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Abstract

AIM: To investigate the role of caveolin-3 (CAV3) and
cholecystokinin A receptor (CCKAR) in cholesterol gall-
stone disease (CGD).

METHODS: To establish a mouse model of CGD, male
C57BL/6 mice were fed with a lithogenic diet contain-
ing 1.0% cholic acid, 1.25% cholesterol and 15% fat; a
similar control group was given a normal diet. The fresh
liver weights and liver-to-body weight ratio were com-
pared between the two groups after one month. Serum
lipid profile and bile composition were determined with
an autoanalyzer. The Cav? and Cckar mRNA and CAV3
and CCKAR protein levels in the liver and gallbladder
were determined via real-time polymerase chain reac-
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tion and Western blot, respectively.

RESULTS: Establishment of the mouse CGD model
was verified by the presence of cholesterol gallstones
in mice fed the lithogenic diet. Compared with mice
maintained on a normal diet, those fed the lithogenic
diet had significantly higher mean liver-to-body weight
ratio (0.067 + 0.007 vs 0.039 + 0.007, P < 0.01), se-
rum total cholesterol (4.22 + 0.46 mmol/L vs 2.21 +
0.11 mmol/L, P < 0.001), bile total cholesterol (1.33 +
0.33 mmol/L vs 0.21 £ 0.11 mmol/L, P < 0.001), and
bile phospholipid concentrations (3.55 + 1.40 mmol/L
vs 1.55 £ 0.63 mmol/L, P = 0.04), but lower total bile
acid concentrations (726.48 + 51.83 umol/L vs 839.83
+ 23.74 umol/L, P = 0.007). The lithogenic diet was
also associated with significantly lower CAV3 in the liver
and lower CAV3 and CCKAR in the gallbladder com-
pared with the control mice (all # < 0.05).

CONCLUSION: CAV3 and CCKAR may be involved in
cholesterol gallstone disease.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Cholesterol gallstone disease (CGD) is one of
the most common digestive diseases worldwide, while
the mechanisms of this disease are not fully under-
stood. In this study, we established a mouse model
of CGD and observed that the formation of gallstones
was accompanied by an increase in serum and bile to-
tal cholesterol concentrations, while by a decrease in
total bile acid concentration in bile. The formation of
gallstones was also accompanied by downregulation of
hepatic caveolin-3 (CAV3) expression, and downregula-
tion of CAV3 and cholecystokinin A receptor (CCKAR)
expression in the gallbladder. Our results suggest that
CAV3 and CCKAR may be involved in CGD.
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INTRODUCTION

Cholesterol gallstone disease (CGD) accounts for
80%-90% of the gallstones found at cholecystectomy,
and is the most common digestive disease requiring hos-
pital admission”. Epidemiological studies conducted in
the United States showed that 10%-15% of adults have
CGD, and more than one million people are newly diag-
nosed annually™. The prevalence of CGD has increased
in developing countries possibly due to the western life-
style adoptedlm.

CGD results from bile lipids and bile salts imbalance
in the gallbladderm. The development of CGD is associ-
ated with supersaturation of bile with cholesterol, rapid
precipitation of cholesterol crystals in the gallbladder,
increased bile salt hydrophobicity, and inflammation of
the gallbladder[sl. Of these events, precipitation of excess
cholesterol in the bile is a prerequisite for gallstone for-
mation”. In general, cholesterol is solubilized in mixed
micelles together with bile salts and phospholipids in
bile. However, cholesterol precipitation and subsequent
cholesterol gallstone formation may occur as a result of
cholesterol supersaturation in bile""'",

Multifactorial factors are involved in the mechanism
of CGD"?. Impaired gallbladder emptying, which pro-
vides sufficient time for cholesterol crystal nucleation,
contributes significantly to gallstone formation"”. Caveo-
lins are a family of small integral membrane proteins con-
sisting of caveolin-1, caveolin-2, and caveolin-3 (CAV3) .
Caveolin-1 and caveolin-2 are the major structural pro-
teins of caveolae, and are abundantly coexpressed in en-
dothelial and adipose cells', while CAV3 is mainly found
in muscle cells"’. Caveolins are postulated to be mainly
involved in modulation of cholesterol movement and
storagem’m. A recent 7 vitro study observed that CAV3
was involved in the regulation of gallbladder muscle hy-
pomotility“sj. Knockdown of CAV3, mediated ziz small
interfering RNA, decreased contraction of gallbladder
muscle cells isolated from guinea pigs, and increased
cholecystokinin A receptor (CCKAR) in the caveolae!,
CCKAR is a major physiologic mediator of smooth mus-
cle contraction of the gallbladder. Lack of CCKAR may
deteriorate gallbladder contraction and enhance gallstone
formation'"”, Polymorphism of Crkar gene was associ-
ated with gallstone formation in humans**",

