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Abstract: Type-2 diabetes mellitus (T2DM)-induced sarcopenia is intertwined with diminished insulin
sensitivity and extracellular matrix (ECM) remodeling in skeletal muscle and other organs. Physical
activities such as aerobic exercise play a crucial role in regulating blood glucose levels, insulin
sensitivity, metabolic pathways, oxidative stress, fibrosis, ECM remodeling, and muscle regeneration
by modulating differentially expressed protein (DEP) levels. The objectives of our research were to
investigate the effect of six weeks of aerobic exercise on the gastrocnemius and soleus muscle of db/db
mice’s DEP levels compared to those of sedentary db/db mice. A total of eight db/db mice were divided
into two groups (n = 4 per group), namely sedentary mice (SED) and exercise-trained mice (ET), of
which the latter were subjected to six weeks of a moderate-intensity aerobic exercise intervention
for five days per week. After the exercise intervention, biochemical tests, including analyses of
blood glucose and HbA1c levels, were performed. Histological analysis using H & E staining on
tissue was performed to compare morphological characters. Gastrocnemius and soleus muscles
were dissected and processed for proteomic analysis. Data were provided and analyzed based on
the DEPs using the label-free quantification (LFQ) algorithm. Functional enrichment analysis and
Ingenuity Pathway Analysis (IPA) were employed as bioinformatics tools to elucidate the molecular
mechanisms involved in the DEPs and disease progression. Significantly reduced blood glucose and
HbA1c levels and an increased cross-sectional area (CSA) of gastrocnemius muscle fibers were seen
in the ET group after the exercise interventions due to upregulations of metabolic pathways. Using
proteomics data analysis, we found a significant decrease in COL1A1, COL4A2, ENG, and LAMA4
protein levels in the ET gastrocnemius, showing a significant improvement in fibrosis recovery,
ECM remodeling, and muscle regeneration via the downregulation of the TGF-β signaling pathway.
Upregulated metabolic pathways due to ET-regulated DEPs in the gastrocnemius indicated increased
glucose metabolism, lipid metabolism, muscle regeneration, and insulin sensitivity, which play a
crucial role in muscle regeneration and maintaining blood glucose and lipid levels. No significant
changes were observed in the soleus muscle due to the type of exercise and muscle fiber composition.
Our research suggests that engaging in six weeks of aerobic exercise may have a positive impact
on the recovery of T2DM-induced sarcopenia, which might be a potential candidate for mitigation,
prevention, and therapeutic treatment in the future.

Keywords: aerobic exercise; db/db mice; ECM remodeling; gastrocnemius muscle; metabolic pathways;
muscle regeneration; proteomic profiling; T2DM-induced sarcopenia
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1. Introduction

Persistent hyperglycemia and sarcopenia are major hallmarks of diabetes mellitus
(DM), which is intertwined with metabolic disorders [1]. DM is caused by poor insulin
secretion, decreased insulin sensitivity to peripheral effects, or a combination of these
factors. It may cause organ damage, especially with respect to the skeletal muscles, kidneys,
heart, brain, or eyes. According to the etiological classification of DM, type-2 diabetes
mellitus (T2DM) is the most predominant, followed by type-1 diabetes mellitus (T1DM) and
gestational diabetes (GDM). According to the International Diabetes Federation (IDF) 2021
report, a total of 537 million people live with diabetes, and it leads to over 4 million deaths
per annum worldwide [2]. Data on complications of diabetes associated with microvascular
(nephropathy—5.4%, retinopathy—2.3%, and neuropathy—1.9%) and macrovascular (coro-
nary artery disease—7.4%, cerebrovascular disease—1.9%, peripheral artery disease—1.6%,
and heart failure—2.3%) diseases were reported in Taiwan, and these complications could
be responsible for lowering the quality of life of diabetic patients.

T2DM has modifiable (exercise, diet, body weight, body mass index, smoking, alcohol,
blood pressure, lipids levels, sleep, and stress) and non-modifiable (genetics/family history,
ethnicity, age, and gestational diabetes) risk factors [3]. Exercise can assist in managing
body weight, body mass index, and consumption of stored energy in different organs (like
skeletal muscle, the pancreas, the liver, and kidneys), thus controlling the progression
of this pathology. A literature review shows that aerobic exercise can ameliorate T2DM
manifestations by increasing insulin action, insulin sensitivity, mitochondrial density,
oxidative enzyme numbers, blood vessel compliance and reactivity, lung function, immune
function, and cardiac performance [4,5]. Running, walking, cycling, swimming, or jogging,
examples of aerobic exercises, can treat sarcopenia without showing notable changes in
body weight, which could be linked to improved insulin action and the regulation of
protein synthesis. Previous research showed a significant reduction in blood glucose and
HbA1c levels after an exercise intervention, as in our findings [6]. HbA1c not only offers
a reliable indicator of chronic hyperglycemia but also has a significant influence on the
probability of long-term diabetic complications.

According to our literature review, substantial impacts of physical activity on both
mouse (C57BLKS/J) and human skeletal muscles have been extensively investigated under
healthy conditions [7–10]. Alterations in metabolic pathways and tissue regeneration were
remarkable in exercise groups compared to controls. Moreover, as prior investigations
have reported, we identified similar differential proteins and canonical pathways (glycol-
ysis, TCA cycle, fatty acid oxidation, etc.) that were involved in fast-twitch fibers more
significantly than slow-twitch fibers [11]. Our preliminary findings show a noteworthy
alteration in muscle loss in db/db mice as well as an improvement in the muscle density of
gastrocnemius muscle after a six-week exercise intervention; but such observations were
not made regarding the soleus, findings akin to those reported in previous research [12]. In
addition, we also found differentially expressed proteins (DEPs) linked to fibrosis recovery
and muscle regeneration via ECM remodeling. So far, comparative analyses demonstrating
how aerobic exercise affects the skeletal muscle of db/db mice compared to that of sedentary
controls have not been extensively investigated. Therefore, the purpose of this research was
to establish db/db mouse models (sedentary and exercise-trained) that can mimic T2DM
symptoms, like hyperglycemia and sarcopenia, and then investigate how aerobic exercise
impacted fast- (gastrocnemius) and slow- (soleus) twitch muscle fibers. Our experiment
explores the molecular mechanisms responsible for enhancing muscle function in diabetic
mice through a db/db mouse exercise intervention.

