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Fig. 3. The transport of E,;S by BCRP variants. The uptake of [PH]E,S by 2 g membrane vesicles
prepared from BCRP cDNA.infected and GFP cDNA.infected HEK 293 cells was examined for 2 min
at 37°C in a medium containing 33 nM [*H]labeled E, S, tracer (0.5 pM) and excess concentrations (100
pM) of unlabeled E,S. Panel 3a shows the ATP-dependent uptake of [*H]E,S by BCRP variants after
normalization by the membrane protein level. The uptake was calculated by subtracting the ligand
uptake it the absence of ATP from that in its presence. Panel 3b shows the ATP-dependent uptake of
[*H]E,S by BCRP variants after normalization by the BCRP protein levels. For the preparation of Panel
3b, the data in Panel 3a were corrected by taking into account the BCRP protein expression level in each
membrane vesicle preparation determined by the Western blot analysis (Fig. 2). Results are given as %
of the wild-type BCRP. **Significantly different from wild type BCRP-expressing membrane vesicles by

ANOVA followed by Dunnett’s test (p < 0.01).

transport activity. BCRP expression systems were con-
structed using recombinant adenoviruses with the expectation
of the high expression of the exogenous genes. Compared
with the membrane vesicles isolated form the P-388 cells
which were infected with BCRP ¢DNA by the recombinant
retroviruses (11}, the uptake of E;S per mg membrane pro-
tein determined in the present study was much higher, This
expression system may be useful for the analysis of functional
changes in SNP variants of BCRP in a sensitive manner.

Our findings suggest that two SNP variants of BCRP may
affect the function of BCRP. Q141K BCRP showed a lower
expression level, which is approximately 30-40% of that of
the wild type. This result is consistent with the previous report
that the transfection of Q141K BCRP cDNA to PA317 cells
and KB-3-1 human cells also resulted in lower expression
levels {19). Recently, investigation of the expression level of
BCRP in 99 Japanese placenta samples revealed that people
who were homozygous for this mutation showed significantly
lower expression levels of BCRP (D. Kobayashi, L. Ieiri, H.
Takane, M. Kimura, Y. Norikawa, H. Tohyama, S. Irie, A.
Urae, H. Suzuki, H. Kusuhara, N. Terakawa, K. Mine, K.
Ohtsubo and Y. Sugiyama, data presented at 18th Annual
Meeting of The Japanese Society for the Study of Xenobiot-
ics, Sapporo, October 8-10, 2003). The clinical relevance of
this in vitro study has major implications from the point of
view of the utility of the in vitro system for the prediction of
individual pharmacokinetic difference.

Although more detailed analysis is required to clarify the
mechanism governing the reduced protein expression of

Q141K BCRP, immunohistochemical staining revealed that
this variant is expressed on the plasma membrane and, there-
fore, the altered cellular localization may not be related to the
reduced protein level. It has been reported that the mRNA
level of this variant is similar to that of the wild type in the
transfected cells where the reduced protein level was ob-
served (19). In addition, in the human intestine, the expres-
sion of BCRP mRNA was similar in subjects with wild type
and Q141K BCRP genes, whereas there was no significant
correlation between the protein and mRNA levels for BCRP
(20). It has also been suggested that linkage disequilibrium is
present between a CTCA deletion in the 5'-flanking region
(£-19572-19569) and Q141K in Swedish subjects (21). More
detailed analysis is required to clarify the mechanism for the
reduced protein expression of this BCRP varlant and its
physiologic significance.

As far as the cellular localization was concerned, S441N
BCRP was the only variant which was expressed in the intra-
cellular compartment. We also found that the intracellular
localization of $441N BCRP in HEK293 cells after transient
expression (data not shown), whereas the wild-type BCRP
was expressed on the cell membrane. It is possible that this
variant is retained in the endoplasmic reticulum and most of
the protein is degraded in the proteosomes as reported for
many kinds of membrane proteins (22). Western blot analysis
revealed that the expression of S441N is significantly lower
than the wild type BCRP. Its expression level was reduced not
only in the isolated membrane fraction, but also in the whole
cell lysate (Fig. 2). These results suggest that this SNPs may
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Fig. 4. Saturation of BCRP mediated transport of E;S. Saturation of [*H]E,S transport was determined
for the wild-type, V12M, and Q141K BCRP. The uptake of PHJE,S by 2 pg membrane vesicles
prepared from BCRP cDNA-infected HEK 293 cells was examined for 1 min at 37°C in a medium
containing 33 nM [*H]labeled E,S and several concentrations of unlabeled E,S. The results are given as
the Eadie-Hofstee plots. Each point and bar represents the mean + SE value of triplicate determinations.

affect both cellular localization and expression level. Con-
cerning the cellular localization of SNPs variants of BCrP,
Mizuarai et al. reported the intracellular localization of V12M
BCRP in stably transfected LLC-PK1 cells very recently (23).
The finding by Mizuarai et al. (23) was in marked contrast to
the present finding that V12M BCRP is expressed on the
apical membrane of transiently transfected LLC-PK1 cells
(Fig. 1). At the present moment, we do not have any good
answer to account for the discrepancy. It is possible that the
cellular localization of V12M BCRP is affected by the culture
conditions of LLC-PK1 cells.

Although it has been reported that the amino acid re-
placement at the protein of 482 alters the substrate specificity
of BCRP (12,13), there has been no report on alterations in

the substrate specificity due to SNP variations. In the present
study, we examined the transport activity of some organic
anions using isolated membrane vesicles expressing the wild
type and SNP variants of BCRP. In addition to the previously
described substrates such as E;S, DHEAS and methotrexate
(11), we found that PAH is also transported by BCRP. For
these compounds, our results indicated that the transport ac-
tivity per BCRP molecule for 6 kinds of SNP variants (V12M,
Al49P, R163K, QI166E, P269S, and also Q141K BCRP) is
almost the same as that of the wild type BCRP (Figs. 3 and 5).
In addition, the extent of the inhibition of the transport of
PH]JDHEAS, [PH]methotrexate and [*HJPAH by 80 uM
DHEAS, 450 uM methtrexate and 3 mM PAH, respectively
{Fig. 5), is accounted for by considering the transport char-

Fig. 5. The transport of DHEAS, MTX, and PAH by BCRP variants. The uptake of each compounds by 10 pg membrane vesicles prepared
from BCRP and GFP expressing-HEK 293 cells was examined for 2 min at 37°C in a medium containing 33 nM [*H]labeled compounds, tracer
(0.5 WM}, and excess concentrations (80 pM, 450 uM, and 3 mM, for DHEAS, MTX, and PAH, respectively) of unlabeled compounds. Panel
5a shows the ATP-dependent uptake of *H]compounds by BCRP variants after normalization by the membrane protein level. The uptake
was calculated by subtracting the ligand uptake in the absence of ATP from that in its presence. Panel 5b shows the ATP-dependent uptake
of these compounds by BCRP variants after normalization by the BCRP protein levels. For the preparation of Panel 5b, the uptake data were
corrected by taking into account the BCRP protein expression level in each membrane vesicle preparation determined by the Western blot
analysis (Fig. 2). Results are given as % of the wild type BCRP. **Significantly different from the wild type BCRP-expressing membrane

vesicles by ANOVA followed by Dunnett’s test (p < 0.01).
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acteristics of these compounds, we reported that DHEAS
reduced the BCRP-mediated transport of [°H]E,S with an
approximate ICg, value of 55 pM (11). The K, value for
BCRP-mediated transport of methotrexate is reported to be
0.68 ~1.34 mM (24,25). We also found that PAH is trans-
ported by BCRP with the K, value of 3~5 mM (unpublished
observations). Furthermore, the K values for E,S were simi-
lar between the wild type, V12M and Q141K BCRP (Fig. 4).

It has been reported that there is a marked ethnic differ-
ence in the frequency of Q141K SNPs, and this is the preva-
lent allele in the Japanese population (19,21). In the present
study, we constructed SNP variants of BCRP based on the
information from 100 Japanese placenta specimens, 84 estab-
lished cancer cell lines, and 60 Japanese individuals who re-
ceived the administration of irinotecan. In particular, the fre-
quency of the Q141K variant was 29-36% in the Japanese,
whereas the frequency in 26 Caucasians subjects was only 8%.
Among the 100 Japanese specimens, S441N SNPs were only
found in one hetérozygous subject and, consequently, their
allele frequency was calculated to be only 0.5%. It is possible
that the disposition of BCRP substrates is different between
the subjects with the wild type BCRP and those with the SNPs
variants of BCRP. One of the most important substrates for
BCRP is pheophorbide a, a dietary catabolite of chlorophyll.
It has been shown that the plasma concentration of pheophor-
bide a is increased in the Berpl (=/-) mice, resulting in the
occurrence of severe phototoxic ear lesions (10). Since
pheophorbide a is also transported by human BCRP (10), it is
likely that Q141K and S441N SNPs may be involved in the
phototoxicity and protoporphyria induced by the intake of
chlorophyll.

