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ABSTRACT:

Breast cancer resistance protein (Bcrp) is a member of the ATP-
binding cassette membrane transporter family, which is expressed
apically in liver, kidney, and intestine epithelium. Recent reports
suggest that in addition to xenobiotics, porphyrins, and food tox-
ins, Bcrp can also transport bile acids and, therefore, may partic-
ipate in the adaptive response to cholestasis. Bile duct ligation
(BDL), an experimental model of obstructive cholestasis, was per-
formed in male wild-type (WT) and Bcrp knockout (KO) mice. An
initial time course of 3, 7, and 14 days of BDL in WT mice revealed
that Bcrp expression was significantly reduced in liver but in-
creased in ileum by 7 days. Subsequent experiments using 7-day
BDL in WT and Bcrp KO mice demonstrated that there was no
difference in liver necrosis, serum glutamic pyruvate aminotrans-

ferase, bilirubin, or bile acid levels in serum, hepatic tissue, bile,
urine, or feces between the two groups. Protein expression levels
for liver organic solute transporter (Ost) � and multidrug resistance
protein 1 and kidney multidrug resistance-associated protein (Mrp)
2, Mrp3, and Mrp4 were significantly greater in the sham Bcrp KO
versus sham WT mice. The expression of Mrp2 and Mrp4 in KO
kidneys was further increased after BDL. In contrast, the adaptive
response of transporters to BDL in the liver was similar in KO and
WT BDL mice, including Ost� and Ost� expression, which in-
creased in liver and kidney but decreased in the ileum. These
findings suggest that Bcrp does not have a significant role in the
adaptive response to cholestasis in the liver but may be more
important for solute export in the kidney and intestine.

Introduction

The breast cancer resistance protein (BCRP/Bcrp; ABCG2/Abcg2)
is a member of the ABC family of membrane transporters with broad
substrate specificity (Krishnamurthy and Schuetz, 2006; Polgar et al.,
2008). Bcrp was first described in a drug-resistant cancer cell line and
has been shown to transport a large number of drugs, environmental
agents, and the endogenous solute, protoporphyrin (Krishnamurthy
and Schuetz, 2006; Koshiba et al., 2008; Polgar et al., 2008; Robey et
al., 2009). The apical membrane localization of BCRP/Bcrp on many
cell types, including the canalicular membrane of the hepatocyte, the
proximal tubule of the kidney, and the enterocyte of the intestine,
permits this transporter to function in a coordinated manner to extrude
and prevent absorption of xenobiotics (Maliepaard et al., 2001; Hil-
gendorf et al., 2007; Huls et al., 2008). In this respect, BCRP/Bcrp
shares many substrates with Mdr1 and Mrp2 (Allen et al., 1999;
Schinkel and Jonker, 2003). Diverse functional roles for BCRP have
also been described. BCRP expression in stem cells leads to the side
population phenotype and seems to function to protect these sensitive
cells from the accumulation of toxic drugs (Zhou et al., 2001; Abbott,

2006). The localization of BCRP to placental syncytiotrophoblasts
may serve as a protective mechanism for the developing fetus
(Maliepaard et al., 2001; Robey et al., 2009). BCRP is also expressed
in mammary glands where, in apparent contradiction, it transports the
same drugs into breast milk (Zarba et al., 1992; DeBruin et al., 2001).
For example, the dietary carcinogens aflatoxin B1, 2-amino-3-methyl-
imidazo[4,5-f]quinoline, and 3-amino-1,4-dimethyl-5H-pyrido[4,
3-b]indole are restricted from systemic exposure and the fetus by
BCRP, yet are secreted directly into breast milk, thus facilitating
exposure to the newborn (van Herwaarden et al., 2006).

The recent availability of the Bcrp1 knockout (KO) mouse has
made it possible to study the role of this transporter in greater detail.
Such studies have led to the finding that Bcrp1 is responsible for the
elimination of the toxic chlorophyll breakdown product pheophorbide
a (Jonker et al., 2002). The resemblance of this compound to the heme
molecule has shed light on the role of Bcrp in the transport of many
porphyrins. The regulation of porphyrins is important in providing a
protective mechanism, specifically during hypoxic conditions. Other
endogenous substrates for Bcrp include dehydroepiandrosterone sul-
fate, estrogens, and folic acid (Chen et al., 2003; Grube et al., 2007).

