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LRG ameliorates steatohepatitis by activating
the AMPK/mTOR/SREBP1 signaling pathway
in C57BL/6J mice fed a high-fat diet
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Abstract. The pathogenesis of nonalcoholic fatty liver disease
non-alcoholic steatohepatitis (NASH) has not been fully
elucidated, and there are currently no effective treatments for
NASH. The aim of the present study was to explore the thera-
peutic effects of the glucagon-like peptide-1 (GLP-1) receptor
agonist liraglutide (LRG) on NASH and the underlying
mechanisms. C57BL6J mice were fed a high-fat diet (HFD)
for 8 weeks to induce hepatic steatosis, and then LRG was
injected subcutaneously for 4 weeks. The expression of sterol
regulatory element-binding protein 1 (SREBP1) and adenosine
monophosphate-activated protein kinase (AMPK) as well
as the phosphorylation of mechanistic target of rapamycin
(mTOR) and p70 ribosomal S6 kinase (p70S6K) were deter-
mined by western blot analysis. The intracellular distribution
of SREBP1 was assessed by immunofluorescence staining. The
results revealed that LRG treatment ameliorated HFD-induced
hepatic lipid accumulation and inhibited body weight gain. In
addition, LRG treatment significantly suppressed the expres-
sion of hepatic SREBPI1 as well as the phosphorylation of
mTOR and p70S6K; it also increased the phosphorylation of
AMPK and acetyl coenzyme A carboxylase. Furthermore,
LRG treatment inhibited the hepatic nuclear translocation of
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SREBPI. It was suggested that the GLP-1 receptor agonist
LRG may have ameliorated hepatic steatosis by activating
the AMPK/mTOR/SREBP1 signaling pathway as opposed to
inhibiting body weight gain.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most wide-
spread liver disease worldwide, and its incidence continues to
rise (1,2). It describes a number of livers diseases including
simple steatosis or NAFL with low inflammation, and can
progresses to non-alcoholic steatohepatitis (NASH). NASH is
the most severe form of NAFLD and is characterized by the
presence of an abnormal accumulation of fat in the liver which
can progress to liver cell injury (hepatocellular ballooning) and
inflammation (3). NASH results from aberrant hepatic lipid
accumulation, which is strongly associated with high-fat diet
(HFD)-induced metabolic abnormality. A continuous intake of
HFD contributes to the progression of NAFLD (4,5). However,
the exact molecular mechanisms underlying NASH remain
largely unknown, and currently there are no effective thera-
peutic strategies for NASH apart from caloric restriction (CR)
and regular exercise (6,7). Therefore, further understanding of
the pathology of NASH is critical in order to develop effective
management strategies for NAFLD.

Sterol regulatory element-binding protein-1 (SREBP1)
mediates the expression of lipogenesis-associated triglyceride
synthesis and accumulation (8,9). SREBPI can cause exces-
sive triglyceride accumulation in the liver, thereby leading to
NAFLD development (10). Mechanistic target of rapamycin
(mTOR) is amember of the phosphatidylinositide3-kinase-asso-
ciated family of kinases and forms two distinct complexes:
mTORCI and mTORC?2 (11). mTORCI signaling stimulates
cell growth via multiple mechanisms, including promoting
lipid biosynthesis (12,13). In addition, mTORCI1 enhances
de novo lipogenesis by enhancing the nuclear localization
and activity of SREBP1 (14-16). Therefore, agents targeting
mTORCI have therapeutic potential for NASH.

Glucagon-like peptide-1 (GLP-1), an incretin hormone,
as well as glucose-dependent insulinotropic polypeptide, are
responsible for mediating glucose-mediated insulin production
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in pancreatic B-cells (17-19). GLP-1 and its analogues also
perform pleiotropic functions in extra-pancreatic organs in
mammals, including hepatic lipid deposition alleviation,
weight loss and appetite inhibition (20,21). GLP-1 may regu-
late the expression of genes associated with lipid metabolism
in liver cells, thereby preventing the development and progres-
sion of NAFLD (22). Therefore, the GLP-1 receptor agonist
liraglutide, may have potential for improving NASH outcomes
as a novel therapeutic agent by activating the adenosine mono-
phosphate-activated protein kinase (AMPK)/mTOR/SREBP1
signaling pathway.

