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Objective: This study utilized proteomics to investigate changes in protein expression associated with lung health in obese mice 
exposed to semaglutide and empagliflozin through a high-fat diet.
Methods: Twenty-eight male C57BL/6JC mice were randomly assigned to two groups: a control diet group (n = 7) and a high-fat diet 
group (n = 21). The HFD group was further divided into three groups: HFD group (n = 7), Sema group (n = 7), and Empa group (n 
= 7). Post-treatment, mice underwent assessments including glucose tolerance, lipids, oxidative stress markers, body weight, lung 
weight, and structure. Proteomics identified differentially expressed proteins (DEPs) in lung tissue, and bioinformatics analyzed the 
biological processes and functions of these proteins.
Results: Semaglutide and empagliflozin significantly attenuated obesity-induced hyperglycemia, abnormal lipid metabolism, oxida-
tive stress response, and can decrease alveolar wall thickness, enlarge alveolar lumen, and reduce collagen content in lung tissue. Both 
medications also attenuated lung elastic fibre cracking and disintegration. In the HFD/NCD group, there were 66 DEPs, comprising 30 
proteins that were increased and 36 that were decreased. Twenty-three DEPs overlapped between Sema/HFD and Empa/HFD, with 11 
up-regulated and 12 down-regulated simultaneously. After analysing DEPs in different groups, four proteins - LYVE1, BRAF, RGCC, 
and CHMP5 - were all downregulated in the HFD group and upregulated by semaglutide and empagliflozin treatment.
Conclusion: This study demonstrates that obesity induced by a high-fat diet causes a reduction in the expression of LYVE1, BRAF, 
RGCC, and CHMP5 proteins, potentially affecting lung function and structure in mice. Significantly, the administration of semaglutide 
and empagliflozin elevates the levels of these proteins, potentially offering therapeutic benefits against lung injury caused by obesity. 
Merging semaglutide with empagliflozin may exert a more pronounced impact.
Keywords: semaglutide, empagliflozin, proteomics, obesity, pulmonary structure

Introduction
In recent years, there has been a sharp rise in the prevalence of obesity around the globe. The World Health 
Organization’s most recent figures indicate that the amount of adults worldwide who are overweight or obese is 
close to 2 billion, and this figure is on the rise.1 Obesity, characterized by an excessive accumulation of fat in fat 
cells, is a complex and chronic condition associated with resistance to insulin, elevated blood pressure, and 
irregular lipid concentrations.2 Obesity has a direct impact on the mechanical properties of the lung and chest 
wall by causing fat to accumulate in the mediastinum and abdominal and thoracic cavities.3 Consequently, the 
diaphragm is elevated, restricting its downward movement and resulting in heightened pleural pressure and reduced 
functional residual capacity.4,5 Obesity can lead to a decrease in lung, chest wall, and respiratory system com-
pliance, potentially contributing to respiratory issues commonly experienced by many obese individuals.6 The 
multifactorial influence of obesity on the lung involves mechanical injury and the role of various inflammatory 
mediators produced by excess adipose tissue and infiltrating immune cells. Obesity-related lung disease exhibits 
distinct characteristics, affecting both disease severity and treatment effectiveness, compared to other pulmonary 

Diabetes, Metabolic Syndrome and Obesity 2024:17 1217–1233                                         1217
© 2024 Yang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Diabetes, Metabolic Syndrome and Obesity                                           Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 22 December 2023
Accepted: 28 February 2024
Published: 11 March 2024

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


pathologies. Notably, obstructive sleep apnea and obesity hypoventilation syndrome are closely associated with 
obesity.7,8 Obesity has also been linked to a variety of other respiratory illnesses, such as asthma, COPD, and 
pulmonary fibrosis.9–11

In contrast to genomics, proteomics aims to elucidate the entirety of proteins expressed within a cell or organism.12 

The recent advancements in proteomics have become indispensable for diagnosing and understanding metabolic diseases 
like diabetes and obesity, while also significantly impacting pharmaceutical development.13–15

Enteroendocrine L-cells in the ileum primarily secrete glucagon-like peptide 1 (GLP-1) in response to food consumption.16 

GLP-1 exerts its effects by interacting with the GLP-1 receptor (GLP-1R), which shows widespread expression across various 
tissues, especially in the lung.17 The drug Semaglutide, known for its prolonged effect on GLP-1 receptors, has received 
authorization to treat obesity in people, regardless of their type 2 diabetes status. It provides weight loss benefits and targets 
metabolic anomalies in obese people, alongside its hypoglycemic effects.18,19 It has been demonstrated that GLP-1R agonists 
ameliorate experimental lung fibrosis.20 Sodium-glucose transport protein 2 (SGLT2) inhibitors, emerging as novel oral 
hypoglycemic agents, effectively reduce blood glucose levels through the reduction of renal glucose reabsorption and 
enhancing urinary glucose excretion.21 The administration of empagliflozin, an SGLT2 inhibitor, not only reduces mortality 
rates but also impedes the progression of experimental pulmonary hypertension.22 Empagliflozin has demonstrated efficacy in 
combating airway hyperresponsiveness and fibrosis induced by obesity in a mouse model.23

This research investigated the impact of semaglutide, empagliflozin, and a high-fat diet on the expression of proteins 
in the lungs of a mouse model with obesity through proteomic techniques. Bioinformatics analysis was employed to 
delve deeper into the potential impacts of semaglutide and empagliflozin on the lungs of obese mice, providing novel 
perspectives and potential avenues for preventing and treating lung damage associated with obesity.