2. Methods
2.1. Animal Model Design and Exercise Intervention

Each experimental methodology for animal use in this research was approved by
the National Taiwan Sport University Institutional Animal Care and Use Committee
(IACUC-11003). The National Laboratory Animal Center provided male C57BLKS/J Iar-
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+Leprdb/+Leprdb mice (n = 8) that were 7 weeks old (IAR, Tokyo, Japan). Water and a
regular chow meal (no. 5001, PMI Nutrition International, Brentwood, MO, USA) were pro-
vided ad libitum. The mice were maintained in stable conditions with regulated humidity
and a temperature range of 22 ± 2 ◦C in a 12-h light/dark cycle. The mice were divided
into two groups (n = 4 per group): (1) db/db mice (C57BLKS/J Iar-+Leprdb/+Leprdb) that
did not engage in exercise (sedentary-SED) and (2) db/db mice that underwent six weeks
of aerobic exercise training (ET). Moderate-intensity aerobic exercise training includes
frequency of treadmill (Model MK-680; Muromachi Kikai, Tokyo, Japan) use once a day, for
five days a week, and for 10 min a day for six weeks. The starting speed was 10 m/min,
and the weekly speed increased by 1 m/min until reaching 16 m/min. The slope gradually
increased from a 5% to 10% incline after the third day. Body weight and blood glucose
levels were measured twice a week. Forty-eight hours after the last exercise session, all the
mice were sacrificed using the asphyxiation method (with 95% CO2), and their blood was
collected immediately for biochemical tests. All tissues and organs, including gastrocne-
mius muscle and soleus muscle, were excised, rinsed in saline solution, and blotted dry for
proteomics analysis. The total weights of the individual muscles were recorded, and the
muscle tissue was frozen until further analysis. Our animal models and research design are
well-explained in Figure 1.
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of the muscle fibers was performed using ImageJ (version: 1.54d; Java 1.8.0_345) software. 

Figure 1. Illustration of animal model and research design. Eight-week-old male db/db mice (n = 8)
were divided into two groups: the first group underwent six weeks of aerobic exercise training (ET,
n = 4), and the other group was used as a sedentary (SED, n = 4) control.

2.2. Blood Glucose Levels

Before the blood glucose test, the mice underwent 16-h fasting. Then, their glucose
levels were measured using the OneTouch® UltraEasyTM glucose monitor (Johnson, TX,
USA) on a weekly basis [13]. A RAPIDIA auto HbA1c-L (FUJIREBIO Inc., Tokyo, Japan)
system was used to measure the HbA1c levels in the mice’s blood before and after the
exercise intervention.

2.3. Histological Analysis

The smaller section of gastrocnemius and soleus muscle from the SED and ET groups
were fixed with formalin (10%) and embedded in paraffin, as previously described [10].
Thin tissue slices (4 µm) of the sections stained with hematoxylin and eosin (H & E) were
digitalized using a Imager Z2 microscope (Carl Zeiss Microimaging, Göttingen, Germany)
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and TissueFAXS viewer-version: 7.1.6245.139 software (TissueFAXS Plus Scanning System,
TissueGnostics, Vienna, Austria). The quantification of the cross-sectional area (CSA) of the
muscle fibers was performed using ImageJ (version: 1.54d; Java 1.8.0_345) software.

2.4. Sample Preparation for Proteomics Analysis

Frozen gastrocnemius and soleus muscle samples of the mice were thawed and trans-
ferred into safe lock tubes (Eppendorf AG, Hamburg, Germany). Ceramic beads and
cold lysis buffer were added to Eppendorf tubes containing muscle. A Bullet Blender®

homogenizer was used to prepare tissue lysate. After the completion of homogenization,
tissue lysate was centrifuged at 15,000 rpm for 15 min, and then the supernatant was
collected. The SMART digest kit Trypsin protocol (60109-103-B, Thermo Fisher Scientific,
Waltham, MA, USA) was used for sample preparation via tryptic digestion at 72 ◦C for 4 h.
Dithiothreitol (DTT) and iodoacetamide (IAA) were used for the reduction and alkylation of
peptide digestion, respectively. Solid-phase extraction plates (SPE-Thermo Fisher Scientific)
were used for sample clean-up. The final eluted peptide samples were lyophilized and
stored at −30 ◦C.

2.5. Proteomic Analysis Using LC-MS/MS

Before performing an LC-MS/MS analysis of the lyophilized stored muscle samples,
the zip-tip method was used for optimizing protein concentrations and desalting. Vacuum-
dried samples were reconstituted in 10 µL of 0.1% formic acid. The nanoflow liquid
chromatography system (U3000 nUHPLC, Thermo Fisher Scientific, Waltham, MA, USA)
and a UPLC column (50 cm × 75 µm, 2.6 µm, Thermo Scientific™ Accucore™ 150 C18
column) were used for sample separation. Mobile phase A (0.1% formic acid in water)
and mobile phase B (0.1% formic acid in acetonitrile) were used as a gradient flow and
monitored from 2 to 95% B for 150 min at a flow rate of 0.300 µL/min. Separated peptides
were ionized using a nano-spray at 1.975 V and then analyzed using an Orbitrap Fusion
Lumos tandem mass spectrometer. Based on data-dependent acquisition (isolation width:
1.4 m/z) analysis in a positive ion mode, ions were captured, according to the signal
intensity, within three seconds. Full-scan mode (with an m/z range of 375–1975), with a
resolution of 30,000 at m/z 200, was used to collect peptide mass spectrometry data. If
the charge state of the ions ranged from +2 to +6, then selected precursor peptide ions
were stimulated with ultra-high purity (UHP) nitrogen gas with high-energy collision
dissociation (HCD) to collect MS/MS fragment ions. PEAKS Studio 11 (Bioinformatics
Solutions, Waterloo, ON, Canada) was used to analyze the collected MS/MS spectra raw
data files using the Andromeda search engine and the UniProt mouse protein database, with
the latter containing 17,097 protein sequences released in February 2022. Using proprietary
software, a quantitative analysis of proteins using an MS label-free quantification (LFQ)
algorithm based on the area under the curve (AUC) was performed to identify proteins
when they matched with at least one unique peptide. The false discovery rate (FDR) was
set as 1%. Results were normalized using the total ion chromatography (TIC) method, and
the DEPs were assessed using expression fold and t-test values.

2.6. Bioinformatic Tools

The universal biological network roles of the DEPs involved in the gastrocnemius
and soleus tissue lysate were evaluated using Ingenuity Pathway Analysis (IPA, Ingenuity
Systems Inc., Redwood City, CA, USA, https://www.qiagenbioinformatics.com/products/
ingenuitypathway-analysis accessed on 28 August 2023) software. IPA data processing was
performed using Uniprot protein ID and expression fold changes of the DEPs, providing
canonical pathways and biological function analysis. Fisher’s exact test was used to deter-
mine the significance −log(p-value) value using a threshold greater than 1.3. Functional
enrichment analysis was performed using the David functional annotation tool to acquire
data from the Kyoto Encyclopedia of genes and genomes (KEGG) pathways and Gene
Ontology (GO) analysis, including biological processes (BPs), molecular function (MF), and

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
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cellular components (CCs) [14]. KEGG pathway analysis and GO analysis were performed
using David bioinformatic tools after inserting the Uniprot protein ID of the upregulated
and downregulated DEPs individually. A 1.1-fold change in expression and a p-value of
less than 0.05 were used as the thresholds for identifying the DEPs between the two groups.
Volcano plot analysis was performed using Python (version 3.12) software. The average
fiber cross-sectional area (CSA, µm2) was quantified with reference to the H & E staining
results for each group observed using ImageJ.

2.7. Statistical Analysis

An unpaired t-test (two-tailed p-value) was used for all data analyses, and the results
were expressed as mean ± SD (n = 4 per group) using GraphPad Prism 8.4.3. All p-values
less than 0.05 were considered statistically significant and denoted as * p < 0.05, ** p < 0.01,
and *** p < 0.001.

