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Abstract 

Diabetic nephropathy affects a significant proportion of individuals with diabetes, and its progression often leads 
to cardiovascular disease and infections before the need for renal replacement therapy arises. Empagliflozin has been 
shown to have various protective effects in cardiovascular disease studies, such as improving diabetic myocardial 
structure and function, and reducing myocardial oxidative stress. However, the impact of empagliflozin on cardiac 
protein expression and signaling pathways has not been comprehensively analyzed. To address this gap, we con-
ducted proteome analysis to identify specific protein markers in cardiac tissue from the diabetes model group, includ-
ing Myh7, Wdr37, Eif3k, Acot1, Acot2, Cat, and Scp2, in cardiac tissue from the diabetes model group. In our drug 
model, empagliflozin primarily modulates the fat-related metabolic signaling pathway within the heart. Empagliflozin 
downregulated the protein expression levels of ACOX1, ACADVL and CPT1A in the model group. Overall, our findings 
demonstrate that empagliflozin provides cardiac protection by targeting metabolic signaling pathways, particularly 
those related to fat metabolism. Moreover, the identification of cardiac biomarkers in a mouse model of diabetic 
nephropathy lays the foundation for further exploration of disease biomarkers in cardiac tissue.

Keywords  Diabetic nephropathy, Empagliflozin, Proteome

†Zongchao Yu, Yongping Lu and Mengxian Zhang contributed equally to this 
work.

*Correspondence:
Han Zhang
zhangh355@mail2.sysu.edu.cn
Donge Tang
donge66@126.com
Yong Dai
daiyong22@aliyun.com
1 Department of Nephrology, the First Affiliated Hospital of Jinan 
University, Guangzhou, China
2 Department of Nephrology, Center of Kidney and Urology, Seventh 
Affiliated Hospital, Sun Yat-sen University, Shenzhen, China
3 Department of Internal Medicine, Humen Hospital, Dongguan City, 
Guangdong Province, China
4 Dongguan Maternal and Child Health Care Hospital, Postdoctoral 
Innovation Practice Base of Southern Medical University, Dongguan, 
China
5 Clinical Medical Research Center, Shenzhen People’s Hospital, The 
Second Clinical Medical College of Jinan University, Shenzhen 518020, 
China

6 The First Affiliated Hospital, School of Medicine, Anhui University 
of Science and Technology, Huainan, Anhui, China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12953-024-00232-1&domain=pdf


Page 2 of 11Yu et al. Proteome Science            (2024) 22:9 

Background
The number of people living with diabetes worldwide is 
projected to increase to 693 million by 2045 [1]. Diabetic 
nephropathy affects approximately 40% of people with 
diabetes and has emerged as a leading cause of chronic 
kidney disease (CKD) worldwide [2]; however, most 
patients actually die from cardiovascular disease and 
infections before they need renal replacement therapy 
[3].

Empagliflozin (Jardiance®) is a potent and highly selec-
tive inhibitor of sodium glucose cotransporter 2 (SGLT2), 
which inhibits the reabsorption of glucose in the proxi-
mal tubule of the kidney by inhibiting SGLT2. Empagliflo-
zin provides a novel insulin-independent mechanism for 
lowering blood sugar has been developed [4]. In addition 
to lowering blood sugar, empagliflozin had a favorable 
effect on several nonglycemic outcomes, including mod-
est reductions in body weight, blood pressure, and major 
adverse cardiovascular events (55% relative risk reduc-
tion in the risk empagliflozin group); Empagliflozin was 
approved by the European Medicines Agency (EMA) and 
the U.S. Food and Drug Administration (FDA) in 2014.

Research has shown that empagliflozin has multiple 
protective functions in cardiovascular disease research 
[5–7]. Empagliflozin improves diabetic myocardial struc-
ture and function, reduces myocardial oxidative stress, 
and improves myocardial fibrosis. Further studies have 
shown that empagliflozin inhibits oxidative stress and 
fibrosis by transforming growth factor beta→TGF-β, 
adenosine triphosphate→ATP, and less reactive oxygen 
species→ROS [8, 9].