Materials and Methods
Animal Model
Six-week-old male C57BL/6JC mice were obtained from Hebei In Vivo Biotechnology Co., Ltd. and housed in the Hebei 
General Hospital’s Experimental Animal Center. The incubation conditions included a temperature of 22°C ± 2°C, 
a humidity of 55% ± 10%, and a light/dark cycle of 12:12 hours. Throughout the trial, food and drink were freely 
available to each mouse.

Following a week-long period of acclimation, the animals were randomly divided into two groups using the random 
number table technique: a high-fat dietary feeding group (HFD group, n = 21) and a control feeding group (NCD group, 
n = 7). The control group’s diet comprised 20% protein, 70% carbohydrates, and 10% fat, while the HFD group received 
a diet consisting of 20% protein, 20% carbohydrates, and 60% fat. The mice in each group were provided with the same 
caloric intake daily and had unlimited access to water. After 12 weeks on the high-fat diet, mice in the HFD group were 
screened for obesity, ensuring their body weight was equal to or greater than 20% of the average body weight of the 
control group. The HFD group was subsequently divided into three groups: the HFD group (n = 7), the HFD group with 
semaglutide (Sema group, n = 7), and the HFD group with empagliflozin (Empa group, n = 7). The Sema group received 
intraperitoneal administration of semaglutide at a dosage of 30 nmol/kg/day, while the Empa group received empagli-
flozin at a dosage of 10 mg/kg/day via gavage. Both NCD and HFD groups received an equivalent dosage intraper-
itoneally over 12 weeks. Dosage recommendations for semaglutide and empagliflozin were established using results from 
previously conducted research.24–28 All experiments and procedures were conducted in accordance with the Regulations 
on the Management of Laboratory Animals issued by the National Science and Technology Commission and were 
approved by the Animal Ethics Association of the Hebei General Hospital (Approval Number: 2022–85; Date of 
approval: May 1, 2022). The ARRIVE criteria were adopted in all animal trials.

Glucose Tolerance Tests
The Roche Blood Glucose Monitoring System was utilized to monitor blood glucose levels. After 12 weeks of 
semaglutide and empagliflozin treatment, a glucose tolerance test was conducted. Mice underwent an overnight fast 
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and received an intraperitoneal injection of 2 g of 50% glucose/kg body weight. Blood glucose levels from the tail vein 
were assessed at 0, 15, 30, 60, 90, and 120 minutes.

Sample Collection and Preparation
Blood samples were taken from the eyes of the mice after an overnight fast and then spun in a centrifuge at 4°C for 10 
minutes at a speed of 3,000 rpm to obtain the serum, which was stored at −80°C. Following blood collection, mice were 
euthanized, bilateral lung regions were swiftly isolated on an ice tray, and the lungs were assessed. Some lung tissues 
were preserved in 4% paraformaldehyde, while the remainder was preserved at −80°C.

Serum Indicator Testing
Serum concentrations of low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), 
total cholesterol (TC) and triglycerides (TG) were measured using a fully automated biochemical analyzer. Oxidative 
stress indicators, including malonaldehyde (MDA) and superoxide dismutase (SOD), were ascertained using ELISA.

Histopathological Examination
Lung tissues were extracted bilaterally, weighed, and preserved in 4% paraformaldehyde for 48 h. Subsequently, tissues 
were dehydrated, wax-soaked, and embedded in paraffin blocks. Sections with a thickness of 3 to 5 μm underwent HE, 
Masson, and EVG staining. The Eclipse Ci-L photomicroscope (Nikon Eclipse E100) was used to select tissue-specific 
regions for imaging, ensuring coverage of the entire field of view and uniform background illumination in each 
photograph.

Protein Extraction and TMT Labeling
Lung tissues were ground, and SDT buffer (4%SDS, 100 mM Tris-HCl, 1 mM DTT, pH 7.6) was used for lysis. UA 
buffer (8 M Urea, 150 mM Tris-HCl pH 8.0) was utilized to eliminate detergents, DTT, and other low molecular weight 
components from protein samples.29 The solution underwent alkylation using 100 mL of iodoacetamide (100 mM IAA in 
UA buffer) for a duration of 30 minutes at ambient temperature in a dark environment. Subsequently, the protein 
underwent digestion using 4 mg trypsin (Promega) at a temperature of 37°C for an entire night, followed by the 
collection of the resultant peptides. TMT reagent labeled the peptide blend of 100 mg from every sample adhering to the 
instructions provided by the maker.