3. Results
3.1. The Impact of Aerobic Exercise on Body Weight and Blood Glucose Levels

The total body weight of the db/db mice in the SED and ET groups showed no notable
change from the intervention period from week one to week six, although there was a
slight decrease in the ET group compared to the SED group (Figure 2a). As anticipated, the
ratio of gastrocnemius and soleus muscle weight to body weight in the SED and ET groups
showed a moderate increase in the ET group compared to the SED group (Figure 2b,c).

We established the development of T2DM pathology in the db/db mouse models by
validating glucose metabolism and skeletal muscle morphological changes in the SED and
ET mouse groups. The HbA1c levels were measured before and after an exercise interven-
tion, whereas blood glucose levels were monitored twice a week during the experimental
period. Interestingly, we noted significantly decreased blood glucose levels at weeks one,
two, three, and six in the ET group compared to these levels in the SED group during the
exercise intervention (Figure 2d). However, higher levels of HbA1c (>6%) in both the SED
and ET groups were obvious due to the inclusion of db/db mice in both groups (Figure 2e).
However, HbA1c levels decreased significantly in the ET group (6.85 ± 0.24%) compared
to the SED group (7.55 ± 0.48%) after six weeks of the exercise intervention (p < 0.05), as
reported in previous studies [6].
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Figure 2. Impact of aerobic exercise on body weight, muscle weight, and blood glucose levels.
(a) Changes in body weight (a) as well as the ratio of gastrocnemius muscle (b) and soleus muscle
(c) weight to final body weight were recorded. Blood glucose levels (d) were monitored throughout
the training sessions. HbA1c levels (e) were recorded before and after the exercise intervention. Body
weight (a) and blood glucose levels (d) were recorded twice a week for six weeks in the SED and ET
groups. Statistics are reported as mean ± SD for n = 4 mice per group, corresponding to the results
obtained using an unpaired t-test (two-tailed p-value) applied to (d,e). The p-values are denoted
as p < 0.05 *, <0.01 ** between the SED and ET mouse groups. ET—mouse group (n = 4) that was
subjected to a six-week aerobic exercise intervention, HbA1c—glycated hemoglobin, SD—standard
deviation, and SED—sedentary control group (n = 4).

3.2. The Impact of Aerobic Exercise on Skeletal Muscle Composition

Hematoxylin (a deep-blue–purple stain applied to nucleic acids) and eosin (a pink
stain applied to cytosol) (H & E) staining of the gastrocnemius and soleus muscle were
used to validate T2DM-induced sarcopenia in the SED mice and recovery in the ET mice
(Figure 3a). The results of the staining demonstrated a considerable reduction in the
density and area of myofibers and increased fibrosis in the SED group, particularly in the
gastrocnemius (type IIb) muscle. These results are consistent with previous research [12].
In contrast, the ET group showed that there was a significantly ameliorated effect of aerobic
exercise on sarcopenia in terms of increased cell density, the area of myofibers, and fibrosis
recovery in the gastrocnemius muscle based on the average fiber cross-sectional area (CSA,
µm2) quantified in each group using ImageJ (Figure 3b). As per the literature review, we
also found positive effects of aerobic exercise on gain in muscle mass, especially for muscle
mainly composed of type II fibers, in T2DM patients [15,16]. However, no difference was
seen in the soleus muscle due to its oxidative fiber type, propensity, and exercise capacity
(Figure 3c). The HbA1c levels and histology suggested that modest muscle development
may be attainable without changing body weight or muscle mass after a prolonged aerobic
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exercise intervention, a result that seems consistent with the earlier studies [12,17]. Based
on these findings, we concluded that aerobic exercise contributes to sarcopenia recovery by
improving the muscle cells’ composition and distribution and the morphological alterations
of myofibers. Therefore, we developed a proteomics analysis method to understand further
the molecular mechanism underlying T2DM-induced sarcopenia recovery in ET mice.
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(scale bar = 50 µm). Average fiber cross-sectional area (CSA, µm2) of the gastrocnemius (b) and
soleus (c) quantified via H & E staining in each group (SED and ET) using ImageJ. Each group
consisted of four mice. Statistics are reported as mean ± SD determined using an unpaired t-test
(two-tailed p-value). The p-values are denoted as <0.001 *** between the SED and ET mouse groups.
CSA—cross-sectional area, ET—mouse group (n = 4) that was subjected to a six-week aerobic exercise
intervention, H & E—hematoxylin and eosin, and SED—sedentary control group (n = 4).

3.3. The Impact of Aerobic Exercise on the Proteomic Analysis of Gastrocnemius Muscle

A total of 3426 proteins were found in the gastrocnemius muscle of the mice (Table S1).
A volcano plot was used to highlight the significantly upregulated and downregulated pro-
teins in the gastrocnemius muscle in the ET group compared to the SED group (Figure 4a).
We found 155 differentially expressed proteins (DEPs) in the ET group after the six-week
exercise intervention, including 103 upregulated and 52 downregulated DEPs (Table S2).
To further investigate the biological roles of these DEPs, we applied an IPA analysis to gain
further insight. Through IPA analysis, we found altered DEPs in the ET group that were
involved in the regulation of the top ten canonical pathways (with a threshold of −log(p-
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value) ≥ 1.3), as indicated in (Figure 4b). The DEP changes in the ET gastrocnemius muscle
significantly influenced skeletal and muscular disorder recovery in the ET group (Figure 4c).
The structural composition of the gastrocnemius muscle (type IIb) is the primary reason for
these notable changes in muscle damage recovery after exercise therapy [15]. Functional
enrichment analysis, including KEGG pathways and GO analysis, revealed significant
results regarding pathways and biological processes, like increased metabolism, insulin
sensitivity, muscle regeneration, and angiogenesis, and decreased oxidative stress and
fibrosis, similar to the IPA results (Figure 4d,e). Increased glucose metabolism (DLAT, HK2,
MAPK1, PDHA1, PDHB, PDK2, PGK1, and SIRT2), fatty acid metabolism (ECI2, ECI3, ND-
UFAB1, PCCA, PCCB, and PDK2), muscle regeneration (APIP, ARPC1A, CASQ1, EHD2,
MAPK1, MUSTN1, SIRT2, TUBA8, TUBB, and TUBB4B), and insulin sensitivity (HK2,
MAPK1, and SIRT2) and decreased oxidative stress (MAPK1, MRI1, and SIRT2) were seen
in the enrichment analysis of upregulated DEPs (Table S3). Furthermore, fibrosis recovery
and muscle regeneration (COL1A1, COL4A2, ENG, and LAMA4) by transforming growth
factor-beta (TGF-β) regulation were seen in the enrichment analysis of downregulated
DEPs (Table S4) [17–19]. However, we also found insignificant downregulated TGF-β3
expression fold changes in the total protein list of the ET mice.
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Figure 4. Impact of aerobic exercise on proteomic analysis of gastrocnemius muscle. (a) Illustration
of proteomics data using a volcano plot. The x-axis and y-axis represent the log2(FC) and −log10(p-
value) of protein levels, respectively. Red and blue circles represent significant upregulated and
downregulated proteins, respectively. Grey circles indicate no differences in protein levels. The
cutoff value of −log10(p-value), set as 1.3, is represented by a horizontal dotted line (grey color). Fold
change of DEPs greater than ±1.1 (log2(FC) > 0.14 or <0.14) were considered increased or decreased
expression. The bar graphs show canonical pathways (b) and pathological biofunctions (c) modulated
by DEPs in the gastrocnemius muscle of the ET group compared to the SED group. The canonical
pathways minimum threshold of −log10(p-value) was set as more than or equal to 1.3 (red bold
font indicates upregulated DEPs and green bold font indicates downregulated DEPs). Functional
enrichment analysis of upregulated DEPs (d) and downregulated DEPs (e) in the gastrocnemius
muscle of ET mice including KEGG pathways and gene ontology (GO) analysis, including BP, CC,
and MF. BP—biological processes, CC—cellular component, DEPs—differentially expressed proteins,
ET—mouse group (n = 4) that was subjected to a six-week aerobic exercise intervention, FC—fold
change, GO—gene ontology, KEGG—Kyoto encyclopedia of genes and genomes, MF—molecular
function, and SED—sedentary control group (n = 4).

