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ABSTRACT:

Multidrug resistance-associated protein (Mrp) 2-deficient (TR�)
Wistar rats have been used to elucidate the role of Mrp2 in drug
disposition. Decreased breast cancer resistance protein (Bcrp)
levels were reported in sandwich-cultured hepatocytes (SCH) from
TR� rats compared with those from wild-type (WT) rats. This study
was designed to characterize hepatic Bcrp expression and func-
tion in TR� rats, using nitrofurantoin and pitavastatin as sub-
strates. Bcrp was knocked down by RNA interference in rat SCH.
Antibody BXP53, but not BXP21, specifically detected Bcrp knock-
down in SCH. Bcrp protein levels were decreased markedly in TR�

but not Mrp2-deficient Sprague-Dawley [Eisai hyperbilirubinemic
rats (EHBR)] rats. Bcrp mRNA levels were decreased significantly
in TR� livers as determined by TaqMan real-time reverse transcrip-
tase-polymerase chain reaction. Biliary excretion of nitrofurantoin,

a specific Bcrp substrate, was decreased significantly in SCH and
isolated perfused livers from TR� rats compared with those from
WT controls, indicating that hepatic Bcrp function is decreased in
TR� rats. In Bcrp knockdown SCH, the biliary excretion index and
in vitro biliary clearance of pitavastatin were decreased signifi-
cantly to �58 and �52% of control, respectively, indicating that
Bcrp plays a role in pitavastatin biliary excretion. Pitavastatin bili-
ary excretion was decreased significantly in perfused livers from
TR� compared with those from WT rats. In conclusion, expression
and function of hepatic Bcrp are decreased significantly in TR�

rats. The potential role of both Bcrp and Mrp2 should be consid-
ered when data generated in TR� rats are interpreted. TR� and
EHBR rats in combination may be useful in differentiating the role
of Mrp2 and Bcrp in drug/metabolite disposition.

Introduction

Biliary excretion of xenobiotics and bile acids is mediated primarily
by ATP-binding cassette (ABC) transport proteins located on the
canalicular membrane of hepatocytes, namely, breast cancer resis-
tance protein (Bcrp; Abcg2), P-glycoprotein, multidrug resistance-
associated protein 2 (Mrp2), and the bile salt export pump (Chandra
and Brouwer, 2004). Substrates of BCRP include various organic
anions, cations, and phase II conjugates including the anticancer drug
topotecan, the antibiotic nitrofurantoin, and lipid-lowering statins
(e.g., rosuvastatin and pitavastatin) (Hirano et al., 2005; Choudhuri
and Klaassen, 2006). A single nucleotide polymorphism in ABCG2
C421A (Q141K) has been associated with altered drug disposition in
clinical studies (elevated plasma concentrations of diflomotecan after
intravenous administration and of topotecan and rosuvastatin after

oral administration) (Sparreboom et al., 2004, 2005; Zhang et al.,
2006a). These findings emphasize the important role of BCRP in drug
disposition.

MRP2 is one of the most extensively studied hepatic transport
proteins. Substrates of MRP2 include numerous antibiotics, anticancer
drugs, and various phase II conjugates, including conjugates of en-
dogenous molecules (Choudhuri and Klaassen, 2006). Mutations in
human MRP2 are associated with Dubin-Johnson syndrome, an au-
tosomal recessive disorder resulting in chronic conjugated hyperbili-
rubinemia (Keitel et al., 2000). In Mrp2-deficient (TR�) Wistar rats,
a naturally occurring single nucleotide deletion in the Mrp2 gene
results in reduced mRNA abundance and absence of the protein
(Jansen et al., 1985; Paulusma et al., 1996). A similar mutation in
Mrp2 also exists in Sprague-Dawley rats, which are referred to as
Eisai hyperbilirubinemic rats (EHBR) (Hirohashi et al., 1998).

Understanding the contribution of individual transport proteins to
overall biliary excretion of drugs and metabolites is important to
predict the effect of altered transport function on drug/metabolite
pharmacokinetics. Canalicular transporter gene knockout mice and
Mrp2-deficient TR� and EHBR rats have been used to determine the
role of individual transport proteins in the biliary excretion of drugs,
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metabolites, endogenous compounds, and toxins (Yamazaki et al.,
1997; Hirano et al., 2005; Zamek-Gliszczynski et al., 2005, 2006a,
2008; Gavrilova et al., 2007; Lecureux et al., 2009; Maier-Salamon et
al., 2009). In addition, adenoviral vector-mediated RNA interference
(RNAi) knockdown of transport proteins in rat sandwich-cultured
hepatocytes (SCH) is a powerful in vitro tool to determine the con-
tribution of individual transport proteins to drug biliary excretion;
using this approach, nitrofurantoin was confirmed as a specific Bcrp
probe substrate in rat SCH (Yue et al., 2009), consistent with data
published previously (Merino et al., 2005).

