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Abstract: Obesity is associated with excessive fat accumulation in adipose tissue and other organs,
such as skeletal muscle, whereas aerobic exercise (AE) plays an important role in managing obesity
through profound protein regulation. Our study aimed to investigate the impact of AE on proteomic
changes in both the skeletal muscle and the epididymal fat pad (EFP) of high-fat-diet-induced obese
mice. Bioinformatic analyses were performed on differentially regulated proteins using gene ontology
enrichment analysis and ingenuity pathway analysis. Eight weeks of AE significantly reduced body
weight, increased the serum FNDC5 level, and improved the homeostatic model assessment of insulin
resistance. A high-fat diet caused alterations in a subset of proteins involved in the sirtuin signaling
pathway and the production of reactive oxygen species in both skeletal muscle and EFP, leading to
insulin resistance, mitochondrial dysfunction, and inflammation. On the other hand, AE upregulated
skeletal muscle proteins (NDUFB5, NDUFS2, NDUFS7, ETFD, FRDA, and MKNK1) that enhance
mitochondrial function and insulin sensitivity. Additionally, the upregulation of LDHC and PRKACA
and the downregulation of CTBP1 in EFP can promote the browning of white adipose tissue with the
involvement of FNDC5/irisin in the canonical pathway. Our study provides insights into AE-induced
molecular responses and may help further develop exercise-mimicking therapeutic targets.

Keywords: aerobic exercise; ingenuity pathways analysis; obesity; proteome

1. Introduction

Obesity is known to be caused by a positive energy balance between energy intake and
energy expenditure that leads to excessive fat accumulation in adipose tissue and ectopic
tissues, including the liver, heart, and skeletal muscle [1]. In prolonged overnutrition, white
adipocytes accumulate more lipids and develop cellular hypertrophy [2], whereas skeletal
muscle can undergo fatty infiltration and inflammation [3]. Excessive lipid accumulation
leads to the upregulation of proinflammatory pathways, the production of excess reactive
oxygen species (ROS), and mitochondrial dysfunction in both adipose tissue and skeletal
muscle [4]. Dysfunctional adipose tissue and skeletal muscle can lead to insulin resistance
(IR) in obesity [5]. Insulin allows glucose to enter cells for protein and fatty acid synthesis
as well as energy metabolism and binds to receptors primarily on adipose tissue and
skeletal muscle [6]. IR is a pathological condition in which insulin-mediated glucose
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uptake is impaired in insulin-sensitive tissue and plays a pivotal role in the pathogenesis of
obesity-related metabolic diseases, such as type 2 diabetes mellitus, fatty liver disease, and
cardiovascular disease [7,8].

Irrefutable evidence affirms the importance of aerobic exercise (AE) in the management
of obesity through profound adaptations in both skeletal muscle and white adipose tissue
(WAT) [9]. Myokines released after exercise can alter protein regulation and trigger complex
molecular reactions, including changes in inflammatory cytokines, fatty acid oxidation,
oxidative phosphorylation, and so on [10]. For instance, irisin, a fragmented product of
transmembrane fibronectin type III domain-containing protein 5 (FNDC5), is a myokine
secreted by skeletal muscle in response to exercise and accounts for several exercise-
mediated health benefits, such as inducing white adipose tissue browning and enhancing
insulin sensitivity [11,12]. As exercise represents one of the most effective interventions
for combating obesity, proteomic analysis may help to explore exercise-induced molecular
responses and uncover novel exercise-mimicking therapeutic targets [13].

Despite the growing evidence of the benefits of AE in obese mice, comparative proteomic
analyses of both skeletal muscle and WAT in response to AE are limited [14,15]. The use of a
high-throughput comprehensive proteomic analysis provides a more in-depth examination
of the underlying mechanisms behind the benefits of AE in obesity at the level of individual
translational proteins [16]. By gaining a deeper understanding of these processes, we can
better elucidate the molecular mechanisms that contribute to the protective effects of AE. In
this context, we explore the impact of AE on proteomic changes in the skeletal muscle and
epididymal white adipose tissue of high-fat-diet (HFD)-induced obese mice.

