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Abstract

Background: Type 2 diabetes mellitus (T2DM) is a major public health challenge. This study aimed to explore the molecular mecha-
nisms underlying the effects of semaglutide on lipid metabolism in visceral white adipose tissue in a mouse model of T2DM.Methods:
Male C57BL/6J mice were given a normal diet, a high-fat diet with streptozotocin, or a high-fat diet with semaglutide. Blood samples,
liver tissue, and adipose tissue were collected for analysis. Serum adipokines, inflammatory cytokines, liver function, and lipid profiles
were assessed. White adipose tissue and liver sections were processed for hematoxylin and eosin (H&E) staining or immunohistochem-
istry (IHC) staining for the macrophage marker F4/80. High-throughput targeted lipidomic analysis of epididymal white adipose tissue
from these animals was performed using liquid chromatography-tandem mass spectrometry to characterize changes in lipid composition
and function. Furthermore, the expression of genes related to adipokines, inflammation, and lipid metabolism in epididymal adipose
tissue was determined by reverse transcription-quantitative PCR (RT-qPCR). Results: Semaglutide significantly improved systemic
metabolism in mice with T2DM, as demonstrated by reductions in body weight, blood glucose, serum lipid levels, and insulin resistance
indices homeostasis model assessment of insulin resistance (HOMA-IR) and adipose tissue insulin resistance index (Adipo-IR). Serum
Leptin, interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-α) levels were downregulated, while Adiponectin levels were ele-
vated. Histological analysis revealed that semaglutide effectively reduced adipocyte size, suppressed macrophage infiltration in adipose
tissue, and decreased liver lipid accumulation. Targeted lipidomic profiling identified 24 lipid subclasses, of which 50 lipid molecules
were significantly changed after semaglutide treatment. Enrichment analysis identified 15 metabolic pathways, with glycerophospho-
lipid metabolism being the most prominently affected. RT-qPCR results confirmed that semaglutide altered the expression of key genes
involved in glycerolipid, glycerophospholipid, fatty acid, and cholesterol metabolism. Conclusions: These results shed light on the
comprehensive remodeling of semaglutide in improving lipid metabolism in epididymal white adipose tissue mice with T2DM.
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1. Introduction

The global incidence of type 2 diabetes mellitus
(T2DM) is rising, affecting over 537 million people world-
wide, such that it has become a serious public health chal-
lenge [1]. Visceral obesity, the most dangerous type of cen-
tral obesity, is the main risk factor for obesity and T2DM.
A meta-analysis of 216 cohort studies found that every ad-
ditional 10 cm of waist circumference was associated with
a 61% increase in the rate of T2DM incidence, independent
of overall obesity [2]. This elevated risk is rooted in the
unique pathophysiology of visceral adipose tissue (VAT).
VAT exhibits heightened lipolytic activity, releasing exces-
sive free fatty acids (FFAs) that drive systemic lipotoxi-
city [3]. Lyu et al. [4] demonstrated that VAT develops
intrinsic insulin resistance through lipid-induced signaling
defects, specifically involving plasma membrane sn-1,2-
diacylglycerol accumulation that activates protein kinase C
(PKC)ε, leading to impaired insulin receptor phosphoryla-
tion. Metabolic disorders induced by VAT are also com-

pounded by chronic inflammation, characterized by the re-
cruitment of pro-inflammatory M1 macrophages that form
crown-like structures and secrete cytokines such as tumor
necrosis factor alpha (TNF-α), further inhibiting insulin sig-
naling via JNK activation [5]. Collectively, these results
indicate the central role of VAT in the lipid metabolism dis-
orders of T2DM, suggesting that specifically targeting VAT
could offer significant therapeutic potential.

Glucagon-like peptide-1 (GLP-1) is an endogenous
incretin that is involved in glucose and lipid homeosta-
sis through receptor-mediated signaling. Glucagon-like
peptide-1 receptor agonists (GLP-1RAs) are widely used
as clinically effective first-line therapy for glycemic control
and body weight management [6]. In addition to the classic
glucoregulatory and weight-loss effects, GLP-1RAs have
been shown to improve lipid profiles, decrease liver enzyme
levels, reverse metabolic liver disease, improve outcomes
in patients with complex metabolic disorders, and reduce
long-term diabetic complications in clinical studies [7,8].
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Semaglutide is a long-acting GLP-1RA that has received
high levels of clinical and research interest owing to its po-
tent effects on obesity, T2DM, and metabolic dysfunction-
associated fatty liver disease. Relative to other GLP-1RAs,
semaglutide exhibits a pronounced ability to significantly
reduce the levels of VAT, which is crucial given that this
remains the main risk factor associated with T2DM and
obesity. However, the molecular mechanisms underlying
the ability of semaglutide to regulate visceral adipose tissue
lipid composition and remodeling in T2DM remain poorly
understood.

In this study, we investigated the effects of semaglu-
tide on lipid composition and metabolism in visceral white
adipose tissue by integrating targeted lipidomics anal-
yses together with the evaluation of lipid metabolism-
related gene expression, relevant metabolic indicators, and
histopathological indicators. A T2DM mouse model was
induced by administering a high-fat diet (HFD) supple-
mented with streptozotocin (STZ), after which systemic
metabolic parameters and histopathological changes were
conducted in these animals, followed by targeted lipidomic
analysis to characterize changes in lipid composition. Fi-
nally, correlations between differentially abundant lipid
molecules, metabolic indicators, and gene expression pro-
files were examined.

2. Materials and Methods
2.1 Animal Models

C57BL/6Jmice (male, 6–8weeks old) were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (C57BL/6J, Beijing, China) and were maintained
at the Center for Animal Experimentation of the Second Af-
filiated Hospital of Harbin Medical University under con-
trolled conditions (25 °C, 12:12-hour light-dark cycle) with
free access to food and water. After one week of acclima-
tization, mice were randomly divided into two groups: a
normal diet group (CON, n = 7) and a high-fat diet group
(HFD, fed a diet containing 60% fat, D12492, Xiaoshu
Youtai Company, Beijing, China). After 4 weeks of HFD
feeding, mice in the HFD group underwent a 12-hour fast
(with access to water), and a one-time intraperitoneal injec-
tion of streptozotocin (STZ, 100mg/kg, S6050F, Biotopped
Technology Co., Ltd. Beijing, China prepared in sodium
citrate buffer, C1013, Solarbio Science & Technology Co.,
Ltd., Beijing, China) was administered [9]. Three days af-
ter the injection, blood glucose was measured. The cri-
teria for successfully establishing a T2DM model were:
random blood glucose levels greater than 16.7 mmol/L
or fasting blood glucose levels greater than 11.1 mmol/L.
After blood glucose levels stabilized, the diabetic model
mice were randomly assigned to two groups: one group
of mice received subcutaneous injections of semaglutide
(SJ20210014, Novo Nordisk, Copenhagen, Denmark) at a
60 μg/kg/d dose (HFS group, n = 7), while the other (HFD
group, n = 7) received subcutaneous injections of an equal

volume of PBS (SC106, Saiwen Innovation Biotechnol-
ogy Co., Ltd., Beijing, China). Weekly measurements of
weight and blood glucose during the 8-week treatment pe-
riod. This research has been reviewed and approved by the
Medical Ethics Committee of the Second Affiliated Hospi-
tal of Harbin Medical University, Heilongjiang Province.
Animal experimentation procedures strictly adhere to ap-
proved experimental protocols and ethical guidelines.

