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Purpose: This study aimed to investigate the effect of Semaglutide on skeletal muscle and its metabolomics.
Methods: A total of 18 male C57BL/6 mice were randomly divided into normal control (NC) group, high-fat diet (HFD) group and 
HFD+Semaglutide group, and were given standard diet, HFD diet, HFD diet plus Semaglutide, respectively. The body weight, 
gastrocnemius weight, serum lipid, blood glucose and inflammatory index levels of mice in each group were observed and compared, 
and the morphological and structural changes of gastrocnemius were also analyzed. Meanwhile, gastrocnemius metabolite changes 
were analyzed by untargeted metabolomics.
Results: After Semaglutide treatment, the food intake and body weight of mice were evidently decreased, while the relative 
gastrocnemius weight ratio were conversely increased. Meanwhile, the levels of TG, CHO, LDL, HDL, TNF-α, IL-6, IL-1β and 
HOMA-IR were all observed to decrease remarkably after Semaglutide intervention. Histological analysis showed that Semaglutide 
significantly improved the pathological changes of gastrocnemius, manifested as increased type I/type II muscle fiber ratio, total 
muscle fiber area, muscle fiber density, sarcomere length, mitochondrial number and mitochondrial area. Furthermore, metabolic 
changes of gastrocnemius after Semaglutide intervention were analyzed, and 141 kinds of differential metabolites were screened out, 
mainly embodied in lipids and organic acids, and enriched in 9 metabolic pathways including a variety of amino acids.
Conclusion: Semaglutide can significantly reduce the body weight and the accumulation of intramuscular fat, promote muscle protein 
synthesis, increase the relative proportion of skeletal muscle, and improve muscle function of obese mice, possibly by altering the 
metabolism of muscle lipids and organic acids.
Keywords: sarcopenic obesity, sarcopenia, glucagon-like peptide-1 receptor agonists, Semaglutide, metabonomics

Introduction
Due to an aging population, increasing prevalence of obesity, and lifestyle changes over the past few decades, sarcopenic 
obesity (SO) is now a major public health problem with a global epidemic.1,2 It was estimated that SO will affect 100– 
200 million people worldwide in the next 35 years.3 SO is a silent, progressive chronic disease with no specific 
symptoms, and as a result, it remains largely unsuspected and undiagnosed.4 Growing evidence suggests that SO is 
associated with increased risk of disability, frailty, cardiometabolic disease, loss of independence, impaired quality of life, 
and mortality, thereby placing a heavy burden on individuals, societies, and health-care systems.5,6 The pathogenesis of 
SO is multifactorial, among which age-related hormonal changes, sedentary lifestyle, insulin resistance, inflammation 
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and oxidative stress all lead to loss of muscle mass and increase of fat mass.7 Therefore, an in-depth understanding of the 
underlying mechanism of SO has innumerable benefits for its accurate diagnosis and effective prevention and treatment.

Glucagon-like peptide-1 (GLP-1) is a gut-derived incretin hormone that inhibits glucagon secretion and can lead to 
weight loss with prolonged use.8,9 These mechanisms of action support the clinical development of anti-degradative 
glucagon-like peptide-1 receptor agonists (GLP-1RA) for the obesity, which was associated with type 2 diabetes mellitus, 
non-alcoholic fatty liver disease, and cardiovascular disease.10,11 Although there is evidence that GLP-1RA can reduce 
body weight, however, this weight loss may not be entirely attributable to fat mass, estimated to be approximately 25– 
33% including a reduction in lean body mass (LBM).12 The LBM is mainly composed of skeletal muscle, and lower 
skeletal muscle mass can lead to poorer glycemic control because it is the main site of glucose processing.13 Furthermore, 
the reduction in muscle mass is synergistically accompanied by the accumulation of fat mass in T2DM, leading to the so- 
called “SO”.14 Therefore, to maintain health, weight loss should be driven by clinically relevant reductions in fat mass 
and visceral fat, while maintaining LBM, skeletal muscle mass, and strength. However, it is controversial whether these 
drugs reduce muscle mass while losing weight. For example, Yajima et al proved that Liraglutide can increased the risk 
of sarcopenia in patients with type 2 diabetes,15 while Hong et al proved that Liraglutide can induce myogenesis and 
repair damaged muscle fibers.16

Semaglutide, a recently emerged GLP-1RA agonist with a persistent half-life of approximately one week, has been 
approved by the US Food and Drug Administration for the treatment of overweight/obese individuals with associated 
comorbidities.12,17 Available data indicated that Semaglutide has the most significant weight loss effect among 
GLP-1RAs, but its effect on muscle is unclear.18 Hence, in this study, we aimed to investigate the effect of 
Semaglutide on skeletal muscle mass and metabolomics of C57BL/6 mice treated with Semaglutide for 12 weeks, 
expecting to provide guidance for clinical medication.