Apparent species differences in Bcrp-mediated biliary excretion of
drugs/metabolites have been reported on the basis of data obtained
from transport-deficient mice and rat models. For example, in mice,
Bcrp appeared to be the major transport protein responsible for the
biliary excretion of acetaminophen sulfate, 4-methylumbelliferyl sul-
fate, and harmol sulfate (Zamek-Gliszczynski et al., 2006b), as well as
pitavastatin (Hirano et al., 2005) and 2-amino-1-methyl-6-phenylimi-
dazo[4,5-b]pyridine (van Herwaarden et al., 2003); biliary excretion
of these compounds was significantly decreased in Bcrp knockout
mice. However, in rats, the biliary excretion of these compounds was
impaired significantly in isolated perfused livers (IPLs) (Dietrich et
al., 2001; Zamek-Gliszczynski et al., 2005, 2006a, 2008) and SCH
(Abe et al., 2008) from TR� rats, implying that Mrp2 primarily was
involved in the biliary excretion of these substrates. To date, the
underlying mechanism(s) responsible for the apparent species differ-
ence in Bcrp-mediated biliary excretion of drugs/metabolites has not
been elucidated.

We reported that Bcrp protein levels detected by BXP53 antibody
were decreased markedly in TR� rat SCH (Abe et al., 2008), in
contrast to previous data generated with BXP21 antibody suggesting
that Bcrp protein levels were similar in livers from wild-type (WT)
and TR� rats (Johnson et al., 2006). This novel finding supported the
hypothesis that hepatic Bcrp protein levels and function are decreased
in TR� rats, which may contribute to the apparent species differences
regarding the primary role of Bcrp in the biliary excretion of some
substrates in rats and mice. The present study was designed to char-
acterize Bcrp expression and function, using nitrofurantoin and pi-
tavastatin as substrates, in TR� rats. These studies suggest that the
potential role of both Bcrp and Mrp2 should be considered when
impaired biliary excretion of drug/metabolites in livers or SCH from
TR� rats is interpreted, and also provide insight regarding the mech-
anism(s) of apparent species differences in Bcrp-mediated biliary
excretion. Furthermore, differences in Bcrp expression in TR� versus
EHBR rat livers were investigated to determine whether the roles of
Mrp2 and Bcrp could be differentiated using these two transport-
deficient rat models.

Materials and Methods

Chemicals. Insulin/transferrin/selenium (ITS�) and Matrigel were pur-
chased from BD Biosciences (San Jose, CA). Dexamethasone and nitrofuran-
toin were purchased from Sigma-Aldrich (St. Louis, MO). Pitavastatin was
purchased from Toronto Research Chemicals Inc. (North York, ON, Canada).

Animals. Male WT Wistar rats (275–330 g) were purchased from Charles
River Laboratories, Inc. (Wilmington, MA). Male TR� Wistar rats (275–330
g) were bred in-house [University of North Carolina (UNC) TR�; breeding
colony was obtained originally from Dr. Mary Vore (University of Kentucky,
Lexington, KY)] unless otherwise specified or purchased from Harlan (Indi-
anapolis, IN). Male Sprague-Dawley (SD) and Mrp2-deficient EHBR rats
(200–300 g) were purchased from Japan SLC Inc. (Hamamatsu, Japan).

Isolation and Culture of Rat SCH. Hepatocytes were isolated from WT or
UNC TR� rats using a two-step collagenase perfusion method as described
previously (LeCluyse et al., 1994; Liu et al., 1999b). Hepatocytes were seeded
in six-well BioCoat plates (BD Biosciences) in Dulbecco’s modified Eagle’s

medium containing 5% (v/v) fetal bovine serum, 1% (v/v) nonessential amino
acids, 10 �M insulin, and 1 �M dexamethasone and cultured in a humidified
incubator (95% O2 and 5% CO2) at 37°C. Approximately 24 h after seeding,
cells were overlaid with Matrigel at a final concentration of 0.25 mg/ml in
Dulbecco’s modified Eagle’s medium containing 0.1 �M dexamethasone and
ITS� premix; culture medium was replaced every 24 h.

RNAi in Rat SCH. Adenoviral vector-mediated RNAi targeting Bcrp in rat
SCH was performed as described previously (Yue et al., 2009). In brief,
adenoviral vectors expressing short hairpin RNA targeting rat Bcrp at positions
288 to 306 (Ad-siBcrp) or a nontarget control (Ad-siNT) were packaged and
infected into rat hepatocytes 2 h after seeding at a multiplicity of infection of
20; cells were overlaid and cultured in the same manner as noninfected cells
described above.