2.2 Tissue Harvesting
Mice were given 1% sodium pentobarbital (60 mg/kg,

P3761, Sigma-Aldrich, Merck KGaA, Darmstadt, Ger-
many) for anesthesia after being fasted for 12 hours (with
access to water). Blood samples were collected and al-
lowed to clot for 2 hours at room temperature. Then, the
samples were centrifuged at 3000 g for 15 minutes at 4
°C. The serum was subsequently stored at –80 °C for fur-
ther use. After blood collection, the mice were eutha-
nized via decapitation. Before excising the liver, resid-
ual blood was flushed by perfusing with PBS injected via
the portal vein, after which the liver was removed and im-
mersed in 4% paraformaldehyde (SI101-01, Saiwen Inno-
vation Biotechnology Co., Ltd., Beijing, China) for fixa-
tion prior to hematoxylin-eosin (H&E) staining. Visceral
adipose tissue (epididymal, perirenal, and mesenteric fat)
and subscapular brown adipose tissue were weighed and
collected for further analysis. Epididymal adipose tissue
was subjected to H&E staining and immunohistochemistry
for F4/80 (28463-1-AP, Proteintech Group, Inc., Wuhan,
China). The entire euthanasia process was performed in
strict adherence with the operating procedures approved
by the Medical Ethics Committee of the Second Affili-
ated Hospital of Harbin Medical University, Heilongjiang
Province, ensuring animal welfare.

2.3 Intraperitoneal Glucose Tolerance Test (IPGTT)
All mice were weighed after 12 hours of fasting and

administered a 50% glucose injection (2 g/kg) via intraperi-
toneal injection. Blood glucose levels were measured at
0 min (pre-injection), 30, 60, 90, and 120 minutes post-
injection, after which blood glucose response curves were
constructed, and the area under the curve (AUC) was mea-
sured.

2.4 Serum Analysis
The collected serum samples were used to measure

liver function indicators in these experimental mice, in-
cluding levels of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), and lipid-related indicators,
high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), total cholesterol (TC), and
triglycerides (TG). All these parameters were analyzed by
testing performed in the Clinical Laboratory Department of
the Second Affiliated Hospital of Harbin Medical Univer-
sity for testing.
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2.5 Enzyme-Linked Immunosorbent Assay (ELISA)
Serum levels of interleukin-6 (IL-6), tumor necrosis

factor alpha (TNF-α), Leptin, Adiponectin, and insulin in
mice were measured using commercial ELISA kits (Shang-
hai Jonlnbio Industrial Co., Ltd.). Based on the provided kit
instructions, 100 µL of diluted sample was added to pre-
coated microtiter plates, adding an equal volume of uni-
versal diluent to blank wells, followed by incubation at
37 °C for 1 hour. After washing, 100 µL of the biotin-
labeled antibody working solution was added per well, fol-
lowed by a further incubation at 37 °C for 1 hour. The
wells were then washed again, followed by the addition of
100 µL of enzyme-labeled working solution, and incuba-
tion at 37 °C for 30 minutes. After 5 washes, TMB sub-
strate (90 µL) was added to each well, and plates were in-
cubated at 37 °C in the dark for 15 minutes. Then, stop
solution (50 µL) was added to terminate the reaction, and
absorbance at 450 nm was measured using a microplate
reader. The utilized ELISA kits were as follows: Lep-
tin (JL11317-96T, Jonlnbio Industrial Co., Ltd., Shang-
hai, China), Adiponectin (JL20696-96T, Jonlnbio Industrial
Co., Ltd., Shanghai, China), IL-6 (JL20268-96T, Jonlnbio
Industrial Co., Ltd., Shanghai, China), TNF-α (JL10484-
96T, Jonlnbio Industrial Co., Ltd., Shanghai, China), and
Insulin (JL11459-96T, Jonlnbio Industrial Co., Ltd., Shang-
hai, China).

2.6 Serum Free Fatty Acid (FFA) Assay
An FFA content assay kit (AKFA008M, Beijing

Boxbio Science & Technology Co., Ltd., Beijing, China)
was used as directed. Serum samples were extracted with
the provided extraction reagent, and the provided solution
was used for measurement. Briefly, 200 μL aliquots of the
extracted reaction solution were dispensed into a 96-well
plate, establishing appropriate test, control, standard, and
blank wells. Absorbance was then measured at 550 nm.

2.7 Insulin Resistance Index
(1) Homeostasis model assessment of insulin resis-

tance (HOMA-IR).
Systemic insulin resistance was estimated by HOMA-

IR:
HOMA-IR = FBG (mmol/L) × Insulin (mIU/L) /22.5.
(2) Adipose tissue insulin resistance index (Adipo-

IR).
Adipo-IR = FFA (mmol/L) × Insulin (µIU/L).
The Adipo-IR index has emerged as a predictive factor

for metabolic syndrome-related diseases and effectively re-
flects the role of visceral adipose tissue in the development
of insulin resistance [10,11].

2.8 Quantitative Real-Time PCR (RT-qPCR)
Total RNA was isolated from epididymal adipose tis-

sue. Reverse transcription of the cDNA was completed
with an All-in-one First Strand cDNA Synthesis Kit II

(SM134, Saiwen Innovation Biotechnology Co., Ltd., Bei-
jing, China). For reverse transcription-quantitative PCR
(RT-qPCR), target gene primers were diluted 10-fold, and
cDNA was diluted 5-fold. These were then mixed with
SYBR Green qPCR MasterMix II (SM-143-01, Saiwen In-
novation Biotechnology Co., Ltd., Beijing, China) in a final
reaction volume of 20 μL. Table 1 lists all primer sequences
used in this study. The 2−∆∆Ct formula was employed to
calculate gene expression levels.

2.9 Targeted Lipidomics Analysis
Targeted lipidomics analysis was performed using

samples of murine epididymal adipose tissue. To mon-
itor instrument stability and ensure data reproducibility,
pooled quality control (QC) samples were prepared by mix-
ing equal aliquots of all epididymal adipose tissue samples.
These QC samples were injected periodically throughout
the analytical run to monitor instrument stability. Data re-
producibility was assessed by evaluating the relative stan-
dard deviation (RSD) of all detected lipids in the QC sam-
ples. Only lipids with RSD ≤30% were considered sta-
ble and retained for further analysis. Additionally, Pear-
son correlation coefficients between QC samples were all
greater than 0.9, confirming the high repeatability of the
measurements. To an appropriate amount of tissue sam-
ple, methanol (200 μL), an internal standard mixture (10
μL), and methyl tert-butyl ether (800 μL) were sequen-
tially added, and samples were fully mixed. Samples were
then vortexed, sonicated, placed in a cold water bath for 20
minutes, and allowed to stand at room temperature for 30
minutes. Next, 200 μL of mass spectrometry-grade water
was added to each sample, followed by vortexing and cen-
trifugation at 14,000 rpm at 4 °C for 15 minutes. The up-
per organic phase was collected and dried under a nitrogen
stream. The dried extract was dissolved in 200 μL of a 90%
isopropanol/acetonitrile solution, vortexed thoroughly, and
centrifuged at 14,000 rpm at 4 °C for 15 minutes. The su-
pernatant was used for subsequent analysis. Sample sepa-
ration was performed using C18 (Torrance, CA, USA) and
amino columns on the LC-30AD (Shimadzu Corporation,
Kyoto, Japan) ultra-high-performance liquid chromatogra-
phy system. The entire analytical process for samples was
carried out with a 10 °C autosampler. Samples were ana-
lyzed continuously in a random order within the instrument
to minimize signal fluctuations. Electrospray ionization
(ESI) technology enables concurrent analysis of samples in
both positive and negative ion modes. The samples were
separated by ultra-high performance liquid chromatography
(UHPLC), and mass spectrometry analysis was performed
using an AB6500+QTRAP (ABSCIEX, Framingham, MA,
USA) mass spectrometer. The above-mentioned targeted
lipidomics analysis was performed by Shanghai Applied
Protein Technology Co., Ltd.
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Table 1. Primer sequences.
Primer Primer sequences