3.4. The Impact of Aerobic Exercise on Proteomic Analysis of Soleus Muscle

On the other hand, 3662 proteins were found in the soleus muscle of the mice (Table S5).
Unlike the data on the gastrocnemius muscle, the soleus muscle data did not include the
multiple DEPs related to muscle regeneration. These results were likely obtained due to
the latter’s composition of muscle fibers, i.e., type I, and the type of exercise engaged in,
i.e., moderate-intensity aerobic exercise. Soleus muscle fibers show insignificant changes in
mitochondrial functions and metabolic pathways after high-, moderate-, and low-capacity
exercise for a short period [20]. As the volcano plot shows, there were fewer statistically sig-
nificant DEPs in the mice that engaged in the training. (Figure 5a). Consequently, 38 DEPs
were identified in the soleus muscle, including 20 upregulated and 18 downregulated DEPs
(Table S6). As anticipated based on the IPA analysis, these DEPs did not appear to play any
role in the top canonical pathways or biological processes relating to muscle regeneration,
metabolism, or skeletal muscle. (Figure 5b,c). Although the KEGG pathways and GO
analysis show the DEPs’ role, the corresponding results are not significantly similar to the
IPA results (Figure 5d,e). In the KEGG pathways, the upregulated DEPs (AUH, MDH2,
NDUFB10, PDXK, and SIRT5) show insignificant participation in metabolic pathways
like fatty acid metabolism (AUH) and mitochondrial biogenesis (MDH2, NDUFB10, and
SIRT5). Meanwhile, the biological process from the GO analysis included aerobic respira-
tion (MDH2 and NDUFB10), which was not significantly affected (Tables S7 and S8). The
proteomic data and morphological study seem consistent, providing evidence of no muscle
regeneration in the soleus muscle after the exercise intervention.
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illustrated by a volcano plot. The x-axis and y-axis represent the log2(FC) and −log10(p-value) of the
protein levels, respectively. Red and blue circles represent significant upregulated and downregu-
lated proteins, respectively. Grey circles indicate no differences in protein levels. The cutoff value
of −log10(p-value), set as 1.3, is represented by a horizontal dotted line (grey color). Fold changes
in DEPs greater than ±1.1 (log2(FC) > 0.14 or <0.14) were considered as increased or decreased
expression. The bar graphs show canonical pathways (b) and pathological biofunctions (c) mod-
ulated by DEPs in the soleus muscle of the ET group compared to the SED group. The canonical
pathways minimum threshold of −log10(p-value) was set as more than or equal to 1.3 (red bold
font indicates upregulated DEPs and green bold font indicates downregulated DEPs). Functional
enrichment analysis of upregulated DEPs (d) and downregulated DEPs (e) in the soleus muscle
of ET mice including KEGG pathways and gene ontology (GO) analysis, including BP, CC, and
MF. BP—biological processes, CC—cellular component, DEPs—differentially expressed proteins,
ET—mouse group (n = 4) that was subjected to a six-week aerobic exercise intervention, FC—fold
change, GO—gene ontology, KEG—Kyoto encyclopedia of genes and genomes, MF—molecular
function, and SED—sedentary control group (n = 4).
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4. Discussion

Our investigation focused on elucidating the ameliorating effects of aerobic exercise
on type-2 diabetes mellitus (T2DM)-induced sarcopenia in db/db mice, specifically in the
gastrocnemius and soleus muscles. Our proteomics analysis provided valuable insights
into the molecular mechanisms underlying these effects.

Most proteomics research has been designed with respect to and conducted on skeletal
muscles to investigate the impact of aerobic exercise on wild-type (C57BLKS/J) and high-
fat-diet (HFD)-adherent mice compared to sedentary controls [8–10]. These HFD mice show
increased obesity and insulin action impairment, much like db/db mice. These findings
show that exercise-regulated proteins help to improve the insulin sensitivity of muscle
and metabolic pathways and decrease fat mass by increasing glycolysis, TCA cycle, fatty
acid catabolism, and fatty acid β-oxidation pathways, similar to our findings. Skeletal
muscles are the primary sites for insulin-induced glucose and lipid metabolism, which
are altered due to insulin resistance in obesity and T2DM pathology. Overeating and a
physically inactive lifestyle trigger insulin resistance. So far, the molecular mechanisms
involved in changing insulin sensitivity and the muscle mass of skeletal muscle in T2DM
are still elusive.

Therefore, we decided to perform a proteomic analysis to understand the molecular
mechanisms influencing the skeletal muscle of db/db mice after an exercise intervention.
Our data show improved antioxidant levels, insulin action, metabolic pathways, muscle
regeneration, and sarcopenia recovery in the gastrocnemius muscle of the ET mice. Our
preliminary results reveal significantly decreased blood glucose and HbA1c levels and
an increased cross-sectional area (CSA) of gastrocnemius muscle fibers in the ET group
compared to the SED group. These results are consistent with the proteomics data and
previous research [6,12]. However, no notable changes were seen in the soleus muscle
mass and the CSA of the soleus muscle fiber, suggesting that the muscle adapted to
exercise training largely due to a difference in muscle fiber composition. Therefore, we
were interested in screening DEPs regulated by aerobic exercise that might have distinct
physiological effects on the gastrocnemius muscle metabolism in response to ET compared
to SED mice. We found 65 canonical pathways via an IPA analysis of ET-regulated proteins
compared to those in the SED group and discussed the top ten most significant pathways
that were more related to skeletal muscle regeneration. Daily physical activity can decrease
fat mass and improve muscle insulin action in skeletal muscles through the induction
of metabolic pathways [9]. Using IPA, KEGG, and GO analysis, we noticed 27 DEPs
that overlapped between antioxidant levels, insulin action, metabolic pathways, muscle
regeneration, and sarcopenia recovery. These potential protein candidates included twenty-
seven DEPs, comprising a total of twenty-three upregulated and four downregulated DEPs.
Glucose metabolism is enhanced in ET mice because of the increment in insulin sensitivity
and glucose uptake and utilization in the skeletal muscle. Furthermore, lipid metabolism is
increased in ET mice due to elevated fatty acid metabolism. These findings were validated
through a functional enrichment analysis of upregulated DEPs involved in glycolysis, the
TCA cycle, fatty acid catabolism, and fatty acid β-oxidation; additionally, downregulated
DEPs, including COL1A1, COL4A2, ENG, and LAMA4, play a crucial role in muscle
regeneration and the fibrosis recovery of skeletal muscle via ECM constituent clearance.

