A \
o
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Proteomics Analysis Provides Insights into the Role of Lipid
Metabolism in T2DM-Related Sarcopenia
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ABSTRACT: Sarcopenia has been recognized as an emerging
complication of type 2 diabetes mellitus (T2DM). Currently, the
pathogenesis of T2DM-related sarcopenia remains unclear. The
aim of this study was to investigate the molecular mechanisms and
potential therapeutic targets for T2DM-related sarcopenia. In this
study, a T2DM-related sarcopenia mouse model was established
using db/db mice. Proteins extracted from the gastrocnemius
muscles of db/db mice and littermate control db/m mice were
analyzed by a 4D label-free quantitative proteomics approach. A
total of 131 upregulated and 68 downregulated proteins were
identified as differentially expressed proteins (DEPs). Bioinfor-
matics analysis revealed that DEPs were significantly enriched in
lipid metabolism. Protein—protein interaction network analysis
revealed that six hub proteins, including ACOX1, CPT2, ECI2, ACADVL, ACADL, and ECHI, were involved in the fatty acid
oxidation. The hub protein-transcription factor-miRNA network was also constructed using the NetworkAnalyst tool. Finally, the
hub proteins were validated by Western blotting and immunohistochemistry and further confirmed to be significantly negatively
correlated with muscle mass and grip strength. Our study suggested that lipid metabolism, especially excessive fatty acid oxidation,
may be a crucial contributor to the progression of T2DM-related sarcopenia and a common cause of the inter-relationship between
T2DM and sarcopenia. Targeting lipid metabolism may be a promising therapeutic strategy for T2DM-related sarcopenia.
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Sarcopenia is a geriatric syndrome characterized by aging-

population.”” Sarcopenia has been recognized as an emerging
complication of T2DM that not only detrimentally impacts

related loss of skeletal muscle mass, strength, and function,
leading to adverse outcomes such as frailty, disability, fractures,
and even death in the elderly population." While sarcopenia
occurs primarily in older people, it can also occur secondary to
chronic diseases, particularly diabetes mellitus, which is termed
diabetes-related sarcopenia.”® Type 2 diabetes mellitus
(T2DM) is the most common metabolic disease in the
world and manifests as an abnormal hyperglycemic state due to
insulin resistance (IR) and insulin insufficiency.” T2DM is
considered as a risk factor for numerous micro- and
macrovascular complications, imposing a serious burden on
public health.” Recently, sarcopenia is believed to be closely
associated with T2DM.® IR can cause the deterioration of
muscle mass and strength, while the loss of muscle mass in
turn leads to decreased insulin sensitivity in skeletal muscle,
resulting in a vicious cycle.” Studies have indicated that T2DM
is associated with an accelerated decline in muscle mass and
strength, with the rate of decline being positively correlated
with both the duration of diabetes and elevated levels of
HbA1c.%® Likewise, the prevalence of sarcopenia is greater in
the population with T2DM than in the nondiabetic
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diabetes progression and treatment response but also reduces
muscle mass, strength, and physical performance, resulting in
increased risk of physical disability, hospitalization, and
mortality.'” Diabetes-related sarcopenia has been a health
concern worthy of close attention due to its detrimental impact
on the quality of life and even survival However, the
pathogenesis of sarcopenia in individuals with T2DM and
the common root cause of the inter-relationship between
sarcopenia and T2DM remain elusive. Moreover, there is
currently a lack of effective medical treatments for T2DM-
related sarcopenia. In this context, a comprehensive under-
standing of the underlying molecular mechanisms of T2DM-
related sarcopenia is urgently needed to explore potential
therapeutic targets.
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Skeletal muscle serves as the primary tissue responsible for
glucose disposal, accounting for up to 80% of insulin-
stimulated glucose disposal.'' Impaired insulin-stimulated
glucose disposal in skeletal muscle, a condition known as IR,
is considered a predominant contributor to the development of
T2DM.*'* Given the role of skeletal muscle IR in diabetes,
various “omics” analyses of skeletal muscles from diabetic
animal models or patients with T2DM, including tran-
scriptome,'® proteome,'* and metabolome'® analyses, have
been conducted to investigate the molecular mechanisms
involved in the progression of T2DM. Nevertheless, these
studies have largely focused on the mechanisms by which
dysregulated metabolism in skeletal muscle contributes to
diabetes, and the disease model of these studies involved
diabetes alone without recognizing the comorbid occurrence of
sarcopenia. There are a few studies of T2DM-related
sarcopenia, and the role of T2DM in sarcopenia has received
little attention. There is a complex bidirectional relationship
between sarcopenia and T2DM. Sarcopenia has been
confirmed to be both a cause and a consequence of
T2DM.'”'" Thus, it is equally important to study the
mechanisms of T2DM-related sarcopenia as well as the
potential common pathogenesis of T2DM and sarcopenia.
Recently, proteomic analysis has been confirmed to be an
advantageous approach for clarifying all proteins under both
physiological and pathological conditions, as well as for
identifying driver genes and potential targets for drug
intervention.'® To date, there is still a lack of proteomics
studies focusing on T2DM-related sarcopenia.

In our study, we first employed db/db mice, a well-known
mouse model of T2DM exhibiting the phenotype of extreme
obesity. We further confirmed a mouse model of T2DM-
related sarcopenia by assessing the muscle mass, grip strength,
and histomorphological features of the skeletal muscle in db/
db mice. Based on the successful construction of a mouse
model of T2DM-related sarcopenia, a 4D label-free quantita-
tive proteomics approach, characterized by its high sensitivity
and accuracy in assessing abnormal protein expression, was
performed on the gastrocnemius muscles (GMs) of db/db
mice and littermate control db/m mice with normal blood
glucose and body weight. Subsequently, bioinformatics analysis
was utilized to explore the potential pathways and biological
processes implicated in the progression of T2DM-related
sarcopenia. Finally, Western blotting, immunohistochemistry,
and correlation analysis were conducted to validate the
candidate hub proteins of interest. The aim of the present
study was to thoroughly elucidate the molecular mechanisms
underlying sarcopenia in T2DM patients and to explore
potential therapeutic targets for the treatment of T2DM-
related sarcopenia.