2. Results
2.1. Effect of Aerobic Exercise on Body Weight and the Morphology of Skeletal Muscle and
Epididymal Fat Pad

The HFD induced significant weight gain from week 2 to week 8 in the HFD group
compared with the normal control (NC) group (p < 0.05). By the end of 8 weeks of obesity
induction, HFD-fed mice weighed 39% more than NC chow-fed mice (HFD: 35.87 ± 3.25 g,
NC: 25.84 ± 1.57 g, p < 0.05). Body weight did not differ between the HFD and AE groups
prior to the exercise intervention, but after 8 weeks of exercise training, AE significantly
attenuated the weight gain compared to the sedentary HFD group (AE: 43.22 ± 4.50 g,
HFD: 50.36 ± 2.79 g, p < 0.05) (Figure 1A). The gross appearances of mice in each group
before sacrifice are shown in Figure 1B.

Hematoxylin and eosin (H&E) staining of skeletal muscle sections in the NC, HFD, and
AE groups are shown in Figure 1C. The skeletal muscles were well preserved in morphology
and structure, and the staining was well distributed in the NC group. The skeletal muscle
from the HFD group exhibited some degenerative changes in muscle myofibers, whereas
that from the NC group showed a normal architecture with dense myofibers. On the
contrary, the AE group retained a normal architecture in the muscle myofibers, similar to
that of the NC group. In addition, the H&E staining of epididymal fat pad (EFP) in the
HFD group revealed white adipocyte hypertrophy after obesity induction. Compared to
the HFD group, adipocytes were smaller in the AE group (Figure 1D).

2.2. Effect of Aerobic Exercise on Serum FNDC-5, Glucose, Insulin, and HOMA-IR Levels

We investigated the impact of AE on serum levels of FNDC-5, glucose, insulin, and
the homeostasis model assessment of insulin resistance (HOMA-IR) (Figure 2). The results
revealed that the serum FNDC-5 level in the AE group (837.36 ± 263 pg/mL) was signifi-
cantly higher than that in the HFD group (560.66 ± 188 pg/mL) (p < 0.05). The HFD group
exhibited significant increases in serum glucose, insulin, and HOMA-IR levels compared to
the NC group (p < 0.05). However, 8 weeks of AE intervention significantly reduced serum
insulin and HOMA-IR levels (p < 0.05), while there was no significant difference in serum
glucose levels between the AE and HFD groups.
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Figure 1. Effect of aerobic exercise on body weight (A), gross appearance of mice (B), morphology 
of skeletal muscle (C), and epididymal fat pad (D). Specimens were photographed using light 
microscopy (H&E stain, magnification: ×200, scale bar = 40 µm) (* p <0.05 HFD vs. NC group, # p 
<0.05 AE vs. HFD group). 
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Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 2. Effect of exercise on serum FNDC-5 (A), glucose (B), insulin (C), and HOMA-IR (D) levels 
(data are presented as means ± SDs; * p < 0.05 in ANOVA with Tukey’s multiple-comparison post 
hoc test). 

2.3. The Effect of HFD and AE on Skeletal Muscle Proteomic Changes 
After HFD obesity induction, 81 and 99 proteins in the skeletal muscle were 

upregulated and downregulated, respectively (Supplementary Table S1). Three proteins 
were only detected in the HFD group, including Golgin subfamily A member 3 (GOGA3), 
Ras GTPase-activating-like protein IQGAP1 (IQGA1), and transmembrane protein 65 
(TMM65). Significantly, the canonical pathways implicated changes in sirtuin signaling 
pathways, mitochondrial dysfunction, the production of nitric oxide (NO) and ROS in 
macrophages, Acyl-CoA hydrolysis, and calcium signaling (Figure 3A). Among the 
upregulated proteins, apolipoprotein E (APOE), apolipoprotein A4 (APOA4), and protein 
kinase C theta (PRKCQ) were expected to increase the production of ROS. On the other 
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2.3. The Effect of HFD and AE on Skeletal Muscle Proteomic Changes

