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A B S T R A C T   

Type 2 diabetes mellitus (T2DM) is a metabolic disease controlled by a combination of genetic and environ
mental factors. The Chinese hamster, as a novel animal model of spontaneous T2DM with high phenotypic 
similarity to human disease, is of great value in identifying potential therapeutic targets for T2DM. Here, we used 
tandem mass tag (TMT) quantitative proteomics based on liquid chromatography-tandem mass spectrometry to 
assess the skeletal muscles of a Chinese hamster diabetes model. We identified 38 differentially abundant pro
teins, of which 14 were upregulated and 24 were downregulated. Further analysis of the differentially abundant 
proteins revealed that five of them (OPLAH, GST, EPHX1, SIRT5, ALDH1L1) were associated with oxidative 
stress; these were validated at the protein and mRNA levels, and the results were consistent with the proteomic 
analysis results. In addition, we evaluated the role of OPLAH in the pathogenesis of T2DM in human skeletal 
muscle cells (HSKMCs) by silencing it. The knockdown of OPLAH caused an increase in reactive oxygen species 
content, decreased the GSH content, inhibited the PI3K/Akt/GLUT4 signaling pathway, and reduced glucose 
uptake. We propose that OPLAH downregulation plays a role in insulin resistance and glucose uptake disorders in 
HSKMCs possibly via oxidative stress, making it a new therapeutic target for T2DM.   

1. Introduction 

As the one of the most important chronic, non-communicable dis
eases in the world, diabetes mellitus and its complications have caused 
heavy economic and psychological burdens for humans [1]. According 
to the International Diabetes Federation, approximately 536 million 
people have been diagnosed with diabetes as of 2021, and this number is 
expected to increase to 783 million by 2045 [2]. The overwhelming 
majority of people with diabetes have type 2 diabetes mellitus (T2DM) 
[2]. T2DM is a metabolic disease caused by multiple genetic and envi
ronmental factors, for which genetic factors play an important role, 

mainly manifested as insulin resistance (IR) and impaired glucose up
take [3]. IR is a state in which the insulin effect in the body is lower than 
the normal physiological effect and mainly manifested as a decrease in 
the sensitivity of peripheral tissues, such as the liver, muscle, and adi
pose, to insulin, and decrease the ability to utilize glucose, resulting in 
glucose metabolism disorders [4]. Skeletal muscle tissue is the largest 
insulin-sensitive tissue, participates in 80% of insulin-mediated glucose 
uptake, and plays a critical role in maintaining systemic glucose ho
meostasis [5]. Thus, skeletal muscle IR plays a key role in the patho
genesis of T2DM. Researchers have conducted many studies on skeletal 
muscle IR and found that genes such as Nur77, NOR1, and MG53 affect 
the development of T2DM through skeletal muscle IR and that drugs 
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such as Yunpi Heluo decoction and exercise improve T2DM by reducing 
skeletal muscle IR [6–9]. However, the specific pathogenesis of IR in 
skeletal muscle remains unclear. Therefore, elucidating the mechanisms 
of skeletal muscle IR is integral for the treatment of T2DM. 

From the perspectives of economics and human ethics, the estab
lishment of animal models is indispensable for disease research, and the 
continuous establishment of new animal models for different diseases 
can advance disease research [10]. The existing commonly used animal 
models of T2DM, such as ob/ob and db/db mice with a single gene 
mutation can well simulate some characteristics of diabetes well and are 
very good for studying the prevention and treatment of diabetes and its 
complications. However, the etiology and the polygenicity of human 
T2DM are quite different, and thus, there are certain deficiencies and 
defects in the study of its etiology [11]. The inbred Chinese hamster was 
first reported by Meier and Yerganign in 1961, who showed that 
inbreeding in this group could spontaneously result in the development 
of diabetes, representing a new animal model of spontaneous T2DM 
[12]. This model conforms to the polygenic inheritance of T2DM, is 
characterized by non-obesity and moderately to mildly elevated blood 
glucose and IR, and has a similar pathogenesis and metabolic profile 
compared to human T2DM [13]. Previously, metabolomics and prote
omics studies found that serum amino acid metabolism abnormalities 
and liver arachidonic acid and bile acid metabolism abnormalities in this 
model were consistent with human metabolic abnormalities [14,15]. 
Therefore, this model will bring new hope as a new T2DM animal model 
to find new T2DM biomarkers. Proteomics research is helpful to clarify 
protein changes under physiological and pathological conditions and to 
screen true driver genes and potential drug targets, and these have been 
widely applied to research on the pathogenesis of diseases [16]. 