B MATERIALS AND METHODS

Antibodies. The primary antibodies used for immunoblot-
ting and immunohistochemistry were as follows: anti-CPT2
antibody (26555-1-AP), anti-ACADVL antibody (14527-1-
AP), anti-ACADL antibody (17526-1-AP), anti-ECH1 anti-
body (11385-1-AP), anti-ECI2 antibody (20383-1-AP), and
anti-GAPDH antibody (60004-1-Ig) were obtained from
Proteintech (Wuhan, China). Anti-ACOXI1 antibodies
(A21217) were obtained from ABclonal (Wuhan, China).

Animal Experiment and Tissue Collection. Eight-week-
old male diabetic homozygous C57BLKS/]J lar-Leprdb/Leprdb
mice (db/db mice) (n = 4) and eight-week-old male

nondiabetic heterozygous CS7BLKS/J Iar-m/leprdb mice
(db/m mice) (n = 4) as the control were purchased from
Shanghai SLACCAS Laboratory Animal Co., Ltd. (certificate
of quality SCXK 2022—0004). All mice were housed in
ventilated cages under SPF conditions with suitable humidity
and temperature and kept on a 12-h light-dark cycle for 4
weeks. Standard laboratory chow and water were available ad
libitum for mice. Body weight, fasting blood glucose, and grip
strength were measured every week. All mice were fasted for 12
h overnight and sacrificed for collecting skeletal muscle
samples at 12 weeks of age. GMs from the left and right
sides were isolated and weighted quickly. The absolute mass of
GM was determined based on the average mass of left and
right GMs. Gastrocnemius muscle index (GMI) was defined as
the absolute mass of GM divided by body weight to exclude
the effect of body weight on muscle mass. Left GM tissues
were divided into two parts. The proximal parts were fixed and
stored in 4% paraformaldehyde for histological staining,
whereas the distal parts were immediately frozen in liquid
nitrogen and stored at —80 °C for Western blotting. Right GM
tissues were also frozen in liquid nitrogen immediately and
processed for a 4D label-free quantitative proteomics analysis.
All experiments were approved by the Research Ethics
Committee of the Second Affiliated Hospital of Fujian Medical
University (Ethics Number: 2023-218).

Grip Strength Test. Grip strength was assessed using a
mouse grip strength dynamometer (YLS13A, Nuoleixinda,
Tianjin, China) to measure the grip strength of the four limbs
of the mouse. A mouse was trained to grasp the horizontal grid
attached to the dynamometer with four limbs and gently pulled
backward in a horizontal direction parallel to the grid until the
mouse released its grasp. Then the peak force applied to the
grid was recorded. Each mouse was tested six times repeatedly
for grip strength, and the six measured values were averaged as
the absolute grip strength. The absolute grip strength was
normalized to body weight to exclude the effect of body weight
on muscle strength, which was defined as the relative grip
strength.

Fasting Blood Glucose Test. Mice were fasted overnight
for 12 h. Blood was obtained from the tail vein, and fasting
blood glucose level was measured using a glucometer
(Sinocare, Changsha, China) once per week.

Histological Analysis. Fixed GM tissues were dehydrated,
paraffin-embedded, and sliced into 10-um-thick sections.
Hematoxylin and eosin (HE) staining and immunohistochem-
istry were performed after the paraffin sections were dewaxed
and rehydrated. For morphological assessment and myofiber
cross-sectional area (CSA) analysis, sections were stained with
hematoxylin and eosin. Images were captured using a Nikon
Eclipse E200 microscope (Nikon, Japan). Five randomly
selected fields at 100X magnification were acquired from each
section. The mean CSA of at least 250 fibers from five fields of
each HE-stained section was analyzed by using Image]
software. Immunohistochemistry stains were performed to
evaluate the expression of CPT2, ACADVL, ACADL, ECH],
ECI2, and ACOXI. After antigen retrieval, sections were
incubated in 3% hydrogen peroxide to quench the endogenous
peroxidase and blocked with 10% bovine serum albumin. Then
sections were incubated overnight at 4 °C with primary
antibody (CPT2 rabbit polyclonal antibody, diluted 1:800;
ACADVL rabbit polyclonal antibody, diluted 1:1000; ACADL
rabbit polyclonal antibody, diluted 1:500, ECHI1 rabbit
polyclonal antibody, diluted 1:1000, ECI2 rabbit polyclonal
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antibody, diluted 1:500; ACOX1 rabbit monoclonal antibody,
diluted 1:1000). Subsequently, sections were incubated with
secondary antibodies, developed with DAB and counterstained
with hematoxylin. Photographs of stained sections were taken
with a Nikon Eclipse E200 microscope (Nikon, Japan), and
analyzed using Image-Pro Plus software.

Western Blot. Approximately 25 mg of tissues were
dissected and homogenized in 500 uL of RIPA lysis buffer
(Beyotime, Shanghai, China) with a Mill Cryogenic Grinder
(KZ-III-FP, Servicebio Technology, Wuhan, China). Protein
concentrations were detected by a BCA Protein Assay
(Beyotime, Shanghai, China). Afterward, Western blot analysis
was performed. Briefly, proteins were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (10% and
12.5%) and blotted onto PVDF membranes. The PVDF
membranes were blocked with 5% skimmed milk for 1 h at
room temperature and incubated at 4 °C overnight with
primary antibodies (anti-CPT2 antibody, anti-ACADVL anti-
body, anti-ACOXI1 antibody, and anti-ECHI1 antibody were
diluted at 1:1000; anti-ACADL antibody and anti-ECI2
antibody were diluted at 1:500; anti-GAPDH antibody was
diluted at 1:2000). Membranes were then washed with 1X tris-
buffered saline with Tween and incubated with appropriate
secondary antibodies. Finally, the membranes were developed
using an ECL detection kit (Beyotime, Shanghai, China).
Relative intensities of protein bands were quantified by using
Image]J software.