Liquid Chromatography-Mass Spectrometry Mass Spectrometry Analysis (LC-MS/MS 
Analysis)
The procedure involved dissolving the samples in Buffer A (0.1% Formic acid) and B (84% acetonitrile and 0.1% Formic 
acid), followed by separation using a C18-reversed phase analytical column (Thermo Scientific Easy Column, 10 cm in 
length, 75 μm in inner diameter, 3μm resin).30 Peptide analysis was performed using the Q Exactive mass spectrometer 
(Thermo Scientific) in conjunction with Easy nLC for a duration of 60 to 90 minutes. For acquiring MS data, the top10 
beam-type CID fragmentation (HCD), which depends on data, was employed, and the MASCOT engine (Matrix Science, 
London, UK; version 2.2), incorporated into Proteome Discoverer 1.4 software, was utilized for identification and 
quantification.

Screening of Differentially Expressed Proteins (DEPs)
The MASCOT Engine of Proteome Discoverer 1.4 software (Matrix Science, London, UK; version 2.2) thoroughly 
analyzed raw data. The acceptable range for peptide mass tolerance was ±20 ppm, with a fragment mass tolerance of 
0.1Da and a false positive rate of 0.01 or lower. Bioinformatics methods were executed following previous literature.31
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GO and KEGG Analyses
The NCBI BLAST+ client software (ncbi-blast-2.2.28+-win32.exe) searched protein sequences of identified DEPs. The 
Blast2GO software (https://www.blast2go.com/) was utilized to conduct an enrichment analysis on gene ontology (GO) 
terms and annotate functions. The outcomes of GO annotations were charted utilizing R software. The KEGG database 
(https://www.kegg.jp/) was utilized to analyze the pathway annotations of DEPs. Enrichment analysis employed Fisher’s 
exact test, whereas P-values were adjusted using the Benjamini–Hochberg method, setting the DEP screening threshold 
at P < 0.05.

Statistical Analysis
GraphPad Prism 8.0 software was utilized for the statistical evaluations. Experimental data that conformed to a normal 
distribution were represented using mean values and standard deviation. The Tukey’s test, following one-way ANOVA, 
analyzed multiple comparisons. Statistical significance was attributed to the observed disparities among the groups, 
possessing a P-value less than 0.05 for statistical significance.

Results
Body Weight and Lung Weight Variations in Four Distinct Groups
Initially, no substantial variations in body weight were observed among the four groups of mice. Yet, following 
a 12-week period of consuming a high-fat diet, the mice in the HFD group showed a substantial increase in body 
weight, over 20%, in contrast to those in the non-fat diet group, indicating the successful establishment of the 
obesity model. Over the 24 weeks, both the Sema and Empa groups experienced considerable drops in body weight 
compared to the HFD group, with the Sema group displaying a more pronounced decrease. From the seventeenth 
week onward, the Sema and NCD groups exhibited similar body weights (P > 0.05). Notably, the Sema group 
consistently had lower weights than the Empa group from week 18 onwards, and this difference was significant 
(Figure 1B) (P < 0.05). Figure 1A compares the morphological characteristics of mice across different groups at the 
end of the experiment, illustrating the body weight changes following high-fat, semaglutide, and empagliflozin 
treatments.

In terms of lung weights, HFD mice exhibited a corresponding increase compared to NCD mice (P < 0.01). However, 
lung weights were attenuated in both the Sema (P < 0.001) and Empa (P < 0.05) groups. No discernible variation in lung 
weights occurred following the administration of semaglutide and empagliflozin (P > 0.05) (Figure 1C).

Changes in Blood Glucose and Lipid Levels Among Four Mouse Groups
Mice showed a marked rise in blood sugar levels due to changes in glucose tolerance. In comparison with the NCD, Sema, 
and Empa groups, blood glucose levels were significantly higher in the HFD group at 15, 30, 60, 90, and 120 min, peaking at 
15 min and declining slowly. Blood glucose levels in the Sema and Empa groups rose slowly, peaked at 30 min, and then 
gradually declined, with no significant difference from those in the NCD group. Furthermore, the Sema and Empa groups did 
not demonstrate any noteworthy disparities in blood glucose levels (P > 0.05). These findings collectively indicate that both 
semaglutide and empagliflozin effectively lower blood glucose levels in the HFD-induced obesity mouse model (Figure 2A).