Materials and Methods
Animals and Groups
A total of 18 male C57BL/6 mice, aged 6 weeks and weighing 20.19±1.49 g, purchased from Ex&Invivo Technology Co., Ltd. 
(Hebei) were included in this study. Mice were raised in an environment with a temperature of 22±2°C and a humidity of 50 
±5%, and provided with sufficient food and water. After one week of adaptive feeding, the animals were randomly divided into 
normal control group (NC, n = 6) and high-fat diet group (HFD, n = 12). The NC group was fed a standard diet, 3.85 kcal/g, 
with a fat-to-energy ratio of 12%. The HFD group was fed with high-fat diet (5.24 kcal/g, 60% fat, 20% carbohydrate, 20% 
protein, fat-to-energy ratio of 60%). The feed was changed from 8 to 9 am every day, and the feed was weighed to calculate the 
food intake of mice. Besides, the mice were weighed weekly to monitor their weight gain. After 12 weeks (18 weeks of age), 
the mice were fasted for 12 h and weighed, and the weight of the HFD group exceeded the average weight of the NC group by 
20% as the criterion for judging the successful modeling of obese mice. After successful modeling, mice in HFD group were 
randomly divided into HFD+Semaglutide group (HFD+S, n = 6) and HFD group (n = 6). The HFD+S group were fed with 
high-fat diet and Semaglutide (intraperitoneal injection from 8 to 9 a.m, 30 nmol/kg/day). The animal experiment was 
approved by the Animal Ethics Committee of Hebei General Hospital and complied with the International Laboratory Animal 
Management Regulations.

Assessment of Body Weight, Food Consumption, and Gastrocnemius Weight
Throughout the experiment, the body weight and food consumption of the mice were measured weekly. After the mice 
were anesthetized and sacrificed, gastrocnemius was quickly isolated, drained and weighed.

Biochemical Index Analysis
After 12 weeks of intervention by Semaglutide, mice were fasted for 12 h, and tail blood was taken to measure fasting 
blood glucose with a glucose meter (Accu-Chek; Roche Diagnostics GmbH, Germany). Mouse INS (Insulin) ELISA Kit 
(E-EL-M1382c, Elabscience Biotechnology Co., Ltd, China) was used to determine the level of Insulin. Fasting Insulin 
Resistance index (HOMA-IR) was also assessed: HOMA-IR=fasting glucose×fasting insulin/22.5. Then, the mice were 
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anesthetized with 40 mg/kg pentobarbital sodium, and the blood from inner canthus was collected and centrifuged at 
2000 r/min for 20 min. Finally, the plasma was separated and tested for lipid and inflammatory indexes, including: 
triglyceride (TG), serum cholesterol (CHO), low-density lipoprotein (LDL), high-density lipoprotein (HDL), tumour 
necrosis factor-ɑ (TNF-α), interleukin-6 (IL-6), and IL-1β. TG and CHO were detected by the GPO-PAP method 
(NanJing JianCheng Bioengineering Institute, China). LDL and HDL were measured by the terminal method. Mouse 
IL-1β ELISA Kit (70-EK201B/3-96, MultiSciences Biotech Co., Ltd., China), Mouse IL-6 ELISA Kit (70-EK206/3-96, 
MultiSciences Biotech Co., Ltd., China) and Mouse TNF-α ELISA Kit (70-EK282/4-96, MultiSciences Biotech Co., 
Ltd., China) was used to determine the level of IL-1β, IL-6 and TNF-α, respectively.

Hematoxylin-Eosin (H&E) Staining
The gastrocnemius tissues (1×5 mm) were routinely fixed, dehydrated, embedded and sectioned, and then stained with 
H&E for 10 min. Eclipse Ci-L microscope (Nikon, Japan) was used for imaging, and Image-Pro Plus 6.0 (Media 
Cybernetics, U.S.A.) was used for imaging analysis. The diameters of 5 muscle fibers, the total area of muscle fibers, the 
total number of muscle fibers, and the density of muscle fibers were calculated, respectively. The formula: muscle fibers 
density = total number of muscle fibers/the total area of muscle fibers.