Concerning the disposition of antitumor drugs, it has also
been reported that Berpl (—/—) hematopoietic stem cells are
sensitive to mitoxantrone-induced toxicity (26). These data
suggest that the ability to protect stem cells from some geno-
toxic xenobiotics might be lower in subjects who have Q141K
and S441N SNPs in BCRP gene. It has also been suggested
that the oral absorption of topotecan is restricted by the in-
testinal expression of BCRP (9). This suggestion is based on
the findings that, after the oral administration of both topo-
tecan and the inhibitor of Mdrl and Berpl, GF120918, the
bioavailability of this antitumor drug in plasma was dramati-
cally increased, not only in normal mice but also in Mdrl
(—/-) mice (9). It has also been reported that, in human jeju-
nal biopsies, mRNA expression of BCRP is higher than that
of MDR1 mRNA (27), suggesting the importance of BCRP in
drug absorption. It has also been shown that BCRP plays an
important role in placenta (9). In mdrla/lb (-/-) mice, ad-
ministration of GF120918 resulted in the higher topotecan
levels in fetuses and maternal plasma. Moreover, SNPs of
BCRP may also be involved in the intestinal toxicity of SN-38,
an active metabolite of irinotecan. Since BCRP also trans-
ports SN-38 (28), it is possible that subjects who have QI41K
or 5441N SNPs variants of BCRP are more sensitive to SN-38,

In conclusion, we have shown that two kinds of SNP
variants of BCRP (Q141K and S441N BCRP) are associated
with the reduced expression. In particular, S441N variation is
associated with the altered cellular localization. Since the al-
lele frequency of Q141K in Japanese subjects is as high as
29-36%, it is possible that the interindividual variations in in
vive disposition of BCRP substrates may result from the ge-
notype of BCRP.
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ABSTRACT

A serious pharmacokinetic interaction between cerivastatin
(CER} and gemfibrozil (GEM) has besen reported. In the present
study, we examined the inhibitory effects of GEM and its me-
tabolites, M3 and gemfibrozil 1-O-8-glucuronide (GEM-1-0-
glu), on the uptake of CER by hurnan organic anion transporting
polypeptide 2 {(OATP2)-expressing cells and its metabolism in
cytochrome P450 expression systems. Uptake studies showed
that GEM and GEM-1-0O-glu significantly inhibited the QATP2-
mediated uptake of CER with IC,, values of 72 and 24 uM,
respectively. They also inhibited the CYP2C8-mediated metab-
olism of CER with IC5, values of 28 and 4 uM, respectively,
whereas M3 had no effects. GEM and GEM-1-O-glu minimally
inhibited the CYP3A4-mediated metabolism of CER. The IC,4,
values of GEM and GEM-1-O-glu for the uptake and the me-

tabolism of CER obtained in the present study were lower than
their total, and not unbound, plasma concentrations. Howaver,
considering the possibly concentrated high unbound cancen-
trations of GEM-1-O-glu in the liver and its relatively larger
plasma unbound fraction compared with GEM itself, the gluc-
uronide inhibition of the CYP2C8-mediated metabolism of CER
appears to be the main mechanism for the clinically retevant
drug-drug interaction. Previously reported clinical drug interac-
tion studies showing that coadministration of GEM with prav-
astatin or pitavastatin, both of which are known tc be cleared
from the plasma by the uptake transporters in the liver, only
minimally {less than 2-fold) increased the area under the plasma
concentration-time curve of these stating, also supported our
present conclusion,

3-Hydrozy-3-methylglutaryl CoA reductase inhibitors
(statins) and fibrates are now well established treatments
for hyperlipidemia to prevent cardiovascular diseases
(Wierzbicki et al., 2003). Statins are principally used to
reduce low density lipoprotein and also triglycerides in
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proportion to their low density lipoprotein-lowering effi-
cacy and the baseline triglyceride level, whereas fibrates
are mainly used for the treatment of hypertriglyceridemia
or as second-line agents in patients with statin intolerance
(Moghadasian et al., 2000; Wierzbicki et al., 2003). The
combination therapy of statins and fibrates is widely used
in clinical practice; however, there are reports of rhabdo-
myolysis by this combination therapy, mainly involving
gemfibrozil (GEM) with lovastatin and cerivastatin (CER)
(Abdul-Ghaffar and El-Sonbaty, 1995; Bruno-Joyce et al.,
2001; Roca et al., 2002). This may be partly due to drug-
drug interactions (DDI) caused by events at a pharmaco-
kinetic level, although an event at a pharmacodynamic

ABBREVIATIONS: GEM, gemfibrozil; CER, cerivastatin; DDI, drug-drug interaction; AUC, area under the plasma concentration-time curve; P450,
Cytochrome P450; UGT, uridine diphosphate glucuronosyltransferase; K, inhibition constant; GEM-1 ~0-glu, gemfibrozil 1-0-B-glucuronide;
HPLG, high-performance liquid chromatography; IC5,, concentration of inhibitar to produce a 50% reduction in the metabolism or transport; HLM,
human liver microsome; Ab, antibody; TLC, thin-layer chromatography; CL ptares Uptake clearance.
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level, i.e., a strong direct effect on myocytes by combina-
tien therapy, may be also involved (Kyrklund et al., 2001;
Backman et al., 2002; Matzno et al., 2003). Indeed, con-
comitant use of GEM markedly increased the area under
the plasma concentration-time curve (AUC) of simvastatin
acid, lovastatin acid, and CER and produced a small in-
crease in the concentrations of pravastatin and pitavasta-
tin (Backman et al., 2000, 2002; Kyrklund et al., 2001,
2003; Mathew et al., 2004). Staffa et al. (2002) reported
that 31 patients taking CER died due to rhabdomyolysis,
and 12 of them were concomitantly taking GEM. Due to
this severe side effect, CER was voluntarily withdrawn
from the world market in August 2001.

Reports have appeared describing the mechanism of the
pharmacokinetic interaction between CER and GEM (Wen et
al., 2001; Prueksaritanont et al., 2002b,¢; Wang et al., 2002).
In humans, CER is subject to a dual metabolic pathway
mediated by CYP2C8 and CYP3A4 (Miick, 2000). Wen et al.
(2001) and Wang et al. (2002} reported that GEM inhibits
multiple isoforms of cytochromes P450 (P450s), including
CYP2C8, but has no inhibitory effect on CYP3A4. Therefore,
the inhibition of CYP2C8-mediated metabolism may be one
mechanism responsible for this clinically relevant DDI. In
addition, Prueksaritanont et al, (2002a) have suggested that
UGT-mediated glucuronidation of statins is an important
metabolic pathway because they are spontaneously con-
verted to lactones following UGT-mediated glucuronidation.
Prueksaritanont et al. (2002b,¢) have also reported that GEM
inhibits this UGT-mediated glucuronidation of CER as well
as P450-mediated oxidation. The inhibition constants (K.} or
the concentrations of inhibitors to produce a 50% reduction in
the metabolism of CER (ICs,) in their reports were as high as
the total plasma concentration of GEM in the therapeutic
range (Prueksaritanont et al., 2002b,c; Wang et al., 2002);
however, taking the high protein binding of GEM into con-
sideration, the unbound concentration of GEM is much less
than the reported K or IC,, values (Todd and Ward, 1988;
Prueksaritanont et al., 2002¢c; Wang et al., 2002).

We previously reported that CER was actively taken up
into the liver via transperter(s) including organic anion
transporting polypeptide 2 [OATF2 (OATP1B1); SLC21A6)
{(Shitara et al., 2003). We investigated the inhibitory effects
of eyclosporin A on the transporter-mediated uptake of CER
in hepatocytes and showed that cyclosporin A inhibited it
without any effects on its metabolism at therapeutic concen-
trations (Shitara et al, 2003). This partly explained the
mechanism responsible for the clinically relevant DDI be-
tween CER and cyclosporin A (Shitara et al., 2003); however,
there have beén no reports of the interaction between GEM
and transporters until now. Gemfibrozil 1-0-8-glucuronide
(GEM-1-0-glu), a metabolite of GEM, is taken up and accu-
mulates in isolated perfused rat liver (Sallustio et al., 1996;
Sabordo et al., 1999, 2000). This uptake is inhibited by coad-
ministration of dibromosulfophthalein and clofibric acid,
whereas acetaminophen and its glucuronide produced no in-
hibition (Sabordo et al., 1999, 2000). These results suggest an
involvement of transporter(s) in the hepatic uptake of GEM-
1-0-glu, and therefore, GEM-1-O-glu may affect the trans-
porter-mediated uptake of CER.

GEM is metabolized to M1-4 by P450s with M3 being the
major metabolite (Nakagawa et al., 1991). GEM also under-
goes glucuronidation, mainly to GEM-1-O-glu (Nakagawa et
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al., 1991), and the plasma concentrations of these metabo-
lites are reported to be relatively high (Okerholm et al., 1976;
Nakagawa et al., 1991). Therefore, in the present study, we
examined the effects of GEM and its major metabolites, M3
and GEM-1-O-glu, on the metabolism and the transporter-
mediated uptake of CER to analyze the mechanism of the
clinically relevant DDI between CER and GEM.

Materials and Methods

Materials. ["*C]CER {2.03 GBqg/mmol) and unlabeled CER were
kindly provided by Bayer AG (Wuppertal, Germany). GEM was
purchased from Sigma-Aldrich (St. Louis, MO), A metabolite of
GEM, M3 (purity: 99.6%), was chemically synthesized in KNC Lab-
oratories, Co. Ltd. (Kobe, Japan). GEM-1-O-glu was enzymatically
synthesized from GEM. GEM (2 mg/ml) was incubated at 37°C with
rat microsomes (3.6 mg of protein/ml) and 5 mg/ml UDP glucuronic
acid in 100 mM glycine-NaOH buffer (pH 8.5) supplemented with
20% (wiv) glycerin for 27 h, followed by the addition of 1 N HCl to
bring the pH to 4.0. This sample was chromatographed on an ODS
column {Cosmosil 75C,5-PREP, 300 ml; Nakalai Tesque, Kyoto, Ja-
pan) with MeOH/H,0 (30:70—80:20, stepwise) as the mobile phase
and analyzed by high-performance liquid chromatography (HPLC)
using an ODS column (Inertsil 0DS-2, ¢4.6 X 150 mm; GL Sciences,
Inc., Tokyo, Japan) with a mobile phase of 0.05% trifluoroacetic
acid/acetonitrile (53:47) at a flow rate of 1.0 ml/min. The fraction
containing GEM-1-0-glu, detected by its absorbance at 254 nm, was
collected and evaporated. The fraction was rechromatographed on an
0DS column with MeQH/H,0 (50:50-80:20, stepwise) and purified,
followed by evaporation, to obtain GEM-1-O-glu., The purity was
99.4% determined by HPLC detected by the absorbance at 230 nm.
The chemical structures and molecular weights of M3 and GEM-1-
O-glu were confirmed by NMR and mass spectrometry (MS) analy-
ses, respectively. The chemical structures of GEM and its metabo-
lites used in the present study are shown in Fig. 1. All other reagents
were of analytical grade.

Uptake of [**CICER in OATP2-Expressing Cells. An uptake
study of CER in OATP2-expressing cells was conducted in the pres-
ence of GEM and its metabolites, M3 and GEM-1-O-glu. The con-
struction of OATP2-expressing Madin-Darby canine kidney (MDCK)
cells has been previously described (Sasaki et al., 2002). The uptake
of [“*C]CER was examined by the method described previously (Sh-
itara et al., 2003). The inhibitors, GEM (0-300 puM), M3 (0-1000
£M), or GEM-1-O-glu (0-300 uM), were added along with ['*CICER
when the uptake reaction was initiated.