In ET mice, we observed that activated transcription regulators (COL4A2 and SIRT2),
metabolic enzymes (PCCA and PCCB), and serine–threonine kinases (MAPK1) in skeletal
muscles improved the metabolic pathways and insulin action [8]. Increased SIRT2 is
crucial for muscle regeneration, the cell cycle, metabolic pathways, antioxidants, and
insulin sensitivity [21–23]. The roles of SIRT2 in the sirtuin signaling pathway is (p < 0.05)
according to IPA, the metabolic pathways are (p < 0.0001) according to the KEGG pathways,
and the negative regulation of ROS metabolic process is (p < 0.01) according to GO-BP
were validated in this research. Interestingly, a significant upregulation of MAPK1 was
found in the ET mice compared to the SED mice, and MAPK1 participated in pathways and
biological functions similar to those for SIRT2. The biological processes (BP) from the GO
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(GO-BP) analysis show significantly increased fatty acid beta-oxidation pathways due to
upregulated DEPs, including ECI2, ECI3, DECR1, and TUBA8. EHD2, which is required for
myoblast fusion, and these levels increased significantly in the ET mouse group compared
to the SED group [24]. The gastrocnemius muscle showed higher levels of CASQ1 and
CASQ2, which are required for muscle regeneration, in the ET mice compared to those
in the SED mice. Interestingly, we observed a significant increase in CASQ1, which was
approximately two times the CASQ2 levels in the ET gastrocnemius muscle. Calsequestrin
1 and 2 (CASQ1 and CASQ2) proteins are essential for regulating calcium release, muscle
contraction, and the proliferation of muscle fibers, as previously described [11,25,26]. These
findings were reported in CASQ1-null mice compared to a wild-type (C57BLKS/J) mouse
model. Deficiency of these proteins significantly affects the structure of skeletal muscles
and sarcoplasmic reticulum (SR) development via controlling calcium release. Generally,
CASQ1 and CASQ2 levels are highly expressed in fast- (gastrocnemius) and slow- (soleus)
twitch muscles, respectively. The exercise-training-upregulated proteins (HK2, NDUFAB1,
PDK2, and SIRT2) observed in the IPA and GO-BP analyses are involved in the cellular
response to the negative regulation of ROS [27]. Additionally, increased levels of ROS are
cleared by antioxidant proteins (CCS), which help maintain muscle structure, function, and
metabolism in healthy and diseased conditions. Upregulated MAPK1 and CCS proteins in
the ET mice were responsible for redox homeostasis.

Functional enrichment analysis of downregulated DEPs, including KEGG pathways
and GO-BP analysis, showed results consistent with the IPA data. The GO-BP analysis
indicated that there was a negative effect on the regulation of angiogenesis (PEDF, COL4A2,
and SEM4A) in the gastrocnemius muscle of the ET mice. These three downregulated
DEPs, after aerobic exercise intervention, can promote angiogenesis by improving insulin
sensitivity and capillary density [28]. In addition, a decreased response to corticosteroid
hormone (p < 0.01) was also seen in the ET compared to the SED group, including, with
respect to, COL1A1 and ENG [29]. Overall, these downregulated DEPs enhance muscle re-
generation through ECM-receptor interaction (COL1A1, COL4A2, and LAMA4), increased
angiogenesis, and decreased response to corticosteroids in ET mice for the structural main-
tenance of fast-twitch (type-IIb) muscle fiber like that of the gastrocnemius. These proteins
play a crucial role in ECM remodeling by clearing collagens and laminins after an exercise
intervention [30]. In contrast, LAMA4 and COL4A2 levels increase significantly in diabetic
conditions, causing forms of muscle dystrophy like reduced muscle cell density and area,
necrosis, and fibrosis. The decreased collagen levels in the ET mice positively correlated
with increased myonuclear per fiber and average gastrocnemius cross-sectional area (CSA),
reduced fibrosis, and improved angiogenesis. Results obtained from the H & E staining and
proteomic analysis of ET mice provide evidence of increased muscle regeneration without
notable changes in body weight [12]. The H & E slides show increased myofiber numbers,
area, and density. They also indicate fibrosis recovery in the ET mice compared to the SED
group, consistent with the altered DEPs related to fibrosis recovery and angiogenesis from
proteomic analysis.

A proteomic analysis summary of the gastrocnemius muscle in the ET group compared
to that in the SED group revealed improved metabolic pathways, insulin sensitivity, muscle
regeneration, ROS clearance, angiogenesis, and fibrosis recovery (Figure 6a). Mainly, DEPs
such as COL1A1, COL4A2, ENG, LAMA4, and MUSTN1 (abundantly expressed in the
endomysium of muscle fiber) play crucial roles in the muscle regeneration and fibrosis
recovery of skeletal muscles via ECM remodeling, as shown in the GO-BP analysis [19,31,32].
Accumulation of ECM deposition and tissue fibrosis can be promoted by increased levels
of collagens, laminins, and endoglin due to the stimulation of the TGF-β signaling pathway
under oxidative stress (Figure 6b,c). Increased ECM deposition and decreased clearance
could be common with aging or pathological disorders like T2DM. Endoglin and collagen-
4 regulate the activated TGF-β levels, which could be the possible reason for the lack
of a notable change in TGF-β levels, similar to our data. Therefore, although with an
insignificant decrease in TGF-β3 of ET mice, we still observed significantly decreased levels
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of collagens (1 and 4), laminins (LAMA4), and endoglin (ENG) for initiating muscle fiber
differentiation and proliferation to allow recovery from tissue fibrosis and sarcopenia in
db/db mice. The mechanism underlying the interaction between downregulated proteins
and TGF-β signaling pathways in renal or cardiac muscle fibrosis was illustrated using cell
models, e.g., NRK-49F and C2C12 myoblasts, in previous research [33,34]. We identified
DEPs (COL1A1, COL4A2, ENG, and LAMA4) and canonical pathways (angiogenesis and
ECM remodeling) associated with fast-twitch fibers similar to those found in previous
studies. Additionally, the reduced oxidative stress seen in the ET mice was induced by
upregulated DEPs (HK2, NDUFAB10, PDK2, and SIRT2), inhibiting ROS production as
well as TGF-β stimulation. Our findings revealing the positive impact of aerobic exercise on
sarcopenia recovery via ECM remodeling could be used as a potential therapeutic treatment
to improve the quality of life of diabetic patients after clinical studies. While it is widely
known that different exercises lead to distinct muscle adaptations, our treadmill-based
training of diabetic mice, typically considered aerobic, yielded unexpected results. Contrary
to expectations, the gastrocnemius muscle, not the soleus muscle, exhibited proteomic
changes associated with aerobic exercise. Moreover, the cross-sectional analysis revealed
an increase in cross-sectional area in the gastrocnemius muscle, suggesting reduced muscle
loss compared to the sedentary control group. These observations prompt considerations
regarding the interplay between exercise intensity and muscle-specific responses in diabetic
animal models e.g., db/db mice. Further exploration is needed to unravel the underlying
mechanisms and potential implications of these unanticipated findings in our study. Muscle
fibers are divided into type I (oxidative) and type II (glycolytic) muscle fibers [35]. Muscle
fiber transformation depends on exercise intensity and muscle fiber propensity. Although
aerobic exercise is known to have a significant impact on soleus muscle mass and protein
levels, this effect was not observed in our findings [36]. Previous studies also show a
significant response of aerobic exercise (for 8 and 13 weeks) on type II muscle fibers but not
type I muscle fibers. Endurance training induces muscle fiber switch towards oxidative
pathways, but the soleus muscle is comprised predominantly of type I fibers, resulting
in a less pronounced shift [37]. Additionally, the fact that the mitochondrial function
increased significantly by high-intensity exercise compared to moderate- or low-intensity
aerobic exercise shows the reproducibility of our findings [20]. This study also reported
that there were no differences seen in the metabolic profile of the soleus muscle in 9- and
18-month-old rats after high- and low-intensity exercise training. This indicates that some
muscles have a higher propensity for fiber-type shifting compared to others. It may be
possible that the soleus muscle requires higher exercise intensity to exhibit a response. The
use of an animal model is a limitation of our study. Even though the metabolic processes
and regulation of these processes are identical between humans and mice, there are still
significant differences, e.g., in terms of metabolic rate. It is, therefore, unclear whether
T2DM or exercise control the same proteins or whether these proteins control various
metabolic pathways in human muscle tissue.

