). The AUC values of temocapril in each subject were also significantly
correlated with those of pravastatin (Correlation coefficient: 0.602; P < 0.01) (Fig.
lI-8C). However, the AUC values of temocaprilat were not significantly

correlated with those of pravastatin (Correlation coefficient: 0.229) (Fig. II-8B).

OATP1B1-mediated uptake of valsartan and temocaprilat in expression
system.

The time-dependent uptake of valsartan and temocaprilat in
OATP1B1-expressing HEK293 cells was significantly higher than that in

vector-transfected control cells (Fig. 11-9).

OATP1B1/MRP2-mediated transcellular of temocapril and RMS-416 in
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OATP1B1/MRP2 double transfected MDCKII cells.

As a positive control, we checked that the vectorial basal-to-apical
transcellular  transport of  estradiol-17B-glucuronide  (OATP1B1/MRP2
bisubstrate) was clearly observed in OATP1B1/MRP2 double transfected cells
(Fig. 1I-10C), while symmetrical transport was observed in OATP1B1 single
transfected cells and vector-transfected control cells (Fig. [I-10A, B) as shown in
the previous report(Sasaki et al., 2002). Under the same condition,
basal-to-apical transport of temocapril and RMS-416 was significantly larger
than that in the opposite direction in OATP1B1/MRP2 double transfected cells
(Fig. II-10F, 1), whereas their vectorial transport was not observed in OATP1B1
single transfected cells (Fig. II-10E, H) and vector-transfected control cells (Fig.

II-10D, G).
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Discussion

We investigated the impact of the OATP1B1 haplotype, especially *1b, on
the pharmacokinetics of three anionic drugs, pravastatin, valsartan and
temocaprilat, in healthy volunteers. We also investigated whether the
pharmacokinetics of each drug was correlated with other drugs in each subject.

Pravastatin, valsartan and temocaprilat are mainly excreted into bile without
extensive metabolism and the involvement of transporters is needed to explain
their efficient accumulation in liver. Considering the pharmacokinetic theory,
assuming that the total clearance is accounted for by hepatic clearance, the
plasma AUC after oral administration of drugs (AUC,) can be expressed by Eq.
I-1:

F - Dose

A UCoral S —
f B’ CLint

(Eq. II-1)

where F is the fraction of the dose absorbed into and through the gastrointestinal
membranes, fg is the blood unbound fraction and CL;y is the hepatic intrinsic

clearance. Also, CLj can be expressed as Eq. lI-2(Shitara et al., 2005) :

CLex + CLmetab (Eq "_2)

CL..=CL,,.. ¥
int Pike " CL, +CL, oy + CL,y

where CLyptake, Clex, Clmetav @and CLes represent the intrinsic clearances for
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hepatic uptake, biliary excretion, metabolism and sinusoidal efflux, respectively.
Considering Egs. II-1 and 1I-2, CLptake directly affects the plasma AUC after oral
administration in any situation.

We especially focused on the impact of the OATP1B1*1b allele on the
pharmacokinetics of the three drugs. The allele frequency of OATP1B1*1b is
relatively high in some ethnic groups; 0.30 for European Americans, 0.74 for
African Americans, and 0.63 for Japanese(Tirona et al., 2001; Nishizato et al.,
2003).

Pravastatin has been reported to be a substrate of OATP1B1(Hsiang et al.,
1999; Nakai et al., 2001; Sasaki et al., 2002; Kameyama et al., 2005). We
demonstrated that valsartan and temocaprilat could also be recognized by
OATP1B1 as a substrate (Fig. 1I-9).

The OATP1B1*1b allele significantly reduced the plasma AUC of pravastatin
compared with *1a, which is consistent with a previous report(Mwinyi et al.,
2004). The renal clearance of pravastatin was not affected by *1b, suggesting
that the OATP1B1*1b variant apparently enhances the hepatic uptake activity of
pravastatin. On the other hand, the OATP1B1*15 allele did not remarkably