In Vitro Metabolism of CER. To measure the effect of GEM and
its metabolites on the metabolism of [**C}ICER and to estimate the
contributions of CYP2C8 and 3A4, its in vitro metabolism was ex-
amined in CYP2C8- and 3A4-expressing insect cells supplemented
with the expression of human P450 reductase and cytochrome by
{Supersome; BD Gentest, Woburn, MA) and pooled human liver
microsomes (HLM; BD Gentest). To estimate the contribution of
CYP2C8, HLM was preincubated with a specific inhibitory antibody
(Ab) against CYP2C8 (BD Gentest; 0-10 pl/0.1 mg protein HLM) at
4°C for 20 min. To estimate the contribution of CYP3A4, ketocon-
azole (0-1 pM), a potent CYP3A4 inhibitor, was used. Prior to the
metabolism study, human CYP2(C8 and 3A4 expression systems
(final 20 nM P450) or HLM (final 0.2 mg of protein/ml) were incu-
bated at 37°C for 10 min in 100 mM potassium phosphate buffer (pH
7.4) containing 3.3 mM MgCl,, 3.3 mM glucose 6-phosphate, 0.4 U/ml
glucose-6-phosphate dehydrogenase, 1.3 mM NADPH, and 0.8 mM
NADH. A 500-u] volume of incubation mixture was transferred to a
polyethylene tube, and {**CICER (0.25 uM) was added to initiate the
reaction with GEM, M3, or GEM-1-0-glu {(0-300 uM). After incuba-
tion for 30 min, the reaction was terminated by the addition of 500 gl
of ice-cold acetonitrile because this method had been shown to ter-
minate the enzymatic reaction in a pilot study {data not shown),
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subsequently followed by centrifugation. To measure the metabolic
rate of [\*C]CER, the supernatant was collected and concentrated to
approximately 20 pl in a centrifugal concentrator (VC-36N; TAITEC,
Saitama, Japan), followed by thin-layer chromatography (TLC). The
analyte was separated on silica gel 60F 5, (Merck KGaA, Darmstadt,
Germany) using a suitable mobile phase (toluene/acetone/acetic acid,
70:30:5, v~v). The intensity of the bands for intact [**CICER and its
metabolites separated by TLC was determined by the BAS 2000
system (Fuji Film, Tokyo, Japan),

Protein Binding of GEM and Its Metabolites. To estimate the
fraction not bound to human serum protein, 300 uM GEM, M3, and
GEM-1-O-glu were added to serum (Nissui Pharmaceuticals, Inec.,
Tokyo, Japan), buffered with 50 mM potassium phosphate at 37°C,
and incubated for 2 min. After that, the sample underwent ultrafil-
tration {Amicon Centrifree; Millipore Corporation, Billerica, MA)
and the GEM and its metabolites in the filtrate were determined by
HPLC. Phosphate-buffered saline (0.5 ml) containing 5 ul of 1 mM
ibuprofen (internal standard) and 20 pl of formic acid were added te
0.5 ml of filtrate, followed by vigorous shaking. Subsequently, the
sample was extracted with 5 ml of ethyl acetate/cyclohexane (20:80);
then 4 ml of the organic phase was collected and evaporated. The
sample obtained was dissolved in 0.5 ml of acetonitrile and separated
on an ODS column (Super ODS column, ¢4.6 X 150 mm; Tosch,
Tokyo, Japan). The mobile phase for GEM was 10 mM acetate buffer
(pH 4.7)/acetonitrile (55:45), whereas that for M3 and GEM-1-O-glu

was a mixture of 10 mM acetate buffer (pH 4.7) and acetonitrile with -

a linear gradient from 70 to 55% acetate buffer for 30 min, and the
flow rate was 1.0 ml/min for all analyses. The retention times for
GEM and ibuprofen were 28 and 13 min, respectively, and those for
M3, GEM-1-0O-glu, and ibuprofen were 13.5, 10, and 31 min, respee-
tively. The absorbance was measured at 254 nm, and quantitation
was carried out by comparison with the absorbance of a standard
curve prepared for each compound.

Data Analysis. The time courses of the uptake of [*“C]CER into
OATP2-expressing cells were expressed as the uptake volume (ul/mg
protein) of radioactivity taken up into the cells (dpm/mg protein)
divided by the concentration of radicactivity in the incubation buffer
{dpm/p1). The uptake velocity of [**CICER was calculated using the
uptake volume obtained at 2 min and expressed as the uptake
clearance (CL,p.u.: #Vmin/mg protein). The metabolic rate of
[**CICER was calculated by the decrease in unchanged [*C]CER or
the formation of its metabolites, M1 and M23.

COCH
o /\/><

Fig. 1. Chemical structures of
GEM and its metabolites. a,
GEM; b, M3; ¢, GEM-1-O-glu,
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To calculate the ICs, values of GEM and its metabolites in terms
of the OATP2-mediated uptake, the following equation was used:

ACL, 1 {control
ACLpao(+inhibitor) = —%Cm) "
where ACLpeay, i8 the CL, ., for OATP2-mediated uptake, which
is the CL 1ok of [M*CICER minus that estimated in the presence of
excess unlabeled CER, ACL, y.,.(+inhibitor) and ACL, tar.(control)
are the ACL,  ,ae, values estimated in the presence and absence of
inhibitors, respectively, and I is the inhibitor concentrations.

For the inhibitory effects of GEM and its metabolites on the
metabolism of [**C]CER in CYP2CS and 3A4 expression systems, the
ICg values were calculated from the following equation:

v(+inhibitor) = % @
where v(+inhibitor} and v(control} are the metabolic rates of CER in
the presence and absence of inhibitors, respectively.

These equations were fitted to the data obtained in the present
study using a computerized version of the nenlinear least-squares
method, WinNonlin (Pharsight, Mountain View, CA) to obtain the
ICg, values with computer-caleulated S.D. values.

For the inhibition study using pooled HLM, the observed values of
the metabolic rates were compared with the simulated values using
the following equation:

RCYPECB
1+ Illcso_gca

v(+inhibitor) = v{control} x (

Reypaas )
1+ICs 3a4

(3

where, Roypacs and Koypsas, are the contributions of CYP2C8 and
3A4 to the metabolism of CER (total metabolism and the formations
of M1 and M23), respectively, and ICgq 55 and ICyy_saq are the IC,,
values for CYP2C8- and 3A4-mediated metabolism of CER, respec-
tively. For this simulation, the contributions of CYP2CS and 3A4 to
the formation of M1 and M23 in HLM were calculated based on the
contributions of these enzymes to the total metabolism of CER in
HLM and the ratio of the initial formation rate of each metabolite in
P450 expression systems to that in HLM.
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Results

Inhibitory Effects of GEM and Its Metabolites on
OATP2-Mediated Uptake of ['*C]CER. The effects of
GEM, M3, and its glucuronide on the OATP2-mediated up-
" take of [**C]CER were examined (Fig. 2). GEM and GEM-1-
O-glu significantly inhibited OATP2-mediated uptake of
[**CICER without any effects on the uptake in vector-trans-
fected cells, whereas M3 did not show a statistically signifi-
cant inhibition up to a concentration of 1000 uM (Fig. 2). The
IC;, values of GEM and GEM-1-O-glu for the OATP2-medi-
ated uptake of [**CICER were 72.4 + 28.4 and 24.3 + 19.5
uM, respectively (mean = $.D.).

Inhibitory Effects of GEM and its Metabolites on the
in Vitro Metabolism of [*“C]CER in CYP2C8 and 3A4
Expression Systems. The in vitro metabolism of [**C]CER
was examined in CYP2C8 and 3A4 expression systems. In
the TLC analysis, one band for parent [**CJCER and two
other bands for metabolites were detected in the CYP2C8
expression system, whereas one band for [**C]CER and only
one band for a metabolite were detected in the CYP3A4
expression system. The band for one of the metabolites pro-
duced by CYP2C8 and CYP3A4 matched, suggesting that
these two enzymes produced the same metabolite. This me-
tabolite was identified as M1 and the other was M23. The Rf
values for ["*CICER, M1, and M23 were 0.13, 0.09, and 0.055,
respectively. In Fig. 3, the metabolism of [**C]CER in the
CYP2C8 and 3A4 expression systems in the presence or
absence of GEM and its metabolites are shown. GEM and
GEM-1-O-glu significantly inhibited the metabolism of
[**CICER in CYP2C8 and 3A4 expression systems, whereas
M3 had no effects (Fig. 3). GEM and GEM-1-0-glu preferen-
tially inhibited CYP2C8-mediated metabolism compared
with CYP3A4-mediated metabolism (Fig. 3). The IC,, values
of GEM and GEM-1-O-glu for the CYP2C8-mediated metab-
olism were 28.0 * 4.3 and 4.07 £ 1.23 uM (mean * S.D),
respectively, and the corresponding values for the CYP3A4-
mediated metabolism were 372 * 100 and 243 * 59 uM
(mean * 8.D.), respectively. In Figs. 4 and 5, the CYP2C8-
mediated M1 and M23 formation rates and the CYP3A4-
mediated M1 formation rate in the presence or absence of
GEM and GEM-1-O-glu are shown. GEM and GEM-1-O-glu
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inhibited CYP2C8-mediated M1 formation with IC;, values
of 36.8 = 5.3 and 5.38 * 1.29 yuM {(mean * S.D.), respectively,
and M23 formation with ICy, values of 29.7 + 4.4 and 4.30 =
1.48 pM (mean * S.D.), respectively (Fig. 4). They slightly
inhibited CYP3A4-mediated M1 formation with IC;, values
of 406 = 106 and 267 * 62 uM (mean * S.D.), respectively
(Fig. 5). The ICg, values of GEM and GEM-1-O-glu for the
QATP2-mediated uptake and the CYP2C8- and 3A4-medi-
ated metabolism of [**C]CER are summarized in Table 1.
Estimation of the Contributions of CYP2C8 and 3A4
to the Metabolism of [1*C]CER in Pooled HLM. To esti-
mate the contributions of CYP2C8 and 3A4, we examined the
effect of a specific inhibitory Ab for CYP2C8 and ketocon-
azole, a potent inhibitor of CYP3A4, on the metabolism of
[*CICER in the pooled HLM (Fig. 6). Incubation with HLM
produced three different metabolites detected by TLC, and
one of them (Rf = 0.04) was identified as M24, a metabolite
spontaneously produced from M1 and M23. In the present
analysis, only the formation of M1 and M23 was analyzed.
The inhibitory Ab for CYP2C8 inhibited the microsomal me-
tabolism of [**C]CER in a concentration-dependent manner
at low concentrations, and maximum inhibition was obtained
at 5 pl/100 png of microsomes (Fig. 6a). At maximum inhibi-
tion, the microsomal metabolism of ['*CICER decreased to
389 £ 2.7% (mean * S.E.) of the control (Fig, 6éa), and
therefore, the contribution of CYP2C8 was estimated to be
61%. In the presence of inhibitery Ab for CYP2CS8, M23
formation was completely inhibited, whereas M1 formation
fell only to 61.2 + 2.9% (mean * S.E.} of the control (Fig. 6,
b and ¢). Ketoconazole also reduced the microsomal metabo-
lism of [**C]CER in a concentration-dependent manner (Fig.
6d). However, the inhibition studies using CYP2C8 and 3A4
expression systems showed that it inhibited not only
CYP3Ad4-mediated metabolism but also that mediated by
CYP2CS8 (Fig. 6d). At 0.1 uM, most of the CYP3A4-mediated
metabolism of [*C]CER was inhibited with only a minimal
effect on that mediated by CYP2C8 (Fig. 6d); therefore, 0.1
uM ketoconazole was used to estimate the contribution of
CYP3A4, It was found that 0.1 M ketoconazole reduced the
metabolism of [1*C]ICER to 63.4 + 7.2% (mean * S.E.) of the
control (Fig. 6d), suggesting that the contribution of CYP3A4
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Fig. 2. Effect of GEM and its metabolites on the QATP2-mediated uptake of [*CICER. The inhibitory effects of GEM (a), M3 (b}, and GEM-1-O-glu
(c) on the CATP2-mediated uptake of [**CICER were examined. Uptake of [**CICER in OATP2-expressing (M} and vector-transfected () cells in the
presence of GEM and its metabolites is shown. Uptake of [**C]JCER in the presence of excess unlabeled CER (30 uM) was also examined (@), Each
symbol represents the mean value of three independent experiments + S.E., and solid lines represent the fitted lines. The asterisks represent a
statistically significant difference shown by Dunnett’s test (x, p < 0.05; «*, p < 0.01).
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the mean value of three independent experiments + S.E., and solid lines represent the fitted lines. The asterisks represent a statistically significant