Abhd2-Forward 5′-ACAGCCTTGTATGGGAAGATG-3′
Abhd2-Reverse 5′-TCGAAGAGGTCGAAGGTAGAA-3′
Acaca-Forward 5′-TCTCTGGTGGGATGAAAGATATGTA-3′
Acaca-Reverse 5′-ACCATTACAGGCTGGGAACAT-3′
Acadm-Forward 5′-GAGAAGAAGGGTGACGAGTATG-3′
Acadm-Reverse 5′-GGCTTTACTAGCGGGTACTTTA-3′
Adiponectin-Forward 5′-TGAGACAGGAGATGTTGGAATG-3′
Adiponectin-Reverse 5′-ACGCTGAGCGATACACATAAG-3′
Agpat2-Forward 5′-CAGAAGAAACTGGAGGTGGATG-3′
Agpat2-Reverse 5′-CACAGCGCTTAGGGAGTATTT-3′
Cd36-Forward 5′-CTGGGACCATTGGTGATGAAA-3′
Cd36-Reverse 5′-CACCACTCCAATCCCAAGTAAG-3′
Cept1-Forward 5′-CGGCTAGAAGAACACAGGTATC-3′
Cept1-Reverse 5′-CCAACTAGCCATTCCCAGTATC-3′
Cpt1a-Forward 5′-GAAGTGTCGGCAGACCTATTT-3′
Cpt1a-Reverse 5′-GTCCTCCTCTCTATATCCCTGTT-3′
Cpt2-Forward 5′-CCTGCATACCAGCGGATAAA-3′
Cpt2-Reverse 5′-CCTATCCAGTCATCGTGAACAG-3′
Dgat1-Forward 5′-GGCCTTACTGGTTGAGTCTATC-3′
Dgat1-Reverse 5′-GTTGACATCCCGGTAGGAATAA-3′
Etnk1-Forward 5′-GGGACTCTGGGCTTTGATAC-3′
Etnk1-Reverse 5′-CTGTGACCTCAGGCTTCATT-3′
Fabp4-Forward 5′-ATGGTGACAAGCTGGTGGAAT-3′
Fabp4-Reverse 5′-TCTTCCTTTGGCTCATGCCC-3′
Fasn-Forward 5′-TCCAGAGCCCAGACAGAGAA-3′
Fasn-Reverse 5′-CTGTGACCATGTCCACACCA-3′
Fdps-Forward 5′-TCGGGTGAAAGCACTGTATG-3′
Fdps-Reverse 5′-GCACTGCTCTATGAGACTCTTG-3′
Hadha-Forward 5′-GAGGAGGACTTGAGCTTGCC-3′
Hadha-Reverse 5′-AGCAACACTTCAGGGACACC-3′
Hmgcs1-Forward 5′-GCGTCTTTGCTTGTGTCTAATC-3′
Hmgcs1-Reverse 5′-GAGAACACTCCAACCCTCTTC-3′
IL-6-Forward 5′-CTTCCATCCAGTTGCCTTCT-3′
IL-6-Reverse 5′-CTCCGACTTGTGAAGTGGTATAG-3′
Leptin-Forward 5′-CCTGTGGCTTTGGTCCTATC-3′
Leptin-Reverse 5′-TGATGAGGGTTTTGGTGTCA-3′
Lipe-Forward 5′-CATCAACCACTGTGAGGGTAAG-3′
Lipe-Reverse 5′-AAGGGAGGTGAGATGGTAACT-3′
Lpcat1-Forward 5′-GAAGACAGTGGAGGAGATCAAG-3′
Lpcat1-Reverse 5′-GGTAATGAGGCAGGTCCTATTT-3′
Lpcat3-Forward 5′-TCGTGCTTCAGTTCCTCATC-3′
Lpcat3-Reverse 5′-CCGGTGGCTGTGATGTAATATC-3′
Pemt-Forward 5′-TGTGCTGTCCAGCTTCTATG-3′
Pemt-Reverse 5′-GAAGGGAAATGTGGTCACTCT-3′
Pnpla2-Forward 5′-TGCAGCACATTTATCCCGGT-3′
Pnpla2-Reverse 5′-CATCCACATAGCGCACCCC-3′
Ppargc1α-Forward 5′-CTAGCCATGGATGGCCTATTT-3′
Ppargc1α-Reverse 5′-GTCTCGACACGGAGAGTTAAAG-3′
Prdm16-Forward 5′-CACAAGTCCTACACGCAGTT-3′
Prdm16-Reverse 5′-TTGTTGAGGGAGGAGGTAGT-3′
Srebf1-Forward 5′-GGGCACTGAAGCAAAGCTGA-3′
Srebf1-Reverse 5′-TGCTGCAAGAAGCGGATGTA-3′
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Table 1. Continued.
Primer Primer sequences

TNF-α-Forward 5′-TTGTCTACTCCCAGGTTCTCT-3′
TNF-α-Reverse 5′-GAGGTTGACTTTCTCCTGGTATG-3′
Ucp-1-Forward 5′-GAGGTCGTGAACGTCAGAATG-3′
Ucp-1-Reverse 5′-AAGCTTTCCTGTGGTGGCTATAA-3′
β-actin-Forward 5′-GAGGTATCCTGACCCTGAAGTA-3′
β-actin-Reverse 5′-CACACGCAGCTCATTGTAGA-3′
IL-6, interleukin-6; TNF-α, tumor necrosis factor alpha.

2.10 Metabolic Pathway Analysis
The screening criteria for differentially abundant

metabolites when comparing groups in the lipidomics
dataset were as follows: variable importance in projection
(VIP) >1, p < 0.05, and fold-change (FC) <0.5 or FC >1.2.
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analyses were used to explore metabolite enrichment.
Principal Component Analysis (PCA) was completed in
MetaboAnalyst (https://www.metaboanalyst.ca/).

2.11 Statistical Analysis
All data are presented as mean ± SEM. Graphs and

corresponding statistical tests were performed using Graph-
Pad Prism 10 (Version 10, San Diego, CA, USA). The
Shapiro-Wilk test was used to assess the normality of these
data, after which they were analyzed using paired t-tests or
Mann-Whitney U tests, as appropriate. p < 0.05 was con-
sidered statistically significant.

3. Results
3.1 Semaglutide Improves the Systemic Metabolic
Phenotype in Type 2 Diabetic Mice

To evaluate the systemicmetabolic effects of semaglu-
tide, a mouse model of T2DM was established using HFD
combined with STZ administration. A subset of the re-
sulting T2DM model mice was subsequently treated with
semaglutide (HFS group). Fig. 1A (Ref. [12]) provides a
schematic overview of the animal experimental workflow.
As expected, after induction with HFD combined with STZ,
the diabetic mice exhibited a progressive increase in food
intake relative to pre-induction levels (Fig. 1C), signifi-
cantly higher body weight than the control (CON) group
(Fig. 1B), and fasting blood glucose levels >11.1 mmol/L
(Fig. 1D), which are typical manifestations of T2DM. Ad-
ministration of semaglutide (60 μg/kg/d, s.c. for 8 weeks)
effectively attenuated the body weight gain in the HFS
group compared to the HFD group. TheHFD group showed
significantly elevated blood glucose levels at 30, 60, 90,
and 120 minutes during the IPGTT and by a substantially
increased area under the curve (AUC), indicating severe
impairment of glucose tolerance compared to the CON
group. Compared to the HFD group, semaglutide treatment
markedly improved glycemic control, as shown by a consis-
tent downward trend in blood glucose levels and a signif-

icantly reduced AUC (Fig. 1D,E). In addition, fasting in-
sulin levels in the HFD group were significantly increased
compared to the HFS group. Calculation of the HOMA-IR
insulin resistance index confirmed systemic insulin resis-
tance in theHFS group, but the valueswere significantly de-
creased compared to those in the HFD group (Fig. 1F,G). In
addition, we found that HFD/STZ induction elicited a dys-
lipidemic state, with increased TG, TC, and LDL-C levels
compared to CON mice, along with decreased HDL-C lev-
els. Treatment with semaglutide effectively counteracted
this dyslipidemia and normalized serum lipid profiles com-
pared with the HFD group (Fig. 1H). Collectively, our find-
ings indicated that semaglutide confers systemic metabolic
benefits in this T2DMmouse model and leads to significant
improvements in body weight, glucose homeostasis, insulin
sensitivity, and serum lipid profiles.