Immunoblot. Bcrp protein levels in rat SCH and membrane fractions of
homogenized rat livers were determined by immunoblot as published previ-
ously (Johnson et al., 2006; Yue et al., 2009). In brief, hepatocytes were lysed
in lysis buffer [1% SDS and 1 mM EDTA with protease inhibitor. Complete
(Roche Diagnostics, Indianapolis, IN)]. Rat livers were homogenized in ho-
mogenate buffer [0.1 M Tris/HCl (pH 7.4), containing Complete] followed by
centrifugation at 1500g for 10 min at 4°C. The supernatant was ultracentri-
fuged at 100,000g for 30 min; the pellet (containing membrane fraction) was
sonicated, resuspended in homogenate buffer, and then mixed with lysis buffer
(final concentration 1% SDS and 1 mM EDTA with Complete TM). Protein
concentrations were determined by BCA assay (Pierce Chemical, Rockford,
IL). Protein (50 �g) from cell lysates or rat liver membrane fractions was
resolved on 4 to 20% NuPAGE gel and subjected to immunoblot using the
Bcrp antibody BXP53 or BXP21 (Alexis Biochemicals, San Diego, CA).
�-Actin was used as a loading control.

TaqMan Real-Time RT-PCR. Total RNA from rat livers and SCH was
extracted using the ABI RNA isolation system (Applied Biosystems, Foster
City, CA). TaqMan real-time RT-PCR was conducted using an ABI Prism
7700 system (Applied Biosystems) to determine Bcrp mRNA levels as de-
scribed previously (Kim et al., 2002). The TaqMan probe and primer se-
quences (5�-3�) used for rat Bcrp were CTGCTCGGGAATCCTCAAGC-
TTCTG (probe), TGGATTGCCAGGCGTTCATT (forward primer), and
GTCCCAGTATGACTGTAACAA (reverse primer). The TaqMan probe and
primer sequences used for rat �-actin were CACTAATCGGCAATGAGCG-
GTTCCG (probe), TGCCTGACGGTCAGGTCA (forward primer), and CAG-
GAAGGAAGGCTGGAAG (reverse primer). Bcrp expression relative to that
of control groups was analyzed using the 2���CT method with �-actin as an
internal control (Livak and Schmittgen, 2001).

Accumulation Studies of Nitrofurantoin and Pitavastatin in Rat SCH.
Accumulation studies were performed in SCH to determine the in vitro biliary
excretion of nitrofurantoin and pitavastatin, as described previously (Abe et al.,
2008; Yue et al., 2009). In brief, rat SCH were rinsed twice with 2 ml of
standard HBSS and preincubated in 2 ml of either Ca2�-free HBSS (to open
the tight junctions and disrupt the canalicular networks) or standard HBSS for
10 min at 37°C. Subsequently, cells were incubated for 10 min at 37°C in 1.5
ml of standard HBSS containing nitrofurantoin (5 �M) or pitavastatin (5 �M).
After washing 3 times with ice-cold standard HBSS, cells were lysed with 1 ml
of methanol-water (70/30, v/v). Drug accumulation in cells plus bile canaliculi
(rat SCH preincubated in standard HBSS) and cells (rat SCH preincubated in
Ca2�-free HBSS) was determined by LC-MS/MS using the same methods as
published previously (Abe et al., 2008; Yue et al., 2009). Accumulation,
normalized to protein concentration, was corrected for nonspecific binding by
including a blank plate (BioCoat plate overlaid with Matrigel, but without
cells). Because of incompatibility of the protein assay with methanol, the
average protein concentration for standard HBSS or Ca2�-free HBSS incuba-
tions in the same liver preparation was used to normalize the protein content.

LC-MS/MS Analysis of Nitrofurantoin and Pitavastatin. Concentrations
of nitrofurantoin and pitavastatin were determined by LC-MS/MS analysis
using the same procedure as described previously (Abe et al., 2008; Yue et al.,
2009). In brief, SCH, liver homogenate and perfusate plasma from recirculat-
ing IPLs were first deproteinized with methanol-water (70:30, v/v) followed by
centrifugation at 4°C (12,000g) for 10 min. The supernatant (20 �l) from the
above preparation, outflow perfusate from single-pass IPLs, or diluted bile
samples were mixed with 100 �l of methanol and water (3.8:1) containing
internal standard (ethyl warfarin for nitrofurantoin, or rosuvastatin for pitava-
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statin). Nitrofurantoin, pitavastatin, and internal standards were eluted from an
Aquasil C18 column (50 � 2.1 mm; particle size 5 �m) (Thermo Fisher
Scientific, Waltham, MA) using a mobile phase gradient as detailed previously
(Abe et al., 2008; Yue et al., 2009). Analytes were quantified with standard
curves (2–1000 nM for nitrofurantoin and 2–2000 nM for pitavastatin) pre-
pared in the appropriate matrix; interday and intraday coefficients of variation
were �15%.