In our study, to search for more potential biomarkers of T2DM, we 
used proteomics to detect the differentially abundant proteins in the 
skeletal muscle tissue of Chinese hamsters in diabetes and control groups 
and analyzed the differentially abundant proteins. Bioinformatics 
analysis showed that the identified differentially abundant proteins 
were significantly enriched in metabolic pathways, including purine 
metabolism, glutathione metabolism, and the metabolism of xenobiotics 
by cytochrome P450 pathways, of which glutathione metabolism and 
the metabolism of xenobiotics by cytochrome P450 pathways are closely 
related to oxidative stress. Further, the content of reactive oxygen spe
cies (ROS) in the skeletal muscle tissue of diabetic Chinese hamsters was 
found to be significantly increased. Oxidative stress is an important 
factor in T2DM, and 5-oxoprolinase (OPLAH) deficiency has been shown 

to contribute to heart failure due to oxidative stress [17], motivating us 
to investigate the role of OPLAH, a downregulated differentially abun
dant protein, in T2DM. Therefore, we used siRNA to silence OPLAH in 
human skeletal muscle cells (HSKMCs) and found that this had an effect 
on insulin resistance and impaired glucose uptake, thus suggesting that 
OPLAH might be a therapeutic target for T2DM. 

2. Material and methods 

2.1. Animals 

Chinese hamsters were raised in the barrier environment of the 
Experimental Animal Center of Shanxi Medical University (SCXK2019- 
0004) with 12 h/12 h alternating light and dark cycles, a constant 
temperature of 22 ± 2 ◦C, a humidity level of 50–70%, and unlimited 
access to food and water. The experimental protocol adopted for the 
animals was approved by the Experimental Animal Ethics Committee of 
Shanxi Medical University (Ethics approval number: SYDL2021002). 

2.2. Experimental Chinese hamsters and tissue sample preparation 

After establishment of the T2DM Chinese hamster model, inbreeding 
was continued [13]. The standard of Chinese hamsters used for experi
mentation was as follows [14]: in both groups (diabetic and control), 
12-month-old hamsters, half of whom were male, were used. The fasting 
blood glucose (FBG) levels in the control and diabetic groups were ≤4.5 
mmoL/L and ≥6.0 mmoL/L, respectively. Some of the skeletal muscles 
(gastrocnemius) of the control group (n = 4) and diabetic group (n = 4) 
were frozen at − 80 ◦C for proteomic testing or for histopathological 
analysis. Afterwards, some of the skeletal muscles of the control group 
and the diabetic group were re-selected and frozen in a − 80 ◦C freezer 
for proteomic differentially abundant protein verification (n = 3) and 
ROS content detection (n = 6). 

2.3. Histopathological examination 

The skeletal muscle tissue was embedded in paraffin and sectioned 
into 4 μm-thin slices. They were then stained with hematoxylin and 
eosin (HE) and observed under an optical microscope. 

2.4. Protein sample preparation 

An appropriate amount of skeletal muscle tissue was weighed and 
ground into powder in liquid nitrogen. Then, four times the volume of 
the powder was added to lysis buffer for protein dissolution (8 M urea 
[Sigma Aldrich, Burlington, MA USA] and 1% protease inhibitor cock
tail). The mixture was then sonicated, after which the supernatant was 
collected to detect the protein concentration according to the in
structions of the bicinchoninic acid (BCA) kit (Beyotime Biotechnology, 
China). After adding dithiothreitol (Sigma Aldrich) to the protein solu
tion, it was reduced at 56 ◦C for 30 min. Iodoacetamide (Sigma Aldrich) 
was then added and incubated in the dark at room temperature for 15 
min. After digestion with pancreatin at 37 ◦C overnight, additional 
pancreatin was added to continue enzymatic hydrolysis for 4 h. The 
polypeptide was then desalted, freeze-dried, dissolved in 0.5 M triethyl- 
benzyl ammonium chloride (Sigma Aldrich), and labeled using the TMT 
kit (Sigma Aldrich). TMT labeling will have the effect of co-elution, 
resulting in the ratio compression effect, making the difference in 
detection smaller than the real difference; to evaluate the effect of co- 
elution on the ratio, we added a 4:1 ratio of standard protein (MBP) 
for quality control, and the actual detection ratio was 2.2:1, which was 
in line with the ratio compression of TMT-labeled item detection; TMT- 
10 standard reagent was used to label each sample and then mixed for 
detection. The markers were different to reduce the interfering effect of 
duplicate labels on the detection, and MS2 was used to test the labeling 
efficiency of each sample before the omics detection to ensure that the 

Abbreviations 

2-NBDG 2-[N-(7-nitrobenz-2-oxa-1,3-diaxol-4-yl) amino]-2- 
deoxyglucose 

Akt protein kinase B 
BP biological process 
CC cellular component 
DCFH-DA dichloro-dihydro-fluorescein diacetate 
FBG fasting blood glucose 
HE hematoxylin and eosin 
HSKMC cells human skeletal muscle cells 
GLUT4 glucose transporter 4 
GSH glutathione 
IR insulin resistance 
MF molecular function 
OPLAH 5-oxoprolinase 
PI3K phosphatidylinositol 3-kinase 
ROS reactive oxygen species 
T2DM type 2 diabetes mellitus 
TMT tandem mass tag  
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labeling efficiency in the sample reached at least 97%. The TMT labeling 
process should be controlled as much as possible for the project. The 
effect of co-elution on ratio detection was within a controllable range. 

