Diabetes, Metabolic Syndrome and Obesity Dove

ORIGINAL RESEARCH

Liraglutide Improves Nonalcoholic Fatty Liver
Disease in Diabetic Mice by Activating Autophagy
Through AMPK/mTOR Signaling Pathway

Zhanlin Liao"*, Liangzhi Huang"*, Jun Chen2, Ting Chen', Dezhi Kong', Qifeng Wei', Qiao Chen',
Bin Deng', Yanyan Li', Shuai Zhong', Zugui Huang'

'Department of Endocrine, Affiliated Nanping First Hospital of Fujian Medical University, Nanping, Fujian, 353006, People’s Republic of China;
2Department of Ophthalmology, Affiliated Nanping First Hospital of Fujian Medical University, Nanping, Fujian, 353006, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Zugui Huang, Department of Endocrine, Affiliated Nanping First Hospital of Fujian Medical University, No. 317 Zhongshan Road,
Nanping, Fujian, 353006, People’s Republic of China, Email 15159969783@ 163.com

Background: Type 2 diabetes (T2DM) combined nonalcoholic fatty liver disease (NAFLD) are characterized by metabolic disrup-
tions. Liraglutide has been proved to be effective in T2DM. If LRG could regulate NAFLD combined T2DM has not been reported.
Methods: Intraperitoneal injection of 1% streptozotocin (STZ) plus high-sugar and high-fat diet was used to induce NAFLD
combined T2DM animal model. Palmitic acid (200 umol/L) and glucose (25 mmol/L) incubation were used to induce cell model.
The cell apoptosis, mRNA and protein expression were measured through flow cytometry, PCR, and Western blotting, respectively.

Results: Liraglutide significantly improved the liver injury of NAFLD combined T2DM rats, but Com-C reversed the effect of
liraglutide. The decreased AMPK/mTOR signaling pathway in the NAFLD combined T2DM animals was greatly activated by
liraglutide. Com-C reversed the protection effects of liraglutide on palmitic acid+glucose induced cell damage.

Conclusion: Liraglutide could greatly alleviate the damage caused by NAFLD+T2DM and palmitic acid+glucose. The protection
effects of liraglutide were greatly inhibited by suppressing AMPK/mTOR signaling pathway. This research might provide a novel
therapeutic strategy for the prevention and treatment of NAFLD combined T2DM disease.
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Introduction

Type 2 diabetes (T2DM) and nonalcoholic fatty liver disease (NAFLD) are common chronic diseases characterized by
metabolic disruptions, and their mutual influence can lead to adverse consequences.' Epidemiological studies conducted
abroad have also shown a close relationship between diabetes and NAFLD, with a significantly higher prevalence of
NAFLD in individuals with abnormal glucose metabolism compared to those with normal glucose metabolism.>* In
2017, the International Diabetes Federation (IDF) reported that there are approximately 425 million adults worldwide
living with diabetes, with China having an alarmingly high number of 114 million diabetic patients, among whom the
prevalence of comorbid nonalcoholic fatty liver disease ranges from 28% to 70%.* Therefore, research on the co-
occurrence of T2DM and NAFLD is of paramount importance.

Adenosine monophosphate-activated protein kinase (AMPK) and mammalian target of rapamycin complex 1
(mTORCI) are two central kinase complexes responsible for sensing intracellular nutrient levels, regulating metabolic
balance, and controlling cell growth.” AMPK plays a crucial role in maintaining cellular energy homeostasis and is
a major regulator of both lipid and glucose metabolism.® It is closely associated with various metabolic disorders such as
obesity and diabetes. AMPK is activated by sensing changes in the ratio of ATP to AMP.’ It detects states of lower
nutrient and energy levels and becomes activated under these conditions. AMPK inhibits synthetic metabolic pathways to
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reduce ATP consumption, promotes catabolic pathways to increase ATP production, and inhibits cell growth to ultimately
ensure energy homeostasis.®* mTORCI is a protein kinase complex that is activated at the surface of lysosomes. It
promotes cell growth and proliferation by enhancing protein translation and synthesis, inhibiting autophagy, and
promoting the synthesis of fatty acids and nucleotides.” Therefore, mTORCI activation requires the simultaneous
presence of growth factors, glucose, amino acids, sufficient oxygen, and high energy levels within the cell.