IPL Studies. Rats were maintained on a 12-h light/dark cycle with access
to water and chow ad libitum. Rats were anesthetized with ketamine/xylazine
(60:12 mg/kg i.p.) before surgical manipulation. The Institutional Animal Care
and Use Committee of the University of North Carolina at Chapel Hill
approved all procedures.

For recirculating IPL studies, male WT Wistar rats (�400 g) were used as
blood donors, and the experiments were performed according to standard
procedures (Hoffmaster et al., 2004). In brief, livers were perfused in situ with
oxygenated Krebs-Henseleit bicarbonate buffer after cannulation of the bile
duct and portal vein. Livers were removed from the body cavity and placed
into a humidified perfusion chamber at 37°C. Livers were perfused with 80 ml
of oxygenated buffer containing 20% (v/v) heparinized rat blood at a flow rate
of 20 ml/min. Taurocholate (0.5 �mol/min in saline) was infused to maintain
bile flow. Livers were equilibrated for 15 min before bolus administration of
8 �mol of nitrofurantoin into the perfusate reservoir. Perfusate pH was
maintained at �7.4. Livers demonstrating acceptable viability (portal pressure
�15 cm of water; initial bile flow �0.8 and �0.2 �l per min/g liver in WT
and TR� rat IPLs, respectively, gross morphology) were used in recirculating
IPL studies. Perfusate was sampled at 5, 10, 15, 30, 45, 60, 75, and 90 min, and
bile samples were collected in toto in 15-min intervals up to 90 min. Non-
compartmental pharmacokinetic analysis was performed, and the area under
the perfusate concentration-time curve (AUC) was calculated with WinNonlin
5.2 (Pharsight, Mountain View, CA). Biliary clearance (0–90 min) of substrate
in IPLs was determined as the cumulative amount excreted in bile in 90 min
divided by the perfusate AUC0–90 min.

The single-pass in situ liver perfusion procedure was similar to methods
reported previously (Tian et al., 2008). In brief, the common bile duct, portal
vein, and inferior vena cava above the liver were cannulated. The liver was
perfused at 30 ml/min with continually oxygenated Krebs-Henseleit buffer
containing 5 �M taurocholate for an equilibration period of approximately 15
min. Subsequently, the liver was perfused for 70 min with buffer containing
0.5 �M pitavastatin. Bile and outflow perfusate were collected in 10-min
intervals in toto, and livers were isolated at the end of perfusion and stored at
�80°C until analysis. Bile flow and gross morphology were used to assess
liver viability.

Data Analysis. Substrate accumulation (picomoles per milligram of pro-
tein), biliary excretion index (BEI) (percentage), and in vitro biliary clearance
(Clbiliary) (milliliters per minute per kilogram) were calculated in SCH using
B-CLEAR technology (Qualyst, Inc., Raleigh, NC) on the basis of the follow-
ing equations (Liu et al., 1999a):

BEI 	
Accumulationcells�bile � Accumulationcells

Accumulationcells�bile
� 100

In vitro Clbiliary 	
Accumulationcells�bile � Accumulationcells

AUCmedium

The area under the medium concentration versus time curve (AUCmedium) was
determined as the product of the incubation time and the medium concentration

of substrate. Medium concentrations at the beginning and end of the incubation
did not differ by more than 10%. Thus, the concentration of drug in the
medium was defined as the initial substrate concentration in the incubation
medium. The in vitro Clbiliary (milliliters per minute per milligram of protein)
was scaled to kilograms of body weight assuming the following: 200 mg
protein/g of rat liver tissue and 40 g of rat liver tissue/kg b.wt. (Seglen, 1976).

Statistical Analysis. Data are expressed as the mean 
 S.D. Statistical
significance was evaluated with a one-way analysis of variance or Student’s t
test using SigmaStat (SPSS Inc., Chicago, IL). In all cases, p � 0.05 was
considered statistically significant.