Treatment with empagliflozin inhibits the produc-
tion of inflammatory factors and reverses changes in 
redox parameters (e.g., glutathione and lipid peroxides), 
attenuates the levels of the protein kinase GIα, improves 
myofilament function, reduces cardiomyocyte stiffness 
and increases the diastolic capacity of the heart [10]. In 
a mouse model of ventricular fibrillation-induced car-
diac arrest [11], treatment with ipagliflozin improved left 
ventricular function and increased survival time. GLT2 
inhibitors affect lipid metabolism at several different 
levels, reducing lipid oxidation and shifting the utiliza-
tion of substrates to the use of ketone bodies, which are 
more efficient for myocardial metabolism, and that less 
reactive oxygen species pass through these ketone bod-
ies, affecting β-oxidation and the transport of lipid mol-
ecules in cells [12]. Despite these promising findings, 
there has been a lack of systematic analysis of the effects 
of empagliflozin on cardiac protein expression and sign-
aling pathways.

In this study, we conducted proteomic analysis of 
heart tissue from the healthy group, disease group, and 

medication group to investigate the regulatory mecha-
nism of empagliflozin at the cardiac proteome level.

Results
Quality control of samples
We evaluated cardiac collagen levels in a total of 17 mice 
as illustrated in Fig.  1A, which were categorized into 
three groups: 4 mice in the healthy group (db/m), 6 mice 
in the disease model group (db/db), and 7 mice in the 
EMPA-treated group (EMPA-treated) (Supplementary 
Excel Table  1). Protein integrity was assessed via SDS‒
PAGE combined with Coomassie brilliant blue staining, 
as demonstrated in Supplementary Fig. 1. The observed 
sample were clearly defined, and the distribution of 
protein molecular weights was uniform, as depicted in 
Supplementary Fig.  1. LC‒MS-based quantitative prot-
eomics was conducted on each sample individually, and 
the resulting data were analyzed via computer software. 
Supplementary Figure Figs. 2 and 3 present the chroma-
tograms of all the samples. As shown in the figure, the 
chromatographic separation peaks of all the samples had 
relatively stable retention times, uniform peptide peak 
time distributions, and chromatographic peaks. Nar-
row, sharp and symmetrical without obvious trailing. By 
counting the number of peptide missed cleavage sites 
and the proportion of the corresponding total ion current 
intensity, the enzyme cleavage efficiency of the experi-
ment was approximately evaluated. The total number 
of identified peptides was 32,701, the number of missed 
cleavage sites > = 2 was 158, and the missed cleavage ratio 
was 0.48. %, and the enzymatic hydrolysis efficiency was 
99.52%.

Differential protein analysis
Through PCA analysis, we found that the sample group 
was within the 95% confidence interval (Hotelling’s 
T-squared ellipse), which met the statistical requirements 
(Supplementary Fig.  4). In addition, we also used PCA 
analysis to select the top 200 highly variable proteins, 
that were significantly different among the three groups 
(Fig. 1C). The comparison strategy is as follows: A total 
of 2 groups are compared, namely, the Empa (EMPA-
treated) group versus the db/db (model) group and the 
db/db group versus the db/m (healthy) group. We used 
statistical methods to screen for differentially expressed 
proteins, and the screening criteria for differentially 
expressed proteins were Student’s t-test P-value < 0.05 
and FOLD CHANGE < 0.83 or FOLD CHANGE > 1.2. 
The original results of the difference analysis are shown 
in the Supplementary Table  1. Compared those in with 
the normal group, 213 proteins were downregulated and 
228 proteins were highly expressed in the model group. 
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The top highly expressed proteins in the model group 
were Myh7, Wdr37, Eif3k, Acot1, Acot2, Cat and Scp2 
in the model group (Fig.  1D). With drug treatment, the 
increase in protein expression in the model group was 
reversed.