difference by Dunnett’s test (x, p < 0.05; =+, p < 0.01).

was 37%, at most. In addition, 0.1 4M ketoconazole reduced
M1 formation to 62.6 + 5.6% {mean * 8.E.) of the control and
slightly, but not significantly, reduced M23 formation to
77.6 * 11.3% (mean * S.E.) of the control {(Fig. 6, e and f).

Inhibitory Effects of GEM and Its Metabolites on the
in Vitro Metabolism of [**CICER in Pooled HLM. We
examined the inhibitory effects of GEM and GEM-1-O-glu on
the metabolism of [**C]CER in pooled HLM (Fig. 7). GEM
and GEM-1-O-glu inhibited the metabolism of [**CICER in
pooled HLM in a concentration-dependent manner (Fig. 7),
whereas M3 had no effects (data not shown). Figure 7 also
shows simulation curves for the inhibitory effects of GEM
and GEM-1-O-glu in pooled HLM based on eq. 3.

Human Serum Protein Binding of GEM and Its Me-
tabolites. We examined the protein binding of GEM and its
metabolites in 50 mM phosphate-buffered human serum (pH
7.4). The unbound fractions (f,) of GEM, M3, and GEM-1-0-
glu were 0,648 + 0.037, 1.23 = 0.00, 11.5 = 2.3% (mean *
S.E.), respectively.

Discussion

It has already been reported that GEM is an inhibitor of
P450- and UGT-mediated metabolism of CER (Prueksarit-
anont et al., 2002b,c; Wang et al., 2002). In the present study,
we showed that GEM inhibited the OATP2-mediated uptake
of CER as well as its metabolism (Fig. 2). The IC,, value of

GEM for OATP2-mediated uptake of [**CICER (72 uM) was
similar to, or lower than, the reported IC,, values for metab-
olism (Prueksaritanont et al., 2002b,c; Wang et al., 2002). We
also found that a metabolite of GEM, GEM-1-O-glu, was a
potent inhibitor of OATP2-mediated hepatic uptake of CER _
with a lower ICg, value (24 uM) than that of GEM itself (Fig.
2). This finding was matched by the fact that many glucu-
ronides are recognized by OATP family transporters as sub-
strates and/or inhibitors with a high affinity (Kénig et al.,
2000a,b, Cui et al., 2001).

We also examined the inhibitory effect of GEM and its
metabolites on the CYP2C8- and 3A4-mediated metabolism
of ["*C]JCER. In the present TLC analysis, two clear bands for
metabolites were detected in the experiment using the
CYP2C8 expression system, whereas only one clear band for
the metabolite was detected in the CYP3A4 experiment. Be-
cause Wang et al. (2002) reported that CYP2C8 and 3A4
equally catalyzed the formation of M1 although the forma-
tion rate of M23 was 14-fold lower in CYP3A4 than in
CYP2CB8, we identified these two bands as M1 and M23,
respectively. The results of the inhibition studies should be
discussed in relation to previous reports (Prueksaritanont et
al,, 2002c; Wang et al., 2002). Wang et al. (2002) reported
that GEM inhibited CYP2C8-mediated metabolism of CER to
M1 and M23 with ICq, values of 78 and 68 uM, respectively.
The corresponding values in the present analysis were 37
and 30 pM, respectively (Fig. 4), and these are comparable
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the fitted lines. The asterisks represent a statistically significant differ-
ence shown by Dunnett's test (x, p < 0.05; #*, p < 0.01).

(@) (b)

s

[+]

o 0.1

13 T,

=0 0.08 0.08

=3

S E 0.08 0.06]'t

5 .
S E 004 0.04

o=

52 o0 0.02

< E ,

2 o o

= ¢ 1 10 100 1000 0 1 10 100 1000

Concentration of GEM [uM]

Fig. 5. Effect of GEM and GEM-1-O-glu on the CYP3A4-mediated M1
and M23 formation of [**C]CER. Inhibitory effects of GEM (a) and GEM-
1-0-glu (b} on the CYP3A4-mediated M1 formation were examined. Each
symbol represents the mean value of three independent experiments *
S.E., and solid lines represent the fitted lines. The asterisks represent a
statistically significant difference shown by Dunnett’s test (+, p < 0.05;
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with the values reported by Wang et al. (2002). Prueksarit-
anont et al. (2002c¢) reported that the ICg, values of GEM for
M1 and M23 formations in HLM were 220 and 87 pM, re-
spectively, and Wang et al. {2002) reported the corresponding
values to be >250 and 95 pM, respectively. As shown in Fig.
7, we also observed a concentration-dependent reduction in
M1 and M23 formation in HLM. The apparent ICg, values of
GEM for M1 and M23 formation in HLM was calculated to be
234 and 26 pM, respectively (Fig. 7), and these are also
similar to results in previous reports (Prueksaritanont et al.,
2002¢; Wang et al., 2002).

Atypical effects of inhibitors were found in the present
study, i.e., M3 apparently activated the CYP2C8-mediated
metabolism of ['*C]CER at low concentrations, and GEM-1-
O-glu activated the CYP3A4-mediated metabolism and M1
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TABLE 1

1C,, values of GEM and GEM-1-O-glu on the OATP2-mediated uptake
and metabolism of [**C]CER®

GEM GEM-1-0Q-glu
uM
OATP2-mediated uptake 724 * 284 243 =198
CYP2C8-mediated metabolism 28043 4.07 = 1.23
CYP3A4-mediated metabolism 372 % 100 243 * 59

® All data are represented as the mean * computer-calculated 5.D.

formation at low concentrations, whereas it inhibited them at
higher concentrations (Figs. 3 and 5), although these activa-
tions were not statistically significant with a few exceptions,
These atypical effects of inhibitors may be explained by a
multisite kinetic analysis involving a mixed effect of GEM
and its metaholites as inhibitors and activators of enzymatic
reactions (Galetin et al., 2002, 2003). However, in the present
study, the enhancing effect was at most 1.5-fold, and this
would have only a minimal effect on drug disposition in
clinical situations, if any. Therefore, we analyzed the effects
of GEM and its metabolites by a simple eq. 2.

In the present study, we showed that GEM and GEM-1-0-
glu inhibited OATP2-mediated hepatic uptake and metabo-
lism of [**C]CER. Hence, the coadministration of GEM may
lead to a DDI due to the inhibition of hepatic uptake and/or
metabolism of CER. The possibility of a clinically relevant
DDI should be discussed taking the therapeutic concentra-
tion of GEM and its metabolites into consideration because
the intrinsic hepatic clearance will fall to 141+ I1C;,) of
control, where I is the inhibitor concentration (Ueda et al.,
2001). In the report by Backman et al. (2002), the mean
maximum concentration of GEM after repeated oral admin-
istration of 600 mg twice daily was 150 uM. Okerholm et al.
(1976) measured the plasma concentrations of free GEM, its
glucuronide conjugates, and other metabolites after a single
oral administration of 600 mg of [*H]GEM in normal human
subjects receiving 600 mg of unlabeled GEM twice daily for 6
days and reported that the maximum concentration of glue-
uronide conjugates, mainly GEM-1-O-glu, was approxi-
mately 20 uM, whereas that of total GEM (GEM + glucuro-
nide conjugate) was approximately 100 pM. Hengy and Kblle
(1985) also reported that 10 to 15% of GEM in plasma was
present as glucuronide conjugates. The reported values of the
tota! concentrations of GEM and GEM-1-0-glu were similar
or higher than the IC;, values for the metabolism and he-
patic uptake of CER in the present study. However, because
of the high plasma protein binding, the unbound concentra-
tions of GEM and GEM-1-O-glu were at most 0.97 and 2.3
M, respectively, i.e., less than the IC;, values obtained in
the present study. Because only unbound drugs interact with
transporters, this result suggests that it is unlikely to cause
the reported serious DDI between CER and GEM. However,
it is possible that GEM or its metabolites inhibit the metab-
olism of CER in the liver if they are actively transported to
the liver and accumulate there. Indeed, Sallustio et al. (1996)
have reported that GEM-1-O-glu is actively taken up by
perfused rat liver and the liver/perfusate concentration ratio
is 35 to 42. Assuming that it also accumulates in human
liver, its unbound concentration there would be higher than
the ICy, value for the microsomal metabolism, which gives a
1+ 1G4, value of 3.1 to 3.2, 1.e., more than a 3-fold reduction
in the intrinsic hepatic clearance, suggesting that it may
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for CYP3A4-mediated metabolism).

cause a serious DDI. In Table 2, the therapeutic total and
unbound concentrations in the blood, the estimated unbound
concentration in the liver, and the effects on the intrinsic
hepatic clearances are summarized.