Materials and methods

Animals. A total of 32 male C57/BL6J mice (18-20 g), 8 weeks
of age, were supplied by the Laboratory Animal Center, West
China Hospital, Sichuan West China School of Medicine
(Chengdu, China). The mice were housed individually in
cages at 20-25°C with a constant humidity (55+5%) with a
12-h light/dark cycle. All animal experiments were approved
by the Ethics Committee of Sichuan University (Sichuan,
China) and were performed in accordance with guidelines of
the Institutional Animal Ethics Committee and international
guidelines (23,24).

Animal groups and treatments. CSTBL/6J mice were randomly
divided into 4 groups (n=8/group) as follows: Standard-fat
diet: 1) Control (8 kcal % fat, 42 kcal % protein and 50 kcal %
carbohydrate); the HFD-fat diet groups: ii) the ad libitum group
[61 kcal % fat, 15 kcal % protein, and 25 kcal % carbohydrate,
0.2% cholesterol, high glucose water (2% fructose plus 2.5%
glucose) ad libitum], iii) the ad libitum+LRG (liraglutide,
0.6 mg/kg/day) and iv) the CR group (calorically restricted
to follow the food intake trajectory of the ad libitum+LRG
group). Liraglutide (Novo Nordisk, Oslo, Norway) was intra-
peritoneally injected into the mice in the LRG group every day
while saline was injected into the other groups every day for
4 weeks. In all experiments, the body weight and food intake
of the mice were determined twice per week. Animals were
sacrificed at the end of week 12, and the liver tissues were
excised, immediately frozen in liquid nitrogen and stored
at -80°C for protein extraction.

Biochemical indices. Tail blood of mice was collected at 0, 3,
6,9, 12 weeks and was measured using a blood glucose meter
(Life Scan. Inc., USA). After sacrificing the mice at the end of
week 12, serum was collected by centrifugation at 4,000 x g
for 15 min at 4°C. Serum levels of glutamic-oxaloacetic
transaminase 1 (GOT1)/aspartate aminotransferase (AST),
glutamic-pyruvate (GPT)/alanine aminotransferase (ALT)
and total cholesterol (T-CHO) were assessed using an auto-
matic biochemistry analyzer (AU2700; Olympus Ltd., Japan).
Serum triglyceride (TG) levels were measured with ELISA
kits (cat. no. BC0625; Solarbio Ltd., Beijing, China) according
to the manufacturer's instructions.

Hematoxylin and eosin (H&E) and Oil red O staining.
Following perfusion with phosphate-buffered saline (PBS), the
livers were removed for staining. For H&E staining, the livers
were fixed with 4% paraformaldehyde, embedded in paraffin,
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cut into 8 um sections, and then stained with H&E. For Oil
red O staining, the samples were embedded in optimal cutting
temperature medium (Leica Microsystems GmbH, Germany),
frozen and then cut into sections with a microtome. The frozen
sections were stained with Qil red O.

Western blot analysis. Protein expression and phosphorylation
were assessed by western blotting. The following antibodies
from Cell Signaling Technology, Inc. (Danvers, MA, USA)
were used: AMPK (cat. no. #2795, dilution at 1:1,000),
phosphorylated(p)-AMPKa (Thrl72) (cat. no. #8208; dilu-
tion at 1:1,000), mTOR (cat. no. #2983; dilution at 1:1,000),
p-mTOR (Ser2448) (cat. no. #5536; dilution at 1:1,000),
S6 (cat. no. #2217 dilution at 1:1,000), p-S6 (Ser240/244)
(cat. no. #5364, dilution at 1:1,000), P70S6K1 (cat. no. #9234s;
dilution at 1:1,000), p-P70S6K1 (Thr389) (cat. no. #2708;
dilution at 1:1,000), acetyl coenzyme A carboxylase (ACC;
cat. no. #3662; dilution at 1:1,000), and p-ACC (Ser79)
(cat. no. #11818; dilution at 1:1,000). The anti-SREBP1 (cat.
no. #ab28481; dilution at 1:500) antibody and anti-GAPDH
(#ab9584; dilution at 1:10,000) were from Abcam (Cambridge,
MA, USA), and secondary HRP goat anti-rabbit IgG anti-
bodies (#511202; dilution at 1:5,000) was from Zen BioScience
(Chengdu, China).