Protein Extraction. The frozen GM tissue was ground into
cell powder with liquid nitrogen and then transferred to a S mL
centrifuge tube. Afterward, four volumes of lysis buffer (8 M
urea, 1% protease inhibitor cocktail) were added to the cell
powder, followed by sonication three times on ice using a high-
intensity ultrasonic processor (Scientz). The supernatant was
collected after centrifugation (12,000¢,10 min, 4 °C) and the
remaining debris was removed. Finally, the protein concen-
tration of each sample was determined with a BCA kit
according to the manufacturer’s instructions.

Trypsin Digestion. The protein solution was reduced with
S mM dithiothreitol for 30 min at 56 °C and alkylated with 11
mM iodoacetamide for 15 min at room temperature in
darkness. The protein sample was then diluted with 100 mM
triethylammonium bicarbonate (TEAB) to a urea concen-
tration less than 2 M. Next, trypsin was added at a 1:50
trypsin-to-protein mass ratio for the first digestion overnight
and 1:100 trypsin-to-protein mass ratio for a second 4 h
digestion. Finally, the peptides were desalted by a C18 SPE
column.

Liquid Chromatography-Tandem Mass Spectrometry
(LC-MS/MS) Analysis-4D Mass Spectrometry. The tryptic
peptides were dissolved in solvent A (0.1% formic acid, 2%
acetonitrile/in water) and directly loaded onto a homemade
reversed-phase analytical column (25 cm length, 75/100 ym
id.). Peptides were further separated using a nanoFElute
UHPLC system (Bruker Daltonics) at a constant flow rate of
450 nL/min with a gradient from 6 to 24% solvent B (0.1%
formic acid in acetonitrile) over 70 min, 24 to 35% in 14 min,
climbing to 80% in 3 min, then holding at 80% for the last 3
min. The separated peptides were subjected to a capillary
source followed by timsTOF Pro (Bruker Daltonics) mass
spectrometry. The electrospray voltage applied was 1.75 kV.
The TOF detector was used to analyze precursors and
fragments, with a MS/MS scan range from 100 to 1700 m/z.
The timsTOF Pro was operated in the parallel accumulation

serial fragmentation (PASEF) mode. Precursors with charge
states of 0 to 5 were selected for fragmentation, and 10 PASEF-
MS/MS scans were acquired per cycle. The dynamic exclusion
was set to 30 s.

Database Search. The raw MS/MS data files were
processed using the Maxquant search engine (v.1.6.15.0)
against the Mus_musculus_10090 SP_20210721.fasta (17089
sequences) concatenated with the reverse decoy database for
protein identification and quantification. Trypsin/P was
specified as the cleavage enzyme, and up to two missing
cleavages were allowed. Precursor ion mass tolerance was set as
20 ppm in the first search and S ppm in the main search,
whereas fragment ion mass tolerance was set as 0.02 Da.
Carbamidomethylation of Cys was specified as a fixed
modification, protein N-terminal acetylation and oxidation of
Met were specified as variable modifications. FDR was adjusted
to <1%. Student’s t-test was used to evaluate significant
differences. The proteins with fold changes of >1.50 or <0.67
and P-values <0.05 were considered as differentially expressed
proteins (DEPs).

Bioinformatics Analysis. The principal component
analysis (PCA) was carried out using the FactoMineR package
in the R programming language. The predicted proteins were
annotated according to the Cluster of Orthologous Groups/
Eukaryotic Orthologous Groups (COG/KOG) function
classification with the EggNOG database (http:/ /www.ncbi.
nlm.nih.gov/COG/). Gene ontology (GO) annotation pro-
teome was derived from the UniProt-GOA database (http: //
www.ebi.ac.uk/GOA/) and classified as three categories:
biological process (BP), cellular component (CC), and
molecular function (MF). Proteins that were not annotated
by the UniProt-GOA database would be annotated by
InterProScan software based on protein sequence alignment.
KAAS, a Kyoto Encyclopedia of Genes and Genomes (KEGG)
online service tool was used to annotate the protein’s KEGG
database description, followed by using KEGG mapper to
match the corresponding pathways. The subcellular local-
ization annotation was predicted using Wolfpsort software.
The enrichment of protein domains was analyzed by using
InterPro software. For GO, the KEGG pathway and protein
domain functional enrichment analyses, a two-tailed Fisher’s
exact test was employed to identify the enrichment of DEPs
against all identified proteins and P-values <0.05 were
considered statistically significant. KEGG pathway analysis
for DEPs was also performed using ClueGO (version 2.5.9,
Cytoscape software, https://cytoscape.org/). Volcano plots of
DEPs were generated using the “ggplot2” package in the R
programming language. The heatmap plot was generated using
the function heat maps.2 in R with the gplots package.