Signaling pathways of the differentially expressed proteins
To determine the changes in the signaling pathways of 
heart proteins in mice before and after taking empagli-
flozin treatment, we conducted a multidimensional signal 

dimension analysis, which included clusters of ortholo-
gous groups for eukaryotic complete genomes (KOG), 
Kyoto Encyclopedia of Genes and Genomes (KEGG), and 
Gene Ontology (GO) analyses. The details are as follows.

We performed KOG analysis on the differentially 
expressed proteins (Fig. 2). The proteins exhibiting differ-
ential expression between the disease and healthy groups 
were predominantly predominantly enriched in several 
key categories: posttranslational modification and chap-
erone protein turnover, lipid transport and metabolism, 

Fig. 1  Proteomic analysis of differences in cardiac tissue before and after drug treatment. (A) Experimental grouping design. (B) PCA clustering 
diagrams for three sample groups. (C) Heatmap of differentially expressed proteins. (D) Expression levels of ACOX1, ACADVL and CPT1A proteins 
in the three sample groups
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and signal transduction mechanisms. Specifically, 47, 59, 
and 58 differentially expressed proteins were identified 
and enriched in these respective categories. (Fig.  2A). 
After taking the drug, the differentially expressed pro-
teins between the disease group and the drug group were 
mainly enriched in mainly signal transduction mecha-
nisms and posttranslational modification, protein turn-
over, and chaperones, which were enriched to 50 and 
36, respectively. In the lipid transport and metabolism 
pathway, only 14 differentially expressed proteins were 
enriched (Fig. 2B). These findings indicated that the lipid 
transport and metabolism pathway-related proteins in 
cardiac tissue were significantly downregulated under the 
action of drugs.

Analysis of the GO (BP, biological process) path-
way, revealed that the enriched upregulated ptoteins 
in the disease group were associated mainly withfatty 
acid derivative metabolism and fatty acid catabolic 
processes (Fig.  3A). After taking the empagliflozin 
treatment, the differentially expressed proteins were 
enriched mainly in signaling pathways such as fatty acid 
metabolic process, negative regulation of membrane 
permeability cellular calcium ion homeostasis, and 
RNA splicing, via transesterification reactions (Fig. 3B).

The GO analysis also revealed that the fatty acid 
metabolism-related proteins enriched in differential 
proteins in the disease group were downregulated after 
treatment with empagliflozin (Fig.  3). Analysis of the 
KEGG signaling pathways revealed that, the upregu-
lated ptoteins in the disease group are mainly metabolic 
pathways and peroxisome, Protein processing in endo-
plasmic reticulum (Supplementary Fig.  5A). After the 
empagliflozin treatment, the differentially expressed 
proteins were mainly enriched in signaling pathways 
such as amyotrophic lateral sclerosis, and the enriched 
signaling pathways in the disease model group were 
altered (Supplementary Fig. 5B).

Through KOG, GO and KEGG analyses, the signaling 
pathways that reflect the possible effects of empagli-
flozin are mainly fatty acid metabolic-related signaling 
pathways.

Network interaction analysis of differential proteins
When proteins exercise their biological functions, they 
form a PPI network to maintain temporal and spatial 
coordination, and construct an interaction network of 
differentially expressed proteins, which can reveal the 
changing trends of differentially expressed proteins 
at the proteome level, and further help us identify the 

Fig. 2  KOG analysis of differentially expressed proteins between the db/m and db/db groups (A) and between the db/db and EMPA-treated 
groups (B)
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differences in differentially expressed proteins. A visual 
analytics platform for comprehensive gene expression 
profiling was used with NetworkAnalyst 3.0 (https://​
www.​netwo​rkana​lyst.​ca) [13]. In the disease model 
group, the upregulated signaling pathways (p < 0.05) 

in heart tissue included mainly fatty acid degradation, 
fatty acid metabolism and peroxisome (Supplemen-
tary Excel Table  2  A) and the downregulated signal-
ing pathways involved mainly protein processing in 
the endoplasmic reticulum, metabolic pathways and 
arginine and proline metabolism (Supplementary 