In the present study, GEM and GEM-1-O-glu preferen-
tially inhibited CYP2C8-mediated metabolism of CER com-
pared with CYP3A4-mediated metabolism (Figs. 3-5). These
results support the findings by Backman et al. (2002) who
reported that the AUC of M23 was markedly reduced to 17%
of the control, whereas that of the open acid form of CER, the
lactone form of CER, and M1 were 4.4, 3.5, and 3.5 times
higher than the control. Because M23 formation is predomi-
nantly mediated by CYP2C8, and not by 3A4, the inhibition
of CYP2C8 satisfactorily explains this DDI. In the report by
Backman et al. (2002), all the AUC ratios for each of the
metabolites to the open acid form of CER fell, following
coadministration of GEM, to 82, 8.8, and 80% of the control
for M1, M23, and the lactone form of CER, respectively. The
slight reduction in the AUC of M1 and the lactone form may
be partly due to GEM and GEM-1-O-glu inhibition of the
hepatic uptake of CER, followed by M1 and M23 formation
and lactonization in the liver.

Other statins, including simvastatin, lovastatin, pravasta-
tin, and pitavastatin, are also affected by the coadministra-

»p < 0.01 for CYP2C8-mediated metabolism; and #, p < 0.05; ##, p < 0.01

tion of GEM (Backman et al.,, 2000, 2002; Kyrklund et al,,
2001, 2003; Mathew et al., 2004). GEM increases the AUC of
the open acid form of these statins (Backman et al., 2000,
2002; Kyrklund et al, 2001, 2003; Mathew et al., 2004).
However, it does not affect the AUC of the lactone form of
simvastatin and lovastatin and reduces that of pitavastatin
(Backman et al., 2000; Kyrklund et al., 2001; Mathew et al.,
2004), and it has no effect at all on the plasma concentration
of fluvastatin (Spence et al., 1995). The limited effect of GEM
only on the plasma concentrations of the open acid forms of
simvastatin and lovastatin can be explained by inhibition of
lactone formation followed by UGT-mediated glucuronida-
tion (Prueksaritanont et al., 2002¢). The reduced AUC of the
lactone form of pitavastatin may also be explained by the
same mechanism (Fujino et al., 2003). On the other hand, the
increase in the AUC of the open acid forms of pravastatin and
pitavastatin may be partly explained by minor inhibition of
their OATP2-mediated uptake (Table 2), because these st-
atins are substrates of OATP2 (Hsiang et al., 1999; Nakai et
al.,, 2001; Hirano et al., 2004). GEM increases the AUC of
pravastatin and pitavastatin only by 2.0- and 1.5-fold, re-
spectively, whereas it increases that of CER 4.4-fold (Back-
man et al., 2002; Kyrklund et al., 2003; Mathew et al., 2004),
The increase in the AUC of pravastatin can be partly ex-
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TABLE 2 inhibit both the uptake and CYP2C8-mediated metabolism of

Plasma and liver concentrations of GEM and its metabolites and their
estimated inhibitory effects on the elimination of CER in the liver in
clinical situations®

GEM GEM:-1-0-glu
Crnae (WMD) 100-150 20
1+I1Cs, parpe 2.4-3.1 18
1+I1Cs0 matabotism 2.2-2.6 2.2
(“’l:rmx.‘.lc (}J,M) 0.65-0.97 23
1+1Csp 0Pz 1.0 1.1
14+ ITC 50 nerabotism 1.0 13
Cmnx.u,livard (‘U‘M) 81—97
1+I/IC§0;nutulmliu|n 3-1"3-2

@ Inhibitory effects of GEM and GEM-1-O-glu are represented by 1 + inhibitor
concentration (I¥ICgy.

® Plasma concentrations of GEM and GEM-1-O-glu are reported by Backman et
al. (2002) and Okerholm et al. (1976).

¢ Plasma unbound concentrations.

4 Egtimated unbound concentrations in the liver.

plained by its reduced renal excretion, and therefore, the
effect of GEM on its elimination in the liver is weaker (Kyrk-
lund et al., 2003). On the other hand, cyclosporin A, an
inhibitor of OATP2, markedly increases the AUC of prava-
statin and pitavastatin as well as CER (Regazzi et al., 1993;
Hasunuma et al., 2003). The variety of effects on different
statins may be due to the fact that GEM and its metabolites

CER in the liver, whereas they inhibit only the hepatic up-
take of pravastatin and pitavastatin to a small extent {Table
2): on the other hand, cyclosporin A inhibits their hepatic
uptake at therapeutic concentrations (Shitara et al., 2003).

In conclusion, we have shown that GEM moderately inhib-
its, whereas GEM-1-O-glu potently inhibits, the CYP2C8-
mediated metabolism, and both moderately inhibit the
OATP2-mediated hepatic uptake of drugs. Their inhibition of
the CYP2C8-mediated metabolisin of CER (mainly by GEM-
1-O-glu concentrated in the liver) is a major mechanism that
governs the clinically relevant DDI between CER and GEM,
whereas their inhibition of the OATP2-mediated hepatic up-
take of CER may also contribute to the DDI but to a lesser
extent.
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TRANSPORTER-MEDIATED DRUG-DRUG INTERACTION IN RATS

clinical sitnations and causes a DDI. However, it is impossible to
measure the unbound concentration of CsA at the inlet to the liver and
extrapolate from an in vitro inhibition study to the situation of in vivo
DDI

In the present study, to extrapolate the inhibition by CsA of the
transporter-mediated uptake of CER from the in vitro to the in vivo
situation, we analyzed the effect of CsA on the in vitro uptake of
CER and in vivo disposition of CER in rats. Hirayama et al, (2000)
examined the saturable uptake of CER in a primary culture of rat
hepatocytes, and it was also taken up into human hepatocytes in a
saturable manner (Shitara et al., 2003). In addition, the Oatp family
transporters are conserved in rats, whereas OATPI1RBI is, at least
partly, responsible for the hepatic uptake of CER in humans
(Shitara et al.,, 2003). Among the Oatps, Qatplal (Oatpl), 1a4
(Oatp2), and 1b2 (Oatp4) are localized in the liver (Jacquemin et
al,, 1994; No€ et al., 1997, Cattori et al., 2000), although it is
unknown which of them is the counterpart of OATP1B1. QATP/
Qatp family transporters have similar substrate and inhibitor spec-
ificities, with some exceptions (Meier et al., 1997; Hagenbuch and
Meier, 2003). In fact, CsA, an inhibitor of human OATP1B1, also
inhibits rat Oatplal and lad, although its effect on Oatplb2 is
unknown (Shitara et al., 2002). These facts suggest that the rat
appears to be a good animal model for measuring the hepatic
uptake of CER, although the molecular mechanisms governing the
hepatic uptake in rats and humans are different. However, the
metabolic profiles of CER in humans and rats are different. Both in
rats and in humans, CER is mainly excreted in the form of
metabolites, In humans, CER is mainly metabolized to M1 and
M23, with a lesser amount of M24 by CYP2C8 and 3A4, whereas
it is metabolized into many different products in rats (Miick et al.,
1999; Miick, 2000; Boberg et al., 1998). Also, in rats, the isoform
of cytochrome P450 responsible for its metabolism is unknown.
Therefore, there is an interspecies difference between rats and
humans in the molecular mechanism of the disposition and elim-
ination of CER. However, as far as the transporter-mediated he-
patic uptake is concercned, rats can be used as test models for
extrapolating from in vitro to in vivo situations.

In the present study, we examined the inhibitory effect of CsA on
the in vivo plasma CER concentration at steady state after intravenous
administration, as well as the hepatic uptake of CER and the in vitro
uptake of CER in isolated rat hepatocytes and rat Qatplal-expressing
cells. The data obtained in the in vivo study were compared with those
obtained in the in vitro study.

Materials and Methods

Reagents and Animals. ['*CICER (2.03 GBg/mmol) and unlabeled CER
were kindly provided by Bayer Healthcare AG (Wuppertal, Germany). CsA
was purchased from Sigma-Aldrich (St. Louis, MO), and all other reagents
were of analytical grade. Male Sprague-Dawley (SD) rats wete purchased from
Nihon SLC (Hamamatsy, Japay).

Determination of CER Plasma Concentrations in Rats. The studies were
carried out in accordance with the Guide for the Care and Use of Laboraiory
Animals as adopted and promulgated by the National Institutes of Health. CER
(1.32 and 4.95 pM for administration by bolus and infusion, respectively) was
dissolved in saline. CsA was dissolved in a mixture of Cremophor EL (Sigma-
Aldrich) and 94% ethano! (Wako, Osaka, Japan} (containing 0.65 g of Cre-
mophor EL/ml), and subsequently diluted with 10 volumes of saline. Under
light ether anesthesia, the right and left femoral veins of male SD rats weighing
from 220 to 260 g were canaulated with polyethylene tubing (PE-50; BD
Biosciences, Franklin Lakes, NJ). To avoid enterohepatic recirculation, which
increases the inhibitor concentration in the portal vein and at the inlet to the
liver, the bile duct was also cannulated with polyethylene tubing (PE-10: BD
Biosciences). CER (1.32 nmol/kg) and CsA (8, 1.16, and 3.99 umol/kg) were
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administered intravenously as a bolus via the right and left femoral veins.
respectively, followed by infusion of CER (4.95 nmol/lvkg) and CsA (0, 0.175.
and 0.599 pmol/h/kg). At 5 h after infusion, 400 ul of blood was collectec
from the tail vein, and EDTA (1 mg/ml) was added. At this time point, the
plasma and bloed concentrations of CER and CsA had both reached steady
state (data not shown). The samples were stored at —20°C until analysis.
Plasma concentrations of CER were determined by a validated method using
atmospheric pressure ionization liquid chromatography-tandem mass spec-
trometry. To a 50-ul sample, 500 ul of 1 M phosphate buffer (pH 5.5) and §
ml of diethyl ether/dichloromethane (2:1) were added; the sample was shaken
for 10 min and centrifuged. Then, the organic layer was evaporated to dryness
under N, gas at 40°C and the residue was dissolved in a 200-pl mobile phase.
A 20-p! portion of each sample was then subjected to atmospheric pressure
ionization liquid chromatography-tandem mass spectrometry. A Shimadzu
10A high performance liquid chromatography (HPLC) system (Shimadzu,
Kyoto, Japan) combined with a model API 365 MS/MS (Applied Biosystems:
MDS Sciex, Foster City, CA) equipped with a Turbo IonSpray probe was used.
The analytes were separated on an Inertsil ODS-3 column (5 pm, 2.1 mm
1.d. X150 mm; GL Sciences Iac., Tokyo, Japan) using a mobile phase (aceto-
nitrile/0.2% formic acid, 60:40, v/v) at a flow rate of 0.2 mb/min. Selected
reaction monitoring was used to detect the analytes and internal standard
(positive mode, m/z 460.6/356.1). The quality control sample showed an
analytical variance of less than 8.8%. Blood concentrations of CsA were
determined by radioimmunoassay using CYCLO-Trac (DiaSorin, Stillwater,
MN), with quality control samples that were included in the kit and confirmed
the precision of assay.