Protein—Protein Interaction (PPl) Network. The PPI
network of DEPs was constructed using the Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING)
database (version 12.0, https://string-db.org/ ) with a medium
confidence score >0.4. The interaction network was then
visualized using Cytoscape (version 3.9.1, https://cytoscape.
org/). The molecular complex detection (MCODE) (version
2.0.2), a plugin of Cytoscape, was applied to identify highly
interconnected subclusters of proteins based on the MCODE
score and node number. Besides, CytoHubba plugin Cytoscape
was applied to identify hub proteins. Subsequently, the
network of miRNA associated with hub proteins was predicted
using TarBase v8.0 in the NetworkAnalyst 3.0 tool (https://
www.networkanalyst.ca/), whereas the transcription factor
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Figure 1. Establishment of an animal model of T2DM-related sarcopenia. (A) Comparison of the body weight curve between db/m mice and db/
db mice. (B) Comparison of the fasting blood glucose curve between db/m mice and db/db mice. (C) Comparison of the GM morphology
between db/m mice and db/db mice. (D—G) Comparison of gastrocnemius muscle mass, GMI, grip strength, and relative grip strength between
db/m mice and db/db mice. (H-I) Comparison of HE staining and CSA of GM fibers between db/m mice and db/db mice. GMI, gastrocnemius
muscle index. CSA, cross-sectional area. Scale bar: 20 and 100 gm. Data are expressed as mean + SD **P < 0.01, ***P < 0.001.

(TF)-hub protein network was also predicted using ENCODE
in the NetworkAnalyst 3.0 tool. Both predicted networks of
miRNA and TFs associated with hub proteins were visualized
using Cytoscape.

Gene Set Enrichment Analysis (GSEA). The identified
protein names were translated to gene names in R using the
biomaRt package. GSEA was performed using the GSEA
software (version 4.3.2) against CS GO gene sets (GO

34059

biological process, GO cellular component, GO molecular
function) downloaded from the molecular signature database
(MSigDB). A gene set that satisfied normalized enrichment
score (NES) > 1, P-value < 0.05, and false discovery rate
(FDR) g-value < 0.2 was determined to be significant.
Statistical Analysis. Data are exhibited as the mean +
standard deviation (SD) and analyzed using Graph Prism 9.0
software. Comparisons between the db/m and db/db groups
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Figure 2. 4D label-free quantitative proteomics analysis of DEPs between db/db mice and db/m mice. (A) Results of database search analysis for
mass spectrometry data. (B) PCA plot of proteome data. (C) Heatmap of DEPs between db/db mice and db/m mice. The orange color indicates
upregulated proteins, while the green color indicates downregulated proteins. The color intensity indicates the degree of protein expression. (D)
Volcano plot of DEPs. Orange dots indicate significantly upregulated proteins, green dots indicate significantly downregulated proteins, and gray
dots represent proteins with no significant differences. PCA, principal component analysis. DEPs, differentially expressed proteins.

were performed using Student’s t-test. Pearson correlation
analysis was used for a simple linear correlation analysis. A
value of P < 0.05 was considered statistically significant.

B RESULTS

Establishment of an Animal Model of T2DM-Related
Sarcopenia. The db/db mouse model is a well-known animal
model of T2DM characterized by hyperglycemia, insulin
resistance, and severe obesity.'”'® As expected, both the
body weight and fasting blood glucose of db/db mice aged 8
weeks to 12 weeks, were significantly greater than those of age-
matched db/m mice (all P < 0.05). At 12 weeks of age, the db/

34060

db mice exhibited severe obesity and hyperglycemia, while the
age-matched db/m mice exhibited steady weight gain and
stable fasting blood glucose levels (Figure 1A,B). To confirm
whether 12-week-old db/db diabetic mice could also exhibit a
phenotype of sarcopenia, the muscle mass, grip strength, and
histopathological characteristics of skeletal muscle were further
measured. As shown in Figure 1C, the GM of db/db mice was
smaller than that of db/m mice. Both the absolute mass of the
GM and the GMI of the db/db mice were dramatically lower
than those of the db/m mice (Figure 1D,E). Similarly, the
muscle strength parameters, including the absolute and relative
grip strength, of the db/db mice were also remarkably lower
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Table 1. Top 10 Upregulated and Downregulated DEPs Identified from the db/db Mouse Group Compared to the db/m

Mouse Group

protein accession protein description gene name ratio P value
Upregulated
Q99L88 f-1-syntrophin Sntb1 11.098 0.000832
Q8R2Y2 cell surface glycoprotein MUCI18 Mcam 6.072 0.023704
P24549 retinal dehydrogenase 1 Aldhlal 4.657 0.002246
Q9ROHO peroxisomal acyl-coenzyme A oxidase 1 Acoxl 4.016 0.000247
P09541 myosin light chain 4 Myl4 3.793 0.000435
Q9D6M3 mitochondrial @2022 glutamate carrier 1 Slc25a22 3.599 0.001357
QIWVC3 caveolin-2 Cav2 3.488 0.029633
P16110 galectin-3 Lgals3 3.331 0.022076
Q8K4GS actin-binding LIM protein 1 Ablim1 2.989 0.00262
035678 monoglyceride lipase Mgll 2.932 0.00259
Downregulated

Q8BK84 dual specificity phosphatase 29 Dusp29 0.037 2.330 X 107%
P08074 carbonyl reductase [NADPH] 2 Cbr2 0.229 0.005773
QIR112 sulfide quinone oxidoreductase Sqor 0.259 0.001469
Q61699 heat shock protein 105 kDa Hsphl 0.276 7.288 X 107%
Q921R8 solute carrier family 41-member 3 Slc41a3 0.276 4.845 x 107%
Q8BGM7 S’-AMP-activated protein kinase subunit y-3 Prkag3 0.304 0.001249
QICR16 peptidyl-prolyl cis—trans isomerase D Ppid 0.34 0.000143
P70266 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 1 Pfkfb1l 0.359 0.000605
Q8BLU2 protein-lysine methyltransferase METTL21C Mettl21c 0.366 0.002427
Q9DBGI sterol 26-hydroxylase, mitochondrial Cyp27al 0.373 0.000117

than those of the db/m mice (Figure 1F,G). In addition, HE
staining revealed atrophic muscle fibers with irregular arrange-
ment and widening of interstitial spaces in db/db mice,
whereas muscle fibers in db/m mice were regularly and closely
arranged (Figure 1H). The CSA of muscle fibers was
significantly lower in db/db mice than in db/m mice (Figure
1I). All of the above data demonstrated the successful
establishment of an animal model of T2DM-related sarcopenia.