2.5. HPLC fractionation 

The peptides were labeled and fractionated by high pH reverse-phase 
HPLC on an Agilent 300Extend C18 (5 μm particle size, 4.6 mm inner 
diameter, 250 mm long, phaseA: 98% water and 2% acetonitrile; phase 
B: 98% acetonitrile and 2% water). The peptides were separated on an 
8–32% acetonitrile gradient at pH 9 for 60 min, distinguished into 60 
components, and finally combined into nine components and vacuum 
freeze-dried. 

2.6. LC-MS/MS analysis 

The peptides were dissolved in mobile phase A of liquid chroma
tography (0.1% (v/v) formic acid aqueous solution (Fluka, USA) and 
then separated using an EASY-nLC 1000 packed with 1.9 μm/120 Å 
ReproSil-PurC18 resins (Dr. Maisch GmbH, Ammerbuch, Germany) 
ultra-high-performance liquid system (mobile phase A: 0.1% formic acid 
and 2% acetonitrile (Fisher Chemical, Hampton, NH, USA) in water; 
mobile phase B: 0.1% formic acid and 90% acetonitrile in water). Liquid 
gradient: 0–52 min, 9–25% B; 52–72 min, 25–35% B; 72–76 min, 
35–80% B; 76–80 min, 80% B; flow rate of 350 nL/min; Thermo Fisher 
Scientific, Waltham, MA, USA). After separation, the solution was 
injected into the NSI ion source for ionization and analyzed by Orbitrap 
Fusion Lumos mass spectrometry (ion source voltage: 2.0 kV, primary 
mass spectrum scan range: 350–1550 m/z, scanning resolution: 60,000; 
secondary mass spectrum scan range: fixed, starting point: 100 m/z, 
secondary scanning resolution: 30,000; Thermo Fisher Scientific). A 
data-dependent scan program was used to collect data. After the first- 
level scan, the parent ions of the top 10 peptide fragments with the 
highest signal intensity were selected and sequentially entered into the 
HCD collision cell for fragmentation with a fragmentation energy of 
32%. Second-level mass spectrometry analysis was also performed 
sequentially. To utilize mass spectrometry more effectively, the auto
matic gain control was set to 5E4, the signal threshold was set to 50,000 
ions/s, the maximum injection time was set to 70 ms, and the dynamic 
exclusion time of the tandem mass spectrometry scanner was set to 30 s 
to avoid repeated scans of precursor ions. 

2.7. Database search 

MaxQuant (v.1.5.2.8 http://www.maxquant.org/) was used to 
search for MS mass spectrometry data. The database used was Uni
prot_Cricetulus_griseus (23,885 sequences, https://www.uniprot.org, 
20,190,315), and a reverse database was added to calculate the false 
positive rate owing to random matches. Trypsin/P was specified as the 
cleavage enzyme, which allows for up to four missing cleavages. The 
mass tolerance for precursor ions was set as 20 ppm in the first search 
and 5 ppm in the main search, and the mass tolerance for fragment ions 
was set as 0.02 Da. Carbamidomethyl on Cys was specified as a fixed 
modification and acetylation modification and oxidation on Met were 
specified as variable modifications. The quantitative method selected 
was TMT-10plex, and the false discovery rate for protein identification 
and PSM identification was set to 1%. A differential expression change 
or fold-change (FC) of 1.2 was set as the change threshold, and statistical 
significance was defined as P < 0.05. The FC between samples was 
calculated as the ratio of the TMT reporter ion intensities in the original 
MS/MS data set. Relative quantification was performed only for pep
tides specific to a particular protein, and for each sample, quantification 
was normalized using the average ratio of all unique peptides. Protein 
quantification was calculated from the median ratio of unique peptides 
corresponding to a protein when there were at least two unique peptides 
in a protein. 

2.8. Bioinformatics analysis 

The UniProt-GOA database (http://www.ebi.ac.uk/GOA/) and the 
protein sequence algorithm software InterProScan (v.5.14–53.0, http:// 
www.ebi.ac.uk/interpro/) were used to compare the differentially 
expressed proteins, which were classified according to biological pro
cesses (BPs), cellular components (CCs), and molecular functions (MFs). 
Wolfpsort (v.0.2, http://www.genscript.com/psort/wolf_psort.html) 
software was used for subcellular location annotation of the differen
tially expressed proteins. The KEGG automatic automation server 
(KAAS) (v.2.0, http://www.genome.jp/kaas-bin/kaas_main) was then 
used to annotate the differentially expressed proteins and pass the KEGG 
mapper (v2.5, http://www.kegg.jp/kegg/mapper. html), which was 
matched to the corresponding path in the database. The heatmap.2 
function in the R package ‘gplots’ was used to visualize cluster mem
bership (v.2.0.3, https://cran.r-project.org/web/packages/cluster/). 
Fisher’s exact test was used to identify proteins with abundant differ
ences, and P < 0.05 was considered statistically significant. 

2.9. Cell culture 

HSKMCs were purchased from Huatuo Biotech, cultured in complete 
medium containing 84% Dulbecco’s modified Eagle high glucose me
dium (Boster, Wuhan, China), 15% fetal bovine serum (CellMax, Beijing 
China), and 1% penicillin/streptomycin (Solarbio, Beijing, China), and 
then cultured in a cell incubator at 37 ◦C with 5% CO2. When the cell 
fusion rate reached 70%, the medium was replaced with 2% horse serum 
(Gibco, Waltham, MA, USA) complete medium to induce differentiation. 
The medium was changed every other day, and differentiation was 
completed within approximately 6–7 days. In the group that required 
additional insulin, the serum-free medium was changed 24 h before 
adding insulin, after which, 100 nM insulin was added for 30 min. 