Results

Antibody BXP53 but Not BXP21 Specifically Detected Rat
Bcrp in SCH. Bcrp can be knocked down specifically by adenoviral
vector-mediated RNAi in rat SCH (Yue et al., 2009). Cell lysates from
control (Ad-siNT-infected) or Bcrp knockdown (Ad-siBcrp-infected)
day 4 rat SCH were used to determine the reactivity and specificity of
BXP53 and BXP21 to rat Bcrp. mRNA levels of Bcrp in Ad-siBcrp-
infected rat SCH were only �8% of control as determined by TaqMan
real-time RT-PCR (Fig. 1A), indicating efficient knockdown of Bcrp
mRNA. Consistent with the previous report (Yue et al., 2009), protein
levels of Bcrp were knocked down markedly in Ad-siBcrp-infected rat
SCH compared with those in control Ad-siNT infected cells, as
determined by BXP53 antibody (Fig. 1B). However, BXP21 failed to
specifically detect rat Bcrp.

Bcrp Expression Was Decreased in Mrp2-Deficient TR� but
Not in EHBR Rat Livers. Protein levels of Bcrp in WT Wistar, TR�,
WT SD, and EHBR rat livers were determined by immunoblot using
BXP53 antibody. As shown in Fig. 2A, two different molecular weights
of Bcrp were detected in all of the rat liver samples and day 0 freshly
isolated WT rat hepatocytes. Based on a recent publication, the higher
molecular weight Bcrp represents N-glycosylated Bcrp (Draheim et al.,
2010). Total Bcrp protein levels were markedly decreased in livers of
both UNC TR� rats and TR� rats purchased from Harlan, as determined
by BXP53 antibody (Fig. 2A). Bcrp protein levels in TR� rat livers were
decreased to �20% of WT control levels; however, Bcrp protein levels
were not significantly different between WT SD and EHBR rat livers
(Fig. 2B). BXP21 antibody failed to detect Bcrp expression in any of the
liver samples and day 0 freshly isolated hepatocytes (data not shown).
Bcrp mRNA levels in WT and TR� rat livers were compared by TaqMan
real-time RT-PCR. As shown in Fig. 2C, mRNA levels of Bcrp were
decreased significantly in livers from TR� rats compared with those of
WT control rats. Overall, these results indicated that Bcrp expression is
decreased markedly in Mrp2-deficient TR� rat livers but not in EHBR rat
livers.

Bcrp Expression and Function Were Decreased in TR� Rat
SCH. As shown in Fig. 3A, mRNA levels of Bcrp were decreased
significantly in TR� SCH compared with those in WT control rats.
The function of Bcrp in WT and TR� rat SCH was determined
using nitrofurantoin as a probe substrate (Yue et al., 2009). As
shown in Fig. 3B, nitrofurantoin accumulation (5 �M, 10 min) in

FIG. 1. Antibody BXP53 but not BXP21 specifically recognized
rat Bcrp in rat SCH. A, Bcrp mRNA levels in Bcrp knockdown
(Ad-siBcrp) and control (Ad-siNT) SCH. Two hours after seeding,
rat hepatocytes were infected at multiplicity of infection of 20 with
adenoviral vectors that expressed small interfering RNA (siRNA)
targeting Bcrp (Ad-siBcrp) or nontarget control siRNA (Ad-siNT).
Bcrp mRNA levels were determined by TaqMan real-time RT-
PCR. Data are presented as the mean 
 S.D.; n 	 3 livers. �, p �
0.05, Ad-siBcrp versus Ad-siNT. B, immunoblot of Bcrp in Bcrp
knockdown (Ad-siBcrp) and control (Ad-siNT) SCH using BXP53
or BXP21 antibodies. �-Actin was used as a loading control.
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cells plus bile was similar between day 4 WT and TR� rat SCH;
however, the BEI and in vitro Clbiliary of nitrofurantoin in TR� rat SCH
were decreased significantly to �50 and �46% of WT control values,
respectively, indicating that Bcrp function was decreased in TR� rat
SCH.

Nitrofurantoin in vitro Clbiliary, expressed as a percentage of control
values in day 4 and day 6 Bcrp knockdown SCH, was calculated on
the basis of data published previously (Fig. 3, B and C, in Yue et al.,
2009). The Bcrp protein levels, expressed as a percentage of control,
in TR� versus WT controls and in day 4 and day 6 Ad-siBcrp-infected
versus Ad-siNT-infected SCH controls, were determined by immu-
noblot, followed by densitometry and normalized to �-actin. Repre-
sentative Western blot results were published previously in Fig. 6 of
Abe et al. (2008) and Fig. 2A of Yue et al. (2009). Of note, nitrofu-
rantoin in vitro Clbiliary was positively correlated with Bcrp protein

levels (R2 	 0.98) (Fig. 3C) in TR� rat SCH (46 
 4 and 55 
 6%
of WT control, respectively; Œ), WT SCH with moderate Bcrp knock-
down at day 4 in culture (27 
 12 and 32 
 4% of the Ad-siNT
control, respectively; E), and WT SCH with extensive Bcrp knock-
down at day 6 in culture (14 
 2 and 6.0 
 2.1% of the Ad-siNT
control, respectively; F) (Yue et al., 2009).