affect the plasma AUC of pravastatin in the present study, which apparently
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differs from earlier reports showing that the *15 allele results in a significant
increase in the plasma AUC of pravastatin(Nishizato et al., 2003; Niemi et al.,
2004). After oral administration, a significant amount of pravastatin was
converted to RMS-416 (3’ a-isopravastatin) mainly in the stomach by chemical
reaction rather than by enzymatic metabolism because pravastatin is unstable in
acidic solution(Triscari et al., 1995) (Fig. 1-2A). In the present study, the
inter-individual difference in the plasma AUC of RMS-416 was about fifty-fold
(2.37 = 120 ng*hr/mL; average = 48.8 ng*hr/mL). It is generally accepted that
the pH values in the stomach exhibit large inter-individual differences. We
hypothesized that this difference might affect the conversion rate to RMS-416,
which could mask the effect of OATP1B1*15 on the pharmacokinetics of
pravastatin in our cases. RMS-416 is an epimer of pravastatin and only the
position of one hydroxyl group was different. We confirmed that RMS-416 is
also a substrate of OATP1B1 (Fig. 1I-10). Assuming that the pharmacokinetic
profile of pravastatin was not so much different from that of RMS-416 due to their
similar chemical structures, a genetic polymorphism of OATP1B1 would affect
the pharmacokinetics of the sum of pravastatin and RMS-416 more markedly

than that of pravastatin itself. In the present study, we could see the expected
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tendency showing that the *1b allele reduced the plasma AUC of the sum of
pravastatin and RMS-416 compared with *1a, whereas the *15 allele increased
the plasma AUC (Table II-1). Recent studies have demonstrated that the
Val174Ala mutation in OATP1B1 could alter the cholesterol lowering effect of
pravastatin(Tachibana-limori et al., 2004; Niemi et al., 2005c). Because
RMS-416 is not pharmacologically active, our study suggests that the
conversion rate to RMS-416 as well as the genetic polymorphism in OATP1B1
may have an effect on the pharmacokinetics and pharmacological action of
pravastatin.

In the case of valsartan, the *1b allele showed a reduction in the plasma
AUC of valsartan, but the *15 allele did not show any increase in the plasma
AUC, which is almost the same as pravastatin. Unfortunately, the difference in
its AUC between *1a and *1b didn’t show statistical significance probably due to
the lack of statistical power and we think that additional number of subjects will
be needed to show the significant difference. Valsartan was partly metabolized
to the 4-hydroxylated form (M-2) by CYP2C9(Waldmeier et al., 1997), but a
previous report indicated that, after oral administration of ['“CJ-valsartan, this

metabolite accounted for only 10 % of the total radioactivity in feces and
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urine(Waldmeier et al., 1997). Therefore, the interindividual difference in
CYP2C9 activity plays only a minor role in the pharmacokinetics of valsartan.
The solubility of valsartan is drastically affected by the pH and it is possible that
an interindividual difference in the pH value in the gastrointestinal tract may
affect its solubility and the subsequent amount of valsartan absorbed(Criscione
et al., 1995). However, one report demonstrated that coadministration of
cimetidine increased the plasma AUC only by 7 %(Schmidt et al., 1998). So,
the exact reason why the *15 allele did not affect the pharmacokinetics of
valsartan remains to be clarified.

The plasma AUC of temocaprii and temocaprilat was not changed
significantly in each haplotype group. However, there was a trend suggesting
that the *1b allele reduced the plasma AUC of temocapril and temocaprilat and
that the *15 allele showed a slight increase in the plasma AUC. We checked
that temocapril is also a substrate of OATP1B1 (Fig. 11-10). The difference in
the plasma AUC of temocaprilat in each haplotype group was relatively small
compared with other drugs.

We also compared the pharmacokinetics of the three drugs in each subject

and the plasma AUC of pravastatin was significantly correlated with that of
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valsartan and temocapril, but not temocaprilat (Fig. 11-8). This result suggested
that the clearance mechanism of pravastatin may share with that of valsartan
and temocapril, and that the relative contribution of OATP1B1 to the hepatic
uptake of pravastatin may be similar to that of valsartan and temocapril, but be
larger than that of temocaprilat.