Whether bile acids are endogenous substrates for BCRP/Bcrp is
uncertain. Suzuki et al. (2003) were unable to demonstrate transport
activity for taurocholic acid or taurolithocholate sulfate in Bcrp-
transfected P388 vesicles (from a mouse lymphoma cell line). How-
ever, Imai et al. (2003) reported inhibition of [3H]estrone sulfate
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uptake in the presence of taurolithocholate or taurolithocholate sulfate
and to a lesser degree, taurocholate, in transfected K562 cells (human
erythroleukemia cells). A third study, using Bcrp-expressing bacteria
(Lactococcus lactis), demonstrated that primary bile acids could be
transported by this system (Janvilisri et al., 2005).

These later findings led us to examine the possibility that Bcrp
might play a protective role in the liver during cholestatic liver
disease. In this condition, the liver is faced with high levels of toxic
bile acids, a challenge it attempts to overcome in part by altering the
expression of bile acid transporters on the basolateral sinusoidal
membrane of the hepatocytes (Boyer, 2007). In the present study, we
used the Bcrp-null mouse and common bile duct ligation, a model of
cholestatic liver disease, to ascertain the importance of Bcrp in this
disease model. Our results demonstrate a limited role of Bcrp in the
liver during obstructive cholestasis; however, other ABC transporters,
which probably compensate for the loss of Bcrp and presumably aid
in the excretion of toxic compounds, are induced in the kidney.

Materials and Methods

Animals. Male C57BL/6 mice were purchased from The Jackson Labora-
tory (Bar Harbor, ME) and 9- to 12-week-old Bcrp wild-type [(WT) FVB] and
knockout mice (FVB/129 background; model 002767-m) were purchased from
Taconic Farms (Germantown, NY). All animals received treatment according
to the Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, 1996) as adopted and promulgated by the U.S.
National Institutes of Health. Animals were housed in a 12-h light/dark cycle
environment and allowed free access to food and water. C57BL/6 mice
underwent common bile duct ligation (BDL) or a sham operation as described
previously (Mennone et al., 2006) for 3, 7, or 14 days. Liver, kidney, and ileum
were harvested for mRNA and protein determination. Wild-type and Bcrp KO
mice underwent BDL or sham operation for 7 days. Before harvesting, animals
were fasted for 10 h. Livers and kidneys were flushed with normal saline to
remove blood and then were either quick-frozen for protein and mRNA
determination or fixed in 10% formalin for histological staining. Serum, bile,
urine, and feces were also collected.

Histology. Formalin-fixed liver segments were embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin. Slides were coded and graded
blindly (by J.L.B.) for necrosis on a scale of 0 to 4.

Bile Acid and Liver Enzyme Assay. Bile acid quantitation was performed
on extracted liver, serum, bile, urine, and feces as described previously using
a kit from Trinity Biotech (Wicklow, Ireland) (Mennone et al., 2006). Kits
from Thermo Fisher Scientific (Waltham, MA) were used to measure serum
bilirubin and glutamic pyruvate aminotransferase.

Quantitative Real-Time Polymerase Chain Reaction. Total RNA was
extracted from tissue using TRIzol (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Five micrograms of RNA was reverse-transcribed
into cDNA using a first-strand kit (Stratagene, La Jolla, CA). Real-time
polymerase chain reaction was performed on a 7500 sequence detection system
(Applied Biosystems, Foster City, CA). Twenty microliters of reaction mixture
was used per well containing Master Mix (Applied Biosystems), 1 �l of
cDNA, and specific primers and probes at concentrations of 450 to 500 and
125 to 250 nM, respectively. In some cases, TaqMan Gene Expression Assays
(Applied Biosystems) were used at a dilution of 1:40. Reactions were run in
triplicate in 96-well plates by heating to 50°C for 2 min and 95°C for 10 min
and then were cycled at 95°C for 15 s and 60°C for 1 min for 40 cycles.
Glyceraldehyde-3-phosphate dehydrogenase was used for all samples to nor-
malize expression.

