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ABSTRACT
Background: Bile acid metabolism is a contributing factor that promotes cholelithiasis. Recent studies have suggested novel roles of 
leptin in the formation of gallbladder stones (GS); however, no evidence confirmed the function of leptin in the formation of primary 
intrahepatic bile duct stones (PIBDS) . In the current study, the liver tissues of patients with GS and PIBDS were collected to check the 
mRNA and protein expression levels of BSEP.
Methods: L02 cells stimulated with leptin were served for the expression of OB-Rb, AMPKα2, and BSEP by quantitative-polymerase 
chain reaction (q-PCR), Western blot, and immunohistochemistry, respectively.
Results: The results showed that the level of serum leptin was higher in the GS group than in the control and PIBDS groups. Compared 
with the control group, the expression levels of OB-Rb, p-AMPKa2, and BSEP decreased significantly in the GS and PIBDS groups. In 
vitro, compared with the control cells, the protein levels of OB-Rb, p-AMPKa2, and BSEP increased in the L02 cells cultured with leptin. 
However, these enhancements disappeared when the cells were co-cultured with leptin plus Compound C.
Conclusion: The present results suggest that cholelithiasis, especially the formation of PIBDS, was connected with leptin, which could 
regulate bile acid metabolism through the OB-Rb/AMPKa2/BSEP signaling pathway.
Keywords: Leptin, bile acid, BSEP, cholelithiasis

INTRODUCTION
Cholelithiasis, which refers to the formation of gallstones 
(GS), primary intrahepatic bile duct stones (PIBDS), and 
extrahepatic bile duct stones (EBDS), is highly preva-
lent. The primary mechanisms of GS formation are biliary 
cholesterol supersaturation and gallbladder hypomotil-
ity.1 GS—mostly cholesterol stones—are related to lipid 
metabolism disorder. Pigment stones used to be the main 
PIBDS, but now mixed or even cholesterol stones are 
gradually increasing. The mechanisms underlying the for-
mation of PIBDS are not clearly understood. Disordered 
bile acid metabolism is a key factor that triggers the pre-
cipitation of cholesterol microcrystals from supersatu-
rated lithogenic bile.2 Hepatic hypersecretion and the 
decreased secretion of bile acid salts may result in a bile 
composition change and therefore trigger the pathogen-
esis of PIBDS.3 But few researches have examined the 
relationship between energy metabolism and PIBDS.

The bile salt export pump (BSEP) is a canalicular-specific 
exporter that is mostly expressed in the cholesterol-rich 

apical membranes of hepatocytes.4 BSEP facilitates the 
secretion of bile salts, lipids, cholesterol, and phosphati-
dylcholine from hepatocytes into bile canaliculi.5,6 BSEP 
dysfunction can induce the prevention of bile acid flow 
into bile canaliculi—a crucial event that leads to choleli-
thiasis.7 BSEP expression is ATP-dependent and can be 
enhanced by hepatocyte-specific AMP-activated protein 
kinase (AMPK), which was identified in a screen, thus pro-
moting bile acid secretion.8 AMPK activation can act as 
a therapeutic agent to treat various metabolic diseases, 
such as vascular calcification and diabetes.9-11 However, 
AMPK activity is altered by numerous physiological fac-
tors, such as hormones, cytokines, and dietary nutrients.12

Leptin, a class I helical cytokine encoded by the obese 
gene (ob), regulates a multitude of physiological pro-
cesses, including appetite, lipid metabolism, growth, 
reproduction, stress, and immune function through its 
interaction with the leptin receptor.13 The long-form 
leptin receptor (OB-Rb) is essential for multiple intracel-
lular signal transduction pathways.14 Growing evidence 
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shows that leptin may play an important role as a glu-
coregulatory hormone in the regulation of bile acid, via 
AMPK activation.15,16 However, the function of leptin has 
been less studied in cholelithiasis.

The present study aimed to investigate the relationship 
between leptin and PIBDS formation in terms of energy 
metabolism.

