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Background: Obesity is related to the loss of skeletal muscle mass and function (sarcopenia). The co-existence of obesity and 
sarcopenia is called sarcopenic obesity (SO). Glucagon like peptide-1 receptor agonists (GLP-1RA) are widely used in the treatment of 
diabetes and obesity. However, the protective effects of GLP-1RA on skeletal muscle in obesity and SO are not clear. This study 
investigated the effects of GLP-1RA liraglutide and semaglutide on obesity-induced muscle atrophy and explored the underlying 
mechanisms.
Methods: Thirty-six male C57BL/6J mice were randomly divided into two groups and fed a regular diet and a high-fat diet for 18 
weeks, respectively. After establishing an obesity model, mice were further divided into six groups: control group, liraglutide (LIRA) 
group, semaglutide (SEMA) group, high-fat diet (HFD) group, HFD + LIRA group, HFD + SEMA group, and subcutaneous injection 
for 4 weeks. The body weight, muscle mass, muscle strength, glycolipid metabolism, muscle atrophy markers, myogenic differentia-
tion markers, GLUT4 and SIRT1 were analyzed. C2C12 myotube cells treated with palmitic acid (PA) were divided into four groups: 
control group, PA group, PA + LIRA group, PA + SEMA group. The changes in glucose uptake, myotube diameter, lipid droplet 
infiltration, markers of muscle atrophy, myogenic differentiation markers, GLUT4 and SIRT1 were analyzed, and the changes in 
related indicators were observed after the addition of SIRT1 inhibitor EX527.
Results: Liraglutide and semaglutide reduced HFD-induced body weight gain, excessive lipid accumulation and improved muscle 
atrophy. Liraglutide and semaglutide eliminated the increase of muscle atrophy markers in skeletal muscle and C2C12 myotubes. 
Liraglutide and semaglutide restored impaired glucose tolerance and insulin resistance. However, these beneficial effects were 
attenuated by inhibiting SIRT1 expression.
Conclusion: Liraglutide and semaglutide protects skeletal muscle against obesity-induced muscle atrophy via the SIRT1 pathway.
Keywords: liraglutide, semaglutide, muscle atrophy, obesity, insulin resistance, SIRT1

Introduction
Obesity (defined as BMI ≥ 30 kg/m2) is a chronic disease characterized by abnormal body fat or over-accumulation, 
which affects more than 1 billion people worldwide.1 Due to a sedentary lifestyle, adipose tissue disorders, comorbidities 
(acute and chronic diseases) and metabolic changes during aging, loss of skeletal muscle mass and function (sarcopenia) 
is common in obese patients.2 The decrease in muscle mass/function coexists with an increase in fat mass, is referred to 
as sarcopenic obesity (SO).3 Compared to obesity alone, SO is associated with an increased risk of adverse health 
consequences, such as disability, cardiovascular metabolic diseases, other comorbidities and mortality.4 The deposition of 
ectopic fat caused by obesity can lead to biological dysfunction of skeletal muscles, including inflammation, insulin 
resistance (IR) and oxidative stress.5 These changes further exacerbate the loss of skeletal muscles and physical 
dysfunction.6 Therefore, a deep understanding of the potential mechanisms of SO is crucial for its accurate diagnosis, 
effective prevention and treatment. Currently, the main treatment for SO is lifestyle intervention, including calorie 
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restriction and physical activity.7 However, there are still some limitations in the treatment of SO.8 Therefore, determin-
ing the therapeutic targets of SO has attracted widespread attention.

Glucagon like peptide-1 (GLP-1) is a hormone secreted by intestinal L cells, which reacts to nutrients and plays 
a glucose dependent insulin promoting role in pancreatic islet cells.9 In addition, GLP-1 has multiple effects on various 
organ systems. Especially the decrease in appetite and food intake, leading to weight loss with long term use. These 
mechanisms support the clinical development of glucagon like peptide-1 receptor agonist (GLP-1RA) in the treatment of 
obesity. At present, the Food and Drug Administration (FDA) has approved some anti-obesity drugs, including GLP-1RA 
liraglutide and semaglutide.1 However, when obese individuals successfully lose weight, their muscle mass usually 
decreases as their body fat decreases.10 Since the skeletal muscle is the main site of glucose treatment, the decrease in 
skeletal muscle mass may be related to the deterioration of glucose metabolism in patients. Moreover, the decrease in 
skeletal muscle mass may be associated with an increased risk of sarcopenia and weakness in elderly patients. Therefore, 
it is better to mainly reduce fat without significant reducing muscle mass when weight loss is achieved. Some recent 
reports suggest that GLP-1RA can reduce weight without significantly reducing muscle mass, but the specific mechanism 
is not yet clear. In the Liraglutide Effect and Action in Diabetes trial (LEAD-3), GLP-1RA liraglutide treatment 
significantly reduced body fat, but there was no significant change in lean body mass.11 Perna et al reported that in 
obese elderly patients receiving 24 weeks of treatment with liraglutide, there was a significant reduction in fat mass, but 
no reduction in appendicular lean mass.12 Blundell et al investigated the impact of a new GLP-1RA semaglutide on obese 
patients. After 12 weeks of treatment, the average body fat and lean mass decreased by 3.5 kg and 1.1 kg, respectively.13 