2.10. Knockdown of OPLAH in HSKMCs 

On the third day of cell differentiation, the cells were transfected 
with siRNA-OPLAH and control siRNA (Hanbio, Shanghai, China; 
negative control group, NC) using the transfection reagent RNAFit 
(Hanbio), and the medium was replaced with 2% horse serum medium 
12 h after transfection to continue differentiation. Next, mRNA was 
extracted 48 h after transfection, and protein was extracted 72 h after 
transfection. The silencing effects of three OPLAH siRNAs were 
compared. The sequences of siRNAs used to specifically target OPLAH 
(Hanbio) are shown in Table 1. 

2.11. qRT-PCR 

TRIzol (Takara, Shiga, Japan) was used to extract total mRNA from 
the skeletal muscle tissue and cells, and the concentration was deter
mined. The total RNA was then reverse transcribed into cDNA using the 
PrimeScript™ RT Master Mix kit (Takara, Japan). TB Green®PreMix Ex 
Taq™II (Takara) was used for quantification using the StepOnePlus 
Real-Time PCR detection system (Applied Biosystems, Waltham, MA 
USA), and β-actin was used as an internal reference gene. The relative 

Table 1 
Sequences of siRNA, specifically OPLAH and control siRNA, used in this study.  

Oligo name Sequences (5′-3′) 

OPLAH-siRNA1 Sense: GGCACGUGCGGGUCUUAAATT 
Antisense: UUUAAGACCCGCACGUGCCTT 

OPLAH-siRNA2 Sense: GGUGCUGGAGGUGGACGAATT 
Antisense: UUCGUCCACCUCCAGCACCTT 

OPLAH-siRNA3 Sense: GAUGUGCAGGUGUUGUUCATT 
Antisense: UGAACAACACCUGCACAUCTT 

Control siRNA (NC) Sense: UUCUCCGAACGUGUCACGUTT 
Antisense: ACGUGACACGUUCGGAGAATT  

Z. Shi et al.                                                                                                                                                                                                                                       

http://www.maxquant.org/
https://www.uniprot.org
http://www.ebi.ac.uk/GOA/
http://www.ebi.ac.uk/interpro/
http://www.ebi.ac.uk/interpro/
http://www.genscript.com/psort/wolf_psort.html
http://www.genome.jp/kaas-bin/kaas_main
http://www.kegg.jp/kegg/mapper.%20html
https://cran.r-project.org/web/packages/cluster/


Free Radical Biology and Medicine 193 (2022) 23–33

26

expression of each gene was calculated using the 2− ΔΔCt method. The 
primer sequences used (Takara) are listed in Table 2. 

2.12. Determination of ROS content 

An appropriate amount of skeletal muscle tissue was weighed, 
immersed in normal saline (μL) with a tissue mass (mg) of seven times, 
and centrifuged at 3000×g for 10 min after ultrasonication. The super
natant was collected to measure the ROS content according to the in
structions of the ELISA kit (Jiangsu Meimian Industrial, China). Then, 
10 μM of dichloro-dihydro-fluorescein diacetate (DCFH-DA) probe 
(Nanjing JianCheng, Nanjing, China) was added to each group of cells, 
and at the same time, 100 μM H2O2 was added to the groups that 
required the addition of H2O2, after which the cells were incubated at 
37 ◦C for 1 h and then washed three times with 0.01 M PBS. The cells 
were observed under a fluorescence microscope. The mean fluorescence 
intensity values were determined using ImageJ software. 

2.13. Determination of glutathione (GSH) content in HSKMCs 

After the cells were collected, 0.3 mL of PBS was added to the culture 
for ultrasonic lysis, and the GSH content was determined according to 
the instructions provided in the GSH kit (Nanjing Jiancheng). 

2.14. 2-[N-(7-nitrobenz-2-oxa-1,3-diaxol-4-yl) amino]-2-deoxyglucose 
(2-NBDG) uptake in HSKMCs 

First, 100 μM of 2-NBDG (Amgicam, Shanghai, China) was added to 
the cells in each group, and then, the cells were incubated at 37 ◦C for 1 
h, washed with PBS three times, and finally observed under a fluores
cence microscope. The mean fluorescence intensity values were 
analyzed using the ImageJ software. 