Fig. 3  GO (BP, biological process) enrichment analysis of differentially expressed proteins in each group. (A) db/m vs. db/db; (B) db/db vs. 
EMPA-treated

https://www.networkanalyst.ca
https://www.networkanalyst.ca


Page 6 of 11Yu et al. Proteome Science            (2024) 22:9 

Excel Table 2B). In addition, the significantly enriched 
involved were Acox1, Acadvl and Cpt1a. The transcrip-
tion factors involved are mainly: Chd1, Jund, Rcor1, 
Tbp, Gata1, Ubtf, Sin3a, Ep300, Mef2 and Hcfc1(Fig. 4A 
and B). After EMPA treatment, the enriched pathways 
were mainly the proteasome, cell cycle and TGF-beta 
signaling pathways (Supplementary Excel Table  2  C). 
The main transcription factors involved are: Zmiz1, 

Mxi1, Nrf1, Chd2 and Irf4( Fig.  4C). In other words, 
the empagliflozin protects mouse heart tissue primarily 
by modulating signaling pathways associated with fatty 
acids, thereby potentially reducing oxidative stress and 
inflammation, and promoting overall cardiac health 
(Fig. 5).

Fig. 4  Gene regulatory network analysis of differentially expressed proteins in each group. (A) Upregulated differential proteins between the db/m 
and db/db groups; (B) downregulated differential proteins between the db/m and db/db groups; (3) upregulated differential proteins 
between the db/db and EMPA-treated groups
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Conclusions
On the basis of our observations in mouse models, we 
have identified specific protein markers associated with 
the diabetes model group, namely Myh7, Wdr37, Eif3k, 
Acot1, Acot2, Cat and Scp2. Furthermore, our find-
ings suggest that empagliflozin primarily modulates the 
fat-related metabolic signaling pathway in the heart. 
According to the results of the bioinformatics analysis, 
Acox1, Acadvl and Cpt1a may be involved in regulating 
the transcription factors associated with the reversal of 
the metabolic pathway. Collectively, our evidence from 
a mouse model indicates that empagliflozin affects 
heart tissue by targeting molecular metabolism and 
the fatty acid signaling pathway, thereby influencing 
the molecular function of the heart. However, further 
research is warranted to fully understand the underly-
ing mechanisms and potential therapeutic implications.

Discussion
The underlying mechanism behind the beneficial effects 
of SGLT2 inhibitors in patients at high risk of cardio-
vascular disease remains poorly understood. To investi-
gate and compare the impact of hypoglycemic agents on 
ventricular electrophysiological substrates in metabolic 
mice, the relationship between adipocytokines present in 
pericardial fat and arrhythmia has been explored through 
electrophysiological techniques. These adipocytokines 
can contribute to an increase in the area of fibrosis area 
within the heart and ventricular tissues of patients diag-
nosed with metabolic syndrome [14, 15]  and SGLT2 
inhibitors can reduce the amount of pericardium fat 
[16–18], and can alter autonomic nervous function [19, 
20]. Previous studies have also shown that SGLT2 inhibi-
tors improve mitochondrial function in diabetic rats [21, 
22]. Empagliflozin regulates the effect of adipocytokines 
in adipose tissue on the ion current of cardiomyocytes 

and reduces arrhythmia [23], which may provide a pos-
sible mechanism for antiarrhythmic effects [24]. Meta-
bolic syndrome-induced cardiac fibrosis [25, 26] may 
be because adipose tissue in visceral fat resides in mac-
rophages, producing more proinflammatory cytokines 
[26–28], and causing arrhythmia [29, 30]. However, the 
effects of SGLT2 inhibitors, especially empagliflozin, on 
ventricular electrophysiological substrates have not been 
fully elucidated.