Multiplex Immunofluorescence Analysis
Briefly, gastrocnemius tissues were routinely fixed, dehydrated, embedded and sectioned, and then fluorescently labeled 
with F-mshc and Ss-mhc. Eclipse Ci-L microscope (Nikon, Japan) was used for imaging, and Image-Pro Plus 6.0 (Media 
Cybernetics, U.S.A.) was used for imaging analysis. Type I and type II muscle fibers were counted in each photo, and the 
ratio of the two was calculated.

Transmission Electron Microscopy (TEM)
First, gastrocnemius specimens were fixed with 1% osmic acid and rinsed with 0.1 M phosphate-buffered saline. Then, the 
specimens were sequentially dehydrated in 50–70–80–90–95–100–100% alcohol-100% acetone-100% acetone. After embed-
ding and sectioning (60–80 nm), the samples were double stained with uranium-lead. Images were acquired by transmission 
electron microscopy (HT7700, HITACHI) and analyzed using Image-Pro Plus 6.0 software. Mitochondrial density was 
counted, and myofibril diameter, sarcomere length, sarcoplasmic reticulum area, mitochondrial area were measured.

Untargeted Metabolomics Analysis
Briefly, the supernatant of gastrocnemius specimens was taken after grinding and centrifugation. LC-MS/MS analyses 
were performed using an ACQUITY UPLC system (Vanquish, Thermo Fisher Scientific) with an ACQUITY UPLC HSS 
T3 (2.1 mm×100 mm, 1.8 μm) coupled to Q Exactive plus mass spectrometer (Orbitrap MS, Thermo). Chromatographic 
conditions: column temperature: 45°C; Mobile phase: A-water (containing 0.1% formic acid), B-acetonitrile (containing 
0.1% formic acid); Flow rate: 0.35 mL/min; sample volume: 2 μL. The raw data obtained were processed using 
Progenesis QI v2.3 software (Nonlinear Dynamics, Newcastle, UK), and the qualitative and quantitative analysis of 
compounds was performed using The Human Metabolome Database (HMDB), Lipidmaps (v2.3) and METLIN 
databases.

Further analysis of data: PCA was first used to observe the overall distribution of each sample and the stability of the 
whole analysis process. Then, PLS-DA and OPLS-DA were used to distinguish the overall differences of metabolic 
profiles between groups and screen differential metabolites between groups. The differentially expressed metabolites 
should meet the importance of the first principal component variable in the OPLS-DA model at projection VIP >1 and 
P<0.05. The metabolic pathways involved in different metabolites were analyzed on Kyoto Encyclopedia of Genes and 
Genomes (KEGG) website.

Statistical Analysis
SPSS 25.0 software was used to analyze the experimental results. Comparisons between groups were performed by one- 
way analysis of variance (ANOVA). P<0.05 was considered as statistically significant.
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Results
Semaglutide Significantly Reduced Food Consumption and Body Weight, and 
Conversely Increased Gastrocnemius Weight in Obese Mice
As shown in Figure 1A, there was no significant difference in body weight between the NC group and the HFD group at 
the initial stage. However, after 3 weeks of feeding, there was a statistical difference between the two groups of mice, and 
the weight gain in the high-fat fed group was more pronounced. After feeding to the 12th week, the average body weight 
of the HFD group was significantly higher than that of the NC group, indicating that the obesity mouse model was 
successfully constructed. Surprisingly, after Semaglutide treatment, the food intake of mice in the HFD+S group was 
evidently lower than that of the HFD group from the 3rd week, and the food consumption of the HFD+S group was lower 

Figure 1 Semaglutide significantly reduced food consumption and body weight, and conversely increased gastrocnemius weight in obese mice. (A) The changes of body 
weight of mice in NC group, the HFD group and the HFD+S group; (B) the food consumption of mice in the HFD+S group and HFD group after Semaglutide treatment; (C) 
relative gastrocnemius weight in indicated groups; (D) the size of mice in indicated groups. *P < 0.05, **P < 0.01, ***P < 0.001 indicated vs NC group; #P < 0.05, ##P < 0.01 
indicated vs HFD group.
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than that of the HFD group throughout the treatment cycle (Figure 1B). Correspondingly, after Semaglutide treatment for 
4 weeks, the body weight of the mice in the HFD+S group showed a downward trend, and there was a significant 
difference between the two groups at the 5th week (Figure 1A). In addition, we analyzed the gastrocnemius-specific 
gravity among the three groups and found that the high-fat diet remarkably reduced the gastrocnemius weight, while 
Semaglutide significantly reversed the reduction of gastrocnemius weight affected by the high-fat diet (Figure 1C). 
Intuitively, the size of mice in HFD group was significantly bigger than that in NC group, and decreased evidently after 
Semaglutide intervention (Figure 1D).