2.15. Western blotting 

After the extraction of skeletal muscle and cellular proteins, they 
were separated using 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, transferred to a nitrocellulose membrane, blocked with 
5% skimmed milk powder, and incubated at 4 ◦C overnight with primary 
antibodies (SIRT5 [1:1000 dilution; ABclonal, Wuhan, China], 
ALDH1L1 [1:1000 dilution; ABclonal, Wuhan China], EPHX1 [1:1000 
dilution; ABclonal, Wuhan China], GST [1:1000 dilution; ABclonal, 
Wuhan China], OPLAH [1:1000 dilution; ABclonal, Wuhan, China], p- 
PI3Kp85α [1:1000 dilution; ABways, Shanghai, China], PI3Kp85α 

[1:1000 dilution; ABclonal], p-Akt2 [1:1000 dilution; ABclonal], Akt2 
[1:1000 dilution; ABclonal], GLUT4 [1:1000 dilution; ABclonal], and 
β-actin [1:1000 dilution; Bioworld, Beijing, China]). Horseradish 
peroxidase-labeled goat anti-rabbit or anti-mouse IgG secondary anti
bodies (1:10000 dilution; Boster, Wuhan, China) were added, after 
which, the cells were incubated for 1 h at 25 ◦C. The ECL Plus hyper
sensitivity reaction luminescence solution (Boster, China) was used for 
imaging under a chemiluminescence gel system (G: Box Chemi XX9, 
Syngene UK), and ImageJ software was used to analyze protein bands. 

2.16. Statistical rationale 

SPSS software (version 23.0; IBM, USA) was used for statistical 
analysis. Compared with that of genomics and transcriptomics, the 
quantitative depth of proteomics is relatively low. Relatively few dif
ferential proteins can be obtained by quantitative analysis. In the FDR 
method, to reduce missing too many positive results, a nominal t-test p- 
value strategy was used [18]. All values are reported as the mean ±
standard error of the mean (mean ± SEM). The Student’s t-test was used 
for comparisons of two groups, and one-way analysis of variance was 
used for comparisons of more than two groups. Statistical significance 
was defined as p < 0.05. 

3. Results 

3.1. HE staining of Chinese hamster skeletal muscle 

The experimental results of the Chinese hamster FBG and OGTT used 
in the experiment were published in a previous study [14]. In the control 
group, the skeletal muscle structure of Chinese hamsters was normal, 
and the nuclei of the muscle fibers were arranged neatly. In the diabetic 
group, many muscle fiber nuclei shifted inward and cell spacing 
increased, indicating that significant pathological changes had occurred 
in the skeletal muscle tissue (Fig. 1). 

3.2. Quantification of skeletal muscle tissue proteins in diabetic hamsters 

We obtained 251,895 secondary spectra using mass spectrometry 
and compared them with those in the database. The number of available 
effective spectra was 44,202. Among the 15,076 peptides identified, the 
unique peptide count was 14,358. Of the 2482 proteins identified, 2060 
were quantified (Fig. 2A, Table S1). The results of three statistical 
analysis methods, including principal component analysis, relative 
standard deviation, and Pearson’s correlation coefficients showed good 
biological repeatability (Fig. S1). In total, 38 differential abundant 
proteins were identified between the diabetic and control groups (P <
0.05, FC > 1.2 and FC < 0.833), of which 14 were upregulated and 24 
were downregulated (Fig. 2B, Table S2). The 38 differentially expressed 
proteins in the UniProt database and the differential expression between 
the two groups were clustered using a heat map (Fig. 2C). 

3.3. Bioinformatics analysis results 

GO functional annotations explained the functions of differentially 
expressed proteins based on three categories (BP, CC, and MF; Fig. 3A). 
The BP category was annotated into seven sub-categories, which were 
mainly involved in metabolic, cellular, and single-organism processes; 
the CC category was annotated into four sub-categories, mainly in cells 
and the components of organelles; and the MF category was annotated 
into eight subcategories, which mainly had catalytic and binding func
tions. Analysis of the subcellular structure showed that most of the 
differentially expressed proteins were expressed in the cytoplasm and 
nucleus, accounting for 31.58% and 21.05% of the 38 proteins, 
respectively, and 15.79% of the differentially expressed proteins were 
expressed in both the cytoplasm and nucleus (Fig. 3B). 

The functional types of differentially abundant proteins were 

Table 2 
List of primers used in this study.  

Species Gene Primer sequences (5′-3′) Size 
(bp) 

Cricetulus (Chinese 
hamster) 

SIRT5 F: CGATTCATTCCCCAGTTGTGT 21 
R: 
CTTGCCATTTTCTCCAATAACCTC 

24 

ALDH1L1 F: ATGGAACAGCACCAGGAAGAG 21 
R: AGCCAGCAAAGTAGCGGAAA 20 

EPHX1 F: 
CTGGAAGACCTGCTGACTAACATC 

24 

R: GCACAAAGACCTTCATCCCTTC 22 
GST F: GGGAGACGGAAGAGGAGAGAA 21 

R: AAGCGATGAAATCCACAAAGCT 22 
OPLAH F: ACTTTGGAGCAGCCTTTGTTG 21 

R: TCTACGAGGATGGTGCTGTTGT 22 
β-actin F: AGCCATGTACGTAGCCATCC 20 

R: ACCCTCATAGATGGGCACAG 20 
Human OPLAH F: GAGCTGCTCTTTCGTGAGG 19 

R: GCGGATCAGCAGGTTTAGG 19 
β-actin F: CGGGAAATCGTGCGTGACAT 20 

R: AAGGAAGGCTGGAAGAGTGC 20 

F = Forward; R = Reverse. 
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determined using GO and KEGG pathway analysis. The bubble chart 
shows the top 20 GO functional classifications and KEGG pathways that 
were significantly enriched (P ≤ 0.05). The BP enrichment results 
showed that the differentially expressed proteins were mainly related to 
inorganic ion transmembrane transport (Fig. 3C), whereas the MF 
enrichment results showed that differentially expressed proteins were 
mainly related to channel activity and metal ion binding (Fig. 3D). KEGG 
enrichment analysis showed that the differentially abundant proteins 
were enriched in six pathways, including ABC transporters, urine 
metabolism, metabolism of xenobiotics by cytochrome P450, chemical 
carcinogenesis, glutathione metabolism, and metabolic pathways 
(Fig. 3E). 