Some in vitro studies have indicated that the transport activity of several
compounds including pravastatin in the OATP1B1*1b variant was almost
comparable with that of OATP1B1*1a(Tirona et al., 2001; Iwai et al., 2004;
Kameyama et al., 2005, Nozawa et al., 2005). However, this study
demonstrated that subjects with OATP1B1*1b showed an increase in the hepatic
clearance compared with those with OATP1B1*1a. We hypothesized that this
apparent discrepancy may be explained by the higher expression level of
OATP1B1*1b in the liver compared with that of OATP1B1*1a. This can be
proven by investigating the relative expression level of OATP1B1*1a and *1b in
several batches of human hepatocytes which are genotyped in advance.
Moreover, we must pay attention to several pharmacokinetic issues such as the
different proportion of hepatic clearance to total clearance, the different

contribution of OATP1B1 to the overall hepatic uptake, and the substrate
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specificity of the effect of genetic polymorphisms in OATP1B1. The percentage
of hepatic clearance with regard to the total clearance has been estimated to be
about 53 % for pravastatin, 71 % for valsartan and 62 % for temocaprilat in
humans(Singhvi et al., 1990; Waldmeier et al., 1997) (temocaprilat: drug
information published by Sankyo Co., Ltd.). Previous reports suggest that the
de-esterification of temocapril mainly occurs in liver (drug information published
by Sankyo Co., Ltd.). The urinary excreted temocapril as a percentage of the
administered dose is about 1.1 % in this study. We think it is possible that
temocapril is efficiently taken up into hepatocytes followed by conversion to
temocaprilat and its hepatic clearance is much higher than the renal clearance.
That may be the reason why the AUC of temocapril showed better correlation
with that of pravastatin than temocaprilat. Regarding the contribution of
individual transporters, our preliminary study suggested that all three
compounds are substrates of OATP1B3 as well as OATP1B1 (Hirano et al.,
unpublished observations). The previous studies suggested that pravastatin is
thought to be mainly taken up via OATP1B1(Nakai et al., 2001). From the
result of the present study, we speculated that the relative importance of

OATP1B1 in the hepatic clearance is in the order of pravastatin > valsartan,
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temocapril > temocaprilat. We have established the methodology for
estimating the contribution of OATP1B1 and OATP1B3 to the overall hepatic
uptake by using expression systems and human hepatocytes(Hirano et al.,
2004). Taking this information into consideration, the prediction of the effect of
genetic polymorphisms in OATP1B1 on the pharmacokinetics of drugs from in
vitro data will be the subject of further investigation. And very recently, Zhang
et al. have demonstrated that SNP (Q141K) in BCRP, an efflux transporter,
affected the pharmacokinetics of rosuvastatin(Zhang et al., 2006b).
Regardless of the situations, we showed that apparent intrinsic hepatotic
clearance is directly proportional to the intrinsic uptake clearance which is
sometimes governed by uptake transporters like OATP1B1. However, this
doesn't mean that efflux transporters cannot determine the overall hepatic
clearance and we will also need to investigate the effect of the SNPs in efflux
transporters on the pharmacokinetics of drugs.

In conclusion, our study indicated that the OATP1B1*1b allele increases the
hepatic clearance of pravastatin compared with the *1a allele and valsartan and
temocapril showed the similar tendency as the case of pravastatin. And the

plasma AUC of pravastatin correlates well with that of valsartan and temocapril,
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suggesting that pravastatin, valsartan and temocaprii may share the same

elimination pathway.
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Tables and figures

*1a/*1a *1b/*1b *1a/*15 *1b/*15
number of subjects 5 7 6 5

<pravastatin>
AUC 54 (ng*hr/mL) | 73.2+235 47.4+19.9" 69.2+23.4 3824+1597
CL, (L/hr) 151+27 186%76 126+25 17.0+3.5

<pravastatintRMS-416>
AUC .54 (ng*hr/mL) | 11225  76.1+204  143+40 95.1+33.67

CL, (L/hr) 12.5+2.0 16.0+85 11.0%1.5 13.5+2.4
<valsartan>

AUCy,s  (ug*hr/mL) | 123+46 9.01+3.33 940:434 6.31+3.64
CL, (L/hr) 0.450 + 0.063 0.482 + 0.049 0.489 £ 0.109 0.477 + 0.096

<temocaprilat>
AUCq 24 (ng*hr/mL) | 426 £ 91 371+£100 429 + 41 389+ 77
CL, (L/hr) 1411006 129+026 1.31+0.12 1.32+0.15