Uptake of [""C]CER into hepatocytes. Isofated rat hepatocytes were
prepared from SD rats weighing from 220 to 250 g by the collagenase
perfusion method described previously (Yamazaki et al., 1993). Isolated hepa-
tocytes (viability >90%) were suspended in Krebs-Henseleit buffer (KHB),
adjusted to 4.0 X 10° viable cells/ml, and stored on ice. Before the uptake
study, hepatocytes were incubated at 37°C for 3 min and the uptake reaction
was started by adding an equal volume of KHB prewarmed at 37°C containing
0.6 M ["*CICER (final concentration, 0.3 uM) with unlabeled CER or CsA.
At 0.5 and 2 min, the reaction was terminated by separating the cells from the
substrate solution. For this purpose, an aliquot of 100 ul of incubation mixture
was collected and placed in a centrifuge tube (250 pl) containing 50 plof 2N
NaCOH under a layer of 100 ul of oil (density, 1.015; a mixture of silicone oil
and mineral oil, Sigma-Aldrich), and, subsequently, the sample tube was
centrifuged for 10 s using a tabletop centrifuge (10,000g; Beckman Microfuge
E; Beckman Coulter, Fullerton, CA). During this process, the hepatocytes pass
through the oil layer into the alkaline solution. After an overnight incubation
at room temperature to dissolve the cells in alkali, the centrifuge tube was cut
and each compartment was transferred to a scintillation vial. The compartment
containing dissolved cells was neutralized with 50 pl of 2 N HCI, mixed with
scintillation cocktail {Clearsol 1I; Nakalai Tesque, Kyoto, Japan), and the
radioactivity was determined in a liquid scintillation counter (LS6000SE;
Beckman Coulter). For the estimation of the inhibitory effects of CsA, it was
added at the same time as [**C]CER. In the present investigation, the uptake
study was also conducted in incubation buffer containing 90% rat plasma to
evaluate the effect of plasma protein. For this purpose, isolated hepatocytes
were suspended in KHB, adjusted to 2.0 X 107 cells/ml, and prewarmed at
37°C before the uptake study. The reaction was started by addition of 9
volumes of rat plasma containing 0.25 pM ["*C]CER.

. Uptake of CER into Rat Qatplal-Expressing Cells. The rat Qatplal-
expression vector was construcied as described previously (Kouzuki et al.,
1999). Rat Oatplal-expressing HEK293 cells and control cells were con-
strected by the transfection of expression vector and contrel pcXIN2 vector,
respectively, into cells using FuGENES (Roche Diagnostics, Indianapolis, IN3,
according to the manufacturer’s instruction, and selection by 800 pg/ml
antibiotic G418 sulfate (Promega, Madison, WI) for 3 weeks. Oatplal-ex-
pressing cells and control cells were cultured in Dulbecco's modified Eagle's
medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovin
serum, 1000 U/ml peaicillin G sodium, 1 mg/ml streptomyein sulfate, 2.5
pg/ml amphotericin B and 200 mg/liter G418 sulfate. For the uptake study
cells were seeded on 12-well plates coated with poly-L-lysine/poly-L-ornithin
at 1.2 X 10° cells/well and cultured. After 2 days, culture medium wa
replaced with the same culture medium containing 10 mM sodium butyrat
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ABSTRACT:

Previously, we have shown that the inhibition of the transporter-
mediated hepatic uptake of cerivastatin {CER) by cyclosporin A
{CsA) could, at least partly, explain a pharmacokinetic interaction
between these drugs in humans. In the present study, we have
examined the effect of CsA on the in vivo disposition of CER in rats
and the in vitro uptake of ["*C]CER In Isolated rat hepatocytes in an
attempt to evaluate the effect of inhikition of transporter-mediated
hepatic uptake on the in vivo CER disposition. The steady-state
plasma concentration of CER increased 1.4-fold when coadminis-
tered with CsA up to a steady-state blood concentration of 4 uM.
Studies of ["*C]CER uptake into isolated rat hepatocytes showed
saturable transport, with the saturable portion accounting for more

than 80% of the total uptake. CsA competitively inhibited the up-
take of ['"*CJCER with a K| of 0.3 uM. The IC,, for the uptake of
[**C]CER in the absence and presence of rat plasma was 0.2 and
2.3 uM, respectively. The in vivo hepatic uptake of ['*C]JCER eval-
uated by the liver uptake index method was also inhibited by CsA
in a dose-dependent manner. On the other hand, CsA did not
inhibit the metabolism of [**C]CER in rat microsomes. The in vitro
and in vivo correlation analysis revealed that this pharmacokinetic
interaction between these drugs in rats could be quantitatively
explained by the inhibition of transporter-mediated hepatic uptake.
Thus, this drug-drug interaction in rats is predominantly caused by
the transporter-mediated uptake process.

Cerivastatin (CER) is a potent 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) inhibitor {statin), which was used as an effective
therapeutic agent for the treatment of hypercholesterolemia (Mogha-
dasian, 1999). However, this drug was voluntarily withdrawn from the
market in 2001 due to a severe side effect, myotoxicity, which
sometimes caused deaths (Charatan, 2001). Among the 31 patients
who died from this side effect in the United States, 12 were concom-
itantly taking gemfibrozil, a fibrate (Charatan, 2001), suggesting that
this side effect may be, at least partly, caused by a drug-drug inter-
action (DDI). Gemfibrozil has been reported to increase the area under
the plasma concentration-time curve (AUC) of CER by 4- to 6-fold
(Mueck et al., 2001; Backman et al., 2002). Some reports have been
published claiming that this interaction is caused by inhibition of the

This study was, in part, supported by the Grant-in-Aid for Young Scientists (B)
provided by the Ministry of Education, Culture, Sports, Science and Technology
of Japan {Y.8h.), Grant-in-Aid for the Advanced and Innovational Research pro-
gram n Life Sciences (¥.Su.) and for the 21st Century Center of Excellence
program provided by the Ministry of Education, Culture, Sports, Science and
Technetogy, Japan (Y.Su.).

cytochrome P450 2C8 (CYP2C8)- and uridine diphosphate glucu-
ronosyltransferase-mediated metabolism by gemfibrozil and its me-
tabolite {Prueksaritanont et al., 2002a,b; Wang et al., 2002; Shitara et
al,, 2004). .

The AUC of CER was also increased when coadministered with
cyclosporin A (CsA) (Miick et al., 1999). We have previously shown
that this clinically relevant DDI is, at least partly, caused by the
inhibition by CsA of the transporter-mediated hepatic uptake but not
its metabolism (Shitara et al., 2003). CsA inhibited the transporter-
mediated uptake of CER in cryopreserved human hepatocytes and in
organic anion-transporting polypeptide 1B1 (OATP1B1, formerly re-
ferred to as OATP2/OATP-C)-expressing cells (Shitara et al., 2003)
with the inhibition constant (K;) of 0.2 to 0.7 pM. Although this X;
value was higher than the unbound concentration of CsA in the
circulating blood in clinical situations (at most 0.1 uM), it was lower
than, or similar to, the estimated maximum unbound concentration of
CsA at the inlet to the liver (0.66 uM) (Ito et al., 1998a,b; Kanamitsu
et al., 2000; Hirota et al., 2001). Based on this analysis, we believe
that inhibition of the transporter-mediated uptake also takes place in

ABBREVIATIONS: CER, cerivastatin; AUC, area under the plasma concentration-time curve; CLy, hepatic clearance; CL,, intrinsic hepatic
clearance; Clan, Overall intrinsic hepatic clearance; CLy,. total body clearance; CL,,.. Uptake clearance; CsA, cyclosporin A; CYP2CB,
cytochrome P450 2C8; DDI, drug-drug interaction; f,,, blood unbound fraction; HEK, human embryonic kidney; HPLC, high performance liquid
chromatography; 1Cs,, inhibitor concentration to produce a 50% reduction in the transport; KHB, Krebs-Henseleit buffer; K;, inhibition constant;

Ko, Michaelis constant; LU, liver uptake index; OATP/Oatp, organic anion transporting polypeptide; Py, nonsaturable uptake clearance; PS

u,etfluxs

membrane permeability clearance of the unbound drug for the efflux process; PS, j,q.,. Membrane permeability clearance of the unbound drug
for the influx process; SD rat, Sprague-Dawley rat; V.. maximum uptake rate.
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(Wako) for the induction of Qatplal expression (Schroeder et al., 1998),
followed by culturing for one more day. Before the uptake study, cells were
waghed twice with ice-cold KHB. Then the ice-cold KHB was replaced with
KHB at 37°C followed by prewarming at 37°C for 10 min. The uptake reaction
was started by the replacement of KHB with a solution containing 0.3 uM
["“CICER, with unlabeled CER or CsA. The reaction was terminated by
removing the substrate solution by suction and, subsequently, cells were
washed twice with ice-cold KHB after 5 min, since we confirmed the linearity
of the uptake for at least 5 min. Cells were dissolved in 500 gl of 0.1 N NaCH
overnight, followed by neutralization with 500 ul of 0.1 N HCL. Then, 800-pl
aliquots were transferred to scintillation vials, and the radioactivity associated
with cells and the medium was determined (LS6000SE). In addition, 50 ] of
cell lysate was used for the protein assay by the Lowry method with bovine
serum albumin as a standard (Lowry et al., 1951).