After HFD obesity induction, 81 and 99 proteins in the skeletal muscle were upreg-
ulated and downregulated, respectively (Supplementary Table S1). Three proteins were
only detected in the HFD group, including Golgin subfamily A member 3 (GOGA3), Ras
GTPase-activating-like protein IQGAP1 (IQGA1), and transmembrane protein 65 (TMM65).
Significantly, the canonical pathways implicated changes in sirtuin signaling pathways,
mitochondrial dysfunction, the production of nitric oxide (NO) and ROS in macrophages,
Acyl-CoA hydrolysis, and calcium signaling (Figure 3A). Among the upregulated proteins,
apolipoprotein E (APOE), apolipoprotein A4 (APOA4), and protein kinase C theta (PRKCQ)
were expected to increase the production of ROS. On the other hand, the downregulation
of NADH: ubiquinone oxidoreductase core subunit S7 (NDUFS7), subunit A9 (NDUFA9),
and subunit V3 (NDUFV3) in mitochondrial complex I was associated with mitochondrial
dysfunction. Regarding the biofunctions of differentially regulated skeletal muscle proteins,
lipid metabolism and metabolic disease were significantly affected (Figure 3B). The upregu-
lation of short-chain-specific acyl-CoA dehydrogenase (ACADS) and the downregulation
of protein phosphatase 1 regulatory subunit 3A (PPR3A) can further promote IR.
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The aerobic exercise intervention led to the identification of 47 differentially regulated
proteins between the HFD and AE groups in mouse skeletal muscle, with 38 upregulated
proteins and 9 downregulated proteins (Supplementary Table S2). MAP kinase-interacting
serine/threonine-protein kinase 1 (MKNK1) was the only protein that was uniquely de-
tected in the AE group. Several mitochondrial complex 1-related proteins that were down-
regulated by HFD, such as NDUFB5, NDUFS2, and NDUFS7, were upregulated after AE.
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Furthermore, the AE-altered proteins were involved in oxidative phosphorylation, the sir-
tuin signaling pathway, fatty acid biosynthesis initiation II, acute phase response signaling,
and myo-inositol biosynthesis (Figure 4A). The differentially regulated skeletal muscle
proteins were primarily involved in metabolic disease (Figure 4B). The upregulation of
MKNK1, Frataxin (FRDA), and electron transfer flavoprotein-ubiquinone oxidoreductase
(ETFD) can help decrease the risk of diabetes mellitus.
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2.4. The Effect of HFD and AE on Epididymal Fat Pad Proteomic Changes

HFD obesity induction resulted in substantial differential protein regulation in EFP. A
total of 714 differentially regulated proteins were found, with 698 upregulated proteins and
102 proteins that were exclusively detected in the HFD group (Supplementary Table S3).
Among these uniquely detected proteins in the HFD group, the upregulation of mitogen-
activated protein kinase 1 (MAPK1); neutrophil cytosol factor 2 (NCF2); protein tyrosine
phosphatase non-receptor type 6 (PTPN6); and ras homolog family members A, C, and G
(RHOA, RHOC, and RHOG) was associated with NO and ROS synthesis. The HFD-induced
obesity-related proteins showed significant enrichment in the expected pathways, such as
Hypoxia-Inducible Factor (HIF)1α signaling, extracellular-regulated kinase (ERK)/mitogen-
activated protein kinase (MAPK) signaling, the production of NO and ROS in macrophages,
the sirtuin signaling pathway, and the apelin adipocyte signaling pathway (Figure 5A). The
most significant biofunction pathway was the inflammatory response (Figure 5B).
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Figure 5. Effect of HFD on the canonical pathways (A) and biofunctions (B) regulated by EFP proteins
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with green letters were downregulated).