It has been confirmed that the relative activities of mMTORCI and AMPK under different cellular conditions largely
determine the extent of autophagy induction.'® Several studies have shown a protective role of the AMPK/mTORC]
autophagy signaling pathway in conditions such as neuronal damage and myocardial hypertrophy.'' Therefore, AMPK/
mTORCI1/TFEB autophagy signaling pathway plays a significant role in the pathological changes of liver tissues in
T2DM with NAFLD.

Currently, there are no drugs approved by the FDA for the treatment of NAFLD. Therefore, the development of
effective drugs for the treatment of NAFLD is an urgent task.'? Glucagon-like peptide-1 (GLP-1) is an endogenous
peptide secreted by gastrointestinal L cells and pancreatic cells. Liraglutide, as a long-acting GLP-1 receptor agonist,
closely resembles human GLP-1, is resistant to degradation, and can better exert its biological effects.'® Liraglutide can
improve inflammation caused by lipotoxicity through the mTORCI1 signaling pathway. Liraglutide can activate the
cellular autophagic response in rats with T2DM through the AMPK-mTOR pathway.'* Meanwhile, liraglutide can
provide protection for the liver of NAFLD patients.'> However, the specific mechanism of this protective effect is not
yet fully understood, and it remains an issue to be resolved.

In this research, we want to investigate if liraglutide can provide protection for liver tissues in individuals with T2DM
and NAFLD through the AMPK/mTORCI1/TFEB autophagy signaling pathway. We established a rat model of T2DM
combined with NAFLD as the research subjects. Additionally, an in vitro model of IR-fatty liver HepG2 cells was created
using palmitic acid and high glucose. Liraglutide was used for intervention, and various assessments were conducted,
including the examination of animal serum lipid levels and the observation of morphological changes in liver tissues and
liver cells. We aimed to elucidate the potential mechanisms by which liraglutide offers liver protection in T2DM with
comorbid NAFLD, providing a theoretical basis for drug therapy aimed at mitigating liver damage in individuals with
T2DM and NAFLD.

Materials and Methods

Cell Culture

Hep G2 cells purchased from ATCC were used in this research. DMEM medium containing 10% FBS was used to
culture cell. The cells were cultured in an incubator at 37 °C, containing 5% CO,. Culturing Hep G2 cells in a medium
with a concentration of 200 umol/L palmitic acid (PA) and 25 mmol/L glucose for 24 hours is used to simulate a cellular
model of T2DM combined NAFLD. 100 nmol/L liraglutide, Compund C (Com-C, 20 uM), or PBS was used to treat cells
for 24 hours, and the cells were used for following experiments.

Flow Cytometry

Following enzymatic digestion, cellular samples were subjected to centrifugation at 1500 g for 8 minutes, and the
resulting supernatant was subsequently removed. To assess cellular apoptosis, the samples were treated with Propidium
iodide and Annexin V-FITC (Beyotime, Beijing, China) and incubated in a light-protected environment for a duration of
15 minutes. Flow cytometry was employed as the analytical technique to evaluate and quantify cellular apoptosis.

Western Blotting

The proteins were extracted from liver tissues and cells using a protein lysis buffer, and protein concentration in the
extracted samples was measured with BCA assay. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed to separate the proteins according to their molecular weight. The separated proteins were
transferred onto a polyvinylidene difluoride (PVDF) membrane, and the PVDF membrane was blocked by immersing
it in 5% non-fat milk for 2 hours. The blocked PVDF membranes were incubated with a specific primary antibody
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(1:1000) overnight at 4°C, and washed with Tris-buffered saline with Tween (TBST) to remove excess primary antibody.
The membranes were incubated with a secondary antibody at room temperature for 1 hour. The membranes were scanned
using an ODYSSEY Infrared Imaging System. Image J software was used to measure protein band grey.

