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Abstract: We induced gallstones in C57L mice fed with a high cholesterol diet and examined the expression of
bile salt export pump (BSEP) on the canalicular membrane of hepatocytes and its relation with PKCo and HAX-1.
Twenty-four gallstone-prone C57L mice were randomly assigned to receive a high cholesterol diet or a regular diet.
Gallstone formation was recorded. BSEP, PKCa and phospho-PKCa expression was examined by immunoblotting as-
says. Co-expression of BSEP and HAX-1 was studied by immunofluorescent microscopy and immunoprecipitations.
Gallstones were formed in all 12 mice fed with the high cholesterol diet. In Gallstone group, BSEP levels on the cana-
licular membrane of hepatocytes were markedly lower while a significant increase was observed in phosphorylated
PKCa. Immunofluorescent microscopy showed that BSEP and HAX-1 were co-localized on the canalicular mem-
brane, which was apparently enhanced by feeding with the high cholesterol diet. The immunoprecipitation assays
further demonstrated that BSEP and HAX-1 showed enhanced interaction in the hepatocytes of mice fed with the
high cholesterol diet. Cholesterol gallstone formation is associated with downregulation of BSEP expression on the
canalicular membrane of hepatocytes with increased phosphorylation of PKCa. BSEP and HAX-1 show enhanced
interaction with one another on the canalicular membrane during gallstone formation.

Keywords: Gallstone, cholesterol, canaliculi, BSEP, HAX-1

Introduction

Gallstone formation is a complicated process
and still remains incompletely elucidated.
Substantial evidence indicates that cholesterol
oversaturation due to reduced bile acid secre-
tion by the liver is the primary cause of gall-
stones [1]. Transport of bile salt across bile
canaliculi is an important driving force for bile
secretion by the liver. The bile salt export pump
(BSEP, ABCB11) on the canalicular membrane
of hepatocytes is responsible for and a limiting
step in bile acid secretion. BSEP belongs to the
ATP binding cassette (ABC) superfamily and is
implicated in cholesterol gallstone formation
and BSEP is the most likely candidate of the
gallstone Lithl gene [2]. However, the role of
BSEP in cholelithogenesis remains controver-
sial [3]. A study on BSEP transgenic mice
showed that though BSEP overexpression incr-
eased biliary bile salt secretion, it did not affect

cholelithogenesis in mice [4]. A study on gall-
stone-prone C57L mice revealed impaired
transport function by BSEP and marked reduc-
tion in bile salt secretion in C57L mice fed with
high cholesterol diet [5].

Bile secretion depends on the delivery and rem-
oval of transporter proteins to and from the
canalicular membrane. Kubitz et al. showed
that trafficking of BSEP to the canalicular mem-
brane depended on the basal activity of such
Kinases as protein kinase C (PKC) in polarized
hepatocytes in vitro [6]. Pérez et al. found that
PKC was involved in internalizing BSEP during
low levels of oxidative stress, resulting in red-
uced bile salt secretion [7]. HAX-1 is a 34-kDa
polypeptide that interacts with a heteroge-
neous group of proteins. Ortiz et al. found that
HAX-1 was also involved in BSEP internalization
from the apical membrane in vitro [8]. However,
there is no study on the relation between BSEP
and PKC and HAX-1 in vivo.
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Table 1. Serum and bile contents of cholesterol, triglycerides, HDL, LDL and bile acids in C57/L mice
fed with high cholesterol or regular diet, bile acids (umol/L)

Grou Serum Bile

P Cholesterol Triglyceride HDL LDL Total bile acids Cholesterol Total bile acids
Gallstone 4.19+1.02 0.21+0.23 2.12+0.27 2.67+1.28 53.24 +21.08 6.87 48288.0
Control 2.01+0.15 0.38+0.20 1.75+0.16 0.30+0.07 6.61+2.86 2.43 61411.2
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Figure 1. A. Gallbladder with no stone formation. B. Gallbladder with stone formation. C. Infrared spectroscopy of

cholesterol gallstones.

In the current study, we induced gallstones in
C57L mice fed with a high cholesterol diet and
examined the expression of BSEP on the cana-
licular membrane of hepatocytes and its rela-
tion with PKCa and HAX-1.