In conclusion, T2DM and aerobic exercise significantly impact skeletal muscles. We
reported potential DEP candidates regulated by aerobic exercise in the gastrocnemius
muscle of db/db mice, showing an ameliorating effect on T2DM-induced sarcopenia. The
occurrence of muscle regeneration due to aerobic exercise was supported by the quantifi-
cation of downregulated DEPs (COL1A1, COL4A2, ENG, and LAMA4) in gastrocnemius
muscle. These DEPs are involved in ECM remodeling because of the improved insulin
sensitivity and metabolic pathways in the ET group. Nevertheless, because of our findings,
this can now be dealt with in focused subsequent clinical research investigations, which
our outlook has guided. The illustration of this novel mechanism could help in the use of
aerobic exercise as a pharmacological intervention to improve the quality of life among
T2DM patients.
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Figure 6. Summary of proteomics analysis of gastrocnemius and soleus muscle in the ET group.
(a) Exercise-training-regulated proteins’ role in improving metabolic pathways (glucose and lipids),
muscle regeneration, insulin sensitivity, antioxidant levels, fibrosis, and angiogenesis. Red and pink
muscle fiber types are denoted by I and II, respectively. Upregulated proteins are highlighted with
a yellow background, while downregulated proteins are highlighted with a blue background. The
anticipated increases and decreases in biofunction are represented by the orange and blue arrows
pointing upward and downward, respectively. (b) The ameliorating effect of aerobic exercise on
T2DM-induced sarcopenia through ECM remodeling in the gastrocnemius muscle via a TGF-β sig-
naling pathway. Increases and decreases in DEP levels are represented by the black arrows pointing
upward and downward, respectively. (c) Localization of DEPs linked to muscle regeneration in gas-
trocnemius muscle. DEPs—differentially expressed proteins, ECM—extracellular matrix, ET—mouse
group (n = 4) that was subjected to a six-week aerobic exercise intervention, ROS—reactive oxygen
species, TGF-β—transforming growth factor-beta, and SED—sedentary control group (n = 4).
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(155) in the gastrocnemius muscle of ET group compared to SED after proteomic analysis. The
fold change represented in green and red bold fonts show downregulated and upregulated DEPs
respectively. Table S3 Functional enrichment analysis of upregulated DEPs in the gastrocnemius
muscle of ET compared to SED mice. Table S4 Functional enrichment analysis of downregulated
DEPs in the gastrocnemius muscle of ET mice compared to SED mice. Table S5 Total proteins (3662)
quantified in soleus muscle of ET mice compared to SED after proteomic analysis. Table S6 List
of DEPs (38) in the soleus muscle of ET group compared to SED after proteomic analysis. The
fold change represented in green and red bold fonts show downregulated and upregulated DEPs
respectively. Table S7 Functional enrichment analysis of upregulated DEPs in the soleus muscle of
ET compared to SED mice. Table S8 Functional enrichment analysis of downregulated DEPs in the
soleus muscle of ET mice compared to SED mice.

Author Contributions: Conceptualization, Y.-C.H., M.R.S. and C.-C.L.; data curation and formal
analysis, Y.-C.H. and M.R.S.; funding acquisition, C.-C.L.; investigation, Y.-C.H., M.R.S., C.-C.H.,
Y.-J.H. and C.-C.L.; supervision, C.-C.H., Y.-J.H. and C.-C.L.; writing—original draft preparation,
Y.-C.H., M.R.S. and C.-C.L.; writing—review and editing, Y.-C.H., M.R.S., C.-C.H., Y.-J.H. and C.-C.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Ministry of Science and Technology of Taiwan
(grant no. MOST110-2410-HA49A-514) awarded to Chen-Chung Liao (C.-C.L.).

Institutional Review Board Statement: The animal study protocol was approved by the Institu-
tional Animal Care and Use Committee of the National Taiwan Sport University (IACUC-11003,
4 April 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Acknowledgments: The authors want to thank the staff of the Marker Exploration Corporation
(Taipei City, Taiwan), including Bo-Jeng Wang, Hui-Ching Chen, Kun-Chhong Lô, Po-Hsin Kong,
Ting-Yu Chen, and Yu-Chun Tsao, for aiding in sample processing and bioinformatics analysis.

Conflicts of Interest: Authors Yen-Chun Huang and Monika Renuka Sanotra were employed by
the company Marker Exploration Corporation. The remaining authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

References
1. Trierweiler, H.; Kisielewicz, G.; Hoffmann Jonasson, T.; Rasmussen Petterle, R.; Aguiar Moreira, C.; Zeghbi Cochenski Borba, V.

Sarcopenia: A chronic complication of type 2 diabetes mellitus. Diabetol. Metab. Syndr. 2018, 10, 25. [CrossRef]
2. International Diabetes Federation. Diabetes Atlas-Taiwan Diabetes Report 2000–2045. 2021. Available online: https://

diabetesatlas.org/data/en/ (accessed on 13 March 2024).
3. Yang, J.; Qian, F.; Chavarro, J.E.; Ley, S.H.; Tobias, D.K.; Yeung, E.; Hinkle, S.N.; Bao, W.; Li, M.; Liu, A.; et al. Modifiable risk

factors and long term risk of type 2 diabetes among individuals with a history of gestational diabetes mellitus: Prospective cohort
study. BMJ 2022, 378, e070312. [CrossRef]

4. Seidu, S.; Khunti, K.; Yates, T.; Almaqhawi, A.; Davies, M.J.; Sargeant, J. The importance of physical activity in management of
type 2 diabetes and COVID-19. Ther. Adv. Endocrinol. Metab. 2021, 12, 20420188211054686. [CrossRef]

5. Colberg, S.R.; Sigal, R.J.; Yardley, J.E.; Riddell, M.C.; Dunstan, D.W.; Dempsey, P.C.; Horton, E.S.; Castorino, K.; Tate, D.F. Physical
Activity/Exercise and Diabetes: A Position Statement of the American Diabetes Association. Diabetes Care 2016, 39, 2065–2079.
[CrossRef]