MATERIALS AND METHODS
The present study was a cross-sectional study conducted 
between February 2013 and December 2017 at the hos-
pital. The hospital’s ethics committee approved the study 
protocol (ky2013027). All the study participants provided 
signed informed consent.

Reagents and Antibodies
Recombinant human leptin (P6969) and β-actin 
(AF0003) were purchased from Beyotime. AMPK inhibi-
tor—Compound C—was purchased from CALBIOCHEM 
(171260). The rabbit polyclonal antibody of the leptin 
receptor was obtained from Abcam (ab5593). The anti-
body of AMPKα2 (CST2757) and Phospho-AMPKα2 
(CST50081) was purchased from Cell Signaling 
Technology. The goat polyclonal antibody to BSEP was 
obtained from Santa Cruz (sc-17292).

Samples
Liver tissues and blood specimens were harvested intra-
operatively from 68 patients with PIBDS and 89 patients 
with GS. Another set of 72 normal liver tissues and blood 
specimens, as the control group, were harvested from 
patients with hepatic hemangioma or traumatic liver rup-
ture. Liver specimens were placed in liquid nitrogen after 
collection and were preserved at −80°C until use.

Inclusion and Exclusion Criteria
The inclusion criteria for the patients were as follows: 
a) without liver cirrhosis, atrophy, or cancer on pre-
operative ultrasound or magnetic resonance imaging 
(MRI) evaluation; b) without current episode of acute 
cholecystitis, cholangitis, or pancreatitis; and c) without 
diabetes or hyperthyroidism. Cases with postoperative 
diagnosis (e.g. cirrhosis, atrophy, or cancer) inconsistent 
with preoperative diagnosis were excluded.

Cell Culture and Treatment
Hepatocytes L02 were provided as a gift from the cen-
tral laboratory of the Affiliated Hospital of Southwest 

Medical University. To find the best stimulatory condi-
tions, L02 cells were incubated with a series of concen-
trations of leptin (10−8 mol/L, 10−7 mol/L, 10−6 mol/L). 
Subsequently, cells were collected at 24 h, 48 h, and 
72 h to detect the protein expression of BSEP by 
Western blot. When the appropriate concentration of 
leptin was determined, L02 cells were incubated with 
PBS, leptin, or leptin plus Compound C for 0 h, 12 h, 
24 h, 48 h, and 72 h (PBS is a phosphate-buffered saline 
solution, which is a solvent to dissolve the leptin and 
Compound C).

Human Serum and Supernatant Analysis
All plasma samples were harvested early morning from 
the participants on an empty stomach, and the sera were 
immediately separated by centrifugation and stored at 
−80°C until use. Supernatants were harvested for each 
time point after the cells were cultured with leptin. The 
leptin levels were measured using a commercial enzyme-
linked immunoassay kit. The plasma leptin level was 
assessed by radioimmunoassay (RIA), using the kit for 
human leptin (XL-85K Multi-Species Leptin RIA, Millipore, 
USA).

The plasma total bile acids (TBA), total bilirubin (TBIL), 
alanine aminotransferase (ALT), and aspartate amino-
transferase (AST) levels were assessed with an automatic 
biochemical analyzer.

L02 Intracellular Proteins and Medium Bile Acid 
Quantification
The L02 cell lysate and medium were separately collected. 
The content of TBA in the supernatant and medium was 
measured by a TBA kit (Nanjing SenBeiJia Biological 
Technology Co, Ltd., Nanjing, China) through an enzyme 
colorimetric method.

RNA Isolation and q-PCR
Total RNA was isolated from cells and tissues using the 
RNA kit (CW0597; cwbiotech, China). Following the pro-
tocols of the PrimeScript™ RT Reagent Kit (RR047A; 
Takara Biotechnology, Japan), the RNA samples were 
reverse transcribed for amplification. The ΔΔCt formula 
was used to count the expression levels of the target 
genes after normalization. The primers of target genes 
were as follows:

OB-Rb 5′ Forward, GCCTTCATAAGCCTACCAATGTAGA;
OB-Rb 5′ Reverse, GGAAACAAGGGACCTTCCCACTA;
AMPKα2 5′ Forward, CAGGAGATGCAGTCCAGCACAA;
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AMPKα2 5′ Reverse, GCCCACATCTACCTATCACATTCAG;
BSEP 5′ Forward, TCGCTTGTCCACCATCCAGAA;
BSEP 5′ Reverse, GGGGATCCAGTGGTGACTAGTT.