Ozeki et al reported that semaglutide effectively reduced body fat while maintaining the muscle mass in obese type 2 
diabetic patients.14 These results indicated that GLP-1RA can reduce body fat with little impact on muscle, but the 
mechanism of action is still unclear.

Sirtuin1 (SIRT1) is a Sirtuin family protein with nicotinamide adenine dinucleotide (NAD) protein deacetylase 
activity.15 SIRT1 is a key regulator of skeletal muscle biological function, such as muscle atrophy, glycolipid metabolism, 
muscle cytokine secretion, and mitochondrial function.16 Overexpression of SIRT1 reduces muscle dysfunction by 
inhibiting key atrophy genes in skeletal muscles.17 Li et al reported that paeoniflorin ameliorates skeletal muscle atrophy 
in chronic kidney disease via SIRT1 pathway.18 Therefore, SIRT1 might be a key therapeutic target for muscle atrophy. 
Xu et al reported that SIRT1 mediates the effect of GLP-1 receptor agonist exenatide on ameliorating hepatic steatosis.19 

GLP-1RA Exendin-4, alleviated hepatic steatohepatitis in HFD induced obese C57BL/6J mice in a SIRT1 dependent 
manner.20 Jeon et al reported that GLP-1 improves PA induced insulin resistance in human skeletal muscle via SIRT1 
activity.21 There may be a correlation between the activity of GLP-1RA and SIRT1. However, the relationship between 
GLP-1RA and SIRT1, as well as the effect of GLP-1RA on skeletal muscles is still poorly understood. Thus, the present 
study investigated whether GLP-1RA liraglutide and semaglutide has a protective effect in the skeletal muscle of HFD- 
fed mice and in PA-treated myotubes. In addition, this study explored whether the effect of GLP-1RA occurs through the 
activation of SIRT1.

Materials and Methods
Animals and Groups
A total of 36 Male C57BL/6 mice (8 weeks old) weighing 20.1±1.1 g, purchased from Guangzhou Yancheng Biotechnology 
Co., Ltd. were included in this study. The Mice were placed in a pathogen free environment at a temperature of 22 ± 2°C, with 
12-hour light/12-hour dark cycles, and provided with adequate food and water. After one week of adaptive feeding, the animals 
were randomly fed a normal diet (Control, 12 kcal% fat, 24 kcal% protein, 64 kcal% carbohydrate; Sibeifu Biotechnology Co., 
Ltd, n=18) or a high-fat diet (HFD,60 kcal% fat, 20 kcal% protein, 20 kcal% carbohydrate; Research Diets, Inc, n=18) for more 
than 4 months. Weighed the feed to calculate the food intake of mice. In addition, mice were weighed weekly to monitor their 
weight gain. Mouse models of SO often exhibit weight gain accompanied by decreased muscle mass and strength. After 18 
weeks feeding, the weight of the HFD group exceeded the average weight of the control group by 20%, which was the standard 
for successful modeling of obese mice. After modeling obesity, mice were further divided into six groups: normal diet group 
(Control), liraglutide (LIRA, Novo Nordisk) group, semaglutide (SEMA, Novo Nordisk) group, high-fat diet (HFD) group, 
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HFD + LIRA group, HFD + SEMA group. Liraglutide (400ug/kg/d) and semaglutide (60ug/kg/d) was daily subcutaneous 
injection for 4 weeks. All animal experiments meet the requirements of National Institutes of Health guide for the care and use 
of Laboratory animals (NIH Publications No.8023) and has been were approved by the Ethics Committee of the Second 
Affiliated Hospital of Guangxi Medical University (approval number 2022-KY0772).

Assessment of Body Weight and Lower Limb Muscles Weight
Measured the weight of mice every week. After the mice were anesthetized and sacrificed, the lower limb muscles 
including gastrocnemius muscle, tibialis anterior muscle, soleus muscle and quadriceps femoris muscle were quickly 
separated and weighed.