Semaglutide Significantly Reduced Fasting Glucose, Lipid and Inflammatory Indexes
In addition to comparing body weight, food consumption, and gastrocnemius weight between groups of mice, we also 
assessed changes in fasting glucose, lipid and inflammatory indexes. In Figure 2, we observed a significant increase 
in TG, CHO, LDL, HDL, TNF-α, IL-6, IL-1β and HOMA-IR in mice on a high-fat diet compared to the NC group. 
Interestingly, when the mice were intervened with Semaglutide, the above indicators were significantly reduced.

Figure 2 Semaglutide significantly reduced fasting glucose, lipid and inflammatory indexes. The levels of TG, CHO, LDL, HDL, TNF-α, IL-6, IL-1β and HOMA-IR in different 
groups were detected. **P < 0.01 or ***P < 0.001 indicated vs NC group; #P < 0.05 or ##P < 0.01 indicated vs HFD group.
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Semaglutide Significantly Improved the Lesions of Gastrocnemius
To observe the effect of Semaglutide on gastrocnemius, we first observed the pathological changes of gastrocnemius by H&E 
staining and fluorescent labeling. Through H&E staining, it was clearly observed that the cross-section of the muscle fibers in 
the NC group was round or oval, with regular edges, clear shapes, and neat arrangement. In the HFD group, the edges of the 
muscle fibers were irregular, the overall arrangement was sparse and disordered, and the distance between the muscle fibers 
expanded. However, after Semaglutide intervention, the muscle fibers in the HFD+S group were improved, and although 
some of the edges were irregular, the overall arrangement was tighter than that of the HFD group (Figure 3A). In addition, the 
composition of muscle fibers was analyzed by fluorescent labeling. As shown in Figure 3B, green fluorescence represented 
type I muscle fiber, while red fluorescence represented type II muscle fiber. Type I and type II muscle fiber were cross- 
distributed, with type II muscle fibers being the predominant. The high-fat diet reduced the distribution ratio of type I/II, 
while Semaglutide reversed the reduction of the high-fat diet to the type I/II ratio (Figure 4A).

Semaglutide Significantly Improved Microstructure of Gastrocnemius
Next, we analyzed the effect of Semaglutide on the microstructure of gastrocnemius (Figure 3C). In the NC group, the 
distribution of myofibrils was neat, and there was no breakage of myofilament. The number of mitochondria was 
abundant without swelling, the electron density of matrix was uniform, and the cristae were not broken. The transverse 

Figure 3 Semaglutide significantly improved the lesions and microstructure of gastrocnemius. (A) H&E staining of gastrocnemius tissues; (B) fluorescent labeling of 
gastrocnemius tissues; (C) the microstructure of gastrocnemius was observed via transmission electron microscopy.
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tubule (T) structure, the Z-line and the H-band were all clear. In the HFD group, myofilament rupture was seen. The 
number of mitochondria in the gastrocnemius was relatively reduced, and the degree of damage varies, showing matrix 
dissolution, cristae loss, and vacuolization. Meanwhile, mild dilation of the sarcoplasmic reticulum and a more indistinct 
H-band were observed. In HFD+S group, myofibrils were distributed neatly, and myofilaments were occasionally broken. 
Mitochondria were abundant, and a few of them were slightly swollen and enlarged, with uneven matrix electron density 
and cristae fracture and deletion. The sarcoplasmic reticulum was slightly dilated. Besides, the transverse tubule 
structure, the H-band and the Z-line were all clear, but the Z-line was locally discontinuous.

Except for the observation of the microscopic morphology, the muscle fiber diameter, total muscle fiber area, muscle 
fiber density, mitochondrial area, mitochondrial number, sarcomere length and sarcoplasmic reticulum area were 
analyzed quantitatively. The statistics data showed a significant increase of muscle fiber diameter and sarcoplasmic 
reticulum area, and a decrease of total muscle fiber area, muscle fiber density, sarcomere length, mitochondrial number 
and mitochondrial area after a high-fat diet. Interestingly, however, the addition of Semaglutide reversed the trend of the 
aforementioned indicators. Additionally, although muscle fiber diameter, sarcomere length and sarcoplasmic reticulum 
area showed a trend of change among the three groups, there was no statistical difference (Figure 4B-J).