3.2 Semaglutide Improves Adipose Tissue Morphology and
Alleviates Adipose Insulin Resistance

Next, we investigated the effect of semaglutide on
the morphology of visceral adipose tissue and lipid-related
metabolic parameters. Compared with the HFD group, the
HFS group exhibited a striking reduction in the volume of
epididymal white adipose tissue (eWAT) (Fig. 2A), sug-
gesting a decrease in lipid storage. Moreover, both the ab-
solute mass of white adipose tissue (WAT) and the WAT in-
dex (WAT-to-body weight ratio) were significantly reduced
in the HFS group relative to the HFD group (Fig. 2B).
In contrast, semaglutide treatment significantly increased
brown adipose tissue (BAT) mass compared with the HFD
group (Fig. 2C). Systemically, semaglutide markedly re-
duced serum levels of free fatty acids (FFAs) (Fig. 2D),
indicating decreased lipolysis and/or enhanced fatty acid
clearance. The adipose Adipo-IR index, calculated from
fasting FFA and insulin levels, was also greatly ameliorated
by semaglutide treatment (Fig. 2E). H&E staining further
showed the amelioration of dysfunction in both BAT and
WAT. Specifically, BAT in the semaglutide-treated mice
regained its typical multilocular morphology with smaller
lipid droplets as opposed to the unilocular morphology ob-
served in the HFD group (Fig. 2F). We further examined
the molecular levels of thermogenic genes and mitochon-
drial activation-related genes (Ucp1, Ppargc1α, Prdm16)
in BAT (Fig. 2G). The results showed that, compared with
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Fig. 1. Metabolic and biochemical parameters of mice under experimental conditions. (A) Schematic diagram of the experimental
procedure (Fig. 1A was created with BioGDP.com [12]). (B) Changes in body weight of mice during the 15-week experiment. (C)
Changes in food intake in the control (CON) group, high-fat diet (HFD) group and treated with semaglutide (HFS) group over the 15-
week experimental period (D) Blood glucose levels during the intraperitoneal glucose tolerance test (IPGTT). (E) Area under the curve
(AUC) for the IPGTT. (F) Serum fasting insulin levels. (G) Homeostatic model assessment of insulin resistance (HOMA-IR). (H) Serum
levels of triglycerides (TG), total cholesterol (TC), lipoprotein high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein
cholesterol (LDL-C) in CON, HFD, and HFS groups of mice. Data are expressed as mean ± SEM. n = 7, *p < 0.05, **p < 0.01, ***p <
0.001 vs. HFD group.

HFD/STZ-induced T2DM mice, the expression of these
genes was significantly upregulated following semaglutide
intervention. This demonstrates that semaglutide treat-
ment activates brown adipose tissue and enhances its en-
ergy metabolism in T2DM mice. Moreover, H&E staining
of eWAT (Fig. 2H) showed that the pronounced adipocyte
hypertrophy evident in diabetic mice was markedly reduced
by semaglutide treatment. This morphological improve-
ment was supported by quantitative analysis, which showed
a significant shift in adipocyte size distribution toward a

greater proportion of smaller cells (Fig. 2I), consistent with
the remodeling of VAT in these T2DM model mice.

3.3 Semaglutide Alleviates Hepatic Steatosis in
Association With Improved Adipose Tissue Insulin
Resistance

Evaluation of liver tissue samples from our experi-
mental mice demonstrated that liver weight and liver index
(liver-to-body weight ratio) values in the HFD group were
markedly increased compared with the CON group, while
these changes were reversed by semaglutide treatment (Fig.
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Fig. 2. Semaglutide improves adipose tissue morphology and alleviates adipose insulin resistance (Adipo-IR). (A) Representative
images of epididymal white adipose tissue (eWAT). (B) Visceral White adipose tissue (WAT) mass (left panel) and WAT index (right
panel), calculated as the WAT-to-body weight ratio. (C) Brown adipose tissue (BAT) mass. (D) Serum levels of free fatty acids (FFAs).
(E) Adipose tissue insulin resistance (Adipo-IR) index. (F) Representative hematoxylin-eosin (H&E) stained sections of brown adipose
tissue (BAT). Scale bars, 100 μm (main image) and 20 μm (inset). (G) mRNA expression levels of Ucp1, Ppargc1α, and Prdm16 in BAT
measured by reverse transcription-quantitative PCR (RT-qPCR). (H) Representative H&E stained sections of eWAT. The inset shows a
higher-magnification view of the boxed area. Scale bars, 100 μm (main image) and 20 μm (inset). (I) Quantitative analysis of adipocyte
size distribution in eWAT, presented as the percentage of adipocytes within each size range. Data are expressed as mean ± SEM. ns, not
significant; *p < 0.05, **p < 0.01, ***p < 0.001 vs. HFD group.
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Fig. 3. Amelioration of hepatic steatosis by Semaglutide concurs with improved insulin sensitivity in adipose tissue. (A) Liver
mass (left panel) and liver index (right panel), calculated as the liver-to-body weight ratio. (B) Representative H&E-stained sections
of the liver. The inset shows a higher-magnification view of the boxed area. Scale bars, 100 μm (main image) and 20 μm (inset). (C)
Quantitative analysis of hepatic lipid droplet area. (D) Correlation analysis between Adipo-IR and hepatic lipid droplet area (n = 7).
The relationship was assessed by Pearson’s correlation analysis. (E) Serum levels of aminotransferase (ALT), aspartate aminotransferase
(AST). Data are expressed as mean ± SEM. *p < 0.05, ***p < 0.001 vs. HFD group.

3A). H&E staining showed further evidence of variably
sized circular vacuoles within the livers of the HFD/STZ
mice, consistent with hepatic steatosis (Fig. 3B). Quantita-
tive analysis of H&E staining confirmed that semaglutide
significantly decreased the area of lipids in the liver com-
pared to the HFD group (Fig. 3C). Pearson correlation anal-
ysis indicated a significant positive relationship between the
Adipo-IR index and the percentage of hepatic lipid droplet
area (r = 0.8390, p < 0.001; Fig. 3D), which further sug-
gested that the reduction in hepatic lipid accumulation in-
duced by semaglutide is related to insulin resistance of adi-
pose tissues. Compared to the CON group, serum ALT
and AST levels increased significantly in the HFD group,
whereas the liver function was significantly reduced in the
HFS group (Fig. 3E). Collectively, these findings indicate
that semaglutide ameliorates hepatic steatosis and liver in-
jury by reducing adipose tissue insulin resistance.