Intraperitoneal Glucose Tolerance Test (IPGTT) and Insulin Tolerance Test (ITT)
After 16 hours of fasting, the mice were intraperitoneally injected with 20% glucose at a dose of 2.0 g/kg body weight. 
Used the glucose meter to measure the glucose concentration in tail blood at 0, 15, 30, 60 and 120 minutes (Accu-Chek 
Active; Roche, Germany). After resting for a week, the mice fasted for 4 hours, then they were intraperitoneally injected 
with insulin at a dose of 0.5 U/kg body weight. Used a Glucose meter to measure the glucose concentration in tail blood 
at 0, 15, 30, 45, 60 and 90 minutes.

Biochemical Index Analysis
After anesthesia, blood samples were collected from the orbit of the mice. Then centrifuged the sample to separate the serum 
(3000g, 10 minutes). Fasting blood glucose was measured by a blood glucometer. Fasting insulin, triglycerides (TG), and total 
cholesterol (TC) levels were measured by ELISA assay kits (Quanzhou jiubang, China). Homeostasis model assessment of 
insulin resistance (HOMA-IR) was also assessed: HOMA � IR ¼ fasting glucose mmol=lð Þ�fasting insulin mIU=Lð Þ=22:5.

Grip Strength Test
Measured the grip strength of mice by using an electronic grip meter (DS2-500N, Shanghai Puxin, China). The mouse 
grasped the metal grid with its limbs, then gently pulled its tail backwards to make it parallel to the surface of the table 
until it released the grid. The peak force will be displayed on the sensor to measure the grip strength of the mouse. 
Repeated three times and record the maximum value.

Four-Limb Hanging Test
Each mouse was placed on a grid and grabbed with four claws. Inverted the grid and measured the suspension time. 
Repeated three times and recorded the maximum suspension time.

Micro Computed Tomography (Micro CT) Test
After anesthetized with tribromoethanol (0.03mL/g), laid the mouse prone on the scanner. After scanning, the lean body 
mass was measured using Micro CT (Aloka Latheta LCT 200, Hitachi, Japan).

Tissue Preparation and Histological Analysis
Fixed the gastrocnemius muscle (GAS) in muscle stationary liquid (Servicebio, China). Embedded the sample in paraffin 
and cut it into 5μm thick sections. The sections were stained with Haematoxylin and eosin (H&E) or Oil Red O solution. 
Image Pro Plus software was used to analyze the average cross-sectional area (CSA) and Oil Red O positive area of GAS 
muscle fibers.

Cell Culture
C2C12 cells (Procell, Wuhan, China) were grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) containing 
10% foetal bovine serum (Gibco) and 1% penicillin-streptomycin solution (Biosharp). C2C12 cells were seeded at 2×105 

cells per 6-well plate. When Cell fusion was 90% −100%, switched to DMEM containing 2% horse serum for incubation 
(Solarbio, Beijing, China) for 5 days to differentiate into myotubes. Then the myotubes were treated with 1.0 mM PA 
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(Kunchuang, Xian, China) for 24 hours to simulate in vitro obesity. They were divided into four groups: control group, 
PA group, PA + LIRA (400 nM) group, PA + SEMA (60 nM) group.

Inhibitor Intervention
The SIRT1 inhibitor EX-527 (Med Chem Express) was used to inhibit the expression of SIRT1. C2C12 myotube cells 
were treated with PA and Liraglutide or semaglutide for 24 hours with or without EX-527.

2-NBDG Glucose Uptake Test
C2C12 myotubes were treated with DMEM containing fluorescent deoxyglucose analogues (2-NBDG, AAT Bioquest) 
for 30 minutes. Then washed the cells with buffer solution, analyzed cells using flow cytometer with 530/30 nm filter 
(FITC channel).

Immunofluorescence
C2C12 myotubes were incubated at room temperature with 50–100ul of membrane breaking working solution for 20 
minutes, followed by PBS washing three times for 5 minutes each time. Then blocked cell serum with 10% normal goat 
for 30 minutes and incubated with anti-myosin heavy chain 2 (MYH2) antibody (1:1000, Signalway Antibody) overnight 
at 4 °C. The nuclei were stained with DAPI. Imaging was analyzed using Image-Pro Plus software, measuring the 
diameters of 5 myotubes in each slice and calculating the average value.

Oil Red O Staining
C2C12 myotubes were washed twice with PBS, and then incubated with oil red O working solution (Servicebio, China) 
at 37°C for 10 minutes. Used a photography microscope (Nikon, Japan) to select the target area for imaging, and then 
used Image Pro Plus software for analysis.

Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)
Extracted total RNA using RNAiso Plus (TaKaRa) and measured RNA concentration. Synthesized cDNA using Prime 
Script RT kit (TaKaRa). Performed QRT-PCR using the StepOnePlus real-time PCR system (ThermoFisher). The 2−ΔΔCt 

threshold cycling method was used to analyze the results. GAPDH was used as a reference gene. The relative mRNA 
expression of the control group was standardized to 1. The following PCR primers were used: Atrogin 1 (forward, F):5′- 
CATTGATGCGTGGGGTAGTC-3′, (reverse, R):5′-CAGGAGATGGTGCTGATAAAGAA-3′;

MURF1 (F) 5′-GGAAGGAAGCCAAGACAATAGA-3′, (R) 5′-GAGTGCTGGGATCAAAGGGT-3′.
MyoD (F) 5′-ACAGAACAGGGAACCCAGACC-3′, (R) 5′-TGAAGAACCAGGGACACCATC-3′.
MyoG (F) 5′-CGGTGGAGGATATGTCTGTTGC-3′, (R) 5′-GGTGTTAGCCTTATGTGAATGGG-3′.
SIRT1 (F): 5′-TCGGCTACCGAGGTCCATAT-3′, (R): 5′-GGAATCCCACAGGAGACAGAA-3′.
GLUT4 (F): 5′- TTCCTTCTATTTGCCGTCCTC-3′, (R): 5′-CTGTTTTGCCCCTCAGTCATT-3′.
GAPDH (F): 5′- GGTTGTCTCCTGCGACTTCA-3′, (R): 5′-TGGTCCAGGGTTTCTTACTCC-3′.

Western Blotting
Isolation and transfer of total protein onto PVDF membrane through SDS-PAGE. Incubated the membrane with the 
corresponding primary antibody, namely anti-SIRT1 (1:1000, Abcam), anti-GLUT4 (1:1000, Abcam), anti-Atrogin1 
(1:1000, Abcam), anti- Myogenin (1:1000, Abcam), and anti-GAPDH (1:5000, Servicebio) overnight at 4°C. Then 
incubated the membrane with the second antibody at 37°C for 1 hour. Treated with a chemiluminescence substrate kit 
(Shanghai Yamei) and then use ImageJ software to detect protein bands.

Statistical Analysis
The experimental results were analyzed using SPSS 23.0 software. The data was expressed as mean ± standard deviation 
(SD). A Student’s t-test was used for comparison of two dependent groups and ANOVA was used for comparison of 
multiple groups. P<0.05 was considered as statistically significant.
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Results
Beneficial Effects of Liraglutide and Semaglutide on Body Weight, Muscle Strength, and 
Muscle Mass in HFD Mice
There was no significant difference in body weight between the normal diet group and the HFD group at the initial stage. 
However, after 18 weeks of feeding, the average body weight of the HFD group was 40% higher than that of the normal 
diet group, indicating the successful construction of an obese mouse model. Treatment with liraglutide and semaglutide 
significantly reduced the weight of obese mice (Figure 1A–C). Then we measured grip strength and limb suspension time 
to evaluate muscle strength and found that the relative grip strength and limb suspension time significantly decreased in 
HFD fed mice, while liraglutide and semaglutide treatment dramatically reduced HFD induced muscle atrophy 
(Figure 1D and E). Moreover, we used Micro CT to measure the body fat rate, visceral fat, and lean body weight 
(mainly composed of skeletal muscle) of mice to evaluate their muscle mass. Compared with the control group, the HFD 
group mice showed an increase in body fat rate and visceral fat, and a decrease percentage of lean body weight, which 
was significantly improved after treatment with liraglutide and semaglutide (Figure 1F and H). We also analyzed the 
weight of lower limb muscles (including gastrocnemius muscle, tibialis anterior muscle, soleus muscle and quadriceps 

Figure 1 Beneficial effects of liraglutide and semaglutide on body weight, muscle strength, and muscle mass in HFD mice. (A) Changes in body size between HFD fed and 
normal diet fed mice. (B) Dynamic changes in body weight. (C) Changes in body weight after treatment with liraglutide and semaglutide. (D) Changes in relative grip 
strength. (E) Changes in longest hanging time. (F) Changes in body fat percentage. (G) Changes in visceral fat. (H) Changes in lean body mass percentage. (I) Changes in 
relative lower limb muscles mass. *P < 0.05 compared with the control group, #P < 0.05 compared with the HFD group.
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femoris muscle), and found that high-fat diet significantly reduced the relative weight of lower limb muscles, while 
liraglutide and semaglutide evidently reversed the effect of high-fat diet on lower limb muscle weight (Figure 1I).