<temocapril>
AUC,, (ng*hr/mL) | 185%7.7 124141 19.0 £ 4.1 16.4 £ 5.0
CL, (L/hr) 0.818+0.476 182+1.16 1.21+0.52 2.1411.77

Table. lI-1 Plasma AUC and renal clearance of pravastatin and its
metabolite (RMS-416), valsartan, and temocapril and its active metabolite
(temocaprilat) in each haplotype group

AUC,.,4, the area under the plasma concentration-time curve from time 0 to 24 hours; CL,,
renal clearance. Each value represents the mean £ S.D.
*1. significantly different from values in *1a/*1a subjects as determined by ANOVA with

Fisher’s least significant difference test (P < 0.05).
*2: significantly different from values in *1a/*15 subjects as determined by ANOVA with

Fisher’s least significant difference test (P < 0.05).
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Subjects

23 Japanese healthy male volunteers

OATP1B1 diplotype

Protocol

3-group crossover trial
pravastatin (Mevalotin) 10mg p.o.

*1 al *13 N=5 temocapril (Acecol) 2mg p.o.
*1 al *15 6 valsartan (Diovan) 40mg p.o.
1b/*1b 7 —Blood (~24 hr), Urine (~24hr)
*1b/*15 5
rug A Drug B : Drug C :
sampling Sampling sampling
Y Y P oA
HQSn'taI — llll3ll&lallyllslll 7 days Illéll&lallyllslll 7 days ---é--d--a-;é-"
Group A (N=8) pravastatin temocapril valsartan
Group B (N=8) temocapril valsartan pravastatin
Group C (N=7) valsartan pravastatin temocapril

Fig. -1 Schematic diagram of the protocol of clinical study
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Fig. -2 Chemical structures of drugs and their metabolites used in the
clinical study

(A) Pravastatin is converted to its epimer, RMS-416 by non-enzymatic reaction under low pH

condition.
(C) Temocapril is a prodrug and it is rapidly converted to temocaprilat, an active metabolite,

by carboxyesterase.
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Fig. 1I-3 Effect of OATP1B1 haplotype on the pharmacokinetics of
pravastatin

(A) Plasma concentration-time profiles of pravastatin after oral administration of 10 mg of
pravastatin in subjects with OATP1B1*1a/*1a (square; n=5) and *1b/*1b (inverted triangle;
n=7). Each point represents mean + S.D.

(B) Plasma concentration-time profiles of pravastatin after oral administration of 10 mg
pravastatin in subjects with OATP1B1*1a/*15 (triangle; n=6) and *1b/*15 (diamond; n=5).
Each point represents mean + S.D.

(C) Box-whisker plot of the plasma AUC of pravastatin in each haplotype group. The
horizontal line within each box represents the median. The box edges represent the lower
(25th) and upper (75th) quartiles, respectively. The whiskers extend from the lower and
upper quartiles to the furthest data points still within a distance of 1.5 interquartile ranges
from the lower and upper quartiles. Individual data points were overlaid on the box-whisker
plot. *: statistically significant difference shown by ANOVA with Fisher’s least significant
difference test (P < 0.05)
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Fig. ll-4 Effect of OATP1B1 haplotype on the pharmacokinetics of the
sum of pravastatin and RMS-416 (major metabolite)

(A) Plasma concentration-time profiles of the sum of pravastatin and RMS-416 after oral
administration of 10 mg of pravastatin in subjects with OATP1B1*1a/*1a (square; n=5) and
*1b/*1b (inverted triangle; n=7). Each point represents mean + S.D.

(B) Plasma concentration-time profiles of the sum of pravastatin and RMS-416 after oral
administration of 10 mg pravastatin in subjects with OATP1B1*1a/*15 (triangle; n=6) and
*1b/*156 (diamond; n=5). Each point represents mean + S.D.

(C) Box-whisker plot of the plasma AUC of the sum of pravastatin and RMS-416 in each
haplotype group. The horizontal line within each box represents the median. The box
edges represent the lower (25th) and upper (75th) quartiles, respectively. The whiskers
extend from the lower and upper quartiles to the furthest data points still within a distance of
1.5 interquartile ranges from the lower and upper quartiles. Individual data points were
overlaid on the box-whisker plot. *: statistically significant difference shown by ANOVA with
Fisher’s least significant difference test (P < 0.05)
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Fig. -5 Effect of OATP1B1 haplotype on the pharmacokinetics of
valsartan

(A) Plasma concentration-time profiles of valsartan after oral administration of 40 mg
valsartan in subjects with OATP1B1*1a/*1a (square; n=5) and *1b/*1b (inverted triangle;
n=7). Each point represents mean + S.D.