Western Blotting
Based on the instructions described in the protein extrac-
tion kits, total protein from 3 groups of hepatocytes 
was extracted and stored in the fridge at −80°C. For 
immunoblotting, proteins were loaded at 50 µg on each 
polyacrylamide gel and electrotransferred to PVDF mem-
branes. 5% skimmed milk powder/TBST buffer was used 
to block the PVDF membranes for 1 h and incubated with 
relevant antibodies specific for leptin, OB-Rb, AMPKa2, 
p-AMPKa2, and BSEP overnight at 4°C. The next day, the 
PVDF membranes were incubated with the correspond-
ing secondary antibody at 37°C for 1 h. Finally, the immu-
noreactive bands were capture by Bio-rad gel imaging 
system, and the gray value of each band was measured 
using Image J software.

Statistical Analysis
All experiments were repeated at least 3 times. Data 
were expressed as x– ± s and analyzed with the Statistical 
Package for the Social Sciences (SPSS) 19.0 (IBM Corp.; 
Armonk, NY, USA). Differences among groups were 
determined by conducting multiple comparison tests, 
and relationship of the different variances of the groups 
with each other was analyzed with Pearson’s product-
moment correlation coefficient. P < .05 or less indicated 
that the difference was statistically significant.

RESULTS
Leptin Associated with Abnormal Liver Function in 
Patients with Cholelithiasis
We collected data on patients with PIBDS, GS, and non-
cholelithiasis for the study. The numbers of females in 
PIBDS and GS groups were more than males. The aver-
age age PIBDS group members was significantly higher 
than that of GS and control groups (Table 1). Serum 
leptin was determined by RIA in each group, and we 
found leptin in the GS group was higher than that in 
the PIBDS group and control group. Subsequently, indi-
cators related to bile acid—including body mass index 
(BMI), AST, ALT, TBA, TBIL, direct bilirubin (DBIL), total 
cholesterol (TC), triglyceride (TG), cholecystokinin 
(CCK), and gamma-glutamyl transpeptidase (GGT)—
were also determined, and there were certain differ-
ences between the groups. BMI and leptin of the GS 
group were significantly higher than those of the control 

group and the PIBDS group. Neither TC nor TG expres-
sion shows no significant difference among those three 
groups. CCK and GGT in the PIBDS group decreased 
compared with those in the control group and the GS 
group, respectively. When comparing AST, ALT, TBA, 
TBIL, and DBIL, which are associated with liver func-
tion, results showed that these indexes in the PIBDS 
group were significantly higher than those in the control 
group and the GS group. Analysis with Pearson’s prod-
uct-moment correlation coefficient revealed that leptin 
positively correlated with BMI and CCK, and negatively 
with TBA in the GS group; there was a positive corre-
lation between leptin and TBA, ALT, AST, TBIL, DBIL, 
in the PIBDS group (Table 2). It indicated leptin is sig-
nificantly correlated with the liver function of patients 
with both forms of cholelithiasis, leptin disfunction may 
contribute to cholelithiasis. 

Table 1.  Values Measured in the Control, GS, and PIBDS Groups

Parameter Control GS PIBDS F P

Cases 72 89 68

Male/Female 35/37 39/50 27/41* –Δ .56

Age (years) 46.46 ± 
8.58

51.6 ± 
14.92

55.9 ± 
13.01*

2.40 .36

BMI (kg/m2) 22.75 ± 
3.69

23.12 ± 
3.51*

20.12 ± 
2.36#

10.43 .04

Leptin (μg/L) 5.15 ± 
0.33

8.78 ± 
0.38*

4.78 ± 
0.33#

41.28 .01

ALT (U/L) 21.48 ± 
1.05

28.88 ± 
1.07

43.01 ± 
4.93*#

5.05 .00

AST (U/L) 19.32 ± 
1.04

29.81 ± 
1.24

50.21 ± 
5.99*#

6.33 .00

TBA (μmol/L) 3.90 ± 
0.23

5.00 ± 
0.34

10.37 ± 
1.75*#

2.62 .09

TBIL 
(μmol/L)