Liraglutide and Semaglutide Significantly Improved Glucose Tolerance, Insulin 
Resistance, Dyslipidemia, and Muscle Atrophy in HFD Mice
We also investigated the role of liraglutide and semaglutide in regulating glucose and lipid metabolism. IPGTT showed that 
liraglutide and semaglutide treatment improved HFD induced impaired glucose tolerance (Figure 2A). ITT and HOMA-IR 
suggested that HFD group mice exhibited insulin resistance compared to the control group, while treatment with liraglutide 
and semaglutide showed significant mitigation (Figure 2B and C). Liraglutide and semaglutide also alleviated HFD induced 
hyperlipidemia by reducing TG and TC levels (Figure 2D and E). These data showed that liraglutide and semaglutide 
treatment improved muscle atrophy, insulin resistance, and metabolic disorders in HFD mice. In addition, we further 
demonstrated the protective effect of liraglutide and semaglutide in improving skeletal muscle atrophy induced by HFD in 
obese mice. H&E staining showed that administration of liraglutide and semaglutide improved the decrease of CSA in HFD 
mice (Figure 2F and G). Moreover, oil red O staining indicated that lipid droplet infiltration in GAS muscles in HFD mice 
can also be alleviated by liraglutide and semaglutide treatment (Figure 2H and I).

Figure 2 Liraglutide and semaglutide significantly improved glucose tolerance, insulin resistance, dyslipidemia, and muscle atrophy in HFD mice. (A) IPGTT was performed 
for each group. (B) ITT was performed for each group. (C) The levels of HOMA-IR in each group. (D) The levels of TG in each group. (E) The levels of TC in each group. (F) 
Representative images of GAS muscle H&E staining (scale bar = 50 μm). (G) The mean muscle CSA in each group. (H) Representative images of GAS muscle Oil Red 
O staining (scale bar = 50 μm). (I) Oil red staining area of each group. *P < 0.05 compared with the control group, #P < 0.05 compared with the HFD group.
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Liraglutide and Semaglutide Improved Muscle Atrophy and Insulin Resistance in HFD 
Mice Through the SIRT1 Pathway
Next, we further determined whether liraglutide and semaglutide alleviated HFD induced skeletal muscle atrophy and 
insulin resistance by activating SIRT1 pathway. The results indicated that HFD up-regulated the expression of muscle 
atrophy factor Atrogin-1 (Figure 3A and B) but suppressed the expression of myogenic factor Myogenin (Figure 3C and D). 

Figure 3 Liraglutide and semaglutide improved muscle atrophy and insulin resistance in HFD mice through the SIRT1 pathway. (A) The mRNA level of muscle atrophy 
marker Atrogin-1 was assessed by qRT-PCR. (B) The protein expression of Atrogin-1 was assessed by Western blotting. (C) The mRNA level of myogenic factor Myogenin 
was assessed by qRT-PCR. (D) The protein expression of Myogenin was assessed by Western blotting. (E) The mRNA level of GLUT4 was assessed by qRT-PCR. (F) The 
protein expression of GLUT4 was assessed by Western blotting. (G) The mRNA level of SIRT1 was assessed by qRT-PCR. (H) The protein expression of SIRT1 was assessed 
by Western blotting. *P < 0.05 compared with the control group, #P < 0.05 compared with the HFD group.
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However, liraglutide and semaglutide treatment could reduce the expression of Atrogin-1 and increased the expression of 
Myogenin. In addition, liraglutide and semaglutide treatment effectively alleviated the decrease in GLUT4 expression 
induced by HFD, which is related to the insulin resistance (Figure 3E and F). SIRT-1 is a key factor in regulating the 
biological function of skeletal muscles. We also found that liraglutide and semaglutide treatment eliminated the reduction of 
SIRT1 signaling pathway induced by HFD (Figure 3G and H). Therefore, the activation of SIRT-1 may be important for 
liraglutide and semaglutide to alleviate HFD induced muscle atrophy and insulin resistance.

Liraglutide and Semaglutide Alleviated PA Induced Muscle Atrophy, Lipid 
Accumulation, and Insulin Resistance in C2C12 Myotubes
To further explored the molecular mechanism of liraglutide and semaglutide in preventing HFD induced muscle atrophy, 
C2C12 myotubes were incubated with PA. PA was used to simulate obesity that can induce skeletal muscle atrophy, lipid 
droplet accumulation, and insulin resistance. We found that compared with the control group, PA significantly increased 
the expression of muscle atrophy markers Atrogin-1 and MuRF-1 (Figure 4A and B), while the expression of myogenic 
differentiation markers MyoD and Myogenin was significantly reduced (Figure 4C and D). In addition, the immuno-
fluorescence of MYH2 showed that PA resulted in atrophy of myotubes, which was reversed by treatment with liraglutide 
and semaglutide. (Figure 4E and F). The above data indicated that liraglutide and semaglutide effectively alleviated PA 
induced muscle atrophy in C2C12 myotubes. Moreover, Oil Red O staining showed that liraglutide and semaglutide 