Materials and methods
Animals

Twenty-four 8-week old male healthy C57L mice
(Animal Experimental Center, Shengjing Hosp-
ital, China Medical University) and housed in
environmentally controlled conditions (22°C, a
12 h light/dark cycle with the light cycle from
6:00 to 18:00 and the dark cycle from 18:00 to
6:00) with ad libitum access to standard labo-
ratory chow and water. The mice were random-
ized into the gallstone group and control group
with 12 mice per group. Mice in the gallstone
group were fed with a high cholesterol die con-
taining 2% cholesterol, 0.5% cholic acid and
15% fat for 8 weeks. The control mice were fed
with a regular diet. Then, mice anesthetized
intraperitoneally with 10% chloral hydrate and
after a mid-abdomen incision was made, gall-
stones were recorded and biles were collected.
Blood was collected via the inferior vena cava
and after centrifugation at 5000 rpm for 10
min the supernatant was stored for subsequent
biochemical assays. Liver specimens were
snap-frozen at -80°C for further assays. The
study protocol was approved by the Institution
Review Board of Shengjing Hospital, China
Medical University and all the animal experi-
ments were performed according to the guide-
lines of the Animal Care and Use Committee of
the US National Institute of Health (NIH) for
experimental use of laboratory animals.

Biochemical assays

Serum total cholesterol, total bile acids, triglyc-
erides, HDL and LDL contents, and bile total
cholesterol and total bile acids were examined
by automatic biochemical analyzer Unieel-
DxC800 (Beckman Coulter, US).

Western blotting assays

Membrane proteins were extracted from 200 g
liver tissues. Immunoblotting assays were per-
formed as previously depicted [9] and the fol-
lowing antibodies were used for the procedure:
anti-BSEP (sc-17294, Santa Cruz Biotechnology,
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Santa Cruz, CA) antibody, anti-PKCa (sc-8393,
Santa Cruz Biotechnology) antibody, anti-
phospho-PKCa (Thr638/641, 9375P, Cell Sign-
aling Technology, Danvers, MA) antibody. Pro-
tein expression was normalized against B-actin.
Protein bands were visualized by chemilumi-
nescence (ChemiScope2850, CLINX Sci-ence
Instruments) and densitometry was done using
the Gel-Pro-Analyzer 3.1 software.

Immunofluorescent microscopy

Immunostaining of liver tissue sections was
conventionally performed and antibodies aga-
inst the following molecules were used: anti-
BSEP antibody (sc-17294, Santa Cruz Biot-
echnology) and anti-HAX-1 antibody (610824,
BD Biosciences) at 4°C overnight. DAPI was
used to stain nuclei. The following secondary
antibodies were used: FITC-conjugated donkey
anti-goat secondary antibody, and Cy3-conj-
ugated goat anti-mouse secondary antibody.
The slides were photographed using a Zeiss
510 laser confocal microscope (Zeiss Fluor-
escent Microsystems, Gottingen, Germany) at
600x.

Immunoprecipitations

To test interaction between BSEP and HAX-1,
we incubated proteins of indicated cells with
anti-BSEP (sc-17294, Santa Cruz Biotechnology)
or anti HAX-1 antibodies (610824, BD Biosc-
iences) and protein A/G-agarose beads (Pierce,
Rockfrod, IL) at 4°C with constant rotation for
overnight and then were analyzed by blotting
with anti-BSEP or anti-HAX-1 antibodies. Whole
cell lysates were used as controls.

Statistical analysis

Data were expressed as X * s.d. and analyzed
using SPSS version 19.0 (SPSS Inc, Chicago,
IL). Student’s t test was used for independent
samples and P<0.05 was considered statisti-
cally significant.