12.54 ± 
0.57

13.76 ± 
0.73

22.36 ± 
2.35*#

3.13 .00

DBIL 
(μmol/L)

3.81 ± 
0.21

5.03 ± 
0.35

11.53 ± 
1.79*#

3.42 .00

TC (mmol/L) 4.35 ± 
0.84

4.74 ± 1.12 4.5 ± 1.73 0.48 .73

TG (mmol/L) 1.51 ± 1.2 1.96 ± 1.84 1.37 ± 0.88 1.34 .89

CCK (pg/mL) 4.06 ± 
1.77

4.76 ± 
2.35

3.45 ± 
1.78#

2.06 .04

GGT (U/L) 17.32 ± 
13.58

137.41 ± 
173.69

205 ± 
192.37*

5.28 .00

*P < .05 vs. control group; #P < .05 vs. GS group; ΔChi-square test used, 
χ2 = 1.13.
BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate amino-
transferase; TBIL, total bilirubin; DBIL, direct reacting bilirubin; TC, total cho-
lesterol; TG, triglycerides; CCK, cholecystokinin; GGT, gamma-glutamyl 
transpeptidase.
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Insufficiency of Leptin Associated with the Decline 
of BSEP
Leptin is an important regulator of energy metabolism. It 
was lower in the PIBDS group than in the control and GS 
groups (Table 1). Thus, we aimed to verify whether leptin 
was connected to engendering cholelithiasis. Neither TC 
nor TG expression shows no significant difference among 
those three groups.

To further confirm the effect of leptin on cholelithiasis, 
qRT-PCR and Western blot were used to determine the 
mRNA and protein expression of OB-Rb, p-AMPKα2/
AMPKα2 among three groups. The mRNA and protein lev-
els of BSEP were lower in the GS and PIBDS groups than 
those in the control group (Figure 1A and B). Specifically, 
the mRNA level of BSEP in the PIBDS group showed a 
dramatic decline compared with that in the control group 
(Figure 1A).

We assume that leptin can regulate the expression 
of BSEP through OB-Rb, p-AMPKa2/AMPKa2 signal-
ing pathway. To test this hypothesis, mRNA and pro-
tein expression levels of OB-Rb, p-AMPKa2/AMPKa2 in 
the liver of the 3 groups of patients were determined. 
As expected, the mRNA and protein expression lev-
els of OB-Rb, p-AMPKa2/AMPKa2 also declined in the 
GS and PIBDS groups (Figure 2A and B), indicating that 
OB-Rb, p-AMPKa2/AMPKa2 expression was correlated 
with BSEP expression. In summary, inhibition of leptin 

function resulted in decreased p-AMPKa2/AMPKa2 and 
BSEP in the livers of the GS and PIS patients.

The Expression of BSEP in L02 Cells Promoted by 
Leptin
To verify that leptin regulates hepatic bile acid metabo-
lism through OB-Rb/p-AMPKa2/AMPKa2/BSEP signaling 
pathways, hepatocytes L02 were stimulated with leptin to 
observe the changes of these proteins. To determine the 
best concentration of leptin for the expression of BSEP in 
L02 cells, cells were co-cultured with different concen-
trations of leptin (10−8 mol/L, 10−7 mol/L, 10−6 mol/L) for 
24 h, 48 h, and 72 h, respectively. Then, the cells were col-
lected at each time point to detect BSEP expression by 
Western blot. Finally, we determined that a leptin concen-
tration of 10−6 mol/L was appropriate to promote BSEP 
protein expression (Figure 2A). Afterward, the L02 cells 
were cultured with 10−6 mol/L leptin for 0 h, 24 h, 48 h, 
and 72 h and were harvested to detect the protein lev-
els of OB-Rb, AMPKa2, p-AMPKa2, and BSEP. We found 
that the levels of these proteins increased gradually in a 
time-dependent manner and that most reached maxi-
mum values at 72 h, except for BSEP, which reached its 
maximum at 48 h (Figure 2B). Meanwhile, supernatants 
were collected to measure the TBA concentration at each 
time point. The TBA began to increase after leptin stimu-
lation and reached a maximum at 72 h (Figure 2C). These 
results suggest that leptin promotes bile acid secretion in 
hepatocytes.