The HFD group exhibited elevated levels of TC (P < 0.0001), TG (P < 0.01), LDL-C (P < 0.0001), and HDL- 
C (P < 0.0001) in comparison to the NCD group. Comparing the sema groups to the HFD group, the levels of TC 
(P < 0.001), TG (P < 0.01), and LDL-C (P < 0.05) were considerably lower. However, there were no appreciable 
variations in HDL-C levels when contrasted with the HFD group. Differing from the HFD group, the Empa group 
exhibited a notable decrease in TC (P < 0.001) and LDL-C (P < 0.001), while there were no statistically 
significant alterations in HDL-C and TG levels (P > 0.05). Notably, there were no discernible variations between 
the Sema and Empa groups in their TC, TG, LDL-C, or HDL-C levels (Figure 2B–E) (P > 0.05).
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Semaglutide and Empagliflozin Affect Serum Oxidative Stress Indices in Obese Mice
To elucidate variations in serum oxidative stress levels among the four groups, pro- and anti-oxidative stress molecules, SOD, 
and MDA, were assessed. Observations revealed a notable decrease in SOD levels (P < 0.0001), while MDA concentrations 
were markedly enhanced (P < 0.001) in HFD mice compared to NCD mice (Figure 3A and B). Serum SOD and MDA 
concentrations in both Sema and Empa mice were significantly higher and lower, respectively than in HFD animals (all P < 0.05). 
These findings suggest that a prolonged high-fat diet induces excessive oxidative stress, a condition mitigated by exogenous 
administration of semaglutide and empagliflozin. Significantly, the Empa and Sema groups exhibited no substantial differences 
(P > 0.05).

Pulmonary Pathological Changes
H&E staining results indicated that HFD mice exhibited thickened alveolar walls, reduced alveolar lumen, and enlarged 
interstitial spaces between alveoli compared to NCD mice. Conversely, the alveolar morphology of both Sema and Empa 
mice was significantly improved compared to HFD mice (Figure 4A and B). Masson’s staining revealed increased 
collagen deposition in HFD mice compared to Sema, Empa, and NCD mice, potentially impacting lung compliance and 
leading to fibrosis and lung failure (Figure 4C and D).

EVG staining highlighted blue and black elastic fibers, proliferation, cracking, and disintegration in the HFD group, 
all of which were mitigated by semaglutide and empagliflozin administration (Figure 4E).

Figure 1 (A) Visual representations of standard mice, mice with obesity, those treated with semaglutide, and mice treated with empagliflozin. (B) Observations of body 
weight fluctuations in mice across NFD, HFD, Sema, and Empa groups. (C) Changes in lung weight of four different mice groups. “ns”P ≥ 0.05, *P < 0.05, **P < 0.01, ****P <  
0.0001 NCD vs HFD, ###P < 0.001, ####P < 0.0001 HFD vs Sema, &P < 0.05, &&&P < 0.001, &&&&P < 0.0001 HFD vs Empa.
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Figure 2 (A) Glucose tolerance was determined by the IPGTT test. Comparison of TC (B), TG (C), LDL (D), HDL (E) among the four groups (n =7). “ns” P ≥ 0.05, *P <  
0.05, **P < 0.01, ****P < 0.0001 NCD vs HFD, #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 HFD vs Sema, &&&P < 0.001, &&&&P < 0.0001 HFD vs Empa.
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LC-MS/MS Analysis
Through LC-MS/MS analysis, 581,233 spectrum proteins, 83,023 matched-spectrum proteins, 38,242 peptides, 
34,186 unique peptides, 5806 identified proteins, and 5804 quantified proteins were discovered (Figure 5A). Based 

Figure 3 Comparison of MDA (A) and SOD (B) in the indicated groups, (n =7).“ns”P ≥ 0.05, ***P < 0.001, ****P < 0.0001 NCD vs HFD, ##P < 0.01 HFD vs Sema, &P < 0.05 
HFD vs Empa.

Figure 4 Images using H&E staining on lung tissues from four distinct groups, featuring scale bars measuring 100 µm (A) and 50 µm (B). Images of lung tissues from four 
distinct groups, stained with Masson’s trichrome, featuring scale bars at 100 µm (C) and 50 µm (D). Representative EVG staining images of lung tissue of 4 different groups 
with scale bars at 100 µm (E).
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Figure 5 (A) Results of LC-MS/MS analysis. (B) DEPs compared between the 4 groups. (C) The Venn diagram indicates the number of enhanced and reduced-regulated 
proteins between the Sema/HFD and Empa/HFD groups. (D–F) Volcano plots of DEPs. Blue markers represent proteins with reduced differential expression, red markers 
show proteins with increased differential expression, and grey markers denote proteins with no significant differential expression.
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on prior studies, proteins exhibiting a fold change (FC) exceeding 1.2 and a P value below 0.05 were identified as 
DEPs.32

In the HFD/NCD group, there were 66 DEPs, comprising 30 proteins that were increased and 36 that were decrease. 
The Sema/HFD group yielded 143 DEPs, with 72 proteins being up-regulated and 71 proteins being down-regulated. 
Within the Empa/HFD group, there were 535 DEPs, out of which 216 proteins exhibited up-regulation while 319 proteins 
displayed down-regulation. The Empa/Sema group had 852 DEPs, with 299 proteins being up-regulated and 553 proteins 
being down-regulated (Figure 5B). The Venn diagram illustrated that Sema/HFD and Empa/HFD shared 23 overlapping 
DEPs, with 11 up-regulated and 12 down-regulated proteins simultaneously (Figure 5C). The volcano plot graphically 
represented the DEPs of HFD/NCD, Sema/HFD, and Empa/HFD (Figure 5D–F).