NAFLD Combined T2DM Animal Model

All animal experiments were approved by the animal care and welfare committee of Affiliated Nanping First Hospital of
Fujian Medical University. All animal experiment followed the guidelines for the ethical review of laboratory animal
welfare People’s Republic of China National Standard GB/T 35892-2018. The animal model was established as
described previously.'®'” A total of 45 SD rats (Charles River) were randomly divided into two groups after being
adaptively fed. Fifteen rats were given a basal diet, while 30 rats were fed a high-sugar and high-fat diet. After 4 weeks,
both groups of rats were fasted (without water) for 13 hours, weighed, and had their blood glucose levels measured via
tail vein sampling. The rats fed with high-sugar and high-fat diet were then subjected to a one-time intraperitoneal
injection of 1% streptozotocin (STZ) at a dose of 35 mg/kg to induce the T2DM rat model, while rats fed with basal diet
received an equivalent intraperitoneal injection of citrate buffer as a control. After the successful injection, blood glucose
levels in the rats were monitored, and for those rats whose blood glucose levels did not meet the criteria within 2 days, an
additional intraperitoneal injection of STZ at 25 mg/kg was administered. Blood glucose levels were monitored for an
additional 2 weeks, and rats that achieved and maintained blood glucose levels >16.7 mmol/L were considered to be
successfully modeled as T2DM rats. Two weeks later, all rats were divided into model and treatment groups. The
treatment group received daily intraperitoneal injections of liraglutide at a dose of 0.6 mL/kg twice daily for 4 weeks,
while the remaining rats received an equivalent volume of saline as a control. The diet for each group of rats remained
the same as before. The modeling process was completed after 8 weeks, and all samples were collected for additional
experiments. Blood was collected through the eye socket, and then the collected blood samples were centrifuged at 4°C
at 2000 rpm for 10 minutes. The upper layer of serum was collected and stored in a —80°C freezer.

Oil Red Staining

After anesthesia, liver tissues were collected and subjected to freezing sectioning, which was later used for Hematoxylin
and Eosin (HE) staining, Oil Red O staining, and immunohistochemistry. Prepare the working solution by mixing
saturated Oil Red O stock solution with distilled water in a 3:2 ratio. The frozen sections were fixed in 10%
formaldehyde for 10 minutes, rinsed slightly with distilled water. The sections were incubated in 60% isopropanol for
30 seconds. The sections were incubated with Oil Red O staining solution for 15 minutes. The sections were rinsed with
60% isopropanol. The nuclei were stained with Mayer’s hematoxylin for 1 minute, followed by a brief rinse with distilled
water. Filter paper was used to remove excess moisture around the tissue and seal sections with glycerin gelatin.

HE Staining

The paraffin sections were incubated in Xylene I and Xylene II for 5 minutes each to deparaffinize them. The sections
were dehydrated in anhydrous alcohol for 1 minute twice. The sections were hydrated using a gradient of alcohol
concentrations: 95%, 90%, and 85% ethanol, for 1 minute each, rinsed in tap water for 1 minute, and soaked in distilled
water for 1 minute. The sections were stained with Mayer’s hematoxylin for 5 minutes, and rinsed with tap water three
times, each time for 1 minute. Differentiate the sections in 1% hydrochloric acid alcohol for 10 seconds, followed by
a l-minute rinse in tap water. The sections were incubated with 1% ammonia water for 30 seconds, followed by
a l-minute rinse in tap water. Eosin was used to incubate sections for 2 minutes, followed by a 1-minute rinse in tap
water. The sections were dehydrated using a gradient of alcohol concentrations: 95%, 90%, and 85% ethanol, for
1 minute each. Then, dehydrate in anhydrous alcohol I and II for 2 minutes each. The sections were mounted with
neutral gum.