Figure 4 Liraglutide and semaglutide alleviated PA induced muscle atrophy, lipid accumulation, and insulin resistance in C2C12 myotubes. (A) The mRNA level of Atrogin-1 
was measured by qRT-PCR. (B) The mRNA level of MuRF-1 was measured by qRT-PCR. (C) The mRNA level of MyoD was measured by qRT-PCR. (D) The mRNA level of 
Myogenin was measured by qRT-PCR. (E) Representative images of MYH2 immunofluorescence in C2C12 myotubes (scale bar = 50 μm). (F) The diameter of myotubes. (G) 
Representative images of lipid accumulation in C2C12 myotubes stained with oil red O (scale bar = 50 μm). (H) The Oil red staining area. (I) The mRNA level of GLUT4 was 
measured by qRT-PCR. (J) The fluorescence intensity of 2-NBDG glucose uptake. *P < 0.05 compared with the control group, #P < 0.05 compared with the PA group.
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could improve lipid accumulation caused by PA (Figure 4G and H). We also found that liraglutide and semaglutide 
treatment attenuated the PA induced decrease in GLUT-4 expression (Figure 4I). In addition, the 2-NBDG test revealed 
that liraglutide and semaglutide mitigated PA induced insulin resistance (Figure 4J). It indicated that liraglutide and 
semaglutide ameliorated PA induced lipid accumulation and insulin resistance in C2C12 myotubes.

Liraglutide and Semaglutide Mitigated PA Induced Myotube Atrophy and Insulin 
Resistance via the SIRT1 Pathway
SIRT1 is a key regulatory factor in muscle metabolism. Therefore, we further verified whether liraglutide and semaglu-
tide activated SIRT1 in the C2C12 myotubes to exert muscle protective effects. We found that compared with the control 
group, PA caused a decrease in SIRT1 expression, and liraglutide and semaglutide treatment significantly relieved the 
inhibition of SIRT1 in PA treated cells (Figure 5A). Then, the SIRT1 signal inhibitor EX-527 was added to further 
clarified the role of SIRT1 signal pathway in the influence of liraglutide and semaglutide. The concentration of EX-527 
(100 µM) was determined (Figure 5B). Compared with the control group, PA resulted in increased expression of 
Atrogin1 protein and decreased expression of Myogenin, GLUT4 and SIRT1 protein, while liraglutide and semaglutide 
treatment showed significant recovery. However, after adding EX-527, the improvement effect of liraglutide and 
semaglutide was attenuated (Figure 5C–F). Therefore, liraglutide and semaglutide might alleviated myotube atrophy 
and insulin resistance caused by PA through the activation of SIRT1.

Discussion
Obesity and aging are common public health issues worldwide, both of which can cause loss of muscle mass and 
strength. When muscle mass reduction and fat mass accumulation coexist, it leads to sarcopenic obesity.3 Obesity can 

Figure 5 Liraglutide and semaglutide mitigated PA induced muscle atrophy and insulin resistance via the SIRT1 pathway. (A) The mRNA level of SIRT1 was measured by qRT- 
PCR. (B) The effect of 100 µM EX-527 on inhibiting SIRT-1 protein expression was determined by Western blotting. (C) The protein expression of Atrogin-1 was assessed 
by Western blotting. (D) The protein expression of Myogenin was assessed by Western blotting. (E)The protein expression of GLUT4 was assessed by Western blotting. (F) 
The protein expression of SIRT1 was assessed by Western blotting. *P < 0.05 compared with the control group, #P < 0.05 compared with the PA group, &P < 0.05 compared 
with the PA+LIRA or PA+SEMA group.
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cause biological dysfunction of skeletal muscles, including lipid infiltration, insulin resistance, and inflammation.22,23 

High-fat diet (HFD) has a higher energy density than a regular diet, which can lead to animal obesity and muscle 
atrophy.24,25 In animal studies, when the weight gain of the HFD group exceeds the control group by 10–25%, it belongs 
to mild to moderate obesity. If it is greater than 40%, it belongs to severe obesity.26,27 In our study, we used a high-fat 
diet containing 60% fat (mainly lard) to induce muscle atrophy in mice through lipid toxicity pathways.28 Our study 
found that mice fed HFD gradually gained weight, and after 18 weeks, the weight of the HFD group exceeded that of the 
control group by 49%, indicating severe obesity and can be used for subsequent experiments.