Following aerobic exercise, 140 proteins were differentially regulated between the
HFD and AE groups, with 29 upregulated proteins and 111 downregulated proteins
(Supplementary Table S4). The differentially regulated proteins were significantly involved
in the sirtuin signaling pathway, the apelin adipocyte signaling pathway, signaling by Rho
family GTPases, superoxide radical degradation, and the white adipose tissue browning
pathway (Figure 6A). It is noteworthy that the antioxidant enzyme superoxide dismu-
tase 1 (SOD1), which was downregulated by HFD, was upregulated after AE. Addition-
ally, white-adipose-tissue-browning-pathway-related proteins, lactate dehydrogenase C
(LDHC), and protein kinase cAMP-activated catalytic subunit alpha (PRKACA) were sig-
nificantly increased, and C-terminal binding protein 1 (CTBP1) was significantly decreased.
Many differentially regulated EFP proteins were involved in free radical scavenging and
metabolic disease (Figure 6B). The upregulation of peroxiredoxin-5 (PRDX5) as well as
the downregulation of laminin subunit alpha-4 (LAMA4), long-chain fatty acid trans-
port protein 1 (S27A1), and heat shock 70 kDa protein 12A (HS12A) can help counteract
obesity-related IR.
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3. Discussion

AE has been suggested as an effective strategy for managing obesity and related
metabolic disorders through varied mechanisms, including the upregulation of antioxidant
enzymes and the release of myokines, such as irisin, that facilitate crosstalk between
skeletal muscle and adipose tissue [9]. To elucidate the impact of AE on the changes in
skeletal muscle and EFP protein regulation in HFD-induced obese mice, a high-throughput
quantification of the proteome and an ingenuity pathway analysis (IPA) were performed
to understand the underlying canonical pathways and biofunctions. Our results show
that 8 weeks of AE significantly attenuated body weight, increased serum FNDC5 levels,
and improved HOMA-IR in HFD-induced obese mice. Furthermore, our study provides
insight into the proteins regulated by HFD and AE in skeletal muscle and EFP and the
underlying processes. HFD caused alterations in a subset of skeletal muscle and EFP
proteins involved in IR, mitochondrial dysfunction, and inflammation. The skeletal muscle
proteins (NDUFB5, NDUFS2, NDUFS7, ETFD, FRDA, and MKNK1) upregulated by AE can
counteract IR and mitochondrial dysfunction. Moreover, the upregulation of LDHC and
PRKACA in EFP can promote the browning of white adipose tissue, with FNDC5/irisin
potentially involved in the underlying canonical pathway. A graphical summary is shown
in Figure 7.
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Our proteomic analysis found that HFD alters several IR-, mitochondrial-dysfunction-,
stress-, and redox-related proteins in both skeletal muscle and EFP. Consistent with previous
findings on the roles of ACADS [17] and PPR3A [18], we observed the upregulation of
ACADS as well as the downregulation of PPR3A in the HFD group, which can contribute
to IR. In addition, many of the significantly regulated proteins showed enrichment in the
sirtuin signaling pathway and the production of NO and ROS in both the skeletal muscle
and EFP proteomes. Sirtuins serve as sensors for the redox states of cells [19], and excess
free fatty acid uptake in skeletal muscle can lead to impaired sirtuin-3 and further drive
β-oxidation as well as oxidative stress [20].