TaqMan Gene Expression Assays were used for the following: Bcrp
(NM_011920), Mm01181556_m1; Mrp2 (NM_013806), Mm00496899_m1; Mrp3
(BC046560), Mm00551550_m1; Ntcp (NM_011387), Mm00441421_m1; Mdr1a
(NM_011076), Mm00440761; and Bsep (NM_021022), Mm00445168_m1. The fol-
lowing primers and probes were purchased from Integrated DNA Technologies, Inc.
(Coralville, IA): Mrp4 (AK052778) forward, CATCAAGTCCAGGGAAAAG-
GTTG, reverse GAGGGCCGAGATGAGGGAG, and probe TGGGCAGAACCG-
GAGCTGGGAAA; glyceraldehyde-3-phosphate dehydrogenase (NM_001001978)
forward GCCCAGAACATCATCCCTGC, reverse CCGTTCAGCTCTGGGAT-

GACC, and probe TCCACTGGTGCTGCCAAGGCTGTG; Ost� (NM_145932)
forward TGTTCCAGGTGCTTGTCATCC, reverse CCACTGTTAGCCAAGATG-
GAGAA, and probe CCGCCCTGCAGCCTGCCAT; and Ost� (NM_178933) for-
ward ATGCGGCTCCTTGGAATTA, reverse GGAGGAACATGCTTGTCAT-
GAC, and probe TCCATCCTGGTCCTGGCAGTCCTG.

Protein Analysis (Western Blotting). Membrane proteins were isolated,
electrophoresed, blotted, and imaged as described previously (Mennone et al.,
2006). Densitometry was performed using TotalLab software (FOTODYNE
Inc., Hartland, WI). Polyclonal antibodies to Mrp2, Ntcp, and Oatp1 were
provided by Bruno Stieger, to Mrp4 by Dietrich Keppler, to Oct1 by Hermann
Koepsell, and to Bsep by Victor Ling. Antibodies to Mdr were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), and Ost� and Ost� poly-
clonals were a gift from Ned Ballatori. Polyclonal Mrp3 antibodies were
developed in this laboratory (Wang et al., 2006b).

Statistical Analysis. All data were compared using unpaired t tests with
Instat software (GraphPad Software Inc., San Diego, CA) and are expressed as
mean � S.D. p � 0.05 was considered significant.

Results

BDL Results in a Decrease in Bcrp in Liver and Kidney but an
Increase in the Ileum. Bcrp protein expression was initially deter-
mined over a time course of 3, 7, or 14 days of BDL in WT C57BL/6
mice. Hepatic Bcrp was significantly reduced by 3 days and remained
down throughout the 14 days of BDL (Fig. 1). Although renal Bcrp
was also significantly reduced by 14 days, it was a more gradual
change and did not reach significance at 3 or 7 days (Fig. 1). In
contrast, intestinal Bcrp was significantly increased throughout the 14
days of BDL (Fig. 1). Similar results were seen after 7-day BDL in
WT FVB mice (data not shown). Therefore, subsequent BDL exper-
iments were conducted on WT FVB and Bcrp KO mice for 7 days.

Membrane Transporter Expression in Bcrp KO Mice. Before
performing bile duct ligation in the Bcrp KO mice, we first charac-
terized changes in liver and kidney transporter expression that were
present due to the genetic deficiency of Bcrp. Our results show few,
slight changes in mRNA levels for hepatic solute transporters. Mrp2
mRNA is up 1.4-fold compared with that in the WT mouse, and Ost�
is down by 1.5-fold (Fig. 2A). In the kidney, both Mrp4 and Ost�
mRNA are slightly, although significantly, reduced compared with
levels in the WT mouse (Fig. 2A). However, it is interesting to note
that protein expression of three members of the multidrug resistance-
associated protein family (Mrp2, Mrp3, and Mrp4) is increased in the
kidney but not in the liver in Bcrp KO mice (Fig. 2B). Mdr1a is
reciprocally increased in the liver and decreased in the kidney (Fig.
2B). This finding suggests that post-translational changes may be