In this study, we utilized animal models to assess the 
impact of drugs on the hearts of mice and identified spe-
cific cardiac protein markers associated with diabetes 
models in mice. Additionally, through the utilization of 
mass spectrometry technology, we discovered that the 
protective effects of empagliflozin on the hearts of mice 
were mediated through metabolic signaling pathways. 
Overall, the drugs investigated in this study were found 
to intervene in cardiac tissue metabolism and perox-
iproteasome signaling, with a close involvement of genes 
related to fat metabolism. Specifically, we focused on 
three genes associated with fat metabolism. First, peroxi-
somal ACOX1 (Acyl-CoA oxidase 1) was identified as the 
initial and rate-limiting enzyme in fatty acid β-oxidation. 
ACOX1 serves as a significant source of H2O2 produc-
tion, and dysfunction of ACOX1 has been associated with 
peroxide enzyme dioxin dyads. The protein in the CPT1 
family, CPT1A-mediated lipid oxidation, also has poten-
tial as a therapeutic target [31–33]. In the context of can-
cer, CPT1A can mediate the fatty acid oxidation pathway 
[31] and can also inhibit colorectal cancer cell metasta-
sis by inhibiting inactivation; O-GlcNAcylation regulates 
long-chain fatty acid metabolism by inhibiting ACOX1 
ubiquitination-dependent degradation [34]. ACOX1 
complexes are also new targets for liver lipid metabo-
lism disorders induced by perfluoroalkyl and perfluoro-
alkyl substances [35]. High methylation of ACADVL is 

Fig. 5  Summary of the potential mechanism of action of empagliflozin
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associated with reduced cardiac fibrosis in patients with 
high-intensity interval training-related heart failure [35]. 
These three genes are closely correlated with fatty acid 
metabolism from the perspectives of cytology and tissue 
organs and are expected to become targets.

The expression of the CPT1A gene is tightly regu-
lated by hormones and diet in tissues that rely heavily on 
fatty acid utilization, such as the heart. The regulation of 
CPT1A is a complex process and has been implicated in 
various diseases, including genetic mutations, metabolic 
disorders, and cancer. However, the majority of the exist-
ing data on CPT1A regulation have been derived from 
animal studies [32]. Furthermore, reduced expression of 
CPT1A has been shown to impair the cells’ capacity of 
cells to produce aspartate, which is an essential nucleo-
tide precursor for DNA synthesis [36].

Mutations in the ACADVL gene result in very long-
chain acyl-CoA dehydrogenase deficiency, a severe and 
potentially life-threatening disorder affecting mito-
chondrial fatty acid oxidative metabolism [37]. Further 
research is necessary to explore the potential of target-
ing three specific genes in the drug signaling pathway for 
intervention purposes.

Methods
Sample information
In accordance with previous studies [38], male db/db 
mice (C57BLKS/J-leprdb/leprdb) and matched littermate 
db/m mice (C57BLKS/J-leprdb/leprm) were obtained 
from the Nanjing University Experimental Animal 
Center. The db/db mice were 6 weeks old and numbered 
30, whereas the db/m mice served as healthy controls and 
numbered 15. After a 2-week adaptation period, the db/
db mice were randomly divided into two groups: the db/
db (disease model) group and the empagliflozin (EMPA-
treated) group, with each group consisting of 15 mice. 
The mice in the EMPA-treated group received a daily 
oral gavage of 10 mg/kg EMPA daily via oral gavage for 
12 weeks. Similarly, the mice in the model and control 
groups were administered 10 mL/kg of sterile water via 
the same method. After the 12-week treatment period, 
heart tissue samples were collected from the mice. All 
experimental procedures in this study were conducted in 
compliance with the National Law for Laboratory Animal 
Experimentation and were approved by the Commission 
on Experimental Animal Ethics of Jinan University (No. 
202069-04). A total of 17 heart tissue samples from mice 
were included in the proteomic analysis, comprising the 
db/db group (6 samples), db/m group (4 samples), and 
EMPA-treated group (7 samples).