Overview of 4D Label-Free Quantitative Proteomics
Data and Identification of DEPs between db/db Mice
and db/m Mice. The GMs collected from the db/db mice
and db/m mice were subjected to LC-MS/MS analysis using a
4D label-free approach to obtain proteome profiles. Following
strict quality control, a total of 1,443,334 spectra (172,379
matched) were obtained, and 23,830 peptides (22,431 unique
peptides) were detected by spectral analysis. Based on the
specific peptide segments, 2,029 proteins were quantified from
a total of 2,619 identified proteins (Figure 2A). To ensure the
quality of the proteomic data, the raw MS/MS data files were
processed for a series of quality control evaluations after the
database search. The lengths of most peptides ranged from 7 to
20 amino acids, suggesting that the samples met the quality
control standards (Figure S1A). The molecular weight
distribution of the identified proteins covered different sizes
of proteins (Figure SIB). The coverage of most identified
proteins ranged from 1 to 30% (Figure S1C). Most proteins
were quantified by more than two peptides, indicating high
reliability of the quantitative results (Figure S1D). Addition-
ally, PCA revealed a significant difference between db/db mice
and db/m mice (Figure 2B). Overall, these results supported
the reliability and reproducibility of the MS proteomics data
files.

Based on the statistical analysis, a total of 199 proteins with a
fold-change of >1.50 or <0.67 and a P value less than 0.05 were
identified as DEPs. Among these DEPs, 131 were upregulated,
while 68 were downregulated. Furthermore, the heatmap
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depicted a hierarchical clustering of the DEPs (Figure 2C),
while the volcano plot illustrated the average alterations in
protein abundance for each individual protein (Figure 2D).
The top 10 up- and downregulated DEPs are listed in Table 1.

Functional Annotation of DEPs. Subcellular structure
analysis revealed that most of the DEPs were localized in the
cytoplasm (38.19%), followed by the nucleus (16.58%),
mitochondria (15.58%), extracellular space (14.07%), plasma
membrane (8.54%), and both the cytoplasm and nucleus
(4.02%). In addition to the subcellular locations described
above, a fraction of the DEPs exhibited localization in other
subcellular locations (3.02%) (Figure S2A). Subsequently,
functional annotation via GO analysis was performed. The
DEPs were classified into three categories, namely, BP, CC,
and MF. According to the level 2 GO terms, the BP category
was annotated into 11 subcategories, of which “cellular
process”, “biological regulation”, “metabolic process”, “re-
sponse to stimulus”, and “localization” were the top five GO
terms; the CC category was annotated into 3 subcategories,
including “cell”, “intracellular”, and “protein-containing com-
plex”; and the MF category was annotated into 6 subcategories,
of which “binding”, “catalytic activity”, “molecular function
regulator”, “structural molecule activity”, and “transporter
activity” were the top five GO terms (Figure S2B).
Furthermore, the functional classification of DEPs was also
determined using a COG/KOG analysis. The results
demonstrated that the most abundant category was “signal
transduction mechanisms” (27 proteins), followed by “lipid
transport and metabolism” (22 proteins), “cytoskeleton” (21
proteins), “posttranslational modification, protein turnover,
chaperones” (18 proteins) (Figure S2C).

Functional Enrichment Analysis of DEPs. To further
investigate the potential biological functions and implications
of the DEPs, functional enrichment analysis, including GO,
KEGG pathway, and protein domain analyses were performed.
Fisher’s exact t-test with a filtering threshold of P < 0.05 was
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Figure 3. GO functional enrichment analysis of the DEPs. The DEPs were enriched into biological process (A), molecular function (B), and
cellular component (C). The color key accompanying the bubble plot represents the significant P value for enrichment, while the size of the
bubbles represents the number of DEPs in the respective functional class or pathway.

utilized to determine the significant functional enrichment
levels of DEPs. As shown in Figure 3, the top 20 GO terms for
enrichment classification are visualized in a bubble plot. The
five most significant terms in the BP category were “lipid
oxidation”, “peroxisome organization”, “protein localization to
peroxisome”, “peroxisomal transport”, and “muscle filament
sliding” (Figure 3A). The five most significant terms in the MF
category were “palmitoyl-CoA oxidase activity”, “oleic acid
binding”, “myosin II heavy chain binding”, “long-chain-enoyl-
CoA hydratase activity”, and “lysine N-methyltransferase
activity” (Figure 3B). The top five significant GO terms in
the CC category were “flotillin complex”, “microbody
membrane”, “peroxisomal membrane”, “peroxisomal matrix”,
and “microbody lumen” (Figure 3C). Next, the DEPs were
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mapped to the KEGG database (Figure 4A) and ClueGO
plugin of Cytoscape (Figure 4B) to explore enriched pathways.
The top 10 significant pathways included “primary bile acid
biosynthesis”, “biosynthesis of unsaturated fatty acids”, “a-
linolenic acid metabolism”, “PPAR signaling pathway”, “fatty
acid degradation”, “sulfur metabolism”, “peroxisome”, “fatty
acid elongation”, “fat digestion and absorption”, and “prostate
cancer”. The detailed information about the top 10 KEGG
pathways is shown in Table S1. Additionally, the KEGG
pathway analysis revealed that the upregulated DEPs were
mainly enriched in metabolic pathways, and the top $
significant pathways included “peroxisome”, “PPAR signaling
pathway”, “fatty acid degradation”, “biosynthesis of unsaturated
fatty acids”, and “Cardiac muscle contraction” (Table S2). On