Decreased Biliary Excretion of Nitrofurantoin in TR� Rat
Livers. The cumulative biliary excretion (0–90 min) of nitrofurantoin

FIG. 3. Bcrp expression, nitrofurantoin accumulation, BEI, and in vitro Clbiliary in
rat sandwich-cultured hepatocytes. A, mRNA levels of Bcrp in WT (control) and
TR� SCH. Bcrp mRNA levels in day 4 SCH were determined by TaqMan real-time
RT-PCR. �-Actin was used as an internal control. Data are presented as the mean 

S.D.; n 	 3 livers/group. �, p � 0.05, TR� versus WT. B, nitrofurantoin accumu-
lation, BEI, and in vitro Clbiliary in cells plus bile (f) and cells (�) after a 10-min
incubation with 5 �M nitrofurantoin in day 4 SCH from WT and UNC TR� rats.
Data are presented as the mean 
 S.E.; n 	 4 livers in triplicate. �, p � 0.05, TR�

versus WT. C, relationship between nitrofurantoin in vitro Clbiliary and Bcrp protein
levels expressed as a percentage of control values. Nitrofurantoin in vitro Clbiliary in
Ad-siBcrp-infected SCH from WT rats exhibiting extensive Bcrp knockdown (day 6; F)
and moderate Bcrp knockdown (day 4; E), expressed as a percentage of control
(Ad-siNT) values in day 6 and day 4 SCH, respectively, and in day 4 noninfected TR�

SCH (Œ), expressed as a percentage of control (WT) values in day 4 SCH, were plotted
on the y-axis. The in vitro Clbiliary values were published previously in Fig. 3, B and C,
of Yue et al. (2009) and have been replotted here for comparison. Bcrp protein levels
(plotted on x-axis) were determined by immunoblot, followed by densitometry and
normalized to �-actin, and drawn on the basis of the findings in Yue et al. (2009) and
Abe et al. (2008). Data are presented as the mean 
 S.D.

FIG. 2. Decreased Bcrp protein levels in UNC TR� and Harlan TR� rat livers but
not in EHBR rat livers. A, immunoblot of Bcrp in WT Wistar, UNC TR�, Harlan
TR�, WT SD, and EHBR rat livers and freshly isolated WT rat hepatocytes (day 0)
using BXP53 antibody (upper panel). �-Actin was used as a loading control (lower
panel). Representative results of three to five rats per group are shown. B, relative
Bcrp protein levels in TR� and EHBR rat livers compared with those in WT Wistar
or WT SD controls, respectively. Protein levels of Bcrp and �-actin were deter-
mined by densitometry. Total Bcrp protein levels (sum of the higher and lower
molecular weight Bcrp) were normalized to �-actin. Data are presented as mean 

S.D.; n 	 3 (WT Wistar), n 	 5 (TR�), n 	 4 (WT SD), and n 	 4 (EHBR) rat
livers. �, p � 0.05, TR� or EHBR versus WT control. C, mRNA levels of Bcrp in
WT Wistar (control) and TR� rat livers. Bcrp mRNA levels were determined by
TaqMan real-time RT-PCR. �-Actin was used as an internal control. Data are
presented as mean 
 S.D.; n 	 8 (WT Wistar) and n 	 11 (TR�, including two
Harlan TR�) rat livers. �, p � 0.05, TR� versus WT Wistar.
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in recirculating IPLs from UNC TR� rats was significantly lower than
that in WT rats (15 
 8 versus 180 
 4 nmol) (Fig. 4). Nitrofurantoin
Clbiliary was �8-fold lower in UNC TR� than in WT rat IPLs (0.36 

0.11 versus 3.2 
 0.4 ml/h), although the perfusate AUC0–90 min of
nitrofurantoin was not significantly different (data not shown).

Role of Bcrp in Pitavastatin Biliary Excretion in Rat SCH. The
BEI and in vitro Clbiliary of pitavastatin (5 �M) in day 6 WT Wistar
rat SCH after a 10-min incubation were compared between nonin-
fected (None), Ad-siNT-infected, and Ad-siBcrp-infected rat SCH. As
shown in Fig. 5, in Ad-siBcrp-infected SCH, pitavastatin BEI (Fig. 5)
and in vitro Clbiliary were significantly decreased to 58 
 6 and 52 

4% of control (Ad-siNT), respectively, suggesting that Bcrp is in-
volved in the biliary excretion of pitavastatin in rat SCH.