6. Kirwan, J.P.; Sacks, J.; Nieuwoudt, S. The essential role of exercise in the management of type 2 diabetes. Clevel. Clin. J. Med. 2017,
84, S15–S21. [CrossRef] [PubMed]

7. Deshmukh, A.S.; Steenberg, D.E.; Hostrup, M.; Birk, J.B.; Larsen, J.K.; Santos, A.; Kjøbsted, R.; Hingst, J.R.; Schéele, C.C.; Murgia,
M.; et al. Deep muscle-proteomic analysis of freeze-dried human muscle biopsies reveals fiber type-specific adaptations to
exercise training. Nat. Commun. 2021, 12, 304. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/life14030412/s1
https://www.mdpi.com/article/10.3390/life14030412/s1
https://doi.org/10.1186/s13098-018-0326-5
https://diabetesatlas.org/data/en/
https://diabetesatlas.org/data/en/
https://doi.org/10.1136/bmj-2022-070312
https://doi.org/10.1177/20420188211054686
https://doi.org/10.2337/dc16-1728
https://doi.org/10.3949/ccjm.84.s1.03
https://www.ncbi.nlm.nih.gov/pubmed/28708479
https://doi.org/10.1038/s41467-020-20556-8
https://www.ncbi.nlm.nih.gov/pubmed/33436631


Life 2024, 14, 412 16 of 17

8. Yuan, H.; Niu, Y.; Liu, X.; Yang, F.; Niu, W.; Fu, L. Proteomic analysis of skeletal muscle in insulin-resistant mice: Response to
6-week aerobic exercise. PLoS ONE 2013, 8, e53887. [CrossRef]

9. Kleinert, M.; Parker, B.L.; Jensen, T.E.; Raun, S.H.; Pham, P.; Han, X.; James, D.E.; Richter, E.A.; Sylow, L. Quantitative proteomic
characterization of cellular pathways associated with altered insulin sensitivity in skeletal muscle following high-fat diet feeding
and exercise training. Sci. Rep. 2018, 8, 10723. [CrossRef] [PubMed]

10. Chou, T.J.; Lu, C.W.; Lin, L.Y.; Hsu, Y.J.; Huang, C.C.; Huang, K.C. Proteomic Analysis of Skeletal Muscle and White Adipose
Tissue after Aerobic Exercise Training in High Fat Diet Induced Obese Mice. Int. J. Mol. Sci. 2023, 24, 5743. [CrossRef] [PubMed]

11. Murgia, M.; Nogara, L.; Baraldo, M.; Reggiani, C.; Mann, M.; Schiaffino, S. Protein profile of fiber types in human skeletal muscle:
A single-fiber proteomics study. Skelet. Muscle 2021, 11, 24. [CrossRef] [PubMed]

12. Ostler, J.E.; Maurya, S.K.; Dials, J.; Roof, S.R.; Devor, S.T.; Ziolo, M.T.; Periasamy, M. Effects of insulin resistance on skeletal muscle
growth and exercise capacity in type 2 diabetic mouse models. Am. J. Physiol. Endocrinol. Metab. 2014, 306, E592–E605. [CrossRef]

13. Hsu, Y.J.; Wu, M.F.; Lee, M.C.; Huang, C.C. Exercise training combined with Bifidobacterium longum OLP-01 treatment regulates
insulin resistance and physical performance in db/db mice. Food Funct. 2021, 12, 7728–7740. [CrossRef] [PubMed]

14. Sherman, B.T.; Hao, M.; Qiu, J.; Jiao, X.; Baseler, M.W.; Lane, H.C.; Imamichi, T.; Chang, W. DAVID: A web server for functional
enrichment analysis and functional annotation of gene lists (2021 update). Nucleic Acids Res. 2022, 50, W216–W221. [CrossRef]
[PubMed]

15. Marcotte-Chénard, A.; Oliveira, B.; Little, J.P.; Candow, D.G. Sarcopenia and type 2 diabetes: Pathophysiology and potential
therapeutic lifestyle interventions. Diabetes Metab. Syndr. Clin. Res. Rev. 2023, 17, 102835. [CrossRef]

16. Hashimoto, Y.; Takahashi, F.; Okamura, T.; Hamaguchi, M.; Fukui, M. Diet, exercise, and pharmacotherapy for sarcopenia in
people with diabetes. Metabolism 2023, 144, 155585. [CrossRef] [PubMed]

17. Tung, Y.T.; Hsu, Y.J.; Liao, C.C.; Ho, S.T.; Huang, C.C.; Huang, W.C. Physiological and Biochemical Effects of Intrinsically High
and Low Exercise Capacities Through Multiomics Approaches. Front. Physiol. 2019, 10, 1201. [CrossRef] [PubMed]

18. Mahdy, M. Skeletal muscle fibrosis: An overview. Cell Tissue Res. 2019, 375, 575–588. [CrossRef] [PubMed]
19. Bondarenko, L. Diabetes and Collagen: Interrelations. Avicenna J. Med. Biochem. 2019, 7, 64–71. [CrossRef]
20. Heyne, E.; Zeeb, S.; Junker, C.; Petzinna, A.; Schrepper, A.; Doenst, T.; Koch, L.G.; Britton, S.L.; Schwarzer, M. Exercise Training

Differentially Affects Skeletal Muscle Mitochondria in Rats with Inherited High or Low Exercise Capacity. Cells 2024, 13, 393.
[CrossRef]

21. Lee, E.-J.; Lee, M.-M.; Park, S.; Jeong, K.-S. Sirt2 positively regulates muscle regeneration after Notexin-induced muscle injury.
Exp. Mol. Pathol. 2022, 127, 104798. [CrossRef]

22. Misawa, T.; Takahama, M.; Kozaki, T.; Lee, H.; Zou, J.; Saitoh, T.; Akira, S. Microtubule-driven spatial arrangement of mitochondria
promotes activation of the NLRP3 inflammasome. Nat. Immunol. 2013, 14, 454–460. [CrossRef]

23. Kitada, M.; Ogura, Y.; Monno, I.; Koya, D. Sirtuins and Type 2 Diabetes: Role in Inflammation, Oxidative Stress, and Mitochondrial
Function. Front. Endocrinol. 2019, 10, 187. [CrossRef]

24. Posey, A.D., Jr.; Pytel, P.; Gardikiotes, K.; Demonbreun, A.R.; Rainey, M.; George, M.; Band, H.; McNally, E.M. Endocytic recycling
proteins EHD1 and EHD2 interact with fer-1-like-5 (Fer1L5) and mediate myoblast fusion. J. Biol. Chem. 2011, 286, 7379–7388.
[CrossRef]

25. Tomasi, M.; Canato, M.; Paolini, C.; Dainese, M.; Reggiani, C.; Volpe, P.; Protasi, F.; Nori, A. Calsequestrin (CASQ1) rescues
function and structure of calcium release units in skeletal muscles of CASQ1-null mice. Am. J. Physiol. Cell Physiol. 2012, 302,
C575–C586. [CrossRef]

26. Paolini, C.; Quarta, M.; Nori, A.; Boncompagni, S.; Canato, M.; Volpe, P.; Allen, P.D.; Reggiani, C.; Protasi, F. Reorganized stores
and impaired calcium handling in skeletal muscle of mice lacking calsequestrin-1. J. Physiol. 2007, 583, 767–784. [CrossRef]