To date, the 7z vivo association between CAV3 and
CGD has not been fully elucidated, and whether CCKAR
is differentially expressed during the process of choles-
terol gallstone formation remains uncertain. In this study,
we established a mouse model of CGD induced by a

Baishidenge ~ WJG | www.wjgnet.com

lithogenic diet, and investigated the association of CAV3
and CCKAR with CGD.

MATERIALS AND METHODS

Animals

Eight-week-old male C57BL/6 mice were purchased
from Shanghai SLAC Laboratory Animals (Shanghali,
China) and maintained in a standard facility. After accli-
matized to laboratory conditions for two weeks, the mice
were randomly divided into two groups (# = 8, each), and
fed for one month ad /ibitum either a standard laboratory
chow diet (control) or a lithogenic diet containing 1.0%
cholic acid, 1.25% cholesterol and 15% fat. All experi-
ments were carried out in accordance with current insti-
tutional guidelines for the care and use of experimental
animals.

Serum and bile analysis

The mice were sacrificed after one month of experimen-
tal feeding. Blood, liver, bile, and gallbladder samples
were harvested. Serum triglyceride, total cholesterol, high-
density lipoprotein cholesterol (HDL-C), and low-density
lipoprotein cholesterol (LDI-C) levels were measured in
a Hitachi autoanalyzer 7600 (Hitachi, Tokyo, Japan). The
bile samples were diluted 6-fold with deionized water, and
bile composition was also analyzed using the Hitachi au-
toanalyzer 7600 in accordance with standard procedures.

Real-time polymerase chain reaction

To evaluate the expression levels of Car3 and Cekar
mRNA in the livers and gallbladders, real-time poly-
merase chain reaction (PCR) was performed using an
ABI 7500 Sequence Detection System (Applied Biosys-
tems, Foster City, CA) with a TaKaRa real-time PCR kit
in accordance with the manufacturer’s instructions. All
primers used in this study (Table 1) were designed with
Primer Premier 5.0 software (Premier, Canada) and syn-
thesized at Invitrogen (Invitrogen Biotechnology, Shang-
hai, China). PCR products were quantified by measuring
the calculated cycle thresholds for individual targets and
[-actin mRNA. The comparative 2**“" method was used
for quantification and statistical analysis, and results were
expressed as fold changes relative to controls.

Western blot

Proteins extracted from mouse livers and gallbladders
were run on 12% SDS-PAGE and transferred onto nitro-
cellulose membranes. The transferred membranes were
incubated for 2 h at room temperature with blocking
buffer TBST (20 mmol/L Tris-HCl, 140 mmol/L NaCl,
0.05% Tween-20, pH 7.5) containing 5% skim milk, and
then incubated overnight at 4 C with anti-CAV3 (1:3000;
BD transduction) and anti-CCKAR (1:500; Santa Cruz)
antibodies. After five 3-min washes in TBST, the mem-
branes were incubated for 1 h at room temperature with
horseradish peroxidase-conjugated secondary antibody
(1:1000, Beijing Zhongshan Biotechnology, Beijing,
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Table 1 Primers used for real-time reverse-transcription polymerase chain reaction

Gene Forward primers Reverse primers

Cav3 5-TGAGGACATTGTGAAGGTAGA-3' 5-TACTTGGAGACGGTGAACG-3'
Cckar 5'-CTTCCTGTTGCCAAGTGA-3' 5-TTAGCCTCTTCTCTTTAGCA-3'
B-actin 5'-GAAGATCAAGATCATTGCTCCT-3' 5'-TGGAAGGTGGACAGTGAG-3'

Table 2 Serum lipid profile and bile composition comparison

Control diet Lithogenic diet P value

Serum lipid profile Triglyceride, mmol/L 0.83 +0.15 0.75 +0.04 0.355
Total cholesterol, mmol/L 2.21+0.11 4.22 +0.46 <0.001

HDL-C, mmol/L 1.35+0.11 1.86 £0.10 <0.001

LDL-C, mmol/L 0.58 £0.12 219 +0.43 <0.001

Bile composition Total cholesterol, mmol/L 0.21 £0.11 1.33£0.33 <0.001
Phospholipids, mmol/L 1.55 +0.63 3.55 +1.40 0.040

Total bile acids, pmol/L 839.83 +23.74 726.48 + 51.83 0.007

HDL-C: High-density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol.