Protein Binding of CER in Rat Plasma. To estimate the fraction not
bound to plasma protein, 3 uM ["*C]JCER was added to rat plasma supple-
mented with 10% KHB and incubated for 30 min at 37°C. After that, the
sample underwent ultrafiliration (Amicon Centrifree; Millipore Corporation,
Bedford, MA). The radioactivity in the 90% plasma and filtrate was deter-
mined (LS6000SE} and the plasma protein unbound fraction was calculated, In
a pilot study, no significant difference of protein binding was confirmed up to
its concentration of 1000 pM.

Liver Uptake Index (LU} Method. Under light ether anesthesia, the
femoral vein of male SD rats (weighing from 220 to 280 g) was cannulated
with polyethylene tubing (PE-50). Before the LUI study, a 2 ml/kg bolus of
CsA (0, 2.4, 4.8, and 9.6 mg/kg) was administered via the femoral vein. At 5
min after intravenous administration of CsA, approximately 100 ul of blood
was collected from the jugolar vein for determination of the concentration of
CsA. ["*C]CER and [*H]inulin dissolved in rat plasma (approximately 18.5
and 100 kBg/mlkg for [*CICER and [*H]inulin, respectively) containing a
1:1500 dilution of CsA solution, which was used for the bolus intravenous
administration, was rapidly injected into the portal vein immediately after
ligation of the hepatic artery. After 18 s of bolus administration of radiolabeled
compounds, which is long enough for the bolus to pass completely through the
liver but short enough to prevent recirculation of the isotope (Partridge et al.,
1985}, the portal vein was cut and the liver was excised. The excised liver was
minced, and approximately 100 mg of sample was transferred to a scintillation
vial and dissolved in a solubilizing agent (Soluene-350; PerkinElmer Life and
Analytical Sciences, Boston, MA) at 55°C, followed by the addition of liquid
scintillation cocktail (Hionic-Fluor; PerkinElmer Life and Analytical Sci-
ences). Also, 100 ul of injectate was transferred to a scimtillation vial and
liquid scintillation cocktai! (Hionic-Fluor) was added. After that, the radicac-
tivity taken up by the liver and in the injectate was determined in a liguid
scintillation counter (LS6000SE).

Metaholism of CER and Testosterone in Rat Microsomes. Before the
metabolism study, rat liver microsomes (final concentration 0.5 mg of protein/m;
BD Gentest, Wobomn, MA) were incubated at 37°C for 10 min in 100 mM
potassium phosphate buffer (pH 7.4) containing 3.3 mM MgCl,, 3.3 mM glucose
6-phosphate, 0.4 U/ml glucose-6-phosphate deydrogenase, 1.3 mM NADPH, and
0.8 mM NADH. A 500- ul volume of incubation mixture was transferred to a
polethyelene tube, and [“CJCER (final 0.25 uM) or testosterone (final concen-
tration 30 pM; Wako) was added to initiate the reaction with or without inhibitors.
After incubation at 37°C for a designated time, the reaction was terminated by the
addition of 500 pl of ice-cold acetonitrile and 20 gl of ice-cold methanol for
the metabolism of ['*C]CER and testosterone, respectively, followed by cen-
trifugation. To measure the metabolic rate of [**CJCER, the supernatant was
collected and concentrated to approximately 20 ul in a centrifugal concentra-
tor, followed by thin-layer chromatography. The separation was carried out on
a silica gel 60F,, plate {Merck, Darmstadt, Germany) using a suitable mobile
phase (toluene/acetone/acetic acid, 70:30:5, v/v/v). The intensity of the bands
for intact [**C]CER separated by TLC was determined using the BAS 2000
system (Fuji Film, Tokyo, Japan). To measure the metabolic rate of testoster-
one, 683- and 16a-hydroxytestosterone in the incubation mixture were deter-
mined by an HPLC-UV method. To a 100-u! volume of supernatant, 100 w! of
internal standard (10 pg/ml phenacetin) was added followed by HPLC (VP-5
system; Shimadzu). The analyte was separated on a C18 column (Cosmosil
5C18-AR, 5 mm, 4.6 mm i.d. X 250 mm; Nakalai Tesque) at 45°C. The mobile
phase consisted of a mixture of solvent A (20% tetrahydrofuran, 80% water)
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and solvent B (methanol). A 20-min linear gradient from 20% B to 30% B was
applied at a flow rate of 1.0 ml/min. The products were detected by their
absorbance at 254 nm and quantified by comparison with the absorbance of a
standard curve for 63- and 16a-hydroxytestosterone.

Data Analysis. The time courses of the uptake of ['*CJCER into hepato-
cytes were expressed as the uptake volume [ul/10° viable cells] for the
radioactivity taken up into cells [dpm/10° cells] divided by the concentration
of radioactivity in the incubation buffer {dpm/xl]. The initial uptake velocity
of ['“CICER was calculated from 2 slope of the uptake volume versus time plot
obtained at 0.5 and 2 min and expressed as the uptake clearance (CLpakes
pVmin/10° cells). The time courses of the uptake of ["CICER into rat
Oatpl-expressing cells and vector-transfected cells were also expressed as the
uptake volume (ul/mg protein) for the radioactivity in the cell lysate (dpm/mg
protein) divided by the concentration of radicactivity in the incubation buffer
(dpm/ul). Rat Oatpl-mediated uptake was calculated by using the uptake
volume at 5 min in rat Oatp-expressing cells and vector-transfected cells and
expressed as the uptake clearance (CL,..; pl/min/mg protein), ie., the
CL,puaxe in rat Qatpl-expressing cells minus that in vector-transfected cells.

The kinetic parameters for the uptake of ["*C]CER were calculated using the
following equation:

Veuax X 5
Km+s

Vo =

+PXS 03}

where v; is the initial uptake rate (pmol/min/mg protein), § is the substrate
concentration (M), K, is the Michaelis constant (uM), V., is the maximum
uptake rate (pmol/min/mg protein}, and Py is the nonsaturable uptake clear-
ance (ul/min/mg protein).

The uptake clearance in the isolated hepatocytes obtained in the presence of
CsA was fitted to the following equation to calculate the inhibitor concentra-
tion to produce a 50% reduction (IC,,) in the uptake of ["*CJCER.

CLpare{control) — CL, . (resistant)
1+ HCy,

CLypur(+CsA) = + CLypu(resistant)

(2

where CL,,.(+CsA) is the CL,,,, estimated in the presence of CsA,
CL,puuxc(control) is the CL ..., estimated in the absence of CsA, CL,puaxelre-
sistant) is the CL, ., which is not affected by CsA, and [ is the CsA
concentration. In the presence of 90% rat plasma, these parameters were
calculated based on the total concentration, not the estimated free concentra-
tion, of substrate (CER) and inhibitor {CsA). Parameters calculated based on
the total concentrations of CER or CsA are referred to as CLuptasceapps Kmappe
Pd:f,app and [CSD.app'

To determine the inhibition constant (K3), the initial uptake rate of ['*CJCER
inte rat hepatocytes determined in the presence and absence of CsA was fitted
to the following equations in which competitive inhibition was assumed:

Vo X S

1
Kmx(1+?)+s

]

Vo=

+ Py XS 3)

These equations were fitted to the data obtained in the present study using
a computerized version of the nonlinear least-squares methed, WinNonlin
(Pharsight, Mountain View, CA), to obtain the kinetic parameters or inhibition
constant with a computer-calculated standard error of each estimate (computer-
calculated §.E.), which means the precision of the estimated parameter, but not
an estimate of inter-rat varability. The input data were weighted as the
reciprocal of the observed values, and the Gauss Newton (Levenberg and
Hartley) method was used as the fitting algorithm.

The data obtained in the LUI study were expressed as %LUI [%], which
represents the ratio of the hepatic extraction of ["*C]CER to that of [*Hjinulin.
The %LUI was obtained by the following equation:

{["*CJCER taken by liver/[*H)inulin taken by liver)

gLUI =
tLUl ([“CICER in injectate/[*H)inulin in injectate)

X 100[%]  (4)

where, {'*C]CER and [*H]inulin taken up by the liver was measured based on
the radioactivity associated with the liver [dpm/mg tissue] and [**C]CER and
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*Hlinulin in the injectate were measured based on their concentrations [dpm/
wul].

Statistical comparisons among multiple groups were carried out using
Dunnett’s test.

Results

In Vivo Study. The steady-state plasma concentrations of CER and
the blood concentrations of CsA in rats 5 h after their intravenous
infusion are shown in Table 1. The plasma concentration of CER
significantly increased as the blood concentration of CsA increased
(1.40- and 1.44-fold for 1.2 and 3.0 uM CsA; Table 1). The total body
clearance (CL,,,) of CER was significantly reduced from 1.51 to 1.09
and 1.05 [I/h/kg] at steady-state blood concentrations of 1.2 and 3.0
pM CsA, respectively.

Uptake into Isolated Rat Hepatocytes. The uptake of CER into
isolated rat hepatocytes incubated with KHB is shown in Fig. 1a.
Kinetic analyses revealed that the K, V..., and P, for the uptake of
CER into isolated rat hepatocytes were 9.20 * 2.24 M, 1510 * 330
pmol/min/10% viable cells, 352 * 42 wl/min/10% viable cells
{mean * computer-calculated $.E.), respectively. The saturable com-
ponent of the hepatic uptake, estimated by V, /K, , accounted for
82.4%. Uptake studies were also conducted in the presence of 90% rat
plasma to investigate the effect of plasma protein binding. The ap-

TABLE 1

Plasma concentration of CER and blood concentration of C5A after intravenous
administration in rats
Plasma and blood concentrations of CER and CsA, respeclively, were measured at 5 h

after intravenous boius injection and infusion of both compeunds. All data are mean = S.E.
{n = 3-4).