Decreased Biliary Excretion of Pitavastatin in TR� Rat IPLs.
Pitavastatin cumulative biliary excretion in single-pass in situ IPLs
from UNC TR� rats was significantly lower than that in WT rat IPLs
(Fig. 6); outflow perfusate concentrations were not statistically dif-
ferent between these two groups (data not shown). Of interest, the
initial biliary excretion of pitavastatin was noticeably delayed in TR�

compared with WT rat IPLs.

Discussion

The current studies demonstrate, for the first time, that expression
and function of Bcrp is decreased significantly in the livers of Mrp2-

deficient TR� rats. In previous studies, Bcrp protein levels were
reported to be slightly, but not significantly, decreased in livers from
UNC TR� compared with those from WT rats (Johnson et al., 2006)
by immunoblot using BXP21 antibody. BXP21 antibody has been
used to detect human BCRP expression by immunoblot (Merino et al.,
2005) but has not been validated to detect rat Bcrp. Results of the
present study clearly indicate that BXP53, but not BXP21, is a
specific antibody for immunoblot of rat Bcrp (Fig. 1B). Immunoblot
of Bcrp using BXP53 antibody demonstrated markedly decreased
Bcrp protein levels in TR� rat livers compared with those in WT
controls. Decreased hepatic Bcrp protein levels were not restricted to
the UNC TR� colony; livers from commercially available TR� rats
(Harlan) also exhibited lower Bcrp protein levels (Fig. 2A, top panel).
BXP21 antibody could not specifically detect Bcrp in either SCH (Fig.
1B) or rat livers (data not shown); thus, Bcrp protein levels may not
have been determined accurately in the previous study (Johnson et al.,
2006). The decreased Bcrp protein levels in TR� rat livers may not be
caused by Mrp2 deficiency because Bcrp protein levels are similar to
WT control values in livers from EHBR, another Mrp2-deficient rat
strain (Fig. 2, A and B). Likewise, Bcrp protein levels were similar in
Abcc2(�/�) and wild-type mice (Chu et al., 2006; Nezasa et al.,
2006).

To explore the mechanism(s) underlying the decreased Bcrp protein
levels in TR� rat hepatocytes, the mRNA levels of Bcrp were com-
pared in SCH and livers from WT and TR� rats. Bcrp mRNA levels
were decreased significantly in livers (Fig. 2C) and SCH (Fig. 3A)
from TR� rats compared with those from WT controls, suggesting
that Bcrp expression in TR� rats was down-regulated at the mRNA
level. To date, the promoter sequence of rat Bcrp has not been
identified, and the transcriptional regulation of rat Bcrp expression has
not been well characterized. Although it has been reported that Bcrp
mRNA levels are higher in male rat kidney compared with those in
female rat kidney (Lu and Klaassen, 2008), the mechanisms underly-
ing such differences are not known. It has been reported that human
BCRP mRNA levels can be up-regulated by some nuclear factors and
17�-estradiol (Ebert et al., 2005; Zhang et al., 2006b) and down-
regulated by microRNA (Pan et al., 2009). A single nucleotide poly-
morphism in the BCRP promoter region was identified, although this
single nucleotide polymorphism did not affect BCRP promoter activ-
ity (Lee et al., 2007). The different mRNA levels in TR� and WT rats
may be due to different levels of Bcrp modulators in WT and TR� rat
livers or to variation in the Abcg2 gene in TR� rats.

In addition to Bcrp expression, the function of hepatic Bcrp was
compared in WT and TR� rats in vitro in SCH and ex vivo in IPLs,

FIG. 5. Role of Bcrp in pitavastatin biliary excretion in rat SCH. Pitavastatin BEI
and in vitro Clbiliary (percentage of control) after a 10-min incubation with 5 �M
pitavastatin were compared in noninfected, Ad-siNT-infected (control), and Ad-
siBcrp-infected day 6 rat SCH. Data represent the mean 
 S.D.; n 	 3 livers. �, p �
0.05, Ad-siBcrp-infected versus Ad-siNT-infected. See Materials and Methods and
the legend to Fig. 1A for details regarding adenoviral vector-mediated RNAi.

FIG. 4. Decreased nitrofurantoin biliary excretion in TR� rat IPLs. Cumulative
biliary excretion of nitrofurantoin in recirculating WT (F) and UNC TR� (E) rat
IPLs after bolus administration of 8 �mol of nitrofurantoin to the perfusate reser-
voir. Data are presented as the mean 
 S.D.; n 	 3 to 5 livers/group. �, p � 0.05,
TR� versus WT.