GO Enrichment Analysis
GO analysis was performed at the cellular composition (CC), molecular function (MF), and biological processes (BP) 
levels. At the BP level, HFD/NCD mice exhibited alternative pathways and complement activation (Figure 6A). In 
contrast, the Sema/HFD groups primarily engaged in oxidative phosphorylation processes (Figure 6B), and the Empa/ 
HFD mice demonstrated signaling and interaction between SA node cells and atrial myocardial cells (Figure 6C). At the 
MF level, the three groups of DEPs primarily manifested activity and binding functions (Figure 6D–F). The Cellular 
Component (CC) analysis revealed the respiratory chain as the predominant structural component in the Sema/HFD 
groups (Figure 6H), while the Empa/HFD group exhibited abundance in the SUMO ligase complex and the Smc5-Smc6 

Figure 6 (A) Biological process in HFD vs NCD. (B) Biological process in Sema vs HFD. (C) Biological process in Empa vs HFD. (D) Cellular component in HFD vs NCD. 
(E) Cellular component in Sema vs HFD. (F) Cellular component in Empa vs HFD. (G) Molecular function in HFD vs NCD. (H) Molecular function in Sema vs HFD. (I) 
Molecular function in Empa vs HFD.
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complex (Figure 6I). In contrast, the membrane attack complex and the extracellular region were prominent structural 
components in the HFD/NCD groups (Figure 6G).

KEGG Pathway Analysis
The KEGG database, a widely used public resource for studying cellular protein pathways, was employed to identify 
DEPs in the HFD/NCD, Sema/HFD, and Empa/HFD groups. The analysis revealed that DEPs in the HFD/NCD group 
had an impact on actin cytoskeleton regulation, asthma, complement and coagulation cascades, steroid biosynthesis, and 
fatty acid elongation (Figure 7A). Conversely, the Sema/HFD group showed distinct protein expression patterns 
associated with diabetic cardiomyopathy, oxidative phosphorylation, thermogenesis, and chemical carcinogenesis- 
reactive oxygen species (Figure 7B). In the Empa/HFD group, proteins were primarily enriched in folate biosynthesis, 
glycosaminoglycan degradation, pentose and glucuronate interconversions, and asthma (Figure 7C).

Analysis of DEPs in Different Groups
To further explore the mechanism by which semaglutide and empagliflozin affect lung function, we analyzed DEPs from 
the HFD/NCD, Sema/HFD, Empa/HFD, and Sema/Empa groups. Initially, DEPs in the HFD/NCD and Sema/HFD 
groups were identified based on the principle of opposite direction (ie, proteins upregulated in the HFD/NCD group and 
downregulated in the Sema/HFD group, or vice versa), resulting in the identification of 12 target proteins (Table 1). 
Within the HFD/NCD cohort, there was a decrease in 15 proteins, which increased in Empa/HFD, whereas 7 proteins 
rose in HFD/NCD but decreased in Empa/HFD group (Table 2). Furthermore, the Sema/HFD and Empa/HFD groups 
exhibited elevated levels of 11 of the 23 proteins, in contrast to a reduction in 12 proteins (refer to Table 3).

Combining the results of the DEPs revealed an interesting finding: four proteins - lymphatic vessel endothelial 
hyaluronic acid receptor 1 (LYVE1), serine/threonine protein kinase B-raf (BRAF), regulator of cell cycle RGCC 
(RGCC), and charged multivesicular body protein 5 (CHMP5) - were downregulated when comparing the HFD group 
to the NCD group and reversed by semaglutide and empagliflozin treatment.