https://doi.org/10.1021/acsomega.4c04668
ACS Omega 2024, 9, 34056—34069


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04668/suppl_file/ao4c04668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04668/suppl_file/ao4c04668_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04668?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04668?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04668?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04668?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
A B
KEGG Pathway .
Primary bile acid biosynthesis o O beta-Alarvoe metaboism
Biosynthesis of unsaturated fatty acids ° # J
alpha-Linolenic acid metabolism o P value L
PPAR signaling pathway
Fatty acid degradation 0.03
Sulfur metabolism ® 0.02
_Peroxisome [ )
Fatty acid elongation e} 0.01
Fat digestion and absorption )
Prostate cancer e} . - Biosynthesis of
) beta-Alanine metabolism o Protein number unsaturated fatty
Antigen processing and presentation o ) acids
Apelin signaling pathway le} o5
Estrogen signaling pathway o @3 Sulfur metabolism
NOD-like receptor signaling pathway [ ] S a—
Cardiac muscle contraction [ J .1 1
Hypertrophic cardiomyopathy { @ PPAR signaling
Fluid shear stress and atherosclerosis{ @ pathway =
Dilated cardiomyopathy { @ Adrenergic sgraing
Adrenergic signaling in cardiomyocytes {@ - v
Hypel CardOmyopaty
1.5 20 25 30 )

Log2 Fold enrichment

s =
Ly

o, @

Diated carciomyopathy

Cardiac muscle
contraction

Protein Domain

Thiolase,N-terminal domain 2 P value
Thiolase,C-terminal domain
Enoyl-(Acyl carrier protein) reductase L ] 0.04
Enoyl-CoA hydratase/isomerase family 0.03
Villin headpiece domain o 0.02
Sushi domain(SCR repeat) o 0.01
Cytochrome b5-like Heme/Steroid binding domain o
Anticodon binding domain i Protein number
Acyl-CoA dehydrogenase,middle domain O 2
Acyl-CoA dehydrogenase,N-terminal domain o 3
Acyl-CoA dehydrogenase,C-terminal domain [e) 4
LIM domain{@ 5
20 25 3.0

Log2 Fold enrichment

Figure 4. Functional enrichment analysis of KEGG and the protein domain for DEPs. (A) KEGG pathway enrichment analysis of DEPs. (B)
Pathway enrichment analysis of DEPs using ClueGO in Cytoscape. (C) Protein domain enrichment analysis of DEPs.

the other hand, the KEGG pathway analysis of downregulated
DEPs indicated that several functional pathways were enriched,
and the top S significant pathways included “estrogen signaling
pathway”, “prostate cancer”, “chemical carcinogenesis-receptor
activation”, “FoxO signaling pathway”, and “Progesterone-
mediated oocyte maturation” (Table S3). Taken together,
these results suggested that significant changes in pathways,
especially lipid metabolism-related pathways, may play a role in
the onset of diabetes-induced sarcopenia. In addition, DEPs
were subjected to protein domain analysis to investigate the
domain functions of the DEPs. The results demonstrated that
the DEPs mainly consisted of “thiolase, C-terminal domain”,
“thiolase, N-terminal domain”, “enoyl-(acyl carrier protein)
reductase”, “enoyl-CoA hydratase/isomerase family”, and
“villin headpiece domain” (Figure 4C).

GSEA. GSEA is characterized by a wide range of enrichment
analyses and serves to uncover potential disease mechanisms.
Thus, we also utilized GSEA analysis to explore the functional
enrichment of the identified proteins in greater depth. GSEA
was carried out using the C5 GO gene sets in MSigDB. The
results showed that the GO terms of the identified proteins
were significantly enriched in “lipid oxidation”, “fatty acid
oxidation”, “fatty acid catabolic process”, “establishment of
protein localization to peroxisome”, “peroxisome organization”,
and “protein targeting to peroxisome”, which were all ranked
highly based on the normalized enrichment score (NES)
(Figure SA—F).
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Construction of the PPl Network and the Hub
Protein—TF—miRNA Network. To clarify the functional
interactions of DEPs, a PPI network comprising 153 nodes and
600 edges was constructed using the STRING database and
visualized with Cytoscape (Figure 6A). Next, the significant
cluster with the highest score of 16.89 was determined using
the MCODE plugin Cytoscape, which contained 19 nodes and
152 edges (Figure 6B). Then, CytoHubba plugin Cytoscape
was used to identify the hub proteins. The six hub proteins,
including acyl-coenzyme A oxidase 1(ACOX1), carnitine O-
palmitoyltransferase 2(CPT2), enoyl-CoA delta isomerase 2
(ECI2), very long-chain specific acyl-CoA dehydrogenase
(ACADVL), long-chain specific acyl-CoA dehydrogenase
(ACADL), and delta (3,5)-delta (2,4)-dienoyl-CoA isomerase
(ECHL1), were obtained by intersecting the proteins obtained
via the MCC, MNC, and degree methods (Table 2).
Furthermore, the NetworkAnalyst online tool was used to
predict the upstream TFs and miRNAs of the six hub proteins.
The TF—hub protein network consisted of 31 nodes and 45
edges, of which five TFs, namely, GATA Binding Protein
1(GATA1), REST Corepressor 1(RCOR1), MYC Associated
Zinc Finger Protein (MAZ), TATA-Box Binding Protein
(TBP), and Nuclear Respiratory Factor 1(NRF1) were the
common TFs of at least three hub proteins (Figure 6C). The
miRNA-hub protein network contained 77 nodes and 93
edges. The mmu-mir-155—5p was found to be the common
miRNA of ACOX1, CPT2, ECH1, ACADL, and ACADVL,
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whereas mmu-mir-la-3p was the common miRNA of CPT2,
ECH]1, and ACADL (Figure 6D).