Immunofluorescence Staining
To initiate the dewaxing process, the tissue sections were initially subjected to heating at 65 °C for a duration of 1 hour
within an oven. This was followed by a series of immersion steps, involving xylene (5 minutes), 100% ethanol (10
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minutes), 95% ethanol (10 minutes), 70% ethanol (10 minutes), and distilled water (5 minutes). Subsequently, endogen-
ous peroxidase was quenched by immersing the sections in 3% hydrogen peroxide for 5 minutes. The sections were then
exposed to primary antibody for an incubation period of 12 hours at 4 °C. Following a PBS wash, secondary antibodies
were applied for an additional 2 hours. Lastly, DAB reagents were employed for slide incubation, and the resulting
staining was observed under a fluorescence microscope.

RT-PCR

Total RNA was extracted from tissues or cells using RNAiso Plus (TaKaRa, 9109). Subsequently, the concentration and
purity of the RNA samples were assessed utilizing the NanoDrop 2000C spectrophotometer. The extracted RNA was then
subjected to reverse transcription, yielding complementary DNA (cDNA), through the application of the NovoScript®
Plus All-in-one Ist Strand cDNA Synthesis SuperMix kit (Novoprotein, E047-01A). The cDNA was employed as
a template for quantitative real-time polymerase-chain reaction (qQRT-PCR) using the NovoStart® SYBR qPCR
SuperMix Plus (Novoprotein, E096-01B). The qRT-PCR reaction was carried out under the following thermal cycling
conditions: initial denaturation at 95°C for 35 seconds, annealing and extension at 60°C for 30 seconds, and final
extension at 95°C for 10 seconds, followed by a 65°C step for 5 seconds. Subsequently, amplification and melt curve
analyses were performed, and the 27** Ct method was employed to calculate the relative expression levels of the target
mRNA.

Measurement of Glucose, Triglyceride, Total Cholesterol, SOD. GSH, and MDA

Levels of SOD, MDA, GSH, glucose, triglyceride, and total cholesterol were determined utilizing appropriate commer-
cial kits according to the manufacturer’s instructions.

Transmission Electron Microscope (TEM)

The tissues were promptly immersed in a 3% glutaraldehyde solution for a 2-hour fixation, followed by a 1-hour fixation
in 1% osmic acid. Subsequently, a gradient of acetone was employed for tissue dehydration. Afterward, the samples
underwent epoxy propane replacement, embedding in Epon-812 resin, ultra-thin sectioning, and dual staining with
uranium acetate and lead citrate. This process enabled the observation of tight junctions in intestinal epithelial cells
using TEM.

Statistical Analysis

Statistical analysis was conducted using SPSS version 22.0. Analysis of Variance (ANOVA) was employed to assess data
variability among multiple groups. A significance level of 0.05 was chosen for hypothesis testing, and any observed
p-values less than 0.05 were considered to indicate a statistically significant difference.

Results
Liraglutide Significantly Improved the Liver Injury of NAFLD Combined T2DM Rats,

but Com-C Reversed the Effect of Liraglutide

The NAFLD combined T2DM animals’ model was established. The pathology of the liver tissues in the group control of
rats showed that the liver cells were evenly sized, the liver lobule structure was neat, and arranged radially around the
central vein, without inflammatory cell infiltration or cell necrosis. The liver tissue pathology of model group rats showed
that the structure of liver lobules was damaged, liver cells were swollen and disorderly arranged, and there were many fat
vacuoles of varying sizes in the cytoplasm. Inflammatory cells infiltrated from the portal area, and some areas showed
punctate or focal necrosis of liver cells (Figure 1A and B). However, liraglutide treatment significantly improved the
tissue injury. Treatment with Com-C reversed the protection effect of liraglutide. Oil red staining indicates that liraglutide
greatly inhibited lipid droplet, but after treatment with Com-C, the level of lipid droplet was remarkably elevated
(Figure 1C). Some T2DM indicators were investigated. The decreased rat weight, increased glucose, TC, and TG were
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Figure | Liraglutide significantly improved the liver injury of NAFLD combined T2DM rats, but Com-C reversed the effect of liraglutide. (A) HE staining was performed to
investigate liver tissue damage; (B) TEM staining was performed to investigate liver tissue damage; (C) Oil red staining was performed to investigate liver tissue damage; (D)
The rat weight was analyzed; (E) Glucose in the serum was detected; (F) TG in the serum was measured; (G) TC in the serum was measured. Black arrows indicate the
damage of liver lobules. Blue arrows indicate lipid droplet. *p <0.05; **p <0.05. p <0.01; **p <0.001.