AE has been demonstrated to improve insulin sensitivity in skeletal muscle [21] as
well as reduce macrophage infiltration and inflammatory markers in WAT [22]. Previous
proteomic studies investigating the effect of exercise on skeletal muscle have identified several
differentially regulated proteins that ameliorate IR [23]. Our study further revealed a number
of AE-regulated skeletal muscle proteins that can help improve IR, such as MKNK1 [24],
FRDA [25], and ETFD [26]. In support of our findings, previous studies of transcriptome
analyses of diabetes-prone and diabetes-resistant obese mice disclosed that the downregulation
of MKNK1 in pancreatic islets is associated with diabetes [24]. In addition, our results show
that ETFD was upregulated in skeletal muscle but downregulated in EFP after AE, indicating
that the regulation of this protein may differ between tissues. We presume that this could
be because ETFD is primarily located in the mitochondria [27], which makes it more easily
upregulated in mitochondria-rich tissue, such as skeletal muscle, after AE. Our study provides
novel insights into the role of AE in mitigating IR through protein regulation and highlights
the importance of considering tissue-specific responses to exercise.

Increasing evidence supports the role of irisin in reducing IR by promoting glucose
uptake in skeletal muscle and inducing the browning of WAT [28]. In our study, serum
FNDC5 significantly increased in the AE group compared to the HFD group. The increased
FNDC5 was presumably responsible for the canonical WAT browning pathway observed
in the EFP proteome in the AE group. As shown in our IPA analysis, the downregulation
of CTBP1 and the upregulation of LDHC and PRKACA in the AE group may contribute
to FNDC5-induced WAT browning. We found that CTBP1 was differentially regulated
in skeletal muscle and EFP after AE, with a greater fold change in EFP. Given CTBP1′s
role as a transcriptional regulator of adipogenesis [29], we suggest that it should be taken
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into account in EFP. The downregulation of CTBP1 can repress WAT-specific genes and
promote brown fat genes such as PPAR-gamma-coactivator-1α (PGC-1α) [29]. PRKACA
can stimulate the phosphorylation of Creb proteins, further increase the expression of
uncoupling protein 1 (UCP1) protein, and lead to WAT browning in the long run [30]. On
the other hand, a study by Guilford et al. found a compensatory mechanism mediated by
elevated FNDC5 to counteract HFD-induced obesity and IR [31]. However, that study was
performed with 4 weeks of intervention, whereas our study was carried out for a total of
16 weeks, which suggests that chronic HFD feeding may diminish this protective effect and
that AE can help elevate the FNDC5 level.

In addition, our IPA analysis revealed that the upregulation of SOD1 in the AE group
can further enhance the antioxidant defense in EFP, possibly through the apelin adipocyte
signaling pathway. In line with our findings, a previous study found that the overexpression
of SOD1 protein reduces the generation of ROS [32]. As an adipocytokine secreted by and
sensed by adipocytes, apelin is necessary for the maintenance of insulin sensitivity and
tends to counteract diabetes mellitus [6]. The apelin adipocyte signaling pathway can
dampen ROS generation, increase mitochondrial biogenesis, and promote the browning of
WAT [33]. Furthermore, our study observed several differentially regulated EFP proteins in
the AE group that can mitigate diet-induced obesity, such as the upregulated PRDX5 [34]
as well as the downregulated LAMA4 [35], S27A1 [36], and HS12A [37], as reported in
previous studies.

Our study has several limitations that warrant further investigation in future research.
First, because our study mainly focused on the skeletal muscle and EFP proteomic changes
in response to AE, we did not analyze the specific mRNA expression in the tissue. In-
tegrating transcriptomic and proteomic analyses would provide a more comprehensive
understanding of AE-mediated adaptation. Furthermore, in a label-free quantification
proteomic analysis based on mass spectrometry (MS), it is possible that some proteins may
be present but below the detection limit due to their low abundance or may be excluded
by other high-abundance proteins, making them difficult to identify [38]. To overcome
this limitation, our study only analyzed valid values with significant differences between
groups. Additionally, we only examined EFP among all the WAT depots. We decided to
explore the proteome of visceral WAT in EFP mainly because visceral fat is more harmful
to metabolic health, and AE can significantly reduce visceral fat mass, but the underlying
molecular mechanisms are not well understood [39]. Still, it would be beneficial to also
analyze proteomic changes in other WAT depots, as visceral and subcutaneous WAT may
exhibit different adaptations after AE.