Immunofluorescence assays. The liver sections were incu-
bated with anti-SREBP-1 antibody (cat. no. #ab28481; Abcam;
5 pg/ml) and 1% goat serum (cat. no. #ab7481; Abcam) at 4°C
and 1:1,000 dilution overnight in PBS. Following washing
with PBS, the sections were incubated with the secondary
antibody (1:1,000; as aforementioned) at room temperature
for 1 h. Next, the sections were stained with 4',6-diamidino-2-
phenylindole (DAPI) for 5 min at room temperature, fixed,
washed extensively with PBS, and then imaged under a
fluorescence microscope (Axio Imager A2; Carl Zeiss, Jena,
Germany) at x200 magnification.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla,
CA, USA). The results are expressed as the mean + standard
error. A Student's t-test or paired Student's t-test were used to
compare two groups. Comparisons among multiple groups
were analyzed using one-way analysis of variance (ANOVA)
followed by the Scheffe post-hoc test. P<0.05 was considered
to indicate a statistically significant difference.

Results

Effects of LRG treatment on body weight, energy intake and
blood glucose in C57 mice. The body weight and energy
changes as well as blood fasting glucose in the different groups
are presented in Fig. 1. To confirm the beneficial metabolic
effects of LRG treatment in vivo, the CR group was designed
in the present experiments to consistently match the energy
intake of the LRG-treated group, thereby avoiding the effects
of long-term LRG treatment on energy intake.

The body weights of the C57 mice fed the HFD both
treated with LRG (0.6 mg/kg/day) and the CR group
(ad libitum+LRG and CR groups) were significantly lower
than that of the ad libitum group (P<0.01 at 9 and 12 weeks);
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Figure 1. Changes in energy intake, body weight and fasting glucose of mice
under different treatments. (A) Body weight changes, (B) energy intake and
(C) fasting blood glucose levels in the different groups of mice during the
12-week experimental period. Values are expressed as the mean + standard
error (n=8 animals/group). ‘P<0.05 and “"P<0.01 vs. the control group;
"P<0.05 and "P<0.01 vs. the ad libitum group.

whereas there were no significant differences in whole body
weights between the ad libitum+LRG and the CR group. The
energy intakes of mice treated with LRG were significantly
decreased when compared with the ad libitum (P<0.01 at
9 and 12 weeks; Fig. 1B). No differences were observed in
the energy intakes between the CR and ad libitum+LRG treat-
ment groups. Furthermore, fasting blood glucose levels were
significantly lower throughout the experimental period in the
ad libitum+LRG group when compared with ad libitum and
CR mice (P<0.01 at 9 and 12 weeks; Fig. 1C).

Effects of LRG treatment alleviates liver dysfunction and
hepatic lipid accumulation in C57 mice. In comparison
to the mice fed a standard diet (control), the liver weight,
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adjusted by body weight, was increased in the HFD-fed mice
(ad libitum and CR groups; P<0.01) compared to the control
group; however, LRG treatment (ad libitum+LRG group)
significantly decreased the liver weight when compared to
the ad libitum group (P<0.01; Fig. 2A and B). In addition,
liver function profiling demonstrated that the GOT1 and
GPT were significantly decreased in the ad libitum+LRG
group mice when compared with those in the ad libitum
group (P<0.01; Fig. 2C and D); similar results were
found for the levels of total cholesterol and triglycerides
(Fig. 2E and F). Next, the present study performed H&E and
Oil red O staining (magnification, x40) of the liver sections
from each group to visualize hepatic vacuole steatosis and
lipid accumulation. Extensive micro-vesicular steatosis
surrounding the perisinusoidal areas and lipid accumulation
were observed in the HFD-fed mice; however, there was
an apparent decrease in the amount of intracellular lipid
droplets in the livers of mice in the ad libitum+LRG group
(Fig. 2G and H).