P <0.01
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Figure 1 Liver-to-body weight ratio in mice fed a normal or lithogenic diet.

China). The antigens were detected using an EZ-ECL kit
(Biological Industries, Israel). The intensities of the sepa-
rate bands were analyzed using QuantityOne software
(Bio-Rad), and normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; Cell Signaling Technology).

Statistical analysis

Statistical analyses were performed using SPSS software
version 13.0 (SPSS, Chicago, IL). Data are expressed as
mean  SD and were compared using Student’s 7 test. P <
0.05 (2-sided tests) was considered statistically significant.

RESULTS

Mice fed with lithogenic diet containing 1.0% cholic acid,
1.25% cholesterol and 15% fat for one month developed
gallstones. In addition, the mice fed the lithogenic diet
had significantly higher mean liver weight and liver-to-
body weight ratio compared with the control mice fed a
normal diet (Figure 1). Histological analysis showed sig-
nificant fatty infiltration of the liver in mice fed a litho-
genic diet, while the control mice exhibited normal liver
architecture.
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Mice fed a lithogenic diet had significantly higher
levels of serum total cholesterol, HDL-C, and LDL-C
compared with the control mice (Table 2). Bile total cho-
lesterol and phospholipid concentrations were also sig-
nificantly higher in mice fed a lithogenic diet, while total
bile acid levels in bile were significantly lower (Table 2).

To investigate the associations between CAV3 and
CCKAR and CGD, the mRNA levels of Car3 and Cckar
in the livers and gallbladders were analyzed. Real-time
PCR showed that mRNA levels of Car3 and Cekarin the
gallbladder of mice fed a lithogenic diet were significantly
lower than those of the control mice (Figure 2A). Cav3
mRNA levels in the liver of mice fed a lithogenic diet
was also significantly lower than those of the controls
(Figure 2B). Cekar mRINA was not detected in the liver.

The proteins CAV3 and CCKAR were analyzed in
the livers and gallbladders by Western blot. According
to the mRNA expression results, the protein levels for
CAV3 and CCKAR in the gallbladder of mice fed a litho-
genic diet were significantly lower compared with the
controls (Figure 3). The protein levels of CAV3 in the
liver of mice fed a lithogenic diet were also significantly
lower than in the controls (Figure 4). These results sug-
gested that the development of CGD was accompanied
by downregulation of CAV3 expression in the liver, and
downregulation of CAV3 and CCKAR expression in the
gallbladder, implying that CAV3 and CCKAR may be in-
volved in CGD.

DISCUSSION

In this study, we established a mouse model of CGD and
observed that the formation of gallstones was accom-
panied by increases in serum and bile total cholesterol
concentrations, while total bile acid concentrations in bile
decreased. Lower levels of hepatic CAV3 expression, and
CAV3 and CCKAR in the gallbladder were also found in
the mouse model compared with the control mice.

July 28,2014 | Volume 20 | Issue 28 |



Xu GQ et a/. Caveolin-3, CCK-AR and cholesterol gallstone disease

A 14 . B
P < 0.05 P<005 | [J C.ontrol d.let. 14 - ‘ | P <005

1.2 [ Il Lithogenic diet 12 L
10} . |
% % 1.0 +
< 08 r < 08 -
z z
g 07 g 06
§ 04 § 04 -

0.2 + 02

0.0 0.0 ) . -

Cav3 Cekar Control diet Lithogenic diet

Figure 2 Cav3 and Cckar mRNA in the gallbladder (A) and liver (B) of both control and cholesterol gallstone disease mice.
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Figure 3 Western blotting for caveolin-3 and cholecystokinin A receptor
in the gallbladder of both control and cholesterol gallstone disease mice.
CAV3: Caveolin-3; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

The mechanisms underlying the pathogenesis of
CGD are incompletely understood ™. Epidemiologic
studies imply the involvement of multiple environmental
factors and genetic elements in cholesterol gallstone for-
mation™". The former includes diet as a risk factor for
cholesterol gallstone formation™. In the present study,
mice developed cholesterol gallstones fed for one month
with a lithogenic diet containing 1.0% cholic acid, 1.25%
cholesterol and 15% fat. Significant increases in serum
total cholesterol and LDL-C levels wetre observed in mice
fed the lithogenic diet. This change mimics the alterations
in serum lipid profiles observed in CGD patients”**’.