(B) Plasma concentration-time profiles of valsartan after oral administration of 40 mg
valsartan in subjects with OATP1B1*1a/*15 (triangle; n=6) and *1b/*15 (diamond; n=5).
Each point represents mean + S.D.

(C) Box-whisker plot of the plasma AUC of valsartan in each haplotype group. The
horizontal line within each box represents the median. The box edges represent the lower
(25th) and upper (75th) quartiles, respectively. The whiskers extend from the lower and
upper quartiles to the furthest data points still within a distance of 1.5 interquartile ranges
from the lower and upper quartiles. Individual data points were overlaid on the box-whisker
plot.
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Fig. -6 Effect of OATP1B1 haplotype on the pharmacokinetics of
temocaprilat

(A) Plasma concentration-time profiles of temocaprilat after oral administration of 2 mg
temocapril in subjects with OATP1B1*1a/*1a (square; n=5) and *1b/*1b (inverted triangle;
n=7). Each point represents mean £ S.D.

(B) Plasma concentration-time profiles of temocaprilat after oral administration of 2 mg
temocapril in subjects with OATP1B1*1a/*15 (triangle; n=6) and *1b/*15 (diamond; n=5).
Each point represents mean + S.D.

(C) Box-whisker plot of the plasma AUC of temocaprilat in each haplotype group. The
horizontal line within each box represents the median. The box edges represent the lower
(25th) and upper (75th) quartiles, respectively. The whiskers extend from the lower and
upper quartiles to the furthest data points still within a distance of 1.5 interquartile ranges
from the lower and upper quartiles. Individual data points were overlaid on the box-whisker

plot.
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Fig. II-7 Effect of OATP1B1 haplotype on the pharmacokinetics of
temocapril

(A) Plasma concentration-time profiles of temocapril after oral administration of 2 mg
temocapril in subjects with OATP1B1*1a/*1a (square; n=5) and *1b/*1b (inverted triangle;
n=7). Each point represents mean + S.D.

(B) Plasma concentration-time profiles of temocapril after oral administration of 2 mg
temocapril in subjects with OATP1B1*1a/*15 (triangle; n=6) and *1b/*15 (diamond; n=5).
Each point represents mean £ S.D.

(C) Box-whisker plot of the plasma AUC of temocapril in each haplotype group. The
horizontal line within each box represents the median. The box edges represent the lower
(25th) and upper (75th) quartiles, respectively. The whiskers extend from the lower and
upper quartiles to the furthest data points still within a distance of 1.5 interquartile ranges
from the lower and upper quartiles. Individual data points were overlaid on the box-whisker
plot.
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Fig. II-8 Correlation between the plasma AUC of pravastatin and valsartan
(A), the plasma AUC of pravastatin and temocaprilat (B), and the plasma
AUC of pravastatin and temocapril (C).

Each point represents the data for each subject. The solid line represents the fitted line
calculated by linear regression analysis and the dotted line represents the 95 % confidence
intervals of the correlation.
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Fig. 119 Time-dependent uptake of valsartan (A) and temocaprilat (B) in
OATP1B1-expressing cells and control cells.

The uptake of valsartan (A) and temocaprilat (B) by OATP1B1-transfected HEK293 cells
was examined at 37 °C. Triangles and squares represent the uptake by OATP1B1- and
vector-transfected cells, respectively. Each point represents the mean £ S.E. (n=3).
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Fig. lI-10 Time profiles for the transcellular transport of

estradiol-17p-glucuronide (A,B,C), temocapril (D,E,F) and RMS-416 (GH,l)
across MDCKIl monolayers.