Results

Serum and bile cholesterol contents are
elevated in mice fed with high cholesterol diet
with formation of gallstones

The serum cholesterol content was 4.19+1.02
mmol/L in the gallstone group, which was mark-
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Figure 2. BSEP downregulation on the canalicular membrane of hepa-
tocytes is associated with increased phosphorylation of PKCa. A. Im-
munoblotting of BSEP in hepatocytes. B. Immunoblotting of PKCa and
phospho-PKCa in hepatocytes. C. Densitometric analysis of BSEP, PKCa

and phospho-PKCa in hepatocytes. *P<0.01 vs. Control.

edly higher than that of the control group
(2.01+0.15 mmol/L; t=7.36, P<0.01) (Ta-
ble 1). The total serum bile acid content was
53.24+21.08 umol/L for the gallstone group
(vs. the control group, 6.61+2.86 umol/L;
t=7.26, P<0.01). The serum triglyceride content
was 0.21+0.23 mmol/L for the gallstone group,
which was not markedly higher than that of the
control group (0.38+0.20 mmol/L; t=1.808,
P>0.05). The serum HDL content in the gall-
stone group (2.12+0.27 mmol/L) was signifi-
cantly higher than that of the control group
(1.75+£0.16 mmol/L; t=3.806, P<0.05) and the
serum LDL content (2.67+1.28 mmol/L) was
also noticeably higher than that of the control
group (0.30+£0.07 mmol/L; t=5.852, P<0.01).
The bile cholesterol content in the gallstone
group (6.87 mmol/L) was markedly higher than
that of the control group (2.43 mmol/L) while
the bile total bile acid content (48288.0 umol/L)
was significantly lower than that of the control
group (61411.2 pmol/L). Gallstones were
formed in all 12 mice fed with the high choles-
terol diet (Figure 1A, 1B). Infrared spectrosco-
py of the gallstones revealed cholesterol peaks
at 1054 cm-1, 1383 cm-1 and 2933 cm-1 and
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no pigment peaks (Figure 1C),
indicating that the gallstones
BSEP were predominantly cholesterol.

BSEP downregulation on the
canalicular membrane of
hepatocytes is associated with
increased phosphorylation of
PKCx

B-actin
PKC

p-PKC

We examined the expression of
BSEP on the canalicular mem-
brane of hepatocytes by Western
blotting assays. We found that
BSEP expression levels on the
canalicular membrane of hepa-
tocytes of mice fed with the high
cholesterol diet (0.67+0.04)
were markedly lower than those
of the control group (0.99+£0.12;
t=14.302, P<0.01) (Figure 2A,
2C). We further investigated
whether BSEP downregulation
was associated with changes in
PKCa expression. Western blot-
ting assays revealed no appar-
ent difference in the levels of
PKCa on the canalicular mem-
brane of hepatocytes of mice fed with the high
cholesterol diet (1.04+0.04) from that of the
control group mice (1.03+0.03; t=0.525,
P>0.05) (Figure 2B, 2C). However, we observed
a significant increase in the phosphorylation
level of PKCa on the canalicular membrane of
hepatocytes of mice fed with the high choles-
terol diet (1.49+0.14) compared with that of
the control mice (0.95+0.05; t=6.136, P<0.01)
(Figure 2B, 2C).

B-actin

BSEP interacts with HAX-1 on the canalicular
membrane of hepatocytes

Our immunofluorescent microscopy showed
that BSEP and HAX-1 were co-localized on the
canalicular membrane of hepatocytes of mice
fed with a regular diet (Figure 3A). The co-
expression of BSEP and HAX-1 was apparently
increased on the canalicular membrane of
hepatocytes of mice fed with the high choles-
terol diet (Figure 3B). The finding prompted us
to examine whether BSEP and HAX-1 interacted
in the hepatocytes. Our immunoprecipitation
assays demonstrated that BSEP and HAX-1
interacted at low levels in the hepatocytes of
mice fed with a regular diet (Figure 3C). This
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Figure 3. BSEP interacts with HAX-1 on the canalicular membrane
of hepatocytes. Immunofluorescent microscopy of BSEP and HAX-
1 on the canalicular membrane of hepatocytes. Inset of the circle
area is shown on the right. Blue arrow indicates co-expressed
BSEP and HAX-1. A. The control mice. B. The mice fed with the
high cholesterol diet. C. Immunoprecipitation of BSEP and HAX-1

in hepatocytes.

interaction was significantly increased in the
hepatocytes of mice fed with the high choles-
terol diet.