Glucagon-like peptide-1 receptor agonist (GLP-1RA) is a kind of hypoglycemic drug. In addition to reducing blood glucose, it 
also shows broad application prospects in reducing the weight of obese patients.29 There are six GLP-1RA approved for glucose 
reduction, but only liraglutide and semaglutide are approved for weight loss treatment in the United States at present.30 The 
mechanism of liraglutide and semaglutide on weight loss in obese patients is mainly to inhibit appetite and reduce energy intake.31 

In animal studies, it has also been reported that liraglutide32 and semaglutide33 can reduce the weight of obese rats and mice by 
inhibiting appetite. For patients, liraglutide is injected once a day, and semaglutide is injected once a week. In this animal study, we 
referred to previous literature,34 and the use of liraglutide and semaglutide is subcutaneous injection once a day. We observed that 
after subcutaneous injection of liraglutide and semaglutide, the appetite of mice was suppressed. Four months later, mice fed with 
HFD lost 17.8% of their weight when using liraglutide, and 20.1% of their weight when using semaglutide. Interestingly, although 
the weight of mice in the normal diet group did not reach obesity, their weight also decreased (<10%) after liraglutide and 
semaglutide administration, indicating that liraglutide and semaglutide also had appetite inhibition and weight reduction effects on 
normal weight mice.

Skeletal muscle atrophy in obese mice is mainly evaluated through a decrease in muscle mass and muscle strength.35 

We first evaluated the muscle strength of mice through grip strength testing and limb suspension testing. The mouse grip 
strength test36 can measure the muscle strength of its limbs, and the mouse limb suspension test37 can evaluate balance, 
coordination, and muscle condition. We found that the relative grip strength of HFD group mice decreased, and the 
longest suspension time was shortened, which was significantly improved after the treatment of liraglutide and 
semaglutide. These results suggested that the muscle strength of HFD group mice has decreased due to obesity. 
Liraglutide and semaglutide can not only reduce the weight of obese mice, but also increase the muscle strength.

Micro CT is a precise X-ray based imaging technique for small animal models.38 Pasetto et al used Micro CT for non- 
invasive assessment of muscle atrophy with good results.39 Therefore, we used Micro CT of small animals to measure the body 
fat rate, visceral fat, and lean body weight (mainly composed of skeletal muscle) of mice to evaluate their muscle mass. Our 
research found that the body fat rate and visceral fat of mice in HFD group increased significantly, and the percentage of lean 
body weight in total body weight decreased, which was significantly improved after treatment with liraglutide and semaglu-
tide. It is suggested that the muscle mass of HFD group mice has decreased, and liraglutide and semaglutide can effectively 
reduce visceral fat of obese mice while maintaining muscle mass. After the mice were sacrificed, we weighed and recorded the 
lower limb muscles (Gastrocnemius muscle, soleus, tibialis anterior, Quadriceps) to further evaluate the effect of obesity on 
their muscle mass and the therapeutic effect of liraglutide and semaglutide. The results suggested that liraglutide and 
semaglutide treatment significantly reduced muscle mass loss caused by obesity.

Skeletal muscles regulates lipid and glucose metabolism.40 Obesity can lead to skeletal muscle fat deposition, leading 
to obesity related low-grade inflammation, releasing inflammatory factors, weakening the effect of insulin, and causing 
insulin resistance.41 Insulin resistance is one of the core pathophysiological mechanisms of sarcopenic obesity, leading to 
skeletal muscle atrophy.42 Therefore, we further verify whether HFD mice exhibit skeletal muscle lipid infiltration and 
insulin resistance, leading to muscle atrophy. The Gastrocnemius muscle muscle is the largest muscle in the hind limbs of 
mice and plays an important role in sports. Through the Oil Red O staining inspection of Gastrocnemius muscle, we 
found that there were a lot of lipid droplets in HFD group mice, which were significantly improved after treatment with 
liraglutide and semaglutide. It showed that obese mice had already had heterotopic fat deposition in skeletal muscle, and 
treatment with liraglutide and semaglutide could significantly reduce the lipid infiltration in skeletal muscle. The 
intraperitoneal injection of glucose tolerance test in mice can measure the clearance rate of the injected glucose load 
in vivo and evaluate whether there is any abnormality in glucose tolerance.43 The mouse insulin tolerance test can be 
used to evaluate insulin sensitivity.44 Measurement of fasting glucose, fasting insulin and calculation of HOMA-IR can 
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further evaluate insulin resistance. Our results suggested that the HFD group mice had abnormal glucose tolerance, 
insulin resistance, and elevated triglycerides and total cholesterol, which were significantly improved after treatment with 
liraglutide and semaglutide. These results suggested that obese mice had insulin resistance due to lipid infiltration in 
skeletal muscle, and the intervention of liraglutide and semaglutide could significantly reduce insulin resistance, which 
may be one of the important mechanisms of improving muscle atrophy. We further performed HE staining of 
Gastrocnemius muscle and found that the cross sectional area of muscle fibers in HFD group mice decreased, which 
was significantly improved after treatment with liraglutide and semaglutide. It is proved that HFD can induce skeletal 
muscle atrophy in mice, and liraglutide and semaglutide can play a muscle protective role.