significantly reversed by liraglutide (Figure 1D-G). However, Com-C presented an injury promoting effect in the NAFLD
combined T2DM animals’ model (Figure 1D-G).

The Decreased AMPK/mTOR Signaling Pathway in the NAFLD Combined T2DM
Animals Was Greatly Activated by Liraglutide

AMPK/mTOR signaling pathway and autophagy are believed to be closely linked with the development of NAFLD and
T2DM. We found that the protein and mRNA levels of LC3 II/LC3 I, Beclin-1, AMPK/mTOR signaling pathway were
remarkably inhibited in NAFLD combined T2DM animals (Figure 2A-C). However, treatment with liraglutide signifi-
cantly promoted LC3 II/LC3 I, Beclin-1, and AMPK/mTOR signaling pathway in protein and mRNA levels
(Figure 2A-C), indicating that liraglutide could activate autophagy process and AMPK/mTOR signaling pathway.
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Figure 2 The decreased AMPK/mTOR signaling pathway in the NAFLD combined T2DM animals was greatly activated by liraglutide. (A) AMPK/mTOR and autophagy
related proteins were measured; (B) The protein expression was analyzed; (C) The mRNA expression was analyzed. *p <0.05.

Com-C Reversed the Protection Effects of Liraglutide on Palmitic Acid+glucose
Induced Cell Damage

We further investigate if Com-C could affect the influence of liraglutide on palmitic acid+glucose induced cell damage,
which is a cell model of NAFLD combined T2DM. Liraglutide is shown to have cell protection effects via suppressing
ROS, cell apoptosis, and Bax expression (Figure 3A-C). Meanwhile, some oxidation-reduction indicators, SOD, GSH,
MDA, were detected. Liraglutide also protects cells from palmitic acid+glucose induced cell via increasing SOD, GSH,
but decreasing MDA (Figure 3D-F). However, treatment with Com-C, the inhibitor of AMPK/mTOR signaling pathway,
greatly revered the protection effects of liraglutide.

The Decreased AMPK/mTOR Signaling Pathway in Palmitic Acid Combined Glucose

Induced Cell Model Was Greatly Activated by Liraglutide

We also investigate the influence of liraglutide on AMPK/mTOR signaling pathway in cell level. The protein and mRNA
levels of LC3 II/LC3 1, Beclin-1, AMPK/mTOR signaling pathway were greatly inhibited in palmitic acid combined
glucose treated cells (Figure 4A-C). However, treatment with liraglutide significantly promoted LC3-1I/LC3-I, Beclin-1,
and AMPK/mTOR signaling pathway in protein and mRNA levels (Figure 4A-C).
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Figure 3 Com-C reversed the protection effects of liraglutide on palmitic acid+glucose induced cell damage. (A) The ROS intensity was analyzed; (B) The cell apoptosis was
analyzed; (C) The Bax expression was investigated; (D-F) The SOD, GSH, and MDA in the cells were analyzed. * p <0.05; ***p <0.001.