Discussion
Numerous comorbidities, such as hypertension, diabetes, cardiovascular disease, renal insufficiency, and cancer, are 
associated with obesity, incurring significant financial costs.33,34 Previous studies have indicated that obesity can induce 
fibrosis, bronchoconstriction, and hyperresponsive airways by disrupting insulin signaling.35,36 A connection between 
nutrition-induced obesity and lung fibrosis has been established.11 The presence of GLP-1R in various lung tissue 
regions, including alveolar type II (ATII) cells, pulmonary arterial smooth muscle, and tracheal submucosal glands has 
been reported.37 The activation of GLP-1R is crucial for lung function under both normal and pathological conditions, as 
evidenced by its role in triggering the secretion of phosphatidylcholine in cultured ATII cells in vitro.38,39 Additionally, 
the GLP-1R agonist liraglutide has demonstrated remarkable effectiveness in restoring lung function and reversing right 
ventricular hypertrophy by influencing pulmonary angiotensin-converting enzyme (ACE) and ACE2 expression, as well 
as surfactant protein (SP)-A and SP-B levels.40 Semaglutide attenuates acute lung injury via blocking the HDAC5/NF-κB 
pathway.41 Recent research has suggested that semaglutide possesses both anti-inflammatory and anti-apoptotic 
properties.42 Empagliflozin, an SGLT2 inhibitor, not only reduces mortality rates but also impedes the advancement of 
experimental pulmonary hypertension.22 It alleviates pulmonary fibrosis induced by bleomycin in rats through the 
modulation of Sesn2/AMPK/Nrf2 signaling and the regulation of ferroptosis and autophagy.43 Empagliflozin has 
demonstrated efficacy in combating airway hyperresponsiveness and fibrosis caused by obesity in a mouse model.23 

Its application in the treatment of acute lung injury holds promise for advantageous outcomes and potential clinical 
applications.44 Empagliflozin safeguards against pulmonary ischemia/reperfusion injury through a mechanism dependent 
on extracellular signal regulation of kinase 1 and 2.45 Empagliflozin has been shown to have anti-fibrotic and anti- 
inflammatory properties in a number of organ fibrosis models without diabetes.46,47 Moreover, empagliflozin has been 
shown to diminish inflammatory markers and oxidative stress within the lungs of mice, effectively averting pulmonary 
fibrosis.48 Yet, at present, no research has been published regarding the impact of semaglutide and empagliflozin on lung 
damage associated with obesity.
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This investigation observed a significant reduction in body and lung weight in obese mice following semaglutide and 
empagliflozin treatment. Interestingly, starting in week 18, the body weights of mice following semaglutide administra-
tion were significantly lower than those following empagliflozin intervention. This study found that mice on a high-fat 

Figure 7 KEGG enrichment analysis of DEPs between (A) HFD/NCD, (B) Sema/HFD, and (C) Empa/HFD groups.
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diet exhibited increased levels of TC, TG, LDL-C, and HDL-C compared to those on a non-fat diet. The Sema and Empa 
groups demonstrated a decrease in TC and LDL-C levels following the administration of semaglutide and empagliflozin, 
in contrast to the HFD. Hence, both semaglutide and empagliflozin improved the weight and lipid metabolism of obese 
mice, aligning with the findings from earlier research.24,26,49 Furthermore, both semaglutide and empagliflozin effectively 
reduced blood glucose levels in the HFD-induced obesity mouse model. This suggests that the combined use of these two 
drugs could enhance the pronounced effect of lowering blood sugar, blood lipids, and inducing weight loss.

These outcomes were further confirmed through histological examination using H&E staining. The lung tissues of HFD 
mice exhibited increased alveolar wall thickness, narrowing of alveolar lumens, and the accumulation of adipocytes compared 
to the NCD group. After intervention with semaglutide and empagliflozin, both groups of mice demonstrated changes in lung 

Table 1 Comparison of DEPs Between HFD/NCD and Sema/HFD Groups

Accession Protein Name Gene Name HFD/NCD Sema/HFD

P19788 Matrix Gla protein Mgp Up Down
O35608 Angiopoietin-2 Angpt2 Up Down

P50544 Very long-chain specific acyl-CoA dehydrogenase, mitochondrial Acadvl Up Down

P56394 Cytochrome coxidase copper chaperone Cox17 Up Down
Q8K211 High affinity copper uptake protein 1 Slc31a1 Down Up

Q9DBX1 Regulator of cell cycle Rgcc Down Up

P28028 Serine/threonine-protein kinase B-raf Braf Down Up
P03987 Ig gamma-3 chain C region Down Up

Q9D7S9 Charged multivesicular body protein 5 Chmp5 Down Up
Q8BHC0 Lymphatic vessel endothelial hyaluronic acid receptor 1 Lyve1 Down Up

Q8VCN5 Cystathionine gamma-lyase Cth Down Up

P03953 Complement factor D Cfd Down Up

Table 2 Comparison of DEPs Between HFD/NCD and Empa/HFD Groups

Accession Protein Name Gene Name HFD/NCD Empa/HFD

Q99L60 V-type proton ATPase subunit C 2 Atp6v1c2 Down Up

Q3V038 Tetratricopeptide repeat protein 9A Ttc9 Down Up

Q9DBX1 Regulator of cell cycle RGCC Rgcc Down Up
Q80T21 ADAMTS-like protein 4 Adamtsl4 Down Up

Q9D0J8 Parathymosin Ptms Down Up

Q99MV1 Tudor domain-containing protein 1 Tdrd1 Down Up
P28028 Serine/threonine-protein kinase B-raf Braf Down Up

Q9R1Q7 Proteolipid protein 2 Plp2 Down Up

Q9D7S9 Charged multivesicular body protein 5 Chmp5 Down Up
Q8BHC0 Lymphatic vessel endothelial hyaluronic acid receptor 1 Lyve1 Down Up