Transcellular transport of estradiol-173-glucuronide (1 uM), temocapril (1 pM) and RMS-416
(10 pM) across MDCKII monolayers expressing OATP1B1 (B,E,H) and both OATP1B1 and
MRP2 (C,F,I) was compared with that across the control MDCKIl monolayer (A,D,G).
Triangles and squares represent the transcellular transport in the apical-to-basal and
basal-to-apical direction, respectively. Each point and vertical bar represents the mean %
S.E. of three determinations. Where vertical bars are not shown, the S.E. was contained
within the limits of the symbol.

93



Conclusion and future perspectives

In Part |, we investigated the importance of uptake transporters in the hepatic
transport of ursodeoxycholate (UDCA) and its conjugates by using human
cryopreserved hepatocytes and transporter expression systems. As a result,
we have shown that UDCA and its conjugates are taken up into human
hepatocytes via both Na*-dependent and Na*-independent pathways and the
relative contribution of the Na*-independent uptake of the
glycoursodeoxycholate (GUDC), a major metabolite of UDCA in humans, to the
overall hepatic uptake in human hepatocytes is greater than that of UDCA and
tauroursodeoxycholate (TUDC). We also showed that GUDC and TUDC can
be recognized by NTCP, OATP1B1 and OATP1B3. It is generally believed that
the hepatic uptake of bile acids is mainly mediated by NTCP. In this case, after
oral administration of UDCA, it is mainly conjugated with glycine in humans and
GUDC is the major molecular form which undergoes enterohepatic circulation.
These results suggest that OATP1B1 and OATP1B3 as well as NTCP can be
determinant factors for the clinical pharmacokinetics and subsequent
pharmacological effects of UDCA, although UDCA is a bile acid. We have now

started a clinical study investigating the effect of genetic polymorphisms of
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OATP1B1 on the pharmacokinetics of UDCA and its conjugates and glycyrrhizin,
which is also frequently used for the treatment of hepatic diseases, in patients
with chronic hepatitis C. As mentioned previously, the enterohepatic circulation
of UDCA and its conjugates is dominated by not only hepatic uptake transporters
(OATPs, NTCP) but also by other transporters involved in biliary excretion and
intestinal absorption. Moreover, because the relative contribution of uptake
transporters to the overall membrane transport of UDCA and its conjugates is
different, and this may be true for other transport process, the function of
conjugation enzymes may also affect the pharmacokinetics of UDCA and its
conjugates. Therefore, we also need to investigate the involvement of other
transporters in their hepatobiliary transport and the relative importance of
transporters and enzymes in their pharmacokinetics.

Cryopreserved human hepatocytes have enabled us to predict the quantitative
contribution of each transporter and metabolic enzyme to the overall hepatic
uptake and metabolism of drugs(Hengstler et al., 2000; Shitara et al., 2003b).
We can also use several kinds of knockout animals to directly show the role of
specific genes in the in vivo plasma concentration profiles and tissue distribution

of drugs. However, species differences in transport function have been
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observed(Dietrich et al., 2001; van Herwaarden et al., 2003) and, especially in
the case of metabolic enzymes and OATP family transporters, so that we cannot
identify the exact genes in humans corresponding to those in rodents(Zuber et
al., 2002; Hagenbuch and Meier, 2003). Moreover, we need to keep in mind
that, in some cases, there is a compensatory change in the expression level of
other genes. For example, in Eisai hyperbilirubinemic rats (EHBR) whose Mrp2
is hereditary deficient, Mrp3 located on the sinusoidal membrane is up-regulated,
and this might confound the effect of specific genes on the pharmacokinetics of
drugs(Ogawa et al., 2000). Several useful techniques for knockdown of
specific genes, such as ribozyme and RNA interference (RNAI), have been
developed. However, it is difficult to apply these techniques in our research
because the long-term culture of hepatocytes itself dramatically reduces the
expression levels of several kinds of transporters and metabolic
enzymes(Ishigami et al., 1995; Rippin et al., 2001). Therefore, we established
three methods using (1) transporter-specific substrate (RAF method), (2)
transporter-specific inhibitor and (3) Western blot analysis for estimating the
contribution of each transporter to drug uptake(Hirano et al., 2004; Hirano et al.,