In conclusion, our proteomic analysis demonstrates wide changes in proteins in AE-trained
skeletal muscle and EFP, which provide insights into the molecular pathways of HFD-induced
obesity mitigated by AE. HFD affects a wide range of proteins involved in IR, mitochondrial
dysfunction, stress, and redox processes in both skeletal muscle and EFP. AE enhances insulin
sensitivity and promotes proteins involved in free radical scavenging as well as the browning
of WAT, with the potential involvement of FNDC5/irisin. MS-based proteomics offers great
promise for finding AE-mimicking therapeutic targets to combat obesity.

4. Materials and Methods
4.1. Animal Experiment

Five-week-old male C57BL/6J mice were obtained from Bio LASCO Taiwan (Taipei,
Taiwan) and were housed in a controlled room at room temperature (22 ± 2 ◦C) on a
12 h dark/light cycle with water ad labium. After 1 week of acclimatization, the mice were
initially divided into the NC group (n = 10) and HFD obesity induction group (n = 20). The
NC group received a standard chow diet (13.5% of kcal from fat, 3.36 kcal/g, Laboratory
rodent diet 5001; LabDiet, St. Louis, MO, USA), while the obesity induction group was fed
with HFD (60% of kcal from fat, 5.24 kcal/g, Research Diets D12492; Research Diets, Inc.,
New Brunswick, NJ, USA) for up to 8 weeks. Body weight was measured twice a week. The
experimental design is shown in Figure 8. The experiment was approved by the National
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Taiwan Sport University Institutional Animal Care and Use Committee (IACUC-11117)
and was performed in accordance with the relevant guidelines and regulations.
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4.2. Exercise Intervention Protocol

After 8 weeks of obesity induction, the HFD group was randomly subdivided into
the sedentary HFD control and AE groups (n = 10 in each group). There was no signifi-
cant weight difference between the groups before the exercise intervention. The exercise
protocol was based on a previously published peer-reviewed study, with some small
adaptations [40].

The AE group was subjected to running at a speed of 15 m/min for 40 min on a
motor-driven treadmill with a 0% incline (model MK-680; Muromachi Kikai, Tokyo, Japan).
Continuously adjustable electric shocks (0–500 V) from the grid at the end of the lane were
used as stimuli to boost running. Mice were trained for 40 min per day 5 times per week,
for a total of 8 weeks, and were continuously fed with HFD.

4.3. Blood Sample Analysis

At the end of the experiments, all animals were euthanized using 95% CO2 asphyxia-
tion after 12 h of fasting. Blood samples were collected via cardiac puncture. The serum
FNDC-5 and insulin levels were determined using commercially available enzyme-linked
immunosorbent assay (ELISA) kits according to the manufacturer’s instructions (Mouse
FNDC5 ELISA Kit, MBS2515765, MyBioSource, San Diego, CA, USA; Mercodia Mouse
Insulin ELISA kit #10-1247-01).

The serum fasting blood glucose was measured using a Beckman DxC 800 autoanalyzer
(Beckman Coulter, Brea, CA, USA). The HOMA-IR was calculated using the formula:
HOMA-IR = [fasting insulin (µU/mL) × fasting glucose (mg/dL)]/405 [41].

4.4. Histology of Skeletal Muscle and Epididymal White Adipose Tissue

Following euthanasia, the EFP and gastrocnemius muscles were meticulously har-
vested, weighed, and stored at −80 ◦C for further analysis. Tissues were cut into small
pieces and preserved in 10% formalin. The formalin-fixed samples were embedded in
paraffin, sliced into 4 µm sections, and stained with H&E for microscopic observation using
an Olympus BX-51 CCD camera (Tokyo, Japan).
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4.5. Protein Extraction and Liquid Chromatography–Tandem Mass Spectrometry Analysis