Figure 4 Semaglutide significantly improved the lesions and microstructure of gastrocnemius. Quantitative detection of (A) type I/type II muscle fiber ratio, (B) muscle fiber 
diameter, (C) total muscle fiber area, (D) muscle fiber density, (E) sarcomere length, (F) sarcoplasmic reticulum area, (G) mitochondrial area, and (H) mitochondrial 
number. *P < 0.05 or **P < 0.01 or ***P < 0.001 indicated vs NC group; #P < 0.05 or ##P < 0.01 indicated vs HFD group; ns indicated no statistical significance.
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Semaglutide Affected Gastrocnemius Metabolism
The multivariate statistical analysis depicted that the overall distribution among the samples was stable, and the OPLS-DA 
score plot showed that there was a significant separation between the different comparison groups (Figure 5A and Figure 5). 
To gain insight into how Semaglutide affected the gastrocnemius, the differential metabolites between NC and HFD groups 
and HFD and HFD+S groups were screened, and the associated enrichment pathways were analyzed simultaneously. As 
shown in Figure 5C and Figure 5, a total of 196 differential metabolites were screened out between the HFD group and the 
NC group. In these differential metabolites, there were 79 kinds of Lipids and lipid-like molecules, 25 kinds of Organic acids 
and derivatives, 12 kinds of Organoheterocyclic compounds, 11 kinds of Organic oxygen compounds, 11 kinds of 
Benzenoids, 8 kinds of Phenylpropanoids and polyketides, 7 kinds of Nucleosides, nucleotides and analogues, 4 kinds of 
Organic nitrogen compounds, 2 kinds of Alkaloids and derivatives, 1 kinds of Hydrocarbon derivatives, 1 kinds of 
Organosulfur compounds, and 35 kinds of unclassified. Besides, there are 30 kinds of fatty acyls and 16 kinds of 
glycerophospholipids among Lipids and lipid-like molecules that occupy a large proportion. Also, in the organic acids and 
derivatives that account for 13%, there are 24 kinds of Amino acids, peptides, and analogues, and 1 kind of Peptidomimetics. 
Through KEEG analysis, a total of 29 enriched pathways were obtained, which were Aminoacyl-tRNA biosynthesis, Choline 
metabolism in cancer, Histidine metabolism, Retrograde endocannabinoid signaling, Taste transduction, 
Glycerophospholipid metabolism, Ferroptosis, Protein digestion and absorption, Long-term depression, Necroptosis Purine 
metabolism, Pantothenate and CoA biosynthesis, Phenylalanine metabolism, beta-Alanine metabolism, Fc epsilon RI 
signaling pathway, Neuroactive ligand-receptor interaction, Serotonergic synapse, ABC transporters, Taurine and hypotaur-
ine metabolism, Bile secretion, Arginine biosynthesis, Valine, leucine and isoleucine biosynthesis, Alanine, aspartate and 
glutamate metabolism, Antifolate resistance, Linoleic acid metabolism, Inflammatory mediator regulation of TRP channels, 
Apoptosis, Biosynthesis of unsaturated fatty acids and Central carbon metabolism in cancer (Figure 5G).

A total of 141 differential metabolites were screened out between HDF+S group and HDF+C group, including 48 
kinds of Lipids and lipid-like molecules, 24 kinds of Organic acids and derivatives, 11 kinds of Organoheterocyclic 
compounds, 9 kinds of Organic oxygen compounds, 8 kinds of Benzenoids, 6 kinds of Nucleosides, nucleotides, and 
analogues, 4 kinds of Organic nitrogen compounds, 3 kinds of Organosulfur compounds, 2 kinds of Phenylpropanoids 
and polyketides and 26 kinds of unclassified. Among them, Lipids and lipid-like molecules accounted for the largest 
proportion for 34%, including 22 fatty Acyls and 16 glycerophospholipids. Organic acids and derivatives account for 
17%, including 20 Amino acids, peptides, and analogues (Figure 5D and Figure 5). Through KEEG analysis, a total of 9 
enriched pathways were obtained, which were Aminoacyl-tRNA biosynthesis, D-Arginine and D-ornithine metabolism, 
Valine, leucine and isoleucine biosynthesis, Pyrimidine metabolism, Taste transduction, Protein digestion and absorption, 
Central carbon metabolism in cancer, Apoptosis, Phenylalanine, tyrosine and tryptophan biosynthesis (Figure 5H).