3.4 Semaglutide Ameliorates Visceral Adipose Tissue
Inflammation and Its Associated Systemic Inflammatory
Profiles

We further investigated the effect of semaglutide on
local and systemic inflammation in this mouse model of
T2DM. Compared with the CON group, the HFD group

had significantly increased serum Leptin levels (Fig. 4A).
However, serum Adiponectin levels significantly increased
after semaglutide treatment, indicating a shift toward an
anti-inflammatory profile (Fig. 4B). Histological evalua-
tion of VAT further supported the anti-inflammatory role
of semaglutide. Systemically, semaglutide significantly
reduced the serum levels of the inflammatory cytokines
IL-6 and TNF-α, bringing their levels closer to those in
the CON group (Fig. 4C). Immunohistochemistry (IHC)
staining for F4/80 revealed that semaglutide reduced HFD-
induced macrophage infiltration, and quantitative analy-
sis confirmed a significant decrease in the proportion of
macrophages in eWAT (Fig. 4D).We also evaluated inflam-
mation in visceral WAT at the molecular level and found
that Leptin mRNA levels were significantly upregulated in
HFD/STZ and downregulated after semaglutide treatment,
while Adiponectin mRNA levels were significantly upreg-
ulated after semaglutide treatment (Fig. 4E). Inhibition of
IL-6 and TNF-α expression by semaglutide was also con-
firmed in RT-qPCR analyses of visceral WAT (Fig. 4F).
Taken together, these results demonstrate that semaglutide
attenuates visceral adipose tissue inflammation and modu-
lates systemic inflammatory responses in diabetic mice.
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Fig. 4. Semaglutide suppresses macrophage infiltration into visceral adipose tissue and mitigates systemic inflammation. (A)
Serum concentration of Leptin. (B) Serum concentration of Adiponectin. (C) Serum concentrations of IL-6 and TNF-α. (D) Macrophage
infiltration in eWAT. Left panel: Representative immunohistochemical (IHC) staining for the macrophage marker F4/80 in eWAT. Scale
bar, 100 μm (main image) and 20 μm (inset). Right panel: Quantitative analysis of F4/80-positive area. (E) mRNA expression levels
of Leptin and Adiponectin in eWAT measured by RT-qPCR. (F) mRNA expression levels of IL-6 and TNF-α in eWAT, as determined by
RT-qPCR. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. HFD group.

3.5 Semaglutide Remodels Lipid Metabolism in Visceral
Adipose Tissue of Type 2 Diabetic Mice

To investigate changes in lipid composition within
visceral WAT, we performed a targeted lipidomic analysis.
A total of 1276 lipids were identified using this approach,
including five major classes: glycerolipids (GL), glyc-
erophospholipids (GP), fatty acids (FA), sterol lipids (ST),
and sphingolipids (SP), which were further classified into
24 subclasses. Principal component analysis (PCA) of
the resulting lipidomic profiles revealed clear separation

among the CON, HFD, and HFS groups, reflecting distinct
lipid metabolic states (Fig. 5A). Fig. 5B displays the
number of lipid molecules identified within each lipid sub-
class. Comparative analysis of the HFD and HFS groups
indicated that the levels of 50 lipids had significantly
changed (VIP >1, p < 0.05, and FC >1.2 or <0.5). We
first focused on glycerolipids due to their central roles in
lipid storage and metabolic regulation in adipose tissue.
Our targeted lipidomics data revealed that 9 TG species
were significantly changed in visceral adipose tissue across
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the experimental groups, including TG(55:2)-FA18:1,
TG(56:2)-FA16:0, TG(56:3)-FA18:0, TG(56:3)-FA20:2,
TG(56:9)-FA22:6, TG(58:10)-FA18:2, TG(58:10)-FA22:6,
TG(58:9)-FA22:5, and TG(60:11)-FA22:6. It is worth
noting that the HFD group showed a significant ~4-fold
increase in TG(56:3)-FA20:2 levels compared with the
CON group. However, TG(56:3)-FA20:2 levels were
reduced by about half after semaglutide administration
(Fig. 5C). Diacylglycerols (DG) serve as important sig-
naling molecules and metabolic intermediates that can
affect insulin sensitivity and lipid metabolism. Compared
to the CON group, DG(18:1/18:2), DG(20:2/20:2), and
DG(16:1/18:1) were significantly more abundant in the
HFD group. Additionally, the levels of 11 DG species,
including DG(18:1/18:2), DG(18:2/18:2), DG(18:3/20:0),
DG(20:2/20:2), DG(15:0/20:2), DG(16:1/18:1),
DG(16:1/18:2), DG(16:1/20:1), DG(16:1/20:2),
DG(16:1/20:3), and DG(16:1/22:4) declined signifi-
cantly after semaglutide treatment (Fig. 5D). The total fatty
acid content of adipose tissue from HFD/STZ-induced
diabetic mice did not differ significantly compared to the
CON group, whereas semaglutide treatment resulted in a
marked decrease in fatty acid levels relative to the HFD
group (Fig. 5E). Moreover, levels of the ChE(22:1) were
elevated in the HFD group compared to the CON group,
while ChE(22:1) content was restored to near-normal
levels after semaglutide treatment (Fig. 5F). We also
performed hierarchical clustering of the significantly
altered glycerophospholipid species identified in this
study. In the resulting heatmap, distinct separation was
evident between the HFD and HFS groups, revealing that
semaglutide induced substantial remodeling of multiple
glycerophospholipid species, including glycerophos-
phocholines (PC), glycerophosphoethanolamines (PE),
plasmalogen PE (PE-P), glycerophosphoglycerols (PG),
glycerophosphoserines (PS), lyso-glycerophosphocholines
(LPC), and lyso-glycerophosphoinositols (LPI) (Fig. 5G).
Lipid pathway enrichment analysis (LIPEA) of the altered
lipids revealed that the majority of the top 15 enriched
pathways were associated with lipid metabolism, with
glycerophospholipid metabolism being the most signifi-
cantly enriched. Key lipid-related pathways also identified
using this approach included fat digestion and absorp-
tion, cholesterol metabolism, regulation of lipolysis in
adipocytes, fatty acid biosynthesis, and thermogenesis.
Furthermore, significant enrichment of pathways including
“lipid and atherosclerosis” and “insulin resistance” was
also observed, emphasizing the critical link between
the observed lipidomic alterations and the pathophysio-
logical features of T2DM and associated complications
(Fig. 5H). Collectively, our lipidomic analysis reveals
that the metabolic benefits of semaglutide are associated
with the concerted restructuring of glycerolipid and
glycerophospholipid metabolism in VAT.

3.6 Semaglutide Modulates the Expression of Lipid
Metabolism Genes in Visceral Adipose Tissue and Its
Systemic Correlations

Based on our LIPEA results pertaining to lipid
metabolism pathways in adipose tissue, we performed RT-
qPCR analyses of key regulatory genes within the sig-
nificantly enriched pathways in VAT to help better char-
acterize the mechanisms underlying semaglutide-induced
lipid metabolic remodeling. This approach included val-
idating upstream and downstream genes involved in li-
pogenesis and lipolysis, glycerolipid/glycerophospholipid
metabolism, cholesterol metabolism, and fatty acid β-
oxidation and transport. As shown in Fig. 6A–F, RT-qPCR
results demonstrated that semaglutide significantly modu-
lated the mRNA levels of critical enzymes and regulators
involved in multiple lipid metabolic pathways in eWAT tis-
sue samples compared to the CON group. In the lipoly-
sis pathway (Fig. 6A), the mRNA levels of Lipe and Pn-
pla2 were significantly downregulated in the HFD group
compared to the CON group, but were significantly upregu-
lated by semaglutide treatment. In contrast, lipogenic genes
(Acaca, Fasn; Fig. 6B) were markedly induced in the HFD
group, and this effect was abolished by semaglutide admin-
istration. Among genes involved in glycerolipid and glyc-
erophospholipid metabolism, Lpcat1, Lpcat3, Etnk1, and
Agpat2 were significantly upregulated in the HFD group
and downregulated by semaglutide (Fig. 6C). Conversely,
Abhd2 expression was suppressed in the HFD group but
was significantly restored by semaglutide administration.
In addition, Pemt and Cept1 levels showed a significant
increasing trend in the HFD group, but were significantly
suppressed after semaglutide administration. Genes related
to fatty acid oxidation (Acadm, Cpt1a, Cpt2, Hadha; Fig.
6D) were not significantly affected by HFD/STZ induc-
tion, whereas semaglutide robustly enhanced their expres-
sion. Similarly, the expression of fatty acid transport genes
was significantly modulated by semaglutide. In contrast,
Cd36 and Fabp4 expression was markedly increased in the
HFD group compared to the CON group, but significantly
decreased after semaglutide treatment (Fig. 6E). Genes re-
lated to cholesterol metabolism (Srebf1,Hmgcs1, andFdps)
were significantly up-regulated in the HFD group, and
semaglutide effectively reversed their expression (Fig. 6F).
Additionally, we examined the expression of key browning-
related genes in epididymal adipose tissue. Compared with
the HFD group, HFS group significantly upregulated the
mRNA levels of uncoupling protein 1 (Ucp1), peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(Ppargc1α), and PR domain containing 16 (Prdm16) in
eWAT (Fig. 6G). This coordinated upregulation suggests a
role in promotingmitochondrial uncoupling thermogenesis,
enhancing mitochondrial biogenesis, and driving browning
in WAT.