AMPKa2: A Key Protein in the Regulation of Leptin-
Stimulated BSEP Expression
To assess whether the role of AMPKa2 was sufficient to 
trigger BSEP in L02 cells, Compound C, an inhibitor of 
AMPKa2, was added to the L02 co-culture. No change 
in BSEP expression was evident in the culture with PBS 
(Figure 3A). However, the promoting effect of leptin 
toward BSEP expression was significantly shut down when 
L02 cells were co-cultured with leptin and Compound C 
(Figure 3A). Moreover, BSEP expression in the leptin+ 
Compound C group also increased slightly at the early 
time point but began to decrease thereafter, especially at 
72 h (Figure 3A). At the same time, the TBA content in the 
supernatant was detected, and it was found that the con-
tent of TBA in the leptin+ Compound C group was signifi-
cantly lower than that in the leptin group (Figure 3B). By 
adding Compound C, it was confirmed that leptin indeed 
regulated bile acid excretion through the AMPKa2/BSEP 
signaling pathway.

Table 2.  Relationship Between Leptin and Other Components 
Measured in the GS and PIBDS Groups

Variables

Leptin (GS) Leptin (PIBDS)

γ P γ P

BMI 0.299 .02 0.275 .09

TBA −0.053 .03 0.302 .04

ALT 0.131 .14 0.413 .02

AST 0.014 .21 0.299 .01

TBIL −0.104 .47 0.358 .03

DBIL −0.101 .32 0.355 .03

TC 0.128 .03 0.002 .15

TG 0.087 .06 0.445 .08

CCK 0.253 .04 0.053 .25

GGT 0.036 .08 −0.015 .13
The relationship between leptin and components measured in the GS group 
and PIBDS group was analyzed by Pearson’s product-moment correlation 
coefficient.
γ, Pearson correlation; P, significance.
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DISCUSSION
Bile acids are synthesized in the liver and constitute the 
most important component of bile. Impaired bile acid 
flow leads to bile disproportionality that is character-
ized by the separating out of cholesterol and by cho-
lestasis.17 The sedimentation of cholesterol or calcium 
bilirubinate, introduced by various causes of bile compo-
sitional change, is the main factor involved in cholelithia-
sis.18 Although the causes of cholelithiasis, especially of 
GS, have been extensively studied, whether bile acid dys-
function initiates PIBDS remains unknown.

Leptin and its long form receptor, OB-Rb, are related to 
the generation and development of multiple metabolic 
diseases, especially obesity and diabetes, and also car-
diovascular disease.19,20 On measuring the serum leptin 
concentrations of the cholelithiasis patients, the leptin 

concentration was found to be significantly high in the 
GS group, but not in the PIBDS group, compared with the 
control group. The high expression of leptin was related to 
the occurrence of GS; however, whether the low expres-
sion of leptin was related to the occurrence of PIBDS is 
unknown. There was a negative correlation between leptin 
and TBA, ALT, AST, TBIL, and DBIL in the PIBDS group, but 
not in the GS group. These results suggested that though 
both caused by Leptin dysfunction, the pathogenesis of 
GS and PIS are different. 