Concentration Concentration of

Dose of CsA

of CsA CER
M nM
0 o 327042
1.16 umol/kg bolus injection 1.24 = 0.02 4.56 £ 0.52
~ 0.175 mmolh/kg infusion
3.99 mmol/kg bolus injection 3.02 022 471 * 0,293+

— (.599 pmol/h/kg infusion

** p < 0,01; a statistically significant difference from control by Dunnett’s test.

(a)
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parent CL, .. of CER was reduced in the presence of plasma (Fig.
1b). The kinetic parameters were 16.1 £ 2.4 pM, 481 * 53 pmoV/
mir/10° viable cells, and 2.37 * 0.22 pl/min/10° viable cells (mean *
computer-calculated S.E.) for K .o, Viaxapp 20d Pyipoppe 18SpEC-
tively (Fig. 1b). The saturable component accounted for 92.6% (Fig.
1b). Correcting for the CER-free fraction (4.32 * 0.24%) gave un-
bound K, and Py, values of 0.696 uM and 0.102 pl/min/10° viable
cells, respectively.

Inhibition of the Uptake of ["*C]CER into Isolated Rat Hepa-
tocytes by CsA. The uptake of ["“C]JCER was examined in the
presence of CsA (Fig. 2). CsA inhibited the uptake of CER into
isolated rat hepatocytes in a concentration-dependent manner (Fig.
2a). The IC;, value was 0.198 * 0.028 uM (mean * computer-
calculated S.E.). In the presence of 90% rat plasma, CsA inhibited the
uptake of CER; however, the apparent IC, values based on the total,
but not free, concentration of CsA (ICs,,,.) was increased. The
ICs0,app €stimated in the presence of 90% rat plasma was 2.32 = 0.33
#M (mean * computer-calculated 5.E.) (Fig. 2b). To determine the K
value, kinetic analysis was performed in the presence of 0.1 and 0.3
1M CsA (Fig. 3). As shown in Fig. 3a, CsA affected the K, value of
CER rather than the V., value, suggesting that CsA competitively
inhibits the uptake of CER. This suggestion was also supported by a
Lineweaver-Burk plot (Fig. 2b). Based on the competitive inhibition
model (eq. 3), the K, value of CsA was estimated to be 0.180 = 0.023
uM (mean * computer-calculated S.E.).

Uptake of ["*C]CER into Rat Oatplal-Expressing cells. The rat
Qatplal-mediated uptake of ['*C]CER, estimated by its uptake in
Oatplal-expressing cells minus that in control cells, is shown in Fig.
4. The X, and V_,,, for the rat Oatpl-mediated uptake of CER were
642 * 1.16 uM and 334 * 4.2 pmol/min/mg protein (mean *
computer-calculated S.E.), respectively. Rat Oatplal-mediated up-
take was also inhibited by CsA (Table 2).

LUI Study. The hepatic uptake of CER in vivo was also examined
by an LUI study in rats (Fig. 5). The %LUl {(eq. 4) was reduced
following coadministration of CsA in a concentration-dependent man-
ner up to 4 uM (Fig. 5). The reduction in %LUl was 66.9, 54.0, and
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FiG. 1. The uptake of CER in isolated rat hepatocytes in the absence or presence of $0% rat plasma. Uptake of CER in isolated rat hepatocytes was examined in KHB
(a) or 90% rat plasma containing KHB (b). The uptake rate versus CER concentration plot is shown. In the presence of 90% rat plasma, the data are shown with (C) and
without (@) correction for CER plasma protein binding. Each point represents the mean 2 S.E. (n = 3, three cell preparations). Solid lines, dotted lines, and dashed lines
represent the fitted lines for total, nonsaturable, and saturable transport of CER. Eadie-Hofstee plot for the uptake of CER is also shown.
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0, 0.1, and 0.3 pM CsA, respectively,

49.7% of the control for CsA blood concentrations of 2.0, 2.7, and 4.0
#M, respectively (Fig. 5).

Metabolism of ["*CJCER. The metabolism of ['*C]JCER in rat
microsomes was examined. After a 2 h-incubation, approximately
74% of ["*C]CER remained unchanged in the absence of inhibitors,
The metabolism of ["*CJCER was not inhibited by CsA up to a
concentration of 30 uM, whereas it was significantly inhibited by 0.2
M ketoconazole (to 24.8% of the control) (Fig. 6a). The metabolism
of testosterone in rat liver microsomes was also examined, and the
formation rates of 68- and 16a-hydroxylation were, respectively,
996 = 22 and 1520 = 10 pmol/min/mg protein {mean *+ S.E.) in the
absence of inhibitors (Fig. 6b). Both 683- and 16a-hydroxylations
were significantly inhibited by CsA (Fig. 6b). Ketoconazole (0.2 uM)

significantly inhibited 683-hydroxylation of testosterone, whereas it
did not inhibit 16c-hydroxylation (Fig. 6b).

Discussion

The present study shows that CsA increases the plasma concentra-
tion of CER in rats in a dose-dependent manner (Table 1). 1t also
shows that CsA inhibits the uptake of CER in rat hepatocytes, whereas
it does not affect the in vitro metabolism of CER in'microsomes (Figs.
2 and 6). Also in humans, CsA increases the plasma concentration of
CER (Miick et al., 1999) and it potently inhibits the uptake of CER in
hepatocytes with a minimal effect on the microsomal metabolism
{Shitara et al., 2003). Therefore, the effect of CsA in rats appears to
be similar to that in humans, although the molecular mechanisms of
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Fig. 4. The rat Qatplal-mediated uptake of CER. The rat Qatplal-mediated up-
take rate of CER, which represented the uptake in Oatpl-expressing cells minus that
in control cells, was plotted versus the CER concentration. Each symbol represents
mean * S.E. of three independent experiments. Solid line represents the fitted
curve. The Eadie-Hofstee plot for the Oatplal-mediated uptake is also shown.

TABLE 2

Inhibitory effects of CsA on the Oatplal-mediated uptake of [*CICER

Uptake of {"CICER (0.3 pM) was obsetved in rat Catplal-transfected and vector-
transfected HEK293 cells.

Concentration of CsA Qatplal-mediated uptake of ["*CICER

M pl/minding protein
1] 593 x1.01
0.1 3.66 = 0.28**
1 3.65 % 091

10 1.78 * 0.63**

¥# p < 0.01; a slatistically significant difference from contrel by Dunnett's test,

drug elimination in rats and humans are basically different. CsA
inhibits the uptake of CER in rat hepatocytes with an unbound IC;,
value similar to that in human hepatocytes (0.2-0.7 pM: Shitara et al.,
2003). However, the in vivo effect of CsA on the disposition of CER
was different between rats and humans, and the increase in the
steady-state plasma concentration of CER in rats was minimal com-
pared with that in humans. In fact, 3 uM bloed CsA increased the
steady-state plasma concentration of CER in rats only 1.4-fold (Table
1), whereas, in humans, CsA increased the AUC and the maximum
plasma concentration of CER 3.8- and 5.0-fold, respectively, when the
maximum blood concentration of CsA was approximately 1 uM
(Miick et al., 1999). This difference in the severity of the interaction
by these drugs between rats and humans may be explained by the
different dosage regimen and experimental system. In rats, CsA, the
inhibitor, was given intravenously and the biliary-excreted CsA was
eliminated via cannulation without returning to the body via entero-
hepatic circulation, whereas, in humans, it was given orally and biliary
excreted, with the CsA being transported to the portal vein and the
inlet to the liver via enterohepatic circulation, In this case, the con-
centration of CsA at the inlet to the liver in humans may be higher
than that in the circulating blood (Ito et al., 1998a,b). Therefore, in
humans, a higher concentration of CsA at the inlet to the liver
compared with that in the circulating blood may potently inhibit the
hepatic uptake of CER, although its concentration in the circulating
blood is lower in humans than in rats. However, there may be other
mechanisms governing the DDI, and/or renal failure or kidney trans-
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Fi¢. 5. Inhibitory effect of CsA on the hepatic uptake of [**C]CER in rats in vivo.
Inhibitory effect of CsA on the hepatic extraction of [**CJCER normalized by that
of *H)inulin (%LUI) during a single pass after intraportal bolus injection in rats was
examined. %LUT was calculated from eq. 4. Concentration of CsA was measured
just before the LUT study. Each point represents the mean * S.E. (n = 4 and 8, with
and without coadministration of CsA, respectively). The asterisk represents a
statistically significant difference from control shown by Dunnett's test (x, p <
0.05).

plantation in patients may also have affected the plasma concentration
of CER in the clinical case reported by Miick et al. (1999).

In vitro uptake studies in isolated hepatocytes revealed saturable
transport of CER in rat hepatocytes both in the absence and presence
of rat plasma (Fig. 1). Saturable transport of CER in primary cultured
rat hepatocytes has already been reported by Hirayama et al. (2000),
although their CL, e (444 pl/min/mg protein calculated by Vy,,../
K,) was lower than that in the present study (165 uV/min/10° viable
cells calculated by V_,./K,,.), assuming that 10% cells from our studies
correspond to 1 mg of protein. This may be due to differences in the
experimental system (i.e., isolated and primary cultured hepatocytes),
since the transporter function can be affected by the primary culture
(Ishigami et al., 1995). In the present study, we have found that the
transporter-mediated uptake accounted for more than 80% and 90% of
the total hepatic uptake in the absence and presence of plasma,
respectively, at concentrations of CER lower than the X, (Fig. 1). The
large saturable portion of the uptake of ['*C]CER in hepatocytes was
similar to that in humans (70—80%; Shitara et al., 2003}, suggesting
that transporters play an important role in the hepatic uptake and
disposition of CER both in rats and humans. Kinetic parameters, i.e.,
K_, V... and Py, based on the free, or estimated free, concentrations
of CER were different in the presence and absence of rat plasma. This
difference was due to the different range of CER free concentrations
under these two sets of experimental conditions (Fig. 1).

In the present study, the Qatplal-mediated uptake of [**CJCER
was examined (Fig. 4). In our pilot studies, it was shown that other
Qatp family transporters in rats, i.e., Oatplad and 1b2, also accepted
CER as a substrate (data not shown). However, we performed the
kinetic analysis and inhibition study using CsA only in Oatplal-
expressing cells because the highest saturable transport was observe
in these cells among all the Qatp family transporter-expressing cell
we possess. Kinetic analyses revealed that CER was taken up into ra
Oatplal-expressing cells with a K, value (6.4 uM; Fig. 3) similar t
that in isolated rat hepatocytes (9.2 puM; Fig. 1). Thus, Oatp famil
transporter(s) appears to be responsible for the hepatic uptake of CE
in rats, whereas OATP1BI1, at least partly, mediates its hepatic uptak
in humans (Shitara et al, 2003). The inhibition by CsA of th
Oatplal-mediated uptake of CER was also examined (Table 2). It was‘;