3.4. Validation of candidate differentially abundant proteins and 
determination of ROS content in skeletal muscle tissue 

Through KEGG pathway enrichment analysis and a further explora
tion of the functions of the differentially abundant proteins, five 
differentially abundant proteins were found to be closely related to 
oxidative stress. Among them, OPLAH and GST were enriched in the 
glutathione metabolic pathway and EPHXI and GST were enriched in the 
metabolism of xenobiotics by cytochrome P450 pathways. These path
ways are associated with oxidative stress. Although SIRT5 and ALDH1L1 
were not enriched in the pathway, they are also closely related to 
oxidative stress. Compared with those in the control-group Chinese 
hamsters, the mRNA and protein levels of SIRT5, ALDH1L1, EPHX1, 
GST, and OPLAH were decreased in the diabetes group, which was 
consistent with the proteomic results (Fig. 4A–F). A comparison of these 
five differentially abundant proteins between the control group and the 
diabetic group is shown in Table 3. Then, we detected the content of ROS 
in the skeletal muscle tissue of Chinese hamsters, and the results showed 
that this was significantly higher in the diabetic group than in the 
control group (Fig. 4G). Therefore, these five differentially abundant 
proteins related to oxidative stress might have a certain role. The 
downregulation of OPLAH has been shown to affect GSH synthesis in 
myocardial tissue, causing myocardial failure by increasing the level of 
oxidative stress [17], and oxidative stress can cause IR, which is one of 
the key factors in the pathogenesis of T2DM [19]. Therefore, we next 
explored whether the downregulation of OPLAH has an effect on 
oxidative stress and a role in IR and glucose uptake disorders. 

3.5. Knockdown of OPLAH increases oxidative stress levels in HSKMCs 

OPLAH plays an important role in the synthesis of GSH, which is an 
important antioxidant [20]; further, ROS is an important pro-oxidant 
[21], and thus, after knocking down OPLAH, we determined the level 
of oxidative stress by detecting the content of GSH and ROS in HSKMCs. 

First, we silenced OPLAH with siRNA in HSKMCs and detected the 
knockdown effect by western blotting and PCR. The results showed that 
OPLAH-siRNA#1 and #2 significantly reduced OPLAH expression, and 
no effect on the expression of OPLAH was observed in the NC group 
(Fig. 5A). In the following experiments, we used OPLAH-siRNA#1 and 
OPLAH-siRNA#2 to knock down OPLAH. Next, we used the kit and 
DCFH-DA probe to detect the changes in GSH and ROS contents after the 
knockdown of OPLAH. DCFH-DA is oxidized to 2′-7′ dichlorofluorescein, 
and the content of ROS can be determined by detecting its fluorescence 
intensity [22]. The results showed that the knockdown of OPLAH could 
significantly reduce the intracellular GSH content and increase the 
intracellular ROS content, especially in H2O2 culture conditions (Fig. 5B 
and C). These results suggest that the downregulation of OPLAH in
creases the level of intracellular oxidative stress. 

3.6. Knockdown of OPLAH plays a role in IR and impaired glucose 
uptake in HSKMCs 

The PI3K/Akt signaling pathway is the main insulin signaling 
pathway [23]. To determine whether low expression of OPLAH could 
affect IR, we detected the expression of key proteins in the PI3K/Akt 
pathway using western blotting. The knockdown of OPLAH reduced the 
phosphorylation levels of PI3K and Akt, which was not reversed even 
when this pathway was activated with insulin (Fig. 5D). Skeletal muscle 
is the largest organ associated with glucose uptake and mainly relies on 
GLUT4 for glucose transport, which is the main downstream molecule of 
the PI3K/Akt signaling pathway [24]. Glucose uptake was determined 
based on the expression of GLUT4 and the fluorescence intensity of 
2-NBDG in the cells. 2-NBDG, fluorescently labeled as 2-deoxyglucose, is 
an optical probe used to detect cellular glucose uptake [25]. The results 
showed that the knockdown of OPLAH reduced GLUT4 expression and 
2-NBDG uptake, regardless of insulin stimulation (P < 0.05; Fig. 5D and 
E). This suggests that the knockdown of OPLAH can inhibit the PI3K/Akt 
signaling pathway affecting IR, further reducing glucose uptake, and is 
not affected by insulin. 