Hypersecretion of biliary cholesterol and cholesterol
supersaturation of the bile are the most important pre-
requisites for gallstone formation'". Bile acids are the
major components of bile, and are involved in choles-
terol elimination. Decreases in total bile acid levels may
be associated with reduced cholesterol elimination in the
bile and subsequent cholesterol supersaturation. In the
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Figure 4 Western blotting for caveolin-3 in the liver of control and cho-
lesterol gallstone disease mice. CCKAR: Cholecystokinin A receptor; CAV3:
Caveolin-3; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

present study, we observed that bile total cholesterol and
phospholipid levels were significantly higher in the mouse
CGD model, while total bile acid concentrations in bile
were lower than in the control mice.

Decreased gallbladder motility is crucial to the forma-
tion of cholesterol crystals in bile"”. The mechanisms
associated with decreased gallbladder motility remain
unclear. Caveolins are scaffolding proteins that have im-
portant roles in cholesterol homeostasis' ', Besides its
role in cholesterol metabolism, CAV3 was also found to
be involved in regulation of gallbladder muscle hypomo-
tility iz vitrd"”. However, the in vivo association between
CAV3 and CGD is not fully understood. In this study, we
observed that CAV3 expression was lower in the liver and
gallbladder of the mouse model of CGD, compared with

the normal controls.
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CCKAR is a major mediator of smooth muscle con-
traction of the gallbladder. One-third of CCKAR (-/-)
mice spontaneously develop gallstone disease at 12 and
24 mo of age!™. Polymorphism of Cekar gene in patients

is also an independent risk factor for gallstone disease™.

However, whether CCKAR is differentially expressed
during the process of CGD formation remains unclear.
Here, we observed that the expression of CCKAR was
significantly lower in the gallbladder of CGD mice
than in the control group. These observations suggest
the involvement of CAV3 and CCKAR in cholesterol
gallstones. However, the precise mechanism remains to
be determined. Further study is also needed to clarify
whether our findings are relevant to humans, and the
possibility of therapeutic intervention for the disease.

In conclusion, our results showed that both mRNA
and protein of CAV3 and CCKAR were differentially ex-
pressed in the liver and gallbladder of a mouse model of
CGD compared with control mice. Further investigation
may enhance our understanding of the pathogenesis of
CGD, and enable exploration of novel therapeutic targets.

COMMENTS

Background

Cholesterol gallstone disease is common, which can cause a high disease bur-
den. The pathogenesis of cholesterol gallstones remains unclear, and strategies
for prevention and efficient nonsurgical therapies for the disease are lacking.

Research frontiers

The precise pathogenesis of cholesterol gallstones disease has been exten-
sively investigated in recent years.

Innovations and breakthroughs

This study found that the formation of gallstones in mice was accompanied by
increase in serum and bile total cholesterol concentrations, while by decrease in
total bile acid concentration in bile. The formation of gallstones was also accom-
panied by downregulation of hepatic caveolin-3 expression, and downregulation
of caveolin-3 and cholecystokinin A receptor expression in the gallbladder.
Applications

The results showed that both mRNA and caveolin-3 protein and cholecystokinin
A receptor were differentially expressed in the liver and gallbladder of a mouse
model of cholesterol gallstone disease (CGD) compared with control mice. Fur-
ther investigation may enhance our understanding of the pathogenesis of CGD,
and enable exploration of novel therapeutic targets.

Terminology

Caveolins are a family of small integral membrane proteins consisting of caveo-
lin-1, caveolin-2, and caveolin-3. Caveolins are postulated to be mainly involved
in modulation of cholesterol movement and storage. Recently, caveolin-3 was
observed to be involved in the pathogenesis of cholesterol-induced gallbladder
muscle hypomotility. Cholecystokinin A receptor is a major physiologic mediator
of smooth muscle contraction of the gallbladder.
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