Sample preparation
(1) Sample preparation: An appropriate amount of sam-
ple and was placed on dry ice. The sample was trans-
ferred to a 2 mL EP tube and add 300 µL of RIPA working 
solutionwas added. The samples were sonicated in an 
ice–water bath via a cell sonicator for 2  min.The tube 
was centrifuged at 4 °C and 12,000 rpm for 10 min. The 
clear supernatant was carefully removed. (2) Protein 
concentration determination: Perform a BCA assay was 
performed to calculate the protein concentration of each 
sample. (3) Acetone precipitation: 100 µg of total protein 
was taken from each sample and diluted with H2O to a 
concentration of approximately 1  mg/mL. The acetone 
was precooled to 20 °C, and 5 times the volume of acetone 
was added to the sample. The mixture was mixed well, 
and the sample was precipitated at 20 °C overnight. The 
tube was centrifuged at 4 °C and 12,000 rpm for 10 min. 
The supernatant was carefully removed, and the pellet 
was rinsed twice with 200 µL of precooled 80% acetone. 
The mixture was centrifuged again at 12,000 rpm, and the 
supernatant was carefully removed. (4) Protein reconsti-
tution, reduction, and alkylation: 100 µL of reconstituted 
protein mixture was added to the precipitated protein. 
The samples were sonicated in a water bath for 5 min to 
dissolve the protein precipitate. DTT was added to a final 
concentration of 5 mM, and the sample was incubated at 
55 °C with shaking for 10 min to reduce disulfide bonds. 
The samples were cooled to room temperature, and IAA 
was added to a final concentration of 10 mM. The sample 
was reacted in the dark for 15 min to alkylate the reduced 
disulfide bonds. (5) Protein digestion: Trypsin was dis-
solved to a concentration of 0.5 µg/µL with resuspension 
buffer. The trypsin solution was incubated at room tem-
perature for 5 min. Trypsin was mixed with each sample 
thoroughly at a ratio of trypsin to protein of 1:50. The 
mixture was incubated overnight at 37  °C with shaking 
at 1000 rpm after brief centrifugation. (6) SDC cleanup: 
TFA was added to the mixed sample to a final concen-
tration of 2%, ensuring a pH below 2. The mixture was 
mixed well to precipitate SDC. The tube was centrifuged 
at high speed for 10 min, and the supernatant was trans-
ferred to a new EP tube. Next, 100 µL of 2% TFA was 
added, and the mixture was mixed thoroughly. The mix-
ture was centrifuged at 13,000 rpm for 10 min to extract 
the coprecipitated polypeptides. This extraction process 
was repeated twice. The three supernatant fractions were 
combined and centrifuged at high speed for 10 min. The 
supernatant was transferred to a new EP tube to obtain 
labeled peptide samples. (7) Peptide desalting: A C18 car-
tridge was used following the provided instructions. The 
eluate was dried under vacuum at 4 °C overnight.
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nanoLCMS/MS analysis
Each sample was subjected to separation and analysis via 
a nano-UPLC (EASYnLC1200) coupled to a Q Exactive 
HFX Orbitrap instrument (Thermo Fisher Scientific) 
with a nanoelectrospray ion source. The separation was 
carried out via a reversed-phase column (100 ID ×15 cm, 
ReprosilPur 120 C18AQ, 1.9, Dr. Math). The mobile 
phases consisted of H2O with 0.1% formic acid and 2% 
acetonitrile (phase A) and 80% acetonitrile with 0.1% 
formic acid (phase B). Sample separation was performed 
via a 120-minute gradient at a flow rate of 300 nL/min. 
The gradient for phase B was as follows: 2–5% for 2 min, 
5–22% for 88 min, 22–45% for 26 min, 45–95% for 2 min, 
and 95% for 2  min. Data-dependent acquisition (DDA) 
was carried out in profile and positive mode using the 
Orbitrap analyzer at a resolution of 120,000 (@200 m/z) 
and a m/z range of 350–1600 for MS1. For MS2, the reso-
lution was set to 15,000 with a dynamic first mass. The 
automatic gain control (AGC) target for MS1 was set to 
3E6 with a maximum injection time of 50 ms, whereas 
for MS2, it was set to 1E5 with a maximum injection 
time of 110 ms. The top 20 most intense ions were frag-
mented by higher-energy collisional dissociation (HCD) 
with a normalized collision energy (NCE) of 27% and an 
isolation window of 1.2  m/z. A dynamic exclusion time 
window of 45 s was applied, and single charged peaks and 
peaks with a charge exceeding 6 were excluded from the 
DDA procedure.