4. Discussion 

Skeletal muscle is composed of many parallel skeletal muscle fibers 
and surrounding connective tissues, accounting for a collective 40–50% 
of the total body mass [26]. Symptoms of muscle atrophy and loss of 
muscle mass are common in patients with T2DM [27,28]. We found that 
the skeletal muscle tissue of diabetic Chinese hamsters had pathological 
changes, myocyte nuclei became enlarged and moved inward, and 
muscle fibers began to atrophy. In the early stage, it was also found that 
the muscle proportion in diabetic Chinese hamsters was higher than that 
in the control group [13]. This study aimed to discover the 

Fig. 1. HE staining of the Chinese hamster skeletal muscle tissue (scale bar, 100 μm). A: Control group (n = 4); B: Diabetic group (n = 4).  
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characteristics of skeletal muscle tissue lesions in Chinese hamsters 
through proteomic analysis and provide a new strategy for the study of 
the pathogenesis of T2DM. 

T2DM is a complex disease controlled by multiple genes, and with 
the extensive application of genome-wide association studies, re
searchers have discovered more than 300 T2DM susceptibility loci [29]. 
However, the pathogenesis of T2DM remains unclear. Therefore, 

continuing to search for potential target genes is still an effective 
strategy to explore the pathogenesis of T2DM. In this study, a 
TMT-labeled proteomics analysis was conducted using the skeletal 
muscle tissue of Chinese hamsters to identify potential targets for T2DM. 
In the assessment of sample labeling efficiency, we chose MS2 mode, 
which is more affected by co-elution and the misrecognition rate than 
MS3 [30]. To reduce this effect, we implemented some alternative 

Fig. 2. Quantitative proteomics results and a heatmap of differentially expressed proteins. (A) Results of basic statistical analysis of mass spectrometry data. (B) 
Differentially expressed protein quantitative volcano plot. The horizontal axis is the value of the relative quantification of protein after Log2 transformation, and the 
vertical axis is the value after -Log10 transformation of the p-values of the significant difference test. The red and blue dots in the figure represent significantly 
differentially expressed up- and down-regulated proteins, respectively. (C) Heatmap of differentially expressed proteins. According to the enrichment test (Fisher’s 
exact test) p-value obtained from the enrichment analysis, the hierarchical clustering method is used to cluster related functions in different groups together to form 
the tree structure of the heatmap.The horizontal axis represents the enrichment results of the tested samples. The vertical axis represents the number of data points in 
the UniProt database corresponding to the differentially expressed protein. Red and blue blocks represent up- and down-regulated proteins, respectively, and the 
color intensity represents the degree of difference, with more saturated colors indicating a greater degree of difference. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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measures in the experimental scheme, using PIF = 0.75 for filtering 
during quantification, which can produce a secondary spectrum from 
the majority of precursor ions in the quantitative results and ensure that 
the protein is in the identification throughput. At the same time, 
co-fragmentation is reduced, and we also have graded the sample and 
divided the sample into 60 components by HPLC, such that the number 
of peptides in each component is relatively small, which can greatly 
reduce the impact of co-fragmentation. 

Among the six KEGG pathways in which differentially expressed 
proteins were enriched, glutathione metabolism and metabolism of xe
nobiotics by cytochrome P450 pathways were all related to oxidative 
stress. GSH is an antioxidant found in various organelles and is the most 
common metabolite [20]. Two differentially abundant proteins, OPLAH 
and glutathione S-transferase (GST), were enriched in the glutathione 

metabolic pathway. OPLAH encodes 5-hydroxyprolinase, which con
verts 5-hydroxyproline, a degradation product of GSH, into glutamate 
and participates in the synthesis of GSH [31]. An increase in the 5-hy
droxyproline content in the body promotes ROS production and thus 
oxidative stress [31]. Van der Poel et al. demonstrated that the knockout 
of OPLAH leads to increased levels of 5-hydroxyproline, affecting GSH 
synthesis, which in turn leads to increased levels of ROS, resulting in 
heart failure, and is considered a novel cardioprotective gene [17]. GST 
is a phase II detoxification enzyme [32]. The detection of GST levels is 
the basis for the clinical diagnosis of ROS-related diseases [32]. Cyto
chrome P450 (P450 or CYP) comprises a superfamily of enzymes that 
oxidize a variety of xenobiotics into chemically reactive metabolites or 
intermediates, as well as stable metabolites [33]. Two differentially 
abundant proteins, GST and EPHX1, were enriched in the metabolism of 

Fig. 3. Gene ontology (GO) secondary functional classification and subcellular structure localization map of differentially expressed proteins (A–B) and bubble plot 
for functional enrichment analysis of differentially expressed proteins (D-E). (A) Differentially expressed proteins were classified by GO function according to 
biological processes (BPs), cellular components (CCs), and molecular functions (MFs). (B) Subcellular localization map of differentially expressed proteins. Bubble 
charts of functional enrichment of differentially expressed proteins in the (C) BP and (D) MF categories. (E) Bubble plot of differentially expressed proteins enriched 
in the KEGG pathway. The vertical axis in the bubble chart represents the functional classification or pathway, and the horizontal axis represents the Log2- 
transformed value of the fold change of the proportion of differential proteins in a particular functional type compared to that of the proportion of identified 
proteins. The color of the circle indicates the significant p-value of enrichment, and the size of the circle indicates the number of differential proteins in the functional 
class or pathway. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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xenobiotics by cytochrome P450 pathways. EPHX1, also known as mEH, 
is an epoxide hydrolase that plays a role in xenobiotic metabolism and 
signal transduction, detoxifies genotoxic compounds, and is involved in 
the removal of ROS [34,35]. Among the differentially expressed proteins 
that were not co-enriched in the KEGG pathway, SIRT5 is a regulator of 
lysine succinylation, malonylation, and glutarylation in mitochondria, 
which can affect various mitochondrial metabolic pathways. Studies 
have shown that SIRT5 enhances cellular antioxidant defense by 