Validation of Hub Protein Expression in Mice with
T2DM-Related Sarcopenia. To confirm the proteomic
analysis results, six hub proteins, ACOX1, CPT2, ECI2,
ACADVL, ACADL, and ECH1, were validated by Western
blotting and immunohistochemical staining. Both Western
blotting and immunohistochemical staining revealed signifi-
cantly greater expression of the six hub proteins in the GM of
db/db mice than in that of db/m mice (Figure 7A—D).
Moreover, correlation analysis revealed that the relative
expression levels of the six hub proteins were negatively
correlated to the relative grip strength and GMI (Figure 7E).
The data above indicated that the six hub proteins may be
involved in a diabetes-related decrease in skeletal muscle mass
and strength.

B DISCUSSION

A great deal of evidence suggests that a bidirectional
association between sarcopenia and T2DM contributes to a
vicious cycle of mutual aggravation, ultimately resulting in poor
quality of life and serious health outcomes."”~>' T2DM is an
important etiological factor for the development of sarcopenia,
as evidenced by various studies that have demonstrated a
notable prevalence of sarcopenia in individuals with T2DM.**
In contrast, the degeneration of skeletal muscle in sarcopenia
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patients deteriorates glucose metabolism and further increases
the risk of T2DM development.* Since the significance of
skeletal muscle in insulin-stimulated glucose disposal, previous
studies have focused on the contributory role of skeletal
muscle in T2DM, while the impact of T2DM on sarcopenia
and the underlying mechanisms of the inter-relationship
between diabetes and sarcopenia have received attention
until recently. Given this background, we conducted a 4D
label-free quantitative proteomics approach on skeletal muscles
from db/db mice with sarcopenia, aiming to explore the
potential mechanism of sarcopenia in T2DM and the
contributors to the inter-relationship between T2DM and
sarcopenia. In our study, we utilized a severe obesity and
diabetes db/db mouse model, in which the manifestation of
sarcopenia was confirmed. Since the atrophy of type II fibers,
such as GM, appears to be more prevalent in T2DM-related
sarcopenia,” proteomics analysis was performed on the GM
from db/db mice and littermate control db/m mice. Our study
showed that the identified DEPs were significantly enriched in
metabolic pathways, particularly pathways linked to lipid
metabolism. GSEA indicated that the fatty acid oxidation
pathway may play a key role in the progression of T2DM-
related sarcopenia. We also explored six hub proteins, namely,
ACOX1, CPT2, ECI2, ACADVL, ACADL, and ECH1, which
are involved in the fatty acid oxidation pathway. The hub
protein—TF—miRNA network was further constructed to
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Figure 6. Construction of the PPI network and the hub protein—TF—miRNA network. (A) PPI network of DEPs. (B) Key cluster of DEPs
explored by MCODE in Cytoscape. (C) TF—hub protein network: the red dots represent hub proteins, while the yellow dots represent TFs. (D)
miRNA—hub protein network: the orange dots represent hub proteins and the green dots represent miRNAs.

better understand the underlying upstream regulators of the
hub proteins. Finally, the six hub proteins were validated by
Western blotting and immunohistochemistry. The hub
proteins were also confirmed to be closely related to the low
muscle mass and grip strength, indicating their contribution to
T2DM-related sarcopenia.

Based on the functional enrichment analysis of DEPs, we
found that the significant GO terms and KEGG pathways were
both closely related to lipid metabolism. Skeletal muscle, a

highly abundant tissue in the body, not only fulfills the crucial
function of body movement but also plays a central role in
whole-body metabolism.”* In addition to being a major site of
insulin-stimulated glucose disposal, skeletal muscle is also
involved in whole-body lipid metabolism. Lipid metabolism is
an important energy source for skeletal muscle fibers, since
approximately two-thirds of resting skeletal muscle energy is
derived from lipid oxidation.”* Normally, skeletal muscle is not
physiologically capable of storing lipids.”> However, fat
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Table 2. Top Six Hub Proteins Obtained by Three
Algorithms of CytoHubba

MCC MNC Degree Hub proteins
ACOX1 ACOX1 ACOX1 ACOX1
CPT2 ACADL CAT CPT2
ECI2 ACADVL ACADVL ECI2
ACADVL CPT2 ACADL ACADVL
ACADL ECI2 ECI2 ACADL
ECHI1 HSDL7B4 CPT2 ECHI1
HADHA ACAA2 HSDL7B4
ETFDH ECH1 ACAA2
DECR1 HADHA ECHI1

accumulation in skeletal muscle due to alterations in lipid
metabolism, defined as myosteatosis, is evident in sarcopenia
patients with aging and T2DM.”* Myosteatosis has been
recognized as one of the hallmarks of both primary and
secondary sarcopenia.”® Studies have revealed that myostea-
tosis provides a lipotoxic environment with mitochondrial
dysfunction, increased reactive oxygen species (ROS)
production, and enhanced secretion of proinflammatory
myokines, leading to reduced muscle mass and strength.”’
On the other hand, aberrant lipid metabolism is known to be
strongly associated with T2DM. Elevated circulating free fatty
acids (FFAs) are common in individuals with T2DM, while
myosteatosis has been identified as a key contributor to the
onset of insulin resistance and T2DM.”® Myosteatosis
significantly influences glucose homeostasis in skeletal muscle
by modulating insulin-stimulated glucose uptake, activating
inflammatory signals, inducing endoplasmic reticulum stress,
and causing mitochondrial dysfunction,” ultimately contribu-
ting to the progression of T2DM. Overall, aberrant lipid
metabolism in skeletal muscle is a common cause of both
sarcopenia and T2DM. Consistently, our study revealed that
DEPs are enriched mainly in pathways implicated in lipid
metabolism, indicating that lipid metabolism is a critical
contributor to the progression of T2DM-related sarcopenia
and may be the common root cause of the inter-relationship
between T2DM and sarcopenia.