FIG. 1. Time course of Bcrp protein expression after BDL in C57BL/6 mice.
Densitometry of Western blot analysis of Bcrp expression at 3, 7, and 14 days after
BDL showed that liver Bcrp was significantly decreased by 3 days and maintained
over 14 days. Kidney levels gradually declined over the time course and were
significantly decreased by 14 days. In contrast, Bcrp in the ileum was significantly
increased at all time points. �, p � 0.05.
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important in regulating expression of key ABC export transporters in
the kidney in the absence of Bcrp. Background differences between
WT (FVB) versus KO (FVB/129), although slight, could account for
some of the small differences seen in transporter expression.

Liver Injury in Wild-Type and Bcrp KO Mice 7 Days after
BDL. Liver sections stained with hematoxylin and eosin were graded
blindly (0–4 scale) for liver cell injury. Sham livers from both groups
had complete absence of necrosis, and the histological appearance was
normal. In contrast, varying degrees of parenchymal necrosis were
noted in both WT (2.0 � 0.8) and Bcrp KO (2.7 � 0.6) BDL livers,
although there was no significant difference between the two groups
(Fig. 3, A and B). Serum glutamic pyruvate aminotransferase values
increased approximately 16-fold in both BDL groups, confirming the
histological grading (Fig. 3C).

Serum Bilirubin and Bile Acid Levels. Serum bilirubin levels
were undetectable in sham groups and were increased in both BDL
groups to an equal extent (Fig. 4A). Serum bile acid levels increased
after BDL as expected and reached similar levels in both groups (Fig.
4B). However, the concentration of bile acids in the sham Bcrp KO
mice was less than half that of the sham WT group (p � 0.01). Bile
acid concentrations in extracted liver were similarly elevated after
BDL: WT (34-fold) and KO (29-fold). There were no significant
differences between groups for bile acid levels in bile, urine, or feces
(data not shown).

Expression of Liver Transporters after BDL in Bcrp KO Mice.
Mrp2 mRNA expression was significantly down-regulated in both
WT (1.4-fold) and Bcrp KO (1.2-fold) livers after 7 days of BDL.
However, the expression remained significantly higher in Bcrp KO
mice compared with that in the WT mice (p � 0.005). There was no

significant difference in mRNA expression between the WT and Bcrp
KO mice after BDL for any of the other transporters tested (Mrp3,
Mrp4, Mdr1a, Ost�, Ost�, Bsep, and Ntcp) (data not shown). As with
mRNA expression, Mrp2 protein expression was significantly down-
regulated in both WT and Bcrp KO mice after BDL, although there was no
significant difference between the two groups (Fig. 5). Mrp4 was induced
after BDL in both groups, although the increase in the KO BDL mice was
only half that seen in the WT animals (Fig. 5). The up-regulation of Mdr1a
after BDL was twice as great in the KO mice compared with the WT mice
(Fig. 5). Bsep protein levels were unchanged after BDL in both groups.

FIG. 4. Serum bilirubin and bile acid levels are increased in both WT and Bcrp KO
mice after BDL. A, bilirubin was below detection levels in sham mice (S, n � 6) but
rose to similar levels after BDL (B, n � 6). B, there was no difference in the increase
in serum bile acids after BDL in WT and KO animals. However, there was a
significantly (�, p � 0.05) lower concentration of serum bile acids in the KO sham
compared with the WT group. n � 6 for both groups.

FIG. 2. Transporter expression in liver and kidney of Bcrp-deficient mice. A, in the
liver (�) mRNA expression for Mrp2 is increased and that for Ost� is decreased in
Bcrp KO mice compared with expression in WT controls. In the kidney (f), both
Mrp4 and Ost� were slightly decreased compared with those in WT controls. n �
6 for all groups. B, in the liver, protein expression of both Mdr1a and Ost� is
increased in the Bcrp KO mice compared with that in WT controls. In the kidney,
protein expression of Mrp2, Mrp3, and Mrp4 is increased and that of Mdr1a is
decreased in Bcrp KO mice compared with expression in WT controls. n � 6 for all
groups. ND, non detectable.