P52840 Sulfotransferase 1A1 Sult1a1 Down Up

P60824 Cold-inducible RNA-binding protein Cirbp Down Up
P20065 Thymosin beta-4 Tmsb4x Down Up

Q9Z2C4 Myotubularin-related protein 1 Mtmr1 Down Up

P01878 Ig alpha chain C region Down Up
Q3U186 Probable arginine–tRNA ligase, mitochondrial Rars2 Up Down

P12710 Fatty acid-binding protein, liver Fabp1 Up Down

Q61878 Bone marrow proteoglycan Prg2 Up Down
Q5FW60 Major urinary protein 20 Mup20 Up Down

P49290 Eosinophil peroxidase Epx Up Down

Q3TCX3 KH homology domain-containing protein 4 Khdc4 Up Down
Q62141 Paired amphipathic helix protein Sin3b Sin3b Up Down
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structure, characterized by a decrease in alveolar wall thickness and enlargement of the alveolar lumen. Collagen deposition 
was higher in HFD mice than in Sema, Empa, or NCD mice, and elastic fibers proliferated, cracked, and disintegrated 
according to Masson and EVG staining. This finding is consistent with other research suggesting that an HFD may aggravate 
pulmonary fibrosis.50 It also implies that obesity may lower lung compliance, potentially leading to lung collapse, pulmonary 
fibrosis, or even lung failure. Empagliflozin and semaglutide show promise in treating this disease.

Obese HFD mice had notably decreased SOD levels and significantly increased MDA levels compared to NCD mice; 
this effect was reversed after semaglutide and empagliflozin treatment. These data suggest that in chronic HFD mice, 
there is elevated oxidative stress, and exogenous semaglutide and empagliflozin treatment can regulate and alleviate this 
stress. According to our study, both semaglutide and empagliflozin protect the lungs by reducing oxidative stress, and 
combining the two drugs may amplify this beneficial effect.

In this study, proteomic methods were employed to investigate the proteome expression patterns of lung tissue from 
mice that were healthy, obese, treated with semaglutide, and treated with empagliflozin. Subsequently, we used 
bioinformatics methodologies to unveil the characteristics of DEPs, laying the groundwork for ultimately screening 
proteins associated with obesity-related pulmonary dysfunction. Combining the data from the DEPs led to an intriguing 
discovery: four proteins were downregulated in the high-fat diet group compared to the NCD group, and this effect was 
reversed by treatment with semaglutide and empagliflozin. These proteins are LYVE1, BRAF, RGCC and CHMP5.

In recent studies, the protein RGCC, also known as the response gene to complement 32 (RGC-32), has been 
identified as a novel profibrotic factor in renal function.51 It safeguards against pulmonary fibrosis, and reducing it leads 
to the buildup of collagen. Consequently, reinstating RGCC expression could hold therapeutic promise in combating 
pulmonary fibrosis.52 Here, it was observed that an HFD dramatically reduced RGCC expression, which was significantly 
increased by semaglutide and empagliflozin. Therefore, it is presumed that semaglutide and empagliflozin exert 
a potential lung protective function by regulating RGCC protein expression.

Table 3 Comparison of DEPs Between Sema/HFD and Empa/HFD Groups

Accession Protein Name Gene Name Sema/HFD Empa/HFD

P08122 Collagen alpha-2(IV) chain Col4a2 Up Up
Q9QZ85 Interferon-inducible GTPase 1 Iigp1 Up Up

P02463 Collagen alpha-1(IV) chain Col4a1 Up Up

Q61092 Laminin subunit gamma-2 Lamc2 Up Up
Q8BHC0 Lymphatic vessel endothelial hyaluronic acid receptor 1 Lyve1 Up Up

Q9D7S9 Charged multivesicular body protein 5 Chmp5 Up Up

O88668 Protein CREG1 Creg1 Up Up
O35704 Serine palmitoyltransferase 1 Sptlc1 Up Up

P28028 Serine/threonine-protein kinase B-raf Braf Up Up
Q91YL2 E3 ubiquitin-protein ligase RNF126 Rnf126 Up Up

Q9DBX1 Regulator of cell cycle RGCC Rgcc Up Up

Q8C138 Androgen-dependent TFPI-regulating protein Adtrp Down Down
Q80U30 Protein CLEC16A Clec16a Down Down

Q62147 Sarcospan Sspn Down Down

P02762 Major urinary protein 6 Mup6 Down Down
Q3URS9 Mitochondrial potassium channel Ccdc51 Down Down

Q3UIU2 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 6 Ndufb6 Down Down

Q8VD57 Vesicle transport protein SFT2B Sft2d2 Down Down
O89090 Transcription factor Sp1 Sp1 Down Down