Effects of LRG treatment on AMPK/mTOR/SREBPI signaling
in the liver of C57 mice. AMPK is a metabolic fuel gauge that
regulates lipid metabolism by sensing changes in the intra-
cellular AMP/adenosine triphosphate ratio, especially in the
liver as reported by Liu et al (25). A canonical downstream
mediator of AMPK is mTORCI. As shown in Fig. 3B, the level
of phosphorylated (p)-mTOR in the ad libitum+LRG mice
was significantly lower when compared with the ad libitum
group (P<0.01), whereas was insignificant different compared
with the CR group. As shown in Fig. 3A, LRG treatment
significantly decreased the levels of p-S6 and p-p70S6K1,
two conserved downstream targets of mTORCI, in the mice
of the ad libitum and CR groups (P<0.01). When compared
with the control, hepatic expression of p-AMPK was observed
to be downregulated in the ad libitum and CR mice, while
these levels were significantly restored in the ad libitum+LRG
mice (P<0.01; Fig. 3C). ACC, a downstream target of AMPK,
is a key enzyme in fatty acid metabolism. Activated AMPK
phosphorylates and inhibits ACC activity, leading to the inhi-
bition of fat synthesis and increased oxidation (Fig. 4). The
present study demonstrated that LRG treatment upregulated
the phosphorylation of ACC and AMPK in the mice treated
with HFD (Fig. 3A and C). SREBPIc promotes the synthesis of
fatty acids and triglycerides (Fig. 4). As shown in Fig. 3B, the
HFD-fed mice (ad libitum and CR groups) had significantly
increased SREBP1 activity (P<0.01) when compared with the
control group, yet this increase was significantly attenuated in
the ad libitum+LLRG mice when compared with the ad libitum
group (P<0.05).

Effects of LRG treatment on the nuclear translocation of
SREBPI in the livers of mice. The present study further deter-
mined SREBP-1c expression and intracellular localization by
conducting immunofluorescence staining of the liver tissues
from each group (magnification, x200). There were signifi-
cantly fewer hepatocytes positively stained with SREBP-1c
in the ad libitum+LRG group compared with that observed in
the mice in the ad libitum and CR mice (P<0.05). In addition,
HFD led to the nuclear accumulation of SREBP1, which was
inhibited by LRG treatment (Fig. 5).
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Figure 2. Effects of LRG treatment on hepatic function and hepatic lipid accumulation in HFD-fed mice. (A and B) LRG treatment significantly decreased the
liver weight and liver-to-body weight ratio, (C and D) the GOT1 and GPT, and (E and F) the triglyceride and total cholesterol levels, which were increased in
the HFD-fed mice. (G and H) H&E (magnification, x40) and oil red O (magnification, x40) staining in hepatic sections from the different groups revealed that
hepatic vacuole steatosis and lipid accumulation were significantly increased in the HFD-fed mice and were decreased in the LRG-treated mice, indicating that
LRG treatment alleviates the hepatic damage induced by the HFD. Values are expressed as the mean + standard error (n=8 animals/group). "P<0.05 and “P<0.01
vs. the control group; "P<0.05 and *P<0.01 vs. the ad libitum group. LRG, liraglutide; GOT1, glutamic-oxaloacetic transaminase 1; GPT, glutamic-pyruvate

transaminase; HFD, high-fat diet; H&E, hematoxylin and eosin.

Discussion

The pathology of steatohepatitis (NASH) is largely unknown, and
there are currently no effective treatments available for NASH N
apart from diet and physical activity. In the present study, we
investigated the therapeutic effects of the GLP-1 receptor agonist
liraglutide (LRG) on NASH and the underlying mechanisms. The
results revealed that C57 mice with HFD-induced NASH exhib-
ited increased body weight and increased levels of hepatic fat. In
addition, LRG treatment significantly reduced the body weight,
improved hepatic lipid accumulation, and suppressed the elevated
levels of total cholesterol and low-density lipoprotein cholesterol
in the serum of HFD-fed mice. Mechanistically, it was revealed

that LRG improves NASH through the AMPK/mTOR/SREBP1
signaling pathway.