Pearson correlation analysis was conducted to ex-
amine the association between lipid species in visceral
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Fig. 5. Comparative lipidomic analysis of visceral adipose tissues in CON, HFD, andHFS groups. (A) Principal component analysis
(PCA) score plot. (B) The number of identified lipid species within each lipid class. (C–F) Relative abundance of significantly altered
lipid species between groups for (C) triacylglycerols (TG), (D) diacylglycerols (DG), (E) fatty acid (FA), and (F) cholesteryl ester (ChE).
Criteria: VIP >1, p-value < 0.05, and fold change >1.2 or <0.5. Data are presented as mean ± SEM. (n = 3 per group). (G) Heatmap
of significantly altered glycerophospholipids (GP), filtered by the same significance criteria. (H) Lipid Pathway Enrichment Analysis
(LIPEA) indicating enriched pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. ns, not significant; *p <
0.05, **p < 0.01 vs. HFD group.
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Fig. 6. Semaglutide coordinates visceral adipose tissue lipid metabolism by modulating gene expression and remodeling the
lipidome. (A–G) mRNA expression levels of key genes involved in (A) lipolysis, (B) lipogenesis, (C) glycerolipid and glycerophos-
pholipid metabolism, (D) fatty acid oxidation, (E) fatty acid transport, (F) cholesterol metabolism, and (G) mitochondrial biogenesis and
thermogenic genes in eWAT, as determined by RT-qPCR. Data are presented as mean ± SEM. (H) Schematic diagram summarizing the
proposed mechanism of semaglutide on adipose tissue lipidome remodeling through its effect on the expression of key lipid metabolic
genes. (I) Pearson correlation analysis between significantly altered lipid metabolites and key biochemical indicators of metabolism and
inflammation. Red and blue indicate positive and negative correlations, respectively. ns, not significant; *p < 0.05, **p < 0.01, ***p <
0.001 vs. HFD group.

WAT samples and various metabolic parameters sig-
nificantly affected by semaglutide treatment, including
inflammatory factors, adipokines, insulin resistance
indices, and serum lipid profiles. DG(16:1/20:2),
DG(16:1/18:1), DG(15:0/20:2), DG(20:2/20:2),
DG(18:1/18:2), TG(56:3)-FA20:2, TG(56:3)-FA18:0,
TG(55:2)-FA18:1, PG(18:1/18:1), and PE(P-20:1/17:0)
levels showed strong positive correlations with IL-6
and TNF-α, as well as with Adipo-IR. Several spe-
cific DG and TG species in visceral adipose tissues,
including TG(56:3)-FA18:0, TG(56:2)-FA16:0, TG(55:2)-
FA18:1, DG(20:2/20:2), DG(18:2/18:2), DG(18:1/18:2),
DG(16:1/22:4), DG(16:1/20:3), DG(16:1/20:2),
DG(16:1/20:1), DG(16:1/18:2), and DG(15:0/20:2),

were negatively correlated with levels Adiponectin, sup-
porting the involvement of these DG and TG species in the
impaired lipid metabolism that characterized T2DM. How-
ever, another distinct set of glycerophospholipids, includ-
ing PE(P-20:0/16:0), PE(P-20:0/16:1), PE(P-20:1/16:0),
PE(P-20:0/20:5), PE(P-20:0/20:1), and PS(19:0/20:4),
displayed significantly negative correlations with IL-6 and
TNF-α levels. PG(18:1/18:1) abundance was positively
correlated with Leptin levels and negatively correlated
with those of Adiponectin, highlighting its involve-
ment in metabolic and inflammatory pathways (Fig. 6I).
Semaglutide downregulated genes involved in lipogenesis
and glycerolipid/glycerophospholipid metabolism, while
upregulating those related to fatty acid oxidation , thus
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lowering lipid accumulation and preserving metabolic bal-
ance. This schematic illustrates the mechanism by which
semaglutide remodels the visceral adipose tissue lipid
metabolism through integrating lipidomic and targeted
gene expression data (Fig. 6H).

4. Discussion
The global incidence of T2DM is constantly increas-

ing, constituting a significant public health challenge. The
fundamental cause of this disease is the pathophysiological
defects of insulin resistance and pancreatic β-cell dysfunc-
tion. A well-established animal model in which a high-fat
diet is used to induce insulin resistance, followed by com-
bined STZ injection, simulates the characteristics of T2DM,
which is mainly characterized by insulin resistance accom-
panied by relative insulin deficiency. This method differs
from high-dose STZ injection alone, which destroys pan-
creatic β-cells and induces absolute insulin deficiency typ-
ical of type 1 diabetes. Critically, dysfunction of VAT and
its associated abnormal lipid accumulation further aggra-
vate insulin resistance and β-cell dysfunction, thereby pro-
moting the development of the disease [13,14,15]. Despite
the well-recognized role of VAT in type 2 diabetic patho-
genesis, the specific effects of GLP-1RA semaglutide on
the lipid composition and remodeling of VAT in a type 2
diabetic context have not been elucidated. Here, we show
that, beyond promoting weight loss and improving glucose
homeostasis, semaglutide induces a multifaceted reorgani-
zation of the VAT lipidome. This reorganization is sup-
ported by coordinated changes in the expression of key lipid
metabolic genes and is associated with significant improve-
ments in insulin resistance and inflammation.

Semaglutide is a GLP-1RA exhibiting 94% amino
acid sequence homology with human GLP-1 [16] that was
approved by the U.S. Food and Drug Administration for
the treatment of obesity in 2021. GLP-1R is broadly ex-
pressed in the central nervous system and peripheral tis-
sues, including the pancreas, gastrointestinal tract, heart,
kidney, and adipose tissue [17]. Nevertheless, the extra-
pancreatic mechanisms of GLP-1, particularly its role in
adipose tissue, are still not fully understood. Rodríguez
Jiménez et al. [18] demonstrated that in obese patients with
T2DM, whether administered via subcutaneous injection or
orally, semaglutide led to marked fat-related changes after
24 weeks, with respective decreases of 9.5% ± 5.7% and
9.4% ± 5.9% in body weight, and 30.2 cm2 and 42.3 cm2 in
visceral fat area. The incidence of dyslipidemia in T2DM is
estimated to range from 43.84% to 75.5%, and, according
to epidemiological studies, controlling related risk factors
can reduce the incidence of cardiovascular events by more
than 50% [19,20,21] in affected patient populations. In this
study, semaglutide effectively lowered the abnormally el-
evated levels of LDL-C, TG, and TC in our model mice,
as previously reported [22,23,24]. Notably, semaglutide’s
effects on body weight, visceral fat, and lipids in T2DM

were not confined to its effects on the pancreas. In the con-
text of obesity and T2DM, the breakdown of adipose tissue
is deregulated such that more fatty acids are released into
circulation [25]. As a key metabolic hub, the liver takes up
excess FFAs and re-esterifies them into TG, ultimately lead-
ing to excessive hepatic TG deposition [26]. We observed
an increase in liver and WAT weight in our T2DM mouse
model, accompanied by histological evidence of marked
hepatic steatosis. Consistent with previous clinical evi-
dence indicating that enlarged visceral adipocytes are as-
sociated with an 80% higher risk of insulin resistance per
standard deviation increase in visceral adipose tissue vol-
ume, semaglutide effectively reversed these pathological
changes [27]. Specifically, it reduced the proportion of
hepatic lipid droplet area and decreased the size of hyper-
trophic WAT. Furthermore, Adipo-IR is well established as
one of the main drivers of hepatic lipid accumulation and
metabolic disorders [28]. We discovered a strong positive
association between Adipo-IR values and the number of fat
droplets in the livers of diabetic mice. These results to-
gether suggest that semaglutide may be able to reduce hep-
atic lipid accumulation predominantly through its ability to
improve insulin resistance in adipose tissue.