FIG. 6. Decreased biliary excretion of pitavastatin in TR� rat in situ IPLs. Cumu-
lative biliary excretion of pitavastatin in WT (F) and UNC TR� (E) rat in situ
single-pass IPLs. Data are presented as mean 
 S.D.; n 	 3 livers/group; �p � 0.05,
TR� versus WT.
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using nitrofurantoin as a probe substrate (Yue et al., 2009). Compared
with WT controls, nitrofurantoin BEI and in vitro Clbiliary in SCH
(Fig. 3B), as well as the cumulative biliary excretion in recirculating
IPLs (Fig. 4), from TR� rats were decreased significantly, confirming
decreased Bcrp function in TR� rats. Notably, there was a positive
relationship (R2 	 0.99) between nitrofurantoin in vitro Clbiliary and
Bcrp protein levels expressed as a percentage of control values (Fig.
3C). The fraction of nitrofurantoin biliary excretion mediated by
transporter(s) other than Bcrp, as estimated from the y-axis intercept
of Fig. 3C, was only �6%. These findings are consistent with a
previous report that nitrofurantoin was not transported by P-glyco-
protein and MRP2 (Merino et al., 2005) and further validate the utility
of nitrofurantoin as a specific Bcrp substrate in rat SCH.

Our laboratory previously reported that in TR� SCH, which exhib-
ited Mrp2-deficiency and decreased Bcrp protein levels, there was a
�70% decrease in pitavastatin in vitro Clbiliary compared with that in
WT Wistar controls (Abe et al., 2008). In Mrp2-deficient EHBR rats,
which have Bcrp protein levels similar to those in WT SD controls
(Fig. 2, A and B), the in vivo biliary excretion of pitavastatin was
similar to that in WT SD control rats, implying that Mrp2 does not
play a major role in pitavastatin biliary excretion (Hirano et al., 2005).
To elucidate the role of Bcrp in pitavastatin biliary excretion,
pitavastatin BEI and in vitro Clbiliary were compared in nonin-
fected, Ad-siNT- and Ad-siBcrp-infected day 6 SCH, which ex-
hibited efficient and specific Bcrp knockdown as published previ-
ously (Yue et al., 2009) and confirmed in the present studies.
Infection with Ad-siNT and Ad-siBcrp did not affect pitavastatin
accumulation in SCH (data not shown). However, in SCH exhib-
iting Bcrp knockdown (Ad-siBcrp), pitavastatin BEI and in vitro
Clbiliary were decreased to �58 and �52% of control (Ad-siNT)
values, respectively (Fig. 5), indicating that Bcrp does play a role,
although moderate, in pitavastatin biliary excretion in rat SCH. More-
over, pitavastatin biliary excretion was assessed in situ in TR� and
WT rat IPLs. As shown in Fig. 6, the cumulative biliary excretion of
pitavastatin was significantly lower by more than 2-fold in perfused
livers from TR� rats, consistent with decreased Bcrp function in TR�

rat livers. In Abcg2(�/�) mice, pitavastatin biliary excretion was
�10-fold lower than in controls (Hirano et al., 2005). Such species
differences between mice and rats in the contribution of Bcrp to the
biliary excretion of some compounds may be explained by the sig-
nificantly higher amount of Bcrp protein in mice (�1.21 fmol/mg
protein) (Y. Lai, unpublished results) than in rats (�0.28 fmol/mg
protein) (Li et al., 2009), as determined by absolute quantification
using LC-MS/MS.

In summary, the results of this study indicate that Bcrp expression
and function are significantly decreased in Mrp2-deficient TR� rat
livers. TR� rats have been used frequently to elucidate the role of
Mrp2 in the biliary excretion of drugs, metabolites, endogenous
compounds, and toxins. Decreased Bcrp protein levels were detected
in both the UNC TR� colony and in commercially available Harlan
TR� rats and may be generalized to TR� Wistar rats from other
sources. Therefore, data obtained from TR� rats should be interpreted
with caution; decreased biliary excretion in TR� rats may be attrib-
uted to the absence of Mrp2, decreased Bcrp, or both. The important
role of Bcrp in the biliary excretion of many drugs/metabolites may
have been underestimated previously because of the unrecognized fact
that Bcrp protein levels and function in TR� rats are decreased.
Specific Bcrp or Mrp2 knockdown in SCH is a useful in vitro tool to
determine the contribution of individual transport proteins to the
biliary excretion of drugs/metabolites (Tian et al., 2004; Yue et al.,
2009), and may be used to distinguish the role of Bcrp and Mrp2 in
the biliary excretion of compounds reported to undergo decreased

biliary excretion in TR� rats. A novel finding of these studies is that
unlike TR� rats, Mrp2-deficient EHBR rats exhibit normal Bcrp
expression. Therefore, TR� and EHBR rats, in combination, could
serve as a unique tool to differentiate the contribution of Mrp2 and
Bcrp to the biliary excretion of drugs/metabolites in vivo.
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