2006; Ishiguro et al., 2006). Of course, we understand that each method has
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both advantages and disadvantages, and so we recommend that users compare
the results obtained from different approaches and validate the results. We
have recently investigated several kinds of anionic drugs, such as angiotensin |l
receptor antagonists, fexofenadine (H1-antagonist), and pitavastatin (HMG-CoA
reductase inhibitor), and the relative importance of OATP1B1 and OATP1B3 for
their hepatic uptake differs from drug to drug(Hirano et al., 2004; Shimizu et al.,
2005; Ishiguro et al., 2006; Yamashiro et al., 2006). | believe that our methods
are very simple and suitable for the high throughput screening used in drug
development. Cryopreserved human hepatocytes can be easily purchased
from some distributors in Japan, but they are very expensive and there are large
inter-batch differences in the function of transporters. In our experience, only
about 30-40 % of the available batches of hepatocytes exhibit enough transport
activity and we cannot simply say that the large inter-batch difference is
explained by the intrinsic inter-individual variability of the transport function
because differences in the conditions of the preparation of human hepatocytes
also affect the variation(Shitara et al., 2003b). Human hepatocytes derived
from embryonic stem (ES) cells or multipotent precursor cells with their

detoxification system intact are now under development(lshii et al., 2005). If
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these cell lines can be stably supplied, they will be widely used to predict the
function of transporters and metabolic enzymes in human liver. We will also
need to develop culture systems for hepatocytes which can be easily used for
drug screening with long-term retention of the expression of proteins for
detoxification of xenobiotics. Some groups have reported that a
collagen-sandwich culture system can maintain the expression of several kinds
of transporters in hepatocytes at the same level as that in intact hepatocytes for
one week(Hoffmaster et al., 2004). Moreover, hepatocytes cultured in this
system are efficiently polarized and form the bile canalicular pocket between the
cells so that we can measure the amount of ligands excreted into the bile pocket
by treatment with Ca’-free buffer which can destroy the tight junction(Hoffmaster
et al.,, 2004). Also, this system is very useful for evaluating the biliary excretion
of ligands in vitro. Bi et al. have demonstrated that this culture system can be
applied to cryopreserved human hepatocytes(Bi et al., 2006) and Tian et al. have
succeeded in the knockdown of drug transporters, Mrp2 and Mrp3, in
sandwich-cultured rat hepatocytes by using small interfering RNA (siRNA)(Tian
et al., 2004). As far as the prediction of the biliary excretion of drugs in humans

is concerned, we have established double transfected cell lines which express

98



both uptake and efflux transporters(Sasaki et al., 2002; Sasaki et al., 2004;
Matsushima et al., 2005). If a compound is a bisubstrate of uptake and efflux
transporters, the basal-to-apical transcellular vectorial transport is significantly
larger compared with that in the opposite direction when cells are seeded on a
cell culture insert. By using these cell lines and sandwich-cultured hepatocytes,
we can investigate the relative contribution of each efflux transporter to the
overall biliary excretion of drugs.

In Part I, we performed a clinical study to investigate the importance of
OATP1B1 in the pharmacokinetics of drugs in humans in vivo. Some groups
have reported that single nucleotide polymorphisms (SNPs) in OATP1B1
affected the pharmacokinetics of pravastatin, which is thought to be mainly taken
up into hepatocytes by OATP1B1(Nishizato et al., 2003; Mwinyi et al., 2004;
Niemi et al., 2004). Although OATP1B1 can recognize many kinds of drugs
used in clinical situations, few reports have shown that OATP1B1 SNPs can also
affect the pharmacokinetics of the substrate drugs for OATP1B1 other than
statins. As a result, we investigated the major clearance mechanism of
pravastatin, valsartan and temocapril and found that it appears to be similar and

the OATP1B1*1b allele can affect the clinical pharmacokinetics of pravastatin,
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and, possibly, valsartan and temocapril. At the present, the pharmacokinetics
of many drugs, such as atrasentan (endothelin antagonist), repaglinide and
nateglinide (antidiabetic), fexofenadine (H1-antagonist), pitavastatin and
rosuvastatin (HMG-CoA reductase inhibitor), can also be affected by the
haplotype of OATP1B1(Chung et al., 2005; Lee et al., 2005; Niemi et al., 2005a;
Katz et al., 2006; Zhang et al., 2006a). If we wish to predict the effect of SNPs
in transporter on the pharmacokinetics of drugs, we must consider the following
issues as described in Fig. C-1; (1) the change in the transport activity of drugs
in cells expressing mutated transporter compared with wild type, (2) the
contribution of target transporter to the overéll hepatic uptake clearance, (3) the
rate-determining process in the apparent intrinsic hepatic clearance, and (4) the
effect of the change in apparent intrinsic clearance on the hepatic and total
clearance of drugs. Iwai et al. have constructed recombinant cell lines
expressing mutated OATP1B1 proteins which correspond to the major
haplotypes in humans (OATP1B1*1a, *1b, *5, and *15) and characterized the
functional change in the transport activity of compounds in each cell line(lwai et
al., 2004). Regarding the contribution, we have established methods for its