Discussion
Fat and skeletal muscle are important components of human body, and both play an indispensable role in body 
metabolism.19 Abnormal increase and distribution of adipose tissue can lead to the occurrence of obesity, and promote 
the secretion of various adipokines, resulting in the loss of body homeostasis, which has an important impact on the 
occurrence of insulin resistance and hyperglycemia.20 Skeletal muscle can participate in glucose and lipid metabolism by 
secreting a variety of myokines, and its insulin resistance is an important contributor to the pathogenesis of diabetes.21 

Studies have suggested that obesity and sarcopenia may have a common pathogenesis and interact with each other. 
Excessive adipose tissue leads to immune cell infiltration, macrophage polarization, secretion of a variety of pro- 
inflammatory cytokines and adipokines, promoting the occurrence of local and systemic chronic low-grade inflammation 
and insulin resistance. Local adipokine infiltration in skeletal muscle may be the mechanism of obesity-induced 
sarcopenia.14,22 In addition, the activities of sarcopenia patients are reduced, and various factors secreted by their 
muscles, such as Myostatin, Irisin, IL-6, IL-8, IL-15, will in turn increase the degree of obesity.23,24 Both sarcopenia 
and obesity can independently increase the risk of adverse health outcomes. When the two conditions are combined, 
health risks can be synergistically amplified.7 Epidemiological data implied that SO was a better predictor of physical 
disability in older adults than sarcopenia or obesity alone.25 Therefore, maintaining muscle mass during weight loss 
treatment is particularly important. In this study, the gastrocnemius/body weight ratio of the HFD group was significantly 
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Figure 5 Semaglutide affected gastrocnemius metabolism. (A and B) The OPLS-DA score plot showed that there was a significant separation between the different 
comparison groups; (C and E) differential metabolites between NC and HFD groups; (D and F) differential metabolites between HFD and HFD+S groups; (G) the enriched 
pathways between NC and HFD groups; (H) the enriched pathways between HFD and HFD+S groups.
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lower than that of the NC group, and the destruction of the muscle fiber structure could also be observed under the light 
microscope, suggesting that there was a significant correlation between obesity and sarcopenia. The body weight of mice 
in the HFD+S group represented a downward trend from the 4th week, which was 29.67% lower than that in the HFD 
group by the end of the study, showing a significant weight loss effect. Meanwhile, a reduction in the food intake of the 
Semaglutide treated mice was observed, suggesting that Semaglutide can reduce body weight by suppressing appetite. 
Furthermore, we also focused on the effect of Semaglutide on muscle, and found that the relative weight of muscle in 
HFD+S group mice was significantly increased, indicating that Semaglutide reversed the muscle loss in obese mice. 
Collectively, we demonstrated that Semaglutide can evidently reduce body weight, increase muscle mass, and optimize 
body composition in obese mice.

The inflammatory environment and insulin resistance are the key links in the development of sarcopenia. Studies have 
shown that obesity can promote low levels of inflammation, which leads to the secretion of inflammatory factors such as 
TNF-α, IL-6, and IL-1β.26,27 All these secretory changes can cause insulin resistance, inhibit muscle fiber differentiation, 
change protein metabolism pathway, activate protein degradation system, and subsequently lead to muscle degeneration. 
In turn, muscle catabolism increased insulin resistance, thus resulting in fat mass gain.28 Accumulating data suggested 
that GLP-1RAs have anti-inflammatory and insulin resistance-modifying effects.29 Additionally, muscle-atrophy-related 
studies also suggested that these drugs can increase muscle mass, muscle fiber size and muscle function by inhibiting the 
expression of myostatin and muscle dystrophy factor, and improve muscle atrophy by enhancing myostatin through GLP- 
1R-mediated signaling pathway.16 Here, through our finding, we observed that TNF-α, IL-6, IL-1β, and HOMA-IR in the 
HFD+S group were significantly lower than those in the HFD group, suggesting that Semaglutide may have beneficial 
effects on muscle by reducing inflammatory response and insulin resistance, which was shown in significantly improved 
muscle fiber structure and increased number of mitochondria. Mitochondria are the main part of energy generation, and 
the number of mitochondria can directly affect muscle function.30 Therefore, Semaglutide was inferred to improve 
muscle function. Skeletal muscle is composed of different types of muscle fibers, and obesity can lead to fiber type 
switching.31 Fluorescence labeling represented a decrease in the proportion of type I/II muscle fibers in the HFD group, 
indicating that obesity led to a decrease in oxidative muscle fibers and an increase in glycolytic muscle fibers, which 
aggravated metabolic disorders. In our study, there was an exciting reversal in muscle fiber ratio after treatment with 
Semaglutide. Taken together, Semaglutide can reduce inflammatory state and insulin resistance, and improved muscle 
function of obese mice.