In this study, the reduction in food intake was a sig-
nificant factor contributing to the body weight loss and
improvement in adipose tissue accumulation induced by
semaglutide. Semaglutide suppresses appetite and reduces
food intake by targeting central regions, such as the ar-
cuate nucleus of the hypothalamus and the brainstem area
postrema [23]. However, accumulating evidence suggests
that its effects on adipose tissue are not solely dependent on
appetite suppression. Teixidor-Deulofeu et al. [29] found
that semaglutide can act on neurons expressing adenylate
cyclase-activating polypeptide 1 in the dorsal vagal com-
plex to directly promote fat breakdown and utilization, in-
dependent of food intake reduction. Byun et al. [30]
demonstrated that the semaglutide-treated group exhibited
unique adipose tissue remodeling effects by pair-feeding
experiments, including a significant reduction in adipose
tissue mass, enhanced browning of white adipose tissue,
and increased sympathetic innervation in brown adipose tis-
sue. These effects had not been observed in the caloric
restriction-only group. Furthermore, in vitro studies had
revealed the independent regulatory effects of GLP-1RAs
on adipocytes. Mature preadipocytes treated with GLP-1
showed significant size reduction and an increase in the
number of small-diameter adipocytes [31]. In summary,
semaglutide exerts direct and independent pharmacologi-
cal effects on adipocytes. Our results demonstrated that al-
though semaglutide induced significant fat loss, some glyc-
erophospholipids, such as glycerophosphocholines, glyc-
erophosphoethanolamines, glycerophosphoglycerols, and
glycerophosphoserines, were elevated. These changes were
positively correlated with improvements in insulin resis-
tance and reduced adipose tissue inflammation, indicat-
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ing that the extent of lipidomic alterations did not paral-
lel the degree of fat weight decrease induced by reduced
food intake. This dissociation strongly suggests that the
observed lipid remodeling cannot be solely attributed to re-
duced caloric intake. Pair-feeding experiments would be a
valuable approach to definitively dissect the direct effects of
semaglutide on adipose tissue independent of food restric-
tion, and we considered such studies in our future work to
further investigate the independent effects of semaglutide
on adipose tissues.

The development of insulin resistance is associated
with chronic adipocyte inflammation [32,33]. Under patho-
logical conditions, visceral white adipocytes enlarge, while
the intercellular density becomes sparse. This conges-
tion causes hypoxia, which activates p38 phosphoryla-
tion and induces a state of inflammation in adipocytes
[34,35]. Macrophage infiltration into adipose tissue is as-
sociated with both local and systemic inflammation, while
GLP-1RAs have been shown to reduce local or systemic
inflammation in T2DM or obesity in animals and pa-
tients [36,37,38]. Histological examination performed in
the present study revealed positive F4/80 IHC staining
in the eWAT of our HFD/STZ mice, indicating a high
level of macrophage infiltration. Previously, studies have
shown that M1 macrophages have been reported to in-
duce adipocyte secretion of pro-inflammatory factors such
as IL-6 and TNF-α [39], which supports our finding that
serum levels of these cytokines, as well as their expres-
sion at the mRNA level in adipose tissue, were elevated
in diabetic mice. Importantly, semaglutide significantly re-
duced macrophage accumulation and the release of inflam-
matory cytokines in visceral WAT. This finding is consis-
tent with previous studies showing that GLP-1RAs can di-
rectly prevent pro-inflammatory signaling in macrophages
and adipocytes, reducing the expression and release of key
cytokines, including IL-6 and TNF-α [40,41]. Moreover,
adipokines are major regulators of adipocyte inflamma-
tion. Leptin is recognized as pro-inflammatory and leads to
the polarization of macrophages toward an M1 phenotype
[42]. Conversely, adiponectin displays anti-inflammatory
properties, supporting M2 macrophage polarization. The
M1-to-M2 shift in the polarization of macrophages de-
creases adipose tissue inflammation and indirectly im-
proves insulin resistance [43,44]. We found that the ad-
ministration of semaglutide reversed Leptin resistance and
increased Adiponectin expression in our T2DM model
mice. In summary, semaglutide alleviates adipose tissue
metabolic dysfunction by regulating key adipokines Lep-
tin and Adiponectin, reducing IL-6- and TNF-α-mediated
inflammation, and thereby halting the vicious cycle of in-
sulin resistance and inflammation to preserve appropriate
metabolic homeostasis.

High levels of insulin can directly inhibit HSL activ-
ity, which is encoded by the Lipe gene, in addition to in-
directly impairing the localization and function of ATGL

on lipid droplets that are encoded by the Pnpla2 gene, ul-
timately leading to impaired lipolysis, lipid droplet inertia,
and lipid metabolism dysfunction in type 2 diabetes. Con-
versely, increasedFasn andAcaca transcript levels promote
lipid synthesis and accelerate the formation and accumula-
tion of fatty acids and triglycerides [45,46]. This study has
highlighted semaglutide’s ability to correct this imbalance
by suppressing lipogenic gene expression and upregulating
lipolytic gene expression in type 2 diabetes. Triglycerides
(TGs) are the most abundant lipids in WAT and serve as the
major storage form of fatty acids. TG composition directly
reflects the lipid storage status and functional properties of
tissues. Herrera-Marcos et al. [47] reported that in a porcine
nonalcoholic steatohepatitis (NASH) model, supplementa-
tion with squalene led to TG(55:2) becoming an important
lipidomic change of improved hepatic steatosis. After treat-
ment with Zuogui Jiangtang Qinggan Formula in NASH
db/db mice, TG(56:3) levels in the liver were decreased
compared with the model group [48]. In this study, both
TG(55:2) and TG(56:3) were reduced in visceral WAT after
semaglutide administration. The consistent downregulation
of these specific TG species in various metabolic tissues
and animal models indicates that TG(55:2) and TG(56:3)
may be key conserved lipid metabolites associated with
dysfunctional lipid metabolism. Agpat2 play roles in TG
synthesis, and studies by Pei et al. [49] confirmed Ag-
pat2 was significantly activated during adipocyte differen-
tiation. Our findings demonstrated that semaglutide signif-
icantly suppressed the expression of Agpat2 mRNAs, ac-
companied by reductions in TG(55:2) and TG(56:3) lev-
els. Collectively, the changes in adipose tissue TG pro-
files induced by semaglutide are suggestive of an allevia-
tion of lipid dysfunction in T2DM. Diacylglycerols (DGs)
are essential secondary messengers that participate in dif-
ferent metabolic processes, regulating membrane dynamics
and cellular signal transduction in mammals [50]. Masenga
et al. [51] showed that DGs impair insulin signaling trans-
duction by activating protein kinase C (PKC), while Szen-
droedi et al. [52] reported DG involvement in the patho-
genesis of lipid-induced muscle insulin resistance through
PKCθ in obese and T2DM. In our study, semaglutide signif-
icantly decreased DG(18:2/18:2) and DG(18:1/18:2) in the
visceral WAT of mice. Importantly, DG(18:1/18:2) showed
a strong correlation with Adipo-IR. The results not only
confirm the significance of particular DGs across different
forms of metabolism in different types of animals and in-
terventions, but also show that semaglutide helps improve
adipose tissue insulin sensitivity by regulating these spe-
cific DGs.