Proteomic profiling was performed as previously described [42]. Frozen mouse tissues
were homogenized using a lysis buffer containing phosphate-buffered saline with 0.1% Tri-
ton X-100, PhosSTOP™ phosphatase inhibitor, and cOmplete™ protease inhibitor cocktail
(Roche Diagnostics Corporation, Indianapolis, IN, USA). Zirconium oxide beads (1.0 mm)
were added in a ratio of 1:2:1 (tissue/lysis buffer/beads) by volume. Homogenization was
performed at maximum speed for 30 s using a homogenizer (Next Advance Bullet Blender,
BBX24B, Troy, NY, USA), followed by cooling on ice for 60 s. This process was repeated
at least three times until the tissue was fully homogenized. The homogenized tissue fluid
was then centrifuged at 15,000 rpm at 4 ◦C for 15 min, and the supernatant was used for
protein concentration measurement (Pierce™ BCA Protein Assay Kit) or stored in a −80 ◦C
ultralow-temperature freezer.

Protein digestion was performed using a SMART Digest kit, according to the man-
ufacturer’s instructions. Briefly, the tissue samples were mixed with Digestion Buffer
in a 1:3 ratio, and immobilized trypsin beads were added. The reaction was performed
at 72 ◦C with shaking for 4 h. The supernatant was then collected using centrifugation,
and dithiothreitol (final concentration: 1 mM) was added for a 30 min reaction at 53 ◦C,
followed by the addition of iodoacetamide (final concentration: 5 mM) and incubation
at room temperature in the dark for 30 min. After alkylation, the reaction products were
cleaned up using solid-phase extraction.

Before MS analysis, the lyophilized peptides were resuspended in 0.1% formic acid
and separated using a nanoflow liquid chromatography system (Vanquish neo). The
samples were ionized using a nano-spray and analyzed using an Orbitrap Fusion Lumos
tandem mass spectrometer in automated data-dependent acquisition analysis mode. The
spectrometer performed a full scan of the positive ions in the range of m/z 300–1600 and
captured ions based on the signal intensity within three seconds. If the charge state of
the ions was 2+~6+, high-energy collision dissociation (HCD) was performed to collect
MS/MS fragment ions. Raw MS and MS/MS data were collected for interpretation.

4.6. Mass Spectrometry Data Analysis

For protein identification, PEAKS 8.0 software was used to match the MS raw data
against the reviewed UniProt Mouse database. The matching criteria included a peptide
false discovery rate (FDR) of <0.01, a protein FDR of <0.05, a mass error of <15 ppm, and
the identification of at least one unique peptide. For protein quantification, the spectral
count method was used to calculate the number of peptide–spectrum matches (PSMs) for
each protein. The total spectral count of each sample was used as the normalization factor
when performing cross-sample comparisons. The average and standard deviation (SD)
were then calculated for each group of samples, and a t-test was used to determine the
significance of differences between groups. Proteins with p-values of <0.05 were considered
to have significant differences.

4.7. Bioinformatic Analysis

The molecular function, biological process, and cellular component of each pro-
tein molecule were annotated using the Gene Ontology (GO) database. IPA software
2022 (QIAGEN Inc., Hilden, Germany, https://www.qiagenbioinformatics.com/products/
ingenuitypathway-analysis, accessed on 3 October 2022) was utilized to perform a canon-
ical pathway analysis [43]. The accession numbers and expression fold changes in the
differentially regulated proteins were uploaded to the IPA software for biological func-
tion grouping and canonical pathway analysis. The significance (p-value of overlap) was
calculated using Fisher’s exact test.

4.8. Statistical Analysis

The data were presented as means ± SDs and were analyzed using IBM SPSS 22
statistical software and MedCalc software (Version 20.211). Statistical significances were

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
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determined using a one-way analysis of variance (ANOVA) followed by the Duncan post
hoc multiple range test. p < 0.05 was considered statistically significant.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms24065743/s1.
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