Lipids may exert an impact on cellular activity by altering the
composition of cytomembranes, regulating energy reserves,
modulating secondary messenger signaling, and influencing
gene expres.sion.30 Fatty acids are common components of
various biological lipid species. Normally, skeletal muscle
serves as a major site of fatty acid oxidation.”" The role of fatty
acid oxidation in skeletal muscle IR and T2DM is
controversial. Some studies have suggested that fatty acid
oxidation is decreased in diabetic skeletal muscle. The
accumulation of lipids in diabetic skeletal muscle may be
attributed to decreased fatty acid oxidation, increased fatty acid
uptake, or a combination of both, ultimately causing the
skeletal muscle IR and T2DM.*® However, metabolic
competition between fatty acid oxidation and glucose
oxidation, termed the “Randle cycle”, is well-known to exist
in skeletal muscle.> Fatty acid oxidation is inhibited, while
glucose oxidation is enhanced. Conversely, glucose oxidation is
inhibited, while fatty acid levels are enhanced. Consistent with
the “Randle cycle”, GSEA of the proteomics data set in our
study demonstrated that fatty acid oxidation-related pathways
were significantly upregulated in T2DM-related sarcopenia
mice. Our proteomics analysis suggested that increased fatty
acid oxidation may inhibit glucose oxidation and further trigger

IR in diabetic skeletal muscle. Although increased fatty acid
oxidation may promote the clearance of fatty acids, we found
that CD36, a fatty acid transporter responsible for the uptake
of fatty acids,*® is also dramatically upregulated in the skeletal
muscle of db/db mice. This finding led us to speculate that
fatty acid uptake may exceed fatty acid oxidation, causing the
accumulation of fatty acids. Further experimental evidence is
needed to test this hypothesis. In addition, it has been reported
that tricarboxylic acid cycle (TCA) activity fails to increase
with increased fatty acid oxidation, resulting in incomplete
fatty acid oxidation and the accumulation of fatty acid
intermediates.”> Moreover, increased fatty acid oxidation is
accompanied by oxidative stress, thereby leading to the
impairment of insulin signaling and subsequent reductions in
muscle mass.”” A recent study also showed that excessive fatty
acid oxidation caused muscle atrophy by oxidative stress in
cancer-induced cachexia.”* Taken together, increased fatty acid
oxidation in lipid metabolism plays a critical role in the onset
of IR and sarcopenia through direct impacts on glucose
oxidation as well as the lipotoxic effects of myosteatosis and
oxidative stress.

Fatty acid oxidation includes various processes, including
mitochondrial f-oxidation of saturated fatty acids, peroxisomal
P-oxidation of very long-chain fatty acids, a-oxidation of
branched-chain fatty acids, w-oxidation, and ketone forma-
tion.”” Among these processes, mitochondrial -oxidation and
peroxisomal f-oxidation are the major fatty acid oxidation
pathways.”” We then constructed a PPI network of the DEPs
and identified six hub proteins, namely, ACOX1, CPT2, ECI2,
ACADVL, ACADL, and ECHI1. Consistent with the GSEA
results, these six hub proteins are involved in fatty acid f-
oxidation. ACOX1 and ECI2 are the key enzymes involved in
peroxisomal f-oxidation, while CPT2, ACADVL, ACADL, and
ECHI1 participate in mitochondrial f-oxidation. Recently,
proteomics research in the skeletal muscle of diabetic and
nondiabetic patients also revealed an increased abundance of
enzymes, such as ECH], implicated in fatty acid oxidation in
the skeletal muscle of diabetic patients.”> We also validated the
expression of six hub proteins in the GM of db/m and db/db
mice by Western blotting and immunohistochemistry. We
further conducted a correlation analysis to reveal the significant
negative relationships among the six hub proteins and muscle
mass and grip strength. Bioinformatics analysis and validation
of the hub proteins demonstrated that the key enzymes
involved in fatty acid oxidation may be promising targets for
the treatment of T2DM-related sarcopenia. Moreover, we
further predicted the upstream regulatory mechanism of the
hub proteins, which may provide deeper insight into the
molecular mechanism of T2DM-related sarcopenia.

The present study has several limitations. First, the
proteomics data were derived from a mouse model of
T2DM-related sarcopenia. Although our study confirmed
that the db/db mouse model is a well-accepted model of
T2DM and that sarcopenia is a complication of T2DM, there
are still differences between the mouse model and human
disease. Further collection of skeletal muscles from patients
with T2DM-related sarcopenia is necessary to verify the
proteomics data. Second, given that proteins are the
predominant executors of biological processes within the cell,
we conducted proteomics analysis on skeletal muscle from a
mouse model of T2DM-related sarcopenia. Further multiomics
studies combining proteomics, transcriptomics, and metab-
olomics may provide deeper insights into the pathogenesis of
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sarcopenia in patients with T2DM. Third, we verified the
expression of hub proteins associated with fatty acid oxidation
in T2DM-related sarcopenia via Western blotting and
immunohistochemistry, while the detailed molecular mecha-
nisms by which these proteins regulate the development of
T2DM-related sarcopenia remain unexplored. We are con-
tinuing our efforts to carry out further studies on these issues.

B CONCLUSIONS

In summary, we investigated the potential mechanisms of
T2DM-related sarcopenia using db/db mice, a well-established
mouse model of T2DM, through proteomics analysis. Our
proteomics data suggest that lipid metabolic disorder may be a
fundamental mechanism leading to the progression of T2DM-
related sarcopenia and a common cause of the inter-
relationship between T2DM and sarcopenia. Our work offers
valuable insights into the pathogenesis of promising
therapeutic targets for treating T2DM-related sarcopenia.
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