FIG. 3. A and B, liver necrosis is the same in WT and Bcrp KO mice. Necrotic
regions (arrows) were easily distinguished from healthy parenchyma. The extent of
necrosis in WT and KO livers was comparable. C, the serum liver enzyme alanine
aminotransferase [glutamic pyruvate aminotransferase (SGPT)] level was signifi-
cantly (p � 0.005) increased in both WT and Bcrp KO animals after BDL. This
increase was the same in both (n � 6) groups of animals.
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Oatp1, Ntcp, and Oct1 expression was significantly decreased after BDL in
the livers of both WT and KO animals, although the decrease for Oct1 was
significantly less in the Bcrp KO mice than that seen in the WT mice.

Expression of Kidney Transporters after BDL in Bcrp KO
Mice. Both Mdr1a and Ost� mRNA levels were significantly de-
creased after BDL in the Bcrp KO mice compared with the WT mice
after BDL (data not shown). There was no significant difference
between the two groups for mRNA for any other transporter tested
(data not shown). As stated earlier, the basal levels of Mrp2, Mrp3,
and Mrp4 protein were significantly higher than those in the wild-type
mice (Fig. 2). After BDL, protein expression for Mrp2 and Mrp4 was
further increased in the KO mice (Fig. 6) and was significantly higher
than that in the WT BDL mice. All other membrane transporters tested
(Mrp3, Mdr1a, Ost�, and Ost�) were similar to those in the WT mice
after BDL (Fig. 6).

Ileum Protein Expression. Protein expression in ileum for Ost�,
Ost�, Mdr, and Asbt was compared between WT and Bcrp KO sham
and BDL mice (Fig. 7). Both Ost� and Ost� levels were significantly
decreased after BDL in both WT and Bcrp KO mice. The degree of
down-regulation was similar between WT and Bcrp KO animals. Mdr
and Asbt expression was statistically unchanged for all four groups of
animals.

Discussion

During cholestatic liver injury, a number of adaptive responses
occur in the liver in an attempt to minimize the toxic consequence of
hepatic bile acid accumulation. These adaptations include reduction in

bile acid synthesis, enhanced conversion of bile acid to more hydro-
phobic compounds via phase I and phase II metabolic pathways,
reduced hepatic bile acid uptake, and increased expression of alter-
native pathways of bile acid excretion across the basolateral mem-
brane back into the systemic circulation (Boyer, 2007). Whether Bcrp
plays a role in this adaptive response is not known.

BCRP/Bcrp is expressed at the apical membranes of the bile canal-
iculus, the intestine, and the renal proximal tubule together with other
ABC transporters and might be expected to contribute to this adaptive
response. In addition, the possibility that Bcrp might transport bile
acids as suggested by some (Imai et al., 2003; Janvilisri et al., 2005)
led us to examine the expression and role of Bcrp in these three tissues
in cholestasis in wild-type and Bcrp KO mice.

Our findings indicate that both mRNA and Bcrp protein expression
in mice decreases over time after BDL in both liver and kidney. The
findings in the liver are consistent with previous studies in rat in
which Bcrp protein expression was reduced after BDL for 6 weeks
(Dietrich et al., 2004b). However, no change in hepatic Bcrp mRNA
was seen after lithocholate-induced cholestasis in mice (Beilke et al.,
2008). In contrast, we found that expression levels of Bcrp protein in

FIG. 7. Representative Western blots and densitometry values of ileum trans-
porters in Bcrp WT and KO sham and BDL mice. n � 6 for each group. Ost�:
WT BDL, �, p � 0.05 versus WT sham; �, p � 0.0005 for KO BDL versus KO
sham. Ost�: � p � 0.05 versus respective sham.