27. Bhat, A.; Abu, R.; Jagadesan, S.; Vellichirammal, N.N.; Pendyala, V.V.; Yu, L.; Rudebush, T.L.; Guda, C.; Zucker, I.H.; Kumar, V.;
et al. Quantitative Proteomics Identifies Novel Nrf2-Mediated Adaptative Signaling Pathways in Skeletal Muscle Following
Exercise Training. Antioxidants 2023, 12, 151. [CrossRef] [PubMed]

28. Prior, S.J.; Blumenthal, J.B.; Katzel, L.I.; Goldberg, A.P.; Ryan, A.S. Increased skeletal muscle capillarization after aerobic exercise
training and weight loss improves insulin sensitivity in adults with IGT. Diabetes Care 2014, 37, 1469–1475. [CrossRef] [PubMed]

29. Ambery, P.; Adamsson Eryd, S.; Jenkins-Jones, S.; Heywood, B.; Berni, E.; Brown, M.N.; Astbury, C.; Hunt, P.; Currie, C.J. The
absolute risk of incident type 2 diabetes following exposure to systemic corticosteroids in selected steroid-related and phenotypic
groups. Diabetes Obes. Metab. 2022, 24, 2222–2231. [CrossRef] [PubMed]

30. Chen, W.J.; Lin, I.H.; Lee, C.W.; Chen, Y.F. Aged Skeletal Muscle Retains the Ability to Remodel Extracellular Matrix for
Degradation of Collagen Deposition after Muscle Injury. Int. J. Mol. Sci. 2021, 22, 2123. [CrossRef] [PubMed]

31. Zhang, W.; Liu, Y.; Zhang, H. Extracellular matrix: An important regulator of cell functions and skeletal muscle development.
Cell Biosci. 2021, 11, 65. [CrossRef] [PubMed]

32. Robertson, I.B.; Rifkin, D.B. Regulation of the Bioavailability of TGF-β and TGF-β-Related Proteins. Cold Spring Harb. Perspect.
Biol. 2016, 8, a021907. [CrossRef] [PubMed]

33. Liu, n.; He, S.; Ma, L.; Ponnusamy, M.; Tang, J.; Tolbert, E.; Bayliss, G.; Zhao, T.; Yan, H.; Zhuang, S. Blocking the Class I Histone
Deacetylase Ameliorates Renal Fibrosis and Inhibits Renal Fibroblast Activation via Modulating TGF-Beta and EGFR Signaling.
PLoS ONE 2013, 8, e54001. [CrossRef] [PubMed]

https://doi.org/10.1371/journal.pone.0053887
https://doi.org/10.1038/s41598-018-28540-5
https://www.ncbi.nlm.nih.gov/pubmed/30013070
https://doi.org/10.3390/ijms24065743
https://www.ncbi.nlm.nih.gov/pubmed/36982812
https://doi.org/10.1186/s13395-021-00279-0
https://www.ncbi.nlm.nih.gov/pubmed/34727990
https://doi.org/10.1152/ajpendo.00277.2013
https://doi.org/10.1039/D0FO02939D
https://www.ncbi.nlm.nih.gov/pubmed/34296722
https://doi.org/10.1093/nar/gkac194
https://www.ncbi.nlm.nih.gov/pubmed/35325185
https://doi.org/10.1016/j.dsx.2023.102835
https://doi.org/10.1016/j.metabol.2023.155585
https://www.ncbi.nlm.nih.gov/pubmed/37156410
https://doi.org/10.3389/fphys.2019.01201
https://www.ncbi.nlm.nih.gov/pubmed/31620020
https://doi.org/10.1007/s00441-018-2955-2
https://www.ncbi.nlm.nih.gov/pubmed/30421315
https://doi.org/10.34172/ajmb.2019.12
https://doi.org/10.3390/cells13050393
https://doi.org/10.1016/j.yexmp.2022.104798
https://doi.org/10.1038/ni.2550
https://doi.org/10.3389/fendo.2019.00187
https://doi.org/10.1074/jbc.M110.157222
https://doi.org/10.1152/ajpcell.00119.2011
https://doi.org/10.1113/jphysiol.2007.138024
https://doi.org/10.3390/antiox12010151
https://www.ncbi.nlm.nih.gov/pubmed/36671013
https://doi.org/10.2337/dc13-2358
https://www.ncbi.nlm.nih.gov/pubmed/24595633
https://doi.org/10.1111/dom.14808
https://www.ncbi.nlm.nih.gov/pubmed/35791627
https://doi.org/10.3390/ijms22042123
https://www.ncbi.nlm.nih.gov/pubmed/33672763
https://doi.org/10.1186/s13578-021-00579-4
https://www.ncbi.nlm.nih.gov/pubmed/33789727
https://doi.org/10.1101/cshperspect.a021907
https://www.ncbi.nlm.nih.gov/pubmed/27252363
https://doi.org/10.1371/journal.pone.0054001
https://www.ncbi.nlm.nih.gov/pubmed/23342059


Life 2024, 14, 412 17 of 17

34. Shi, A.; Hillege, M.M.G.; Wüst, R.C.I.; Wu, G.; Jaspers, R.T. Synergistic short-term and long-term effects of TGF-β1 and 3 on
collagen production in differentiating myoblasts. Biochem. Biophys. Res. Commun. 2021, 547, 176–182. [CrossRef]

35. Karakilic, A.; Yuksel, O.; Kizildag, S.; Hosgorler, F.; Topcugil, B.; Ilgin, R.; Gumus, H.; Guvendi, G.; Koc, B.; Kandis, S.; et al.
Regular aerobic exercise increased VEGF levels in both soleus and gastrocnemius muscles correlated with hippocampal learning
and VEGF levels. Acta Neurobiol. Exp. 2021, 81, 1–9. [CrossRef]

36. Hong, S.M.; Lee, E.Y.; Park, J.; Kim, J.; Kim, S.Y. Aerobic Exercise Ameliorates Muscle Atrophy Induced by Methylglyoxal via
Increasing Gastrocnemius and Extensor Digitorum Longus Muscle Sensitivity. Biomol. Ther. 2023, 31, 573–582. [CrossRef]

37. Plotkin, D.L.; Roberts, M.D.; Haun, C.T.; Schoenfeld, B.J. Muscle Fiber Type Transitions with Exercise Training: Shifting
Perspectives. Sports 2021, 9, 127. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.bbrc.2021.02.007
https://doi.org/10.21307/ane-2021-001
https://doi.org/10.4062/biomolther.2023.130
https://doi.org/10.3390/sports9090127
https://www.ncbi.nlm.nih.gov/pubmed/34564332

	Introduction 
	Methods 
	Animal Model Design and Exercise Intervention 
	Blood Glucose Levels 
	Histological Analysis 
	Sample Preparation for Proteomics Analysis 
	Proteomic Analysis Using LC-MS/MS 
	Bioinformatic Tools 
	Statistical Analysis 

	Results 
	The Impact of Aerobic Exercise on Body Weight and Blood Glucose Levels 
	The Impact of Aerobic Exercise on Skeletal Muscle Composition 
	The Impact of Aerobic Exercise on the Proteomic Analysis of Gastrocnemius Muscle 
	The Impact of Aerobic Exercise on Proteomic Analysis of Soleus Muscle 

	Discussion 
	References