Proteome Discoverer database search
The raw MS files acquired from the vendor were pro-
cessed with Proteome Discoverer (PD) software, ver-
sion 2.4.0.305, employing the Sequest HT search engine. 
MS spectra lists were queried against species-specific 
UniProt FASTA databases (uniport-Mus + muscu-
lus-10090-2020-10.fasta) at the species level. The fol-
lowing modifications were considered during the search: 
carbamidomethyl [C] as a fixed modification, Oxidation 
(M), and acetyl (protein N-term) as variable modifica-
tions. Trypsin was selected as the protease. The peptide 
tolerance was set to 10 ppm, and the MS/MS tolerance 
was set to 0.02 Da. Up to 2 missed cleavages were allowed 
during the search. The false discovery rate (FDR) was 
set to 0.01 for both peptide-spectrum matches (PSMs) 
and peptide levels. For protein quantification, unique 
peptides and Razor peptides were used, while the total 
peptide amount was used for normalization. All other 
parameters were set to the default settings.

PCA
Using R (version 3.6.3) or SIMCA software (V16.0.2, Sar-
torius Stedim Data Analytics AB, Umea, Sweden), the 

data were logarithmically and centered, and then mod-
eled for analysis [39].

Screening of differentially expressed proteins
We used statistical methods to screen differentially 
expressed proteins, where the screening criteria for dif-
ferentially expressed proteins were Student’s t-test 
P-VALUE < 0.05 and FOLD CHANGE < 0.83 or FOLD 
CHANGE > 1.2 [40].

KOG
Cluster of orthologous groups (COG) analysis is a 
method used to classify gene products based on their 
homology and functional classification. In this study, we 
conducted a differential protein analysis using the KOG 
(euKaryotic Orthologous Groups) database, which is a 
variant of COG analysis specifically designed for eukary-
otes. This analysis was performed based on basis of the 
methodology described in the authors’ previous litera-
ture [41]. The results of the KOG analysis for differen-
tially expressed proteins were visualized via a histogram 
or bar plot [42].

GO and KEGG
For functional enrichment analysis, we utilized the Gene 
Ontology (GO) database, available at geneontology.
org. In this project, we mapped the genes to the cor-
responding nodes in the Gene Ontology database and 
performed functional enrichment analysis using the GO 
database [43]. This allowed us to classify the differen-
tially expressed proteins into their respective functional 
categories.

Additionally, we utilized the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway database 
(https://​www.​kegg.​jp/​kegg/​pathw​ay.​html.) to analyze 
the metabolic pathways associated with the differen-
tially expressed proteins. The KEGG database provides 
functional information on genes and genomes, includ-
ing cellular biochemical processes such as metabolism, 
membrane transport, signaling, cell cycle, and conserved 
sub-pathways. By identifying the metabolic pathways that 
are significantly enriched with differentially expressed 
proteins, we can gain insights into the systematic altera-
tions occurring under different experimental conditions.

Analysis of gene regulatory networks build
For gene regulatory network analysis, we employed Net-
workAnalyst (https://​www.​netwo​rkana​lyst.​ca), a web-
based tool that allows researchers to perform various 
meta-analyses on gene expression data [13]. In our pro-
ject, we used the differentially expressed proteins for the 
analysis and selected specific parameters. The organism 

https://www.kegg.jp/kegg/pathway.html
https://www.networkanalyst.ca
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was specified as Mus musculus, and the gene regulatory 
network (GRN) database utilized was the TF‒gene inter-
action database from ENCODE. The ENCODE database 
provides transcription factor and gene target data derived 
from ChIP-seq data. Only peak intensity signals less than 
500 and predicted regulatory potential scores less than 1 
were used, employing the BETA Minus algorithm.
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