Glycerophospholipids are the main parts of cell mem-
branes and participate in cellular signal transduction, and
their remodeling is closely related to insulin sensitivity.
Veen et al. [53] reported that phosphatidylcholine (PC)
biosynthesis occurs primarily via the Pemt-mediated phos-
phatidylethanolamine (PE) methylation pathway and the
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Cept1-mediated Kennedy pathway. Knocking out either
Pemt or Cept1 can decrease PC content, increase energy
expenditure, and improve insulin sensitivity. Also, deleting
Lpcat3 in the livers of ob/ob and high-fat diet mouse mod-
els would reduce the abundance of PCs and lipogenesis,
decrease membrane flexibility, and alleviate insulin resis-
tance [54]. It was shown that semaglutide markedly down-
regulated the expression of Lpcat3, Pemt, and Cept1 mR-
NAs in adipocytes. These findings indicate that semaglu-
tide improves glycerophospholipid remodeling by regulat-
ing the transcription of key genes in adipose tissues of
the T2DM model. Additionally, our results showed that
PG(18:1/18:1) was positively correlated with IL-6, TNF-
α, HOMA-IR, Adipo-IR, and Leptin, but negatively cor-
related with Adiponectin. Guo et al. [55] reported that
glycerophospholipid metabolism was associated with in-
hospital mortality and heart failure (HF) after acute my-
ocardial infarction (AMI), and that PG(18:1/18:1) could
serve as a potential biomarker for predicting the progno-
sis of AMI patients. AMI is accompanied by severe in-
flammation. Kayser et al. [56] showed that glycerophos-
phoglycerols (PG) were linked with inflammation and in-
volved in adipose tissue remodeling in obesity. There-
fore, these independent findings imply that PG(18:1/18:1)
has adverse prognostic effects on systemic metabolic in-
flammation and insulin resistance. This directly supports
the “common ground” hypothesis, which identifies spe-
cific lipid mediators that clarify the common pathophysi-
ology between T2DM, obesity, and adverse cardiovascular
events.

Moreover, our results found that ChE(22:1) is an ab-
normal metabolomic change specifically in diabetic fat tis-
sue, and semaglutide can reverse this abnormal accumula-
tion. We showed that Srebf1 (a major regulatory gene for
cholesterol and fatty acid synthesis), HMG-CoA synthase
1 (Hmgcs1, the initial limiting enzyme of cholesterol syn-
thesis), Farnesyl diphosphate synthase (Fdps, a crucial en-
zyme in the production of cholesterol) mRNA expression
promote the increase of free cholesterol pool in adipose tis-
sue to offer providing an abundant of substrate for the ab-
normal esterification synthesis of ChE(22:1). Our observa-
tion showed ChE(22:1) was significantly positively corre-
lated with IL-6, TNF-α, HOMA-IR, and lipid profiles (TG,
LDL-C); however, no significant association was found
withAdipo-IR. This correlation suggests that ChE(22:1) ac-
cumulation primarily reflects systemic rather than localized
adipose tissue dysfunction. Additionally, semaglutide’s ef-
fect on reducing ChE(22:1) may arise from its inhibition of
de novo cholesterol synthesis at the transcriptional level by
blocking the activation of key cholesterol synthesis genes,
such as Srebf1, Hmgcs1, and Fdps. These changes not only
reduce the supply of free cholesterol at its source and the
storage of ChE(22:1), but also extend the significance of
ChE(22:1) beyond its traditional function as a sterol lipid
in specific tissues [57,58].

Besides, the lipidomic analysis showed that although
semaglutide significantly decreased the total fatty acid con-
tents in the visceral WAT of the diabetic mice, no specific
fatty acids significantly changed in abundance. Therefore,
we hypothesize that semaglutide induces a non-selective,
global pattern of fatty acid utilization in visceral WAT. Af-
ter semaglutide treatment, adipose tissue lipolysis was en-
hanced, and released fatty acids were effectively directed
toward mitochondrial β-oxidation for consumption. We
found that semaglutide simultaneously reduces exogenous
fatty acid uptake through suppressing fatty acid transporter
genes (Cd36, Fabp4), while significantly upregulating key
β-oxidation genes (Acadm,Cpt1a,Cpt2,Hadha) to enhance
the catabolism of lipolytic products. This inference is fur-
ther supported by markedly reduced circulating free fatty
acid levels, suggesting enhanced “trapping” and utilization
of fatty acids by adipose tissue [59,60].

In the present study, semaglutide intervention signifi-
cantly upregulated the expression of Ucp1, Ppargc1α, and
Prdm16 in both eWAT and interscapular BAT. As repre-
sentative markers of adipocyte thermogenic genes and mi-
tochondrial activation genes, the increased expression of
these genes directly reflects enhanced energymetabolism in
adipose tissue. This finding is consistent with the morpho-
logical activation features we observed in brown adipose
tissue. Research on WAT showed that GLP-1 receptor ago-
nists activate the AMPK-SIRT1-PGC1α signaling, upregu-
late browning-related gene expression, and promote brown
remodelling [61,62]. Furthermore, semaglutide treatment
significantly upregulatedCpt1a gene expression in epididy-
mal adipose tissue. The elevated expression of this gene
enhances the rate-limiting step of mitochondrial fatty acid
oxidation, directly driving energy metabolism and provid-
ing the energy substrate necessary for white adipose tis-
sue browning, thereby supporting its transition toward a
thermogenic phenotype [63,64]. The metabolic remodel-
ing of visceral white adipose tissue and the functional acti-
vation of brown adipose tissue establish a synergistic lipid-
processing system that effectively boosts the body’s overall
lipid turnover capacity. In summary, semaglutide induces
a holistic, proportionate process of lipid mobilization and
consumption, which leads to effective adipose tissue reduc-
tion while maintaining relative stability in intracellular fatty
acid composition.

5. Study Limitations
Several limitations of this study should be acknowl-

edged. The sample size for the targeted lipidomics analysis
of epididymal white adipose tissue was limited to three per
group, which meets only the minimum requirement for sta-
tistical analysis. This small sample size may limit the statis-
tical power and generalizability of the findings, and future
studies with larger cohorts are warranted to validate these
results. Additionally, due to the absence of pair-fed con-
trol groups, we cannot definitively distinguish whether the
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observed remodeling effects on visceral adipose tissue are
direct consequences of semaglutide treatment or secondary
to its systemic metabolic improvements. Future studies in-
corporating pair-feeding designs are necessary to elucidate
the direct, adipose tissue-specific effects of semaglutide in-
dependent of its systemic actions.

6. Conclusions
In summary, this study demonstrates that semaglu-

tide effectively improves lipid metabolism disorders in vis-
ceral white adipose tissue of type 2 diabetic mice. Its
intervention not only reduces body weight, lowers blood
glucose, and improves insulin resistance, but also pro-
foundly remodels adipose tissue, specifically by decreasing
adipocyte hypertrophy and macrophage infiltration. Tar-
geted lipidomics and gene expression analyses further re-
vealed that semaglutide broadly modulates metabolic path-
ways involving triglycerides, glycerophospholipids, fatty
acids, and cholesterol, with the most pronounced repro-
gramming occurring in glycerophospholipid metabolism.
Notably, this study mapped lipid molecular changes in epi-
didymal white adipose tissue under semaglutide interven-
tion, confirming its therapeutic effects through synergistic
regulation across multiple lipid categories and metabolic
pathways. This provides direct evidence for understanding
the lipid molecular basis by which GLP-1 receptor agonists
improve metabolic diseases.
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