Q9ESD7 Dysferlin Dysf Down Down

Q6IMF0 Keratin, type II cuticular 87 Krt87 Down Down
O54692 Centromere/kinetochore protein zw10 homolog Zw10 Down Down

Q69ZR9 Protein TASOR Tasor Down Down
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LYVE1, a receptor located in the lymphatic system, facilitates angiogenesis through the interplay between lymphatic 
and blood endothelial cells.53 The primary expression of LYVE1 occurs in the endothelial cells of lymphatic 
capillaries.54,55 The LYVE1 molecule is considered the primary immunohistochemical marker of lymphatic endothelial 
cells.56 Altered expression of LYVE1 has been demonstrated to impair lymphatic transport function.57 The lymphatic 
vasculature significantly contributes to maintaining lung homeostasis by eliminating immune cells and draining inter-
stitial fluid.58–60 LYVE1 has been implicated in lung diseases, with LYVE1 gene expression significantly reduced in 
COPD and lung adenocarcinoma, suggesting a possible molecular link between these pathological conditions.61 Serum 
LYVE1 appears to decrease in metastatic lung cancer.62 Inflammatory stimuli can lead to decreased surface expression of 
LYVE1.63 As far as we are aware, this research is pioneering in suggesting that obesity caused by a high-fat diet could 
impact pulmonary health by diminishing LYVE1 expression, which is believed to be linked to lymphatic transport and 
angiogenesis. Semaglutide and empagliflozin have the potential to enhance lung function by significantly boosting the 
expression of LYVE1 in the lungs of obese mice, found on the surface of lymphatic endothelial cells and essential for 
lymphatic transport and growth.

BRAF, a serine/threonine protein kinase located on chromosome 7q34, can activate the MAPK/ERK-signaling 
pathway. MAPK, belonging to the serine-threonine kinases superfamily, may participate in the development of various 
illnesses.64 Accumulating evidence indicates that the MAPK signaling pathway can promote lung fibroblasts activation 
and the accumulation of extracellular matrix.65,66 Research indicates that the MAPK/ERK pathway plays a role in 
controlling lung mesenchyme, which in turn impacts its growth.67 Activation of the MAPK/ERK pathway facilitates 
embryonic development, contributes to various physiological processes including growth, differentiation, survival, 
migration, and morphogenesis.68,69 Our proposition is that obesity negatively impacts lung function and damages lung 
structure via the MAPK/ERK signaling pathway. Conversely, both semaglutide and empagliflozin enhanced lung health 
by upregulating BRAF protein expression and modulating the MAPK/ERK pathway, thereby preventing pulmonary 
fibrosis and mitigating inflammation.

As a coiled protein, CHMP5 aids in converting the late endosomal multivesicular body into lysosomes.70,71 

Disruption of the mouse CHMP5 gene may lead to the deregulation of signaling pathways such as NF-κB and TGF β 
(transforming growth factor β).71 Additionally, there was a notable rise in CHMP5 levels in acute leukemia cases, 
suggesting its potential involvement in leukemogenesis.72 Currently, there are no publications related to the lung health 
and the CHMP5 protein.

The majority of type 2 diabetes sufferers will ultimately require the combination of multiple antidiabetic drugs for 
effective glycemic management. Previous studies have investigated that once-weekly treatment with semaglutide and 
empagliflozin achieves a significant reduction in HbA1c and can improve glycemic control and plasma aldosterone 
levels.73,74 The American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD) 
collectively advise using SGLT2 inhibitors or GLP-1R agonists for type 2 diabetes patients with a heightened risk of 
cardiovascular incidents.75 Combination treatment of empagliflozin and semaglutide may offer additional cardiovascular 
protection in patients with type 2 diabetes.76 In our study, obesity increases the levels of lipids, glucose and oxidative 
stress in blood, resulting in impaired lung structure. Treatment with semaglutide and empagliflozin improved lipid 
metabolism, reduced oxidative stress and protected lung function. Combined use of semaglutide and empagliflozin may 
result in therapeutic effects in obesity-induced lung injury enhanced effects. While the exact processes driving the 
combined or synergistic impacts remain elusive, altering the levels of LYVE1, BRAF, RGCC, and CHMP5 in the lung 
tissues of obese mice, as noted, might contribute to the understanding.

This study has certain limitations. Initially, the joint use of semaglutide and empagliflozin in treating lung damage 
associated with obesity was not investigated. We think that the combination might be more effective than the single drug, 
but more research is needed to confirm this. Additionally, no measurements were taken regarding lung function.

Conclusion
In summary, this study demonstrates obesity induced by a high-fat diet causes a reduction in the expression of LYVE1, 
BRAF, RGCC, and CHMP5 proteins, potentially affecting the lung function and structure in mice. Significantly, the 
administration of semaglutide and empagliflozin elevates the levels of these proteins, potentially offering therapeutic 
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benefits against lung injury caused by obesity. Merging semaglutide with empagliflozin may exert a more pronounced 
impact.
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