FIG. 5. Western blot and densitometric analysis of transporter protein expression in
total liver membrane of WT and Bcrp KO mice. Representative blots (n � 3) are
shown, and densitometry values for all six mice are shown below the blots.
Expression of apical Mrp2 is down equally in WT and KO mice after BDL. There
was no difference in Bsep expression levels after BDL in either group. However,
Mrp4 and Mdr1a were up-regulated after BDL in WT and KO mice. The increase
in Mrp4 in the KO mice was only half that seen in the WT BDL mice, whereas the
increase in Mdr1a was twice as great in the KO mice compared with that in the WT
mice. Oatp1, Ntcp, and Oct1 protein expression was significantly decreased after
BDL in the livers of both WT and KO animals, although the decrease for Oct1 was
significantly less in the Bcrp KO mice than that seen in the WT mice. �, p � 0.05,
sham versus BDL; #, p � 0.05, WT BDL versus KO BDL; �, p � 0.05, WT sham
versus KO sham.

FIG. 6. Western blot and densitometric analysis of transporter protein expression in
total kidney membrane of WT and Bcrp KO mice. Representative blots (n � 3) are
shown, and densitometry values for all six mice are shown below the blots. As
shown in Fig. 2, the basal levels of Mrp2, Mrp3, and Mrp4 protein were signifi-
cantly higher than those in the WT mice. After BDL, Mrp2 and Mrp4 were further
increased in the KO mice and remained significantly higher than those in the WT
BDL mice. �, p � 0.05, sham versus BDL; #, p � 0.05, WT BDL versus KO BDL;
�, p � 0.05, WT sham versus KO sham.
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the ileum steadily increased over 14 days of BDL in mice. Conflicting
findings exist for obstructive cholestasis in humans, in whom BCRP
protein was decreased in duodenal biopsy samples (Zimmermann et
al., 2006) in one study but was unchanged in another (Dietrich et al.,
2004a). Intestinal Bcrp expression is significantly lower in mouse
compared with that in rat and human (Tanaka et al., 2005; Gupta et al.,
2006) so that species differences may account for some of these
discrepancies.

The mechanism by which Bcrp expression is differentially regu-
lated in the three tissues was not examined in this study; however,
estradiol down-regulates Bcrp in several cell lines (Imai et al., 2005;
Wang et al., 2006a), whereas testosterone has been shown to have
inductive effects on Bcrp expression in vivo (Tanaka et al., 2005).
During cholestasis, serum testosterone levels are significantly re-
duced, whereas estrogen is increased 3-fold in male rats (Chen et al.,
1995). Whether such hormone-induced changes observed in vitro
account for altered Bcrp expression in the present study remains to be
determined.

Unlike earlier studies in Mrp4-null mice (Mennone et al., 2006), we
found no evidence that BDL caused more liver injury in Bcrp-null
mice. Thus, Bcrp does not seem to play a protective role in cholestatic
liver injury. Indeed, histological evidence of necrosis and serum
aminotransferase levels was similar in WT and Bcrp KO mice after
BDL for 7 days as were elevations in serum bile acids and bilirubin.
Liver bile acid levels were also similar between the two groups of bile
duct-ligated animals, suggesting that Bcrp plays little or no role in
hepatic bile acid transport. However, the basal level of serum bile
acids in the Bcrp KO sham animal was less than half of that seen in
the WT sham animal. This difference was not explained by increased
urinary or fecal excretion, because bile acid levels in the urine and
feces were not different between WT and KO animals. Despite these
findings, we cannot exclude the possibility that renal or intestinal
clearance of bile acids might be increased in the absence of Bcrp,
given the changes in expression of renal ABC transporters.