The gastrocnemius is the largest muscle in the hind limb of mice and plays an important role in the animal motor 
system. To understand the effect of Semaglutide on muscle metabolism, metabolomics analysis was performed. A total of 
196 differential metabolites were screened out between the HFD group and the NC group, of which lipids and organic 
acids accounted for the largest proportions. Among lipids, we found increased levels of glycerophospholipids and long- 
chain fatty acids (LCFAs), while decreased long-chain acylcarnitines. Increased glycerophospholipids are thought to be 
associated with obesity and insulin resistance.32 LCFAs can lead to inflammatory responses, especially arachidonic acid 
(AA), as a bridge linking lipid metabolism with immunity and inflammation, and have obvious pro-inflammatory 
effects.33 The main function of long-chain acylcarnitines in muscle is to ensure the transport of long-chain fatty acids 
to mitochondria. Previous study has shown that long-chain acylcarnitines were increased in patients with type 2 diabetes, 
which can lead to inflammatory response and participate in insulin resistance.34 Conversely, the level of long-chain 
acylcarnitine in the muscle of the mice in this study decreased, which may indicate a decrease in the utilization of fatty 
acids by the muscle, but the specific mechanism remains to be further studied. Among the organic acids, Histidine, 
Isoleucine, Proline, Valine, and Phenylalanine were found to be reduced. Skeletal muscle is the main site of amino acid 
metabolism and plays an indispensable role in protein synthesis, muscle structure and function maintenance. A drop in 
their levels directly affects protein synthesis, leading to a loss of muscle mass.35 Therefore, we speculated that the 
possible metabolic factors for the occurrence of SO are abnormal metabolism of fat and organic acids in muscle tissues 
(Figure 6A).

A total of 141 differential metabolites were screened out between HDF+S and HFD groups, and lipids and organic 
acids were still the most obvious metabolites. In terms of lipid metabolism, glycerophospholipid and LCFAs levels 
decreased, which may be related to the increase in L-Carnitine, as there are data showing that it can increase the transport 
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and metabolism of LCFAs.36 Meanwhile, the decrease in glycerophospholipid and LCFAs concentrations alleviated the 
inflammatory response, which was confirmed by the decreased inflammatory markers in the HFD+S group. Besides, we 
found elevated concentrations of medium-chain fatty acids. Medium-chain fatty acids have been shown to promote lipid 
catabolism and stimulate thermogenesis in brown adipose tissue, thereby promoting body fat consumption.37 In terms of 
organic acids, the levels of Isoleucine, Proline, Valine, Arginine, Betaine, and Citric acid increased significantly. Among 
them, Isoleucine and Valine are branched chain amino acids, which can reduce muscle breakdown and promote muscle 
protein synthesis.38 In addition, adequate branched-chain amino acids also increase lipid oxidation and lipogenesis, 
maintaining normal lipid metabolism in muscles. Therefore, branched-chain amino acids have a synergistic role in lipid 
metabolism.39 Apart from the aforementioned anabolic effects of amino acids, Arginine may also affect skeletal muscle 
metabolism or improve insulin sensitivity by altering circulating concentrations of growth hormone.35 In both in vitro 
and in vivo studies, Betaine has been confirmed to promote myogenesis.40 Collectively, Sommarutide can reduce the risk 
of SO by regulating the lipids and organic acid metabolism of skeletal muscle (Figure 6B).

Conclusion
Semaglutide can significantly reduce body weight and intramuscular fat accumulation, promote muscle protein synthesis, 
increase skeletal muscle relative weight and improve muscle function of mice. Mechanistically, Semaglutide may reduce 
the risk of SO by altering the lipids and organic acid metabolism of muscle.
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