Discussion

The progression of NAFLD primarily includes non-alcoholic fatty liver (NAFL), non-alcoholic steatohepatitis (NASH),
cirrhosis, and hepatocellular carcinoma.'® Consequently, NAFLD can lead to severe consequences such as liver fibrosis,
liver cancer, and even liver failure. It also promotes the development of diseases like T2DM and atherosclerosis.'” NASH
represents a critical step in the progression from simple fatty liver to cirrhosis and is of particular concern due to its
association with diabetes, atherosclerosis, and malignancies related to metabolism.*"

There is a complex and finely regulated mutual control mechanism between AMPK and mTORCI. In maintaining
cellular material and energy balance, mTORC]1 serves as an important substrate and regulatory node for AMPK.?!
AMPK can inhibit mTORCI through various pathways, including direct phosphorylation of TSC2 to inhibit mTORC1
activity and direct phosphorylation of RAPTOR on the mTORC]1 complex, resulting in structural changes that inhibit the
complex’s activity.”> Conversely, some research has shown that mTORC1 can also inhibit AMPK activity in its activated
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Figure 4 The decreased AMPK/mTOR signaling pathway in palmitic acid combined glucose induced cell model was greatly activated by liraglutide. (A) AMPK/mTOR and
autophagy related proteins were measured; (B) The protein expression was analyzed; (C) The mRNA expression was analyzed. *p <0.05.

state.”> mTORC]I can, to some extent, regulate autophagy through the phosphorylation and inhibition of transcription
factor EB (TFEB) and modulate its nuclear translocation. This process drives the expression of lysosome biogenesis
genes and autophagy-related genes.*

As a once-daily injectable GLP-1 analog, liraglutide not only provides sustained and potent blood glucose-lowering
effects without increasing the risk of hypoglycemia but also offers benefits such as weight reduction, improvement of
pancreatic beta-cell function, blood pressure regulation, lipid lowering, delayed gastric emptying, appetite suppression,
and a reduction in cardiovascular risk.**"*>

Autophagy primarily functions to degrade oversized cellular structures, such as the ubiquitin-proteasome system, and
to maintain cellular function by recycling amino acids, allowing cells to survive in conditions of nutrient scarcity.?®
Autophagy is primarily regulated by essential genes, including ATG (autophagy-related genes).”” Several experiments
have confirmed that chloroquine effectively inhibits the autophagy signal in cells, making it suitable for inhibiting
autophagy in HepG2 cell experiments.

The rat model that involves high-fat and high-sugar feeding followed by STZ injection is currently a well-recognized
and relatively mature T2DM rat model in diabetes research.”® High-fat and high-sugar diet feeding induces systemic
obesity in rats, including elevated triglycerides and fat degeneration in the liver, metabolic disruption in hepatic cells,
lipid accumulation, ultimately leading to the development of NAFLD.?* We demonstrated that liraglutide could inhibit
the NAFLD in T2DM rats.

In the study, we explored the therapeutic effects of liraglutide on non-alcoholic fatty liver disease (NAFLD) combined
with type 2 diabetes mellitus (T2DM) in a rat model. Treatment with liraglutide significantly improved liver injury by

582 https: Diabetes, Metabolic Syndrome and Obesity 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Liao et al

reducing lipid droplets and reversing T2DM indicators such as weight, glucose, cholesterol, and triglycerides. We also
investigated the AMPK/mTOR signaling pathway, which is associated with NAFLD and T2DM development.
Liraglutide treatment activated autophagy and the AMPK/mTOR pathway. Furthermore, the protective effects of
liraglutide against cell damage induced by palmitic acid and glucose. However, the presence of Com-C, an inhibitor
of the AMPK/mTOR pathway, reversed liraglutide’s protective effects. In a palmitic acid and glucose-induced cell
model, liraglutide also promoted the AMPK/mTOR signaling pathway at both protein and mRNA levels, further
confirming its role in activating this pathway.

Conclusion

We demonstrated that liraglutide might alleviate the damage caused by NAFLD+T2DM in vivo and palmitic acid
+glucose in vitro. However, the protection effects of liraglutide were partly restored by suppressing AMPK/mTOR
signaling pathway, indicating that liraglutide might provide the protection function through targeting AMPK/mTOR
signaling pathway. This research might provide a novel therapeutic strategy for the prevention and treatment of NAFLD
combined T2DM disease.
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