AMPK s asensorof intracellular energy status and negatively
regulates mTORCI1 (26-28). Recent studies have reported that
AMPK agonists (such as metformin and adiponectin) improve
NASH by inhibiting lipid synthesis via mTORC1/SREBP-1c
signaling (12,29-31). In addition, ACC is a downstream target of
AMPK and a rate-limiting enzyme involved in the synthesis of
fatty acids. Activated liver AMPK inhibits fatty acid synthesis
by increasing the phosphorylation and inactivation of ACC in
order to reduce the production of malonyl coenzyme A (32,33).
In addition, mTORCI triggers hepatic de novo lipogenesis to
promote lipid synthesis by activating SREBP-1c (26,33,34).
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Figure 3. Effects of LRG treatment on the protein expression of AMPK/mTOR/SREBP1 in HFD-fed mice. C57 mice were fed a HFD for 12 weeks, and
their liver tissues were then obtained. The protein expression levels of factors associated with lipogenesis [(A) ACC, p-ACC, S6, p-S6, p70S6k1, p-p70S6k1;
(B) SREBP1, mTOR, p-mTOR; (C) AMPK, p-AMPK] were determined and compared between groups. Representative images of the western blotting assays
of indicators associated with hepatic tissues are presented. Values are expressed as the mean + standard error (n=8/group). “P<0.05 and “P<0.01 vs. the control
group; "P<0.05 and "P<0.01 vs. the ad libitum group. LRG, liraglutide; AMPK, adenosine monophosphate-activated protein kinase; mTOR, mechanistic target
of rapamycin; SREBP1, sterol regulatory element-binding protein 1; HFD, high-fat diet.

Furthermore, mMTORC]1 regulates SREBP-1 activation by stimu-
lating SREBP-1 mRNA expression, and promoting the nuclear
localization and activity of SREBP-1 (30-32). Diivel et al (35) also
demonstrated that p70S6K1 is required for the mMTORC1-medi-
ated increase and activation of SREBP1 (36-38). In the present
study, LRG treatment reduced lipid accumulation in the liver by
activating AMPK, thereby suppressing the mTORC1/SREBP1
signaling pathway.

The present results demonstrated that HFD inhibited
the phosphorylation of AMPK in the mouse liver and

significantly enhanced the phosphorylation of mTOR and
70S6K1 as well as the expression of SREBP1. However,
LRG treatment activated AMPK and suppressed the
mTOR-mediated activation of SREBPI, thereby blocking
the transcription of target lipogenic genes involved in the
liver steatosis of HFD-fed C57 mice. In addition, LRG
treatment inhibited HFD-induced nuclear SREBPI acti-
vation, thereby inhibiting SREBPI translocation into the
nucleus and the subsequent changes in liver triglyceride
accumulation.
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Figure 5. Effects of LRG treatment on the nuclear translocation of SREBPIc in the livers of HFD-fed mice. Immunofluorescence staining was performed
to determine the expression and nuclear localization of SREBPIc in hepatocytes from C57/BL6J mice. Magnification, x200. Values are expressed as the
mean + standard error (n=8/group). “P<0.01 vs. Control group; "P<0.05 vs. the ad libitum group. LRG, liraglutide; SREBPIc, sterol regulatory element-binding
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The GLP-1 receptor is widely expressed in various organs  hypothesized that drug-induced GLP-1 activation may reduce
of the body and is responsible for improving islet function, the body weight of HFD-fed mice. Indeed, the body weight
suppressing appetite and reducing body weight (39-41). We  changes between the CR group and the group fed HFD
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ad libitum following week 9 were significantly different;
however, the biochemical index, molecular expression level
and histological features were not significantly different
between the two groups. By contrast, the above indicators
were significantly different between the CR and LRG groups,
indicating that the activation of GLP-1 by LRG directly exerts
a pharmacological action on NAFLD in HFD-fed mice.

In conclusion, the GLP-1 receptor agonist LRG reduced
the accumulation of hepatic lipids by regulating the
AMPK/mTOR/SREBPI1 signaling pathway. The present
results identified a mechanism by which LRG alleviates
hepatic lipid accumulation. Thus, the results of the present
study may be used to develop novel therapeutic strategies for
steatohepatitis.
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