estimation as described above(Hirano et al., 2004; Hirano et al., 2006; Ishiguro
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et al., 2006). The information about (3) and (4) can be roughly estimated from
in vitro and in vivo data, although it is difficult to estimate the backflux clearance
from cells to blood from in vitro data and the in vivo biliary excretion clearance.
Combining these data, we can predict the impact of genetic polymorphisms of
transporters on the pharmacokinetics of drugs prior to conducting clinical studies.
Another approach to the prediction of pharmacokinetics for individual subjects is
the use of in vivo phenotyping to study the plasma concentration profiles of
“probe drugs”, which are ideally transporter-specific substrates in humans. In
the field of metabolic enzymes, to know the intrinsic metabolic activities of each
CYP enzymes, sets of specific substrates of CYP subtypes (so called “cocktail”)
have been developed(Tanaka et al., 2003). Cocktail drugs are administered to
humans and their metabolites in plasma and urine were analyzed, then we can
easily get the information on several CYP activities of individuals in a single
experiment. Because we cannot directly measure the biliary excretion
clearance in humans, probe drugs for transporters must be sensitive to changes
in their plasma concentration when there is a functional change in the specific
transporter. From the results of clinical studies, pravastatin may be used as a

probe drug for OATP1B1(Nishizato et al., 2003; Mwinyi et al., 2004; Niemi et al.,
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2004). Using positron emission tomography (PET) or single photon emission
computed tomography (SPECT), we can obtain the time profile of the
concentration of drugs in each tissue in humans(Sasongko et al., 2005; Lee et
al., 2006). So, if we can synthesize radiolabeled probe drugs suitable for PET
or SPECT, we can obtain detailed data on pharmacokinetics and tissue
distribution directly in humans and, by combining these data and several kinds of
in vitro data, we can construct more accurate pharmacokinetic models of drugs.

It is possible that the SNPs in transporters which affect the pharmacokinetics
have the potential to change the subsequent pharmacological effects of drugs.
Interestingly, Niemi et al. have shown that the acute cholesterol-lowering effect
of pravastatin was influenced by the OATP1B1 haplotypes after a single oral
administration of pravastatin(Niemi et al., 2005c). However, Igel et al. have
shown that, after multiple dosing of pravastatin, the inter-individual variability in
the pharmacological effect could not be explained by OATP1B1 haplotypes,
although its pharmacokinetics was different among haplotype groups(lgel et al.,
2006). Therefore, a change in the pharmacokinetics does not always produce
a pharmacological effect. In order to predict a pharmacological effect, one

suitable strategy is to construct an appropriate mathematical model of the
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pharmacodynamics of pravastatin based on molecular mechanisms. | have
named this model “focused systems biology”, in which the minimum number of
molecules which are necessary to understand the major pathway for the
pharmacological effects are included. We will try to carry out such
pharmacodynamic modeling and combine this model with physiologically-based
pharmacokinetic models to predict the time profile of the effect of drugs.

In conclusion, through in vitro and in vivo studies, | have been able to show
the importance of hepatic uptake transporters in the pharmacokinetics of several
drugs selectively accumulated in liver. The clinical significance of the functional
change in each transporter should be further investigated and the tools and
methods for accurate prediction of the in vivo plasma concentrations and
pharmacological effects of drugs from in vitro data will need to be developed as

proposed above.
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3) The effect of the change in
apparent intrinsic clearance on the
hepatic clearance of drugs

Assuming that drug is eliminated only

from liver...
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Fig. C-1 The key factors for the determination of pharmacokinetics of
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