OB-Rb in the liver was observed to have dropped in the 
GS group and PIBDS group. In the absence of OB-Rb, 
no matter how much leptin was expressed, effective 
biological function of leptin could not be analyzed. It 
is mentionable that elevated circulating leptin levels 
and hypothalamic leptin resistance are associated with 

Figure 1.  The mRNA and protein expression of OB-Rb, AMPKa2, p-AMPKa2, and BSEP in the 3 groups of patients. (A) The mRNA of OB-Rb, 
AMPKa2, and BSEP in CT group (n = 72) was higher than that in the other groups (GS, n = 89; PIBDS, n = 68). (B) The protein expression of 

OB-Rb, p-AMPKa2/AMPKa2, and BSEP in CT group was higher than that in the other groups. *P < .05.
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obesity.21 Leptin signaling is blocked by chronic over-
stimulation of the leptin receptor or hypothalamic pro-
inflammatory responses, which, due to elevated levels 
of saturated fatty acids, can lead to leptin resistance 
by activating negative feedback pathways.22 These can 
explain that the mismatch between high leptin and the 
low amount of OB-Rb expression in the GS patients 
resembled the dynamic for leptin resistance in obesity. 
Regardless of the leptin level, the biological function of 
leptin cannot be fully understood due to the low expres-
sion of OB-Rb. As a deficiency of leptin induces both 

adiposity- and obesity-related tissue damage,23 leptin 
may participate in bile acid secretion. Thus, we hypoth-
esized that leptin could affect BSEP—a key factor in 
the secretion of bile salts—to regulate the progress of 
cholelithiasis through interactions with OB-Rb. In our 
study, BSEP expression was found to be significantly 
decreased, while serum bile acids increased in the PIBDS 
group compared with the control group. BSEP expression 
and the supernatant bile acid concentration significantly 
increased in L02 cells by leptin stimulation. Therefore, we 
identified a connection between leptin and BSEP, and 

Figure 2.  Leptin promotes the production of TBA in L02 cells. (A) The best concentration of leptin was chosen to promote BSEP 
protein expression in L02 cells. (B and C) Leptin promoted the secretion of TBA by L02 cells through the OB-Rb/AMPKa2/BSEP signaling 

pathway. *P < .05.
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this connection may provide a new explanation of how 
leptin affects bile acid.

The exact molecular mechanism underlying the leptin 
regulation of BSEP in the liver is not clear.24 Because 
BSEP belongs to the ABC (ATP-binding cassette trans-
porters) super-gene family, whose transporting functions 
are completely dependent on ATP, we speculated that 
leptin regulated BSEP through an ATP-related protein. 
Porat-Shliom N has found that the loss of LKB1 or AMPK 

impairs apical BSEP trafficking and bile canalicular forma-
tion, resulting in cholestasis.25

The hepatic AMPK-SRC-2 axis regulates bile acid secre-
tion into the gut, and the insufficient bile secretion 
caused by this axis can be completely rescued by replen-
ishing intestinal BA or by genetically restoring the levels 
of BSEP.8 On measuring AMPK expression in the patients 
with cholelithiasis, we discovered that the levels had 
declined in both the GS and PIBDS groups compared to 

Figure 3.  Compound C inhibits the leptin-mediated effect on BSEP. (A) BSEP expression in L02 cells cultured with leptin significantly 
increased at 48 h and 72 h, but not in cells cultured with leptin+ Compound C. (B). The content of TBA in L02 cells cultured with leptin 

was significantly increased. *P < .05.
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those in the control group. To examine more precisely the 
role of AMPKa2 in leptin-regulated BSEP expression, we 
treated cells with Compound C, an inhibitor of AMPKa2, 
to confirm whether AMPKa2 played an important role 
in BSEP expression when L02 cells were stimulated 
with leptin. The enhanced effect of leptin on BSEP was 
blocked by Compound C. Thus, we have directly demon-
strated that AMPKa2 is a key player in the leptin regula-
tion of BSEP expression.

The present study reveals that leptin can regulate bile 
acid metabolism through the OB-Rb/AMPKa2/BSEP axis. 
Abnormal leptin expression, including elevation or reduc-
tion, can lead to cholelithiasis. These findings are relevant 
to the pathogenesis of cholelithiasis, especially with regard 
to PIBDS, which inhibits the leptin pathway in the liver.
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