Discussion

Cholesterol cholelithiasis is a prevalent diges-
tive disease, exerting a considerable financial
and social toll worldwide. However, the mecha-
nisms of gallstone formation including choles-
terol cholelithiasis still remain poorly defined.
Bile formation depends mainly on the sequen-
tial action of several membrane lipid transport
proteins that are located on the canalicular
membrane of hepatocytes and BSEP is a limit-
ing step in bile acid secretion and is explicitly
implicated in cholesterol gallstone formation.
Our study demonstrated markedly increased
serum and bile cholesterol content in mice fed
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BSEP

HAX-1

with the high cholesterol diet with for-
mation of cholesterol gall stones.
Furthermore, BSEP expression was
downregulated on the canalicular mem-
brane of hepatocytes of mice fed with
the high cholesterol diet. This finding is
consistent with the finding by a previous
study which showed that a high choles-
terol diet for gallstone-prone C57L mice
impaired transport function by BSEP
reduced bile salt secretion [5].

The regulatory mechanisms of BSEP
during cholesterol gallstone formation
are incompletely understood. Schwartz
et al. found that mice with hypercholes-
terolemia fed with a high cholesterol
diet exhibited increased expression of
PKCa in epithelial cells [10] and believed
that PKCa overexpression in hypercho-
lesterolemia was a major cause of epi-
thelial dysfunction [11]. Kubitz et al.
showed that trafficking of BSEP to the
canalicular membrane depended on
PKC in polarized hepatocytes in vitro
[6]. It remains unclear whether BSEP
downregulation on the canalicular mem-
brane of hepatocytes of mice fed with
the high cholesterol diet was associat-
ed with PKCo overexpression. After
modification, BSEP is stored in the
BSEP circulating pool [12], and
expressed on the canalicular mem-
brane of hepatocytes under the regula-
tion of multiple factors [12].

We found no apparent difference in PKCa
expression on the canalicular membrane of
hepatocytes of mice fed with the high choles-
terol diet or regular diet. By contrast, we found
markedly increased phosphorylation of PKCa
expression on the canalicular membrane of
hepatocytes of mice fed with the high choles-
terol diet, suggesting that the high cholesterol
diet induced activation of PKCa. The PKCa acti-
vator, thymeleatoxin, induces bile stasis in rats
[43]. In @ mouse model with estradiol 173-D-
glucuronide-induced bile stasis, BSEP expres-
sion was downregulated on the canalicular
membrane of hepatocytes and taurocholic acid
secretion was markedly reduced with concur-
rent translocation of PKCa to the canalicular
membrane [14]. It has also been shown that
bile stasis induced by multiple drugs is associ-
ated with impaired secretory function of hepa-
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tocytes, which is related to activation PKCa
[15]. A study found that BSEP was localized in
domains enriched in caveolin-1 on the canalicu-
lar membrane of hepatocytes [16] and PKCa
was shown to be localized in the same region
[17], suggesting that and BSEP might interact
with one another within the region. Our immu-
nofluorescent microscopy also showed that
BSEP and PKCa within the same region, which
was further enhanced by high cholesterol diet.
These findings together suggest that BSEP and
PKCa are closely associated during cholesterol
cholelithiasis.

In MDCK I cells, BSEP was found to partner
with Hax-1 upon serine phosphorylation [8], ini-
tiating clathrin-dependent endocytosis. Here,
we present the first direct evidence by imm-
unofluorescent microscopy and co-immunopre-
cipitations that BSEP and HAX-1 were co-
expressed on the canalicular membrane of
hepatocytes and interacted with one another in
the hepatocytes, which were further enhanced
by feeding with the high cholesterol diet. These
findings together lead us to speculate that acti-
vated PKCa might act on BSEP and with serine
phosphorylation of BSEP lead to the interaction
of BSEP and HAX-1, thus initiating clathrin-
dependent endocytosis and translocation of
BSEP from the canalicular membrane to the
BSEP circulating pool.

In conclusion, we demonstrate that cholesterol
gallstone formation is associated with down-
regulation of BSEP expression on the canalicu-
lar membrane of hepatocytes with increased
phosphorylation of PKCa. BSEP and HAX-1 sh-
ow enhanced interaction with one another on
the canalicular membrane during gallstone for-
mation. Our findings reveal that an interacting
network of membrane lipid transport proteins
and kinases located on the canalicular mem-
brane of hepatocytes is involved in gallstone
formation. Additional studies are required to
further delineate their interactions and the und-
erlying mechanisms.
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