Maintaining a balance between skeletal muscle protein synthesis and degradation is crucial.45 Obese and sarcopenic 
obesity patients often experience muscle atrophy.46 Muscle protein degradation is mainly mediated by ubiquitin 
Proteasome and autophagy Lysosome systems.47 Atrogin-1 plays a key role in muscle atrophy as muscle specific 
ubiquitin ligase.48 Muscle derived regulatory factor Myogenin is crucial for promoting muscle recovery.49 GLUT-4 is 
a glucose transporter protein that maintains glucose homeostasis and insulin sensitivity.50 SIRT-1 is a key regulatory 
factor in muscle metabolism.51 We used qRT-PCR and Western blot methods to detect the expression levels of the 
aforementioned biomarkers. Our study found that the expression of Atrogin-1 in HFD group mice increased, and the 
expression of Myogenin, GLUT4 and SIRT1 decreased, which was significantly improved after treatment with liraglutide 
and semaglutide. It indicated that HFD induced muscle atrophy, insulin resistance, and decreased SIRT1 expression in 
obese mice. Liraglutide and semaglutide treatment can significantly reduce skeletal muscle atrophy and increase insulin 
sensitivity, which may play a role through the SIRT1 pathway.

In the cell experiment, we further explored the effects of liraglutide and semaglutide on the myotube atrophy of C2C12 
cells induced by Palmitic acid. C2C12 cells are an ideal model for studying muscle diseases, which differentiate into 
myotubes after being treated with 2% horse serum.52 Palmitic acid (PA) is a saturated fat that can cause insulin resistance in 
skeletal muscle cell.53 PA treatment of C2C12 myotube cells can simulate in vitro obesity and cause myotube atrophy.54 

Skeletal muscle cell absorb about 80% glucose through GLUT4, and the decrease of GLUT4 expression indicates that 
insulin signaling pathway is damaged.55 2-NBDG is a fluorescent labeled glucose tracer that can be used to evaluate insulin 
resistance of cells using immunofluorescence staining or flow cytometry.56 Our results showed that PA induced insulin 
resistance in C2C12 myotube cells, which could be improved after liraglutide and semaglutide intervention. Palmitic acid 
can also lead to lipid accumulation in myotube cells. We found that a large number of lipid droplets were observed in 
C2C12 myotube cells of PA group, which were significantly reduced after treatment with liraglutide and semaglutide. The 
immunofluorescence staining showed that the myotubes of C2C12 cells in PA group were significantly atrophied, and the 
diameter of myotubes increased after treatment with liraglutide and semaglutide.

Sirtuin family consists of seven subtypes, which are nicotinamide adenine dinucleotide (NAD) dependent proteins. Since 
the past two decades, sirtuin has evolved into a key epigenetics regulator of aging. Recent studies have shown that activation 
of SIRT1 plays a crucial role in preventing age-related muscle atrophy.57 SIRT1 belongs to the sirtuin family and has multiple 
functions in regulating metabolic disorders, cancer, and cardiac stress.58 Recent reports have found that activation of SIRT1 
may help improve skeletal muscle disease.59 However, it is not yet clear whether GLP1-RA can improve skeletal muscle 
atrophy by activating SIRT1. Our results showed that in PA group, the expression of muscle atrophy markers (Atrogin-1, 
MuRF-1) of C2C12 myotube cells increased, and the expression of myogenic differentiation markers (MyoD, Myogenin) 
and SIRT1 decreased, which was significantly improved after treatment with liraglutide and semaglutide. These results 
suggested that liraglutide and semaglutide may improve skeletal muscle atrophy by activating SIRT1. EX-527 is an inhibitor 
of SIRT1. If the aforementioned improvement effect is eliminated after treating C2C12 myotube cells with EX-527, it can 
further confirm the regulatory effect of SIRT1. We found that the expression of Atrogin-1 in C2C12 myotube cells in the PA 
group increased, while the expression of Myogenin, GLUT4, and SIRT1 decreased. After treatment with liraglutide and 
semaglutide, the effect of PA was significantly improved, which was eliminated after adding EX-527. It suggested that SIRT1 
may be involved in the regulation of liraglutide and semaglutide on PA induced myotube atrophy in C2C12 cells.

In summary, this study indicated that GLP1-RA liraglutide and semaglutide attenuated HFD-induced muscle atrophy 
and improved lipid and glucose metabolism via the SIRT1 pathway (Figure 6).
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