In contrast with minor changes in bile acid transporters in the liver
of KO mice (only Mrp2 showed small but significant increases at the
mRNA level, and Ost� mRNA was reduced, whereas small increases
in Mdr1 and Ost� protein expression were noted), and the absence of
changes in expression of Mdr1, Asbt, Ost�, or Ost� in the intestine,
significant differences were found in the expression of renal trans-
porters in the Bcrp-null mice. Mrp4 and Ost� mRNA were reduced in
Bcrp-null mice compared with that in wild-type animals, whereas
protein expression of Mrp3 and 4 was up-regulated. These findings
suggest that Bcrp may have an important role in transport of endog-
enous substrates in the kidney requiring compensatory responses in
other transporters in its absence. It is interesting to speculate that
sulfate conjugates may be one important group because they are
known substrates for Bcrp (Imai et al., 2003; Polgar et al., 2008) as
well as Mrp4 (Zelcer et al., 2003) and Ost�/� (Seward et al., 2003).
Recent studies in Bcrp knockout mice indicate impaired renal excre-
tion of the sulfate metabolite of the drug edaravone (Mizuno et al.,
2004) in support of this hypothesis. Impairment of biliary but not
intestinal excretion of troglitazone sulfate, the major metabolite of the
antidiabetes agent troglitazone, is also impaired in the Bcrp-null
mouse (Enokizono et al., 2007). Glucuronide conjugates are also
likely Bcrp substrates and could account for compensatory increases
in Mrp2 and Mrp3, which are known transporters for these com-
pounds (Krishnamurthy and Schuetz, 2006; Polgar et al., 2008).

After BDL, liver mRNA levels of Mdr1 and Bsep are relatively
increased in Bcrp-null mice compared with those in the WT mice,
whereas changes in transporter protein expression paralleled those in
WT BDL animals although the magnitude of increase in Mrp4 was

less and that in Mdr1 was more than in WT BDL animals. These
findings again suggest that liver Bcrp plays little or no role in the
adaptive response to cholestatic liver injury.

As seen in earlier studies, Ntcp and Oct1, two basolateral trans-
porters for the hepatic uptake of conjugated bile acids and small
organic cations, respectively, are down-regulated after BDL in both
rats and mice (Denk et al., 2004; Mennone et al., 2006). The degree
of decrease in Oct1 expression in the present study was significantly
less in the Bcrp-null liver. This may indicate an increased need for this
transporter in this disease model and thus may imply a shared, as yet
unidentified, substrate(s) with Bcrp.

BDL also produced no differences in expression in Ost� in the liver
of Bcrp KO mice, which was up-regulated at the protein level in both
bile duct-ligated groups as noted previously in WT mice and in
patients with primary biliary cirrhosis (Boyer et al., 2006). Ost� and
Ost� mRNA and protein were also increased in the kidney and
down-regulated in the intestine. These findings are consistent with
farnesoid X receptor-mediated feedback regulation of the expression
of this transporter because of increases in tissue levels of bile acids in
liver and kidney and their absence from the intestine after BDL.

Bcrp is expressed on the apical membrane of the proximal tubule in
the kidney where it is involved with the excretion of a variety of
compounds including glucuronide and glutathione drug conjugates
(Huls et al., 2008; Polgar et al., 2008) similar to Mrp2 and Mrp4.
Thus, it is not surprising to see increases in kidney Mrp2 and Mrp4
protein expression in the Bcrp knockout mice. Several studies have
also documented increases in renal Mrp2 mRNA in mouse (Slitt et al.,
2007) and rat (Lee et al., 2001) after BDL, although not consistently
(Mennone et al., 2006). That the expressions of Mrp2 and Mrp4 were
augmented further after BDL suggests that these renal ABC trans-
porters are responding further to the effects of cholestasis in addition
to the effects of the absence of Bcrp.

In contrast to the lack of significant effects of the loss of liver Bcrp
in the adaptive response to cholestasis in hepatocytes, the abundance
of Bcrp in the terminal portions of the small intestine is significantly
increased after BDL (Fig. 1). One possible explanation is that intes-
tinal Bcrp might play a role in the systemic response to cholestasis and
contribute to the efflux of as yet to be identified substrates.

In summary, in the present study we found no evidence for a
primary protective role for Bcrp in cholestasis produced by BDL in
the mouse. Nevertheless, compensatory changes in renal Mrp2,
Mrp3, and Mrp4 in Bcrp-null mice that are augmented after BDL
suggest that Bcrp is playing an important role in substrate transport
in the kidney both under normal as well as cholestatic conditions.
Further studies will be needed to access the significance of these
findings in the kidney. Likewise, the significance of the up-
regulation of Bcrp in the intestine after BDL, which is in striking
contrast to the down-regulation of this transporter in liver and
kidney, merits further analysis.
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