promoting IDH2 desuccinylation and G6PD delipidation [36]. 
ALDH1L1, also known as 10-formyltetrahydrofolate dehydrogenase 
(FDH), is responsible for the conversion of 10-formyltetrahydrofolate to 
tetrahydrofolate and CO2, and FDH has been shown to enhance cellular 
antioxidant capacity in zebrafish embryonic cells [37]. The expressions 
levels of OPLAH, GST, EPHX1, SIRT5, and ALDH1L1 were all down
regulated in diabetic Chinese hamsters, and the ROS content in skeletal 
muscle tissue of the diabetic group was increased, as shown by ELISA. 

Fig. 4. Validation of candidate differential abundant proteins and determination of reactive oxygen species (ROS) content in Chinese hamsters. (A–E) Candidate 
differential abundant proteins and β-actin protein levels. (F) Candidate differential abundant proteins and β-actin mRNA levels (n = 3). (G) ROS content (n = 6). All 
data are presented as mean ± SEM. Statistical significance is denoted as *p < 0.05, **p < 0.01. 

Table 3 
Candidate differentially abundant protein information.  

NO. Protein 
accessiona 

Protein description Fold 
changeb 

p-value KEGG pathwayc 

1 G3H0G1 NAD-dependent protein deacylase sirtuin-5, 
SIRT5 

0.274 0.0000153126  

2 G3GS02 10-formyltetrahydrofolate dehydrogenase, 
ALDH1L 

0.803 0.0130197 cge00670 

3 G3I0X5 Epoxide hydrolase 1, EPHX1 0.629 0.037456 cge00980,cge0496, cge05204 
4 G3ILF3 Glutathione S-transferase,GST 0.821 0.00144284 cge00480,cge0090, cge00982,cge0110, cge05200,cge0524, 

cge05225,cge0548 
5 G3HWI7 5-oxoprolinase, OPLAH 0.741 0.00075591 cge00480, cge0110 

cge00670: One carbon pool by folate; cge00980: Metabolism of xenobiotics by cytochrome P450; cge04976: Bile secretion; cge05204: Chemical carcinogenesis; 
cge00480: Glutathione metabolism; cge00982: Drug metabolism; cge01100: Metabolic pathways; cge05200: Pathways in cancer; cge05204: Chemical carcinogenesis; 
cge05225: Hepatocellular carcinoma; cge05418: Fluid shear stress and atherosclerosis. 

a Number of the protein in the Uniprot database. 
b The change ratio of protein abundance in diabetic group compared with control group. 
c Description of the pathway of the protein in the KEGG database. 
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Therefore, these five candidate differentially expressed proteins might 
be related to diabetes in Chinese hamster skeletal muscle tissue associ
ated with increased ROS. 

Oxidative stress is one of the important factors that cause many 
diseases and is related to the pathogenesis of T2DM, IR, and insufficient 
insulin secretion, which can be a consequence of this [19]. ROS is one of 
the main enhancers of oxidative stress, and the increase in ROS can lead 
to a pro-oxidative state in the body, causing damage to the body and IR 
and affecting glucose uptake by affecting insulin signaling in skeletal 
muscle cells [38]. Oxidative stress can interfere with insulin signaling by 
inhibiting the activation of downstream phosphatidylinositol 3-kinase 
(PI3K) and Akt (protein kinase B), ultimately hindering the trans
membrane transport of glucose transporter 4 (GLUT4), which can 
negatively affect glucose uptake [39]. Therefore, molecules that cause 
oxidative stress could play a role in IR and glucose uptake and are po
tential biomarkers for the treatment of T2DM. Among the five differ
entially expressed proteins identified as having a relationship with 
oxidative stress, it is known that the knockdown of OPLAH increases the 
5-oxyproline content and decreases the GSH content, causes oxidative 
stress and leading to cardiac damage. In addition, a previous clinical 
study reported increased 5-hydroxyproline excretion and decreased 
plasma GSH levels in T2DM patients [40]. Similarly, Murakami et al. 
also reported lower GSH levels in T2DM patients [41]. Therefore, we 
further investigated whether OPLAH knockdown had effects on IR and 
glucose uptake at the cellular level. 

PI3K/Akt is an important molecular signaling pathway through 
which insulin exerts its physiological functions and regulates blood 
sugar levels, and the decreased activity of any one of the key proteins of 
this pathway can lead to IR [23]. Whereas both Akt1 and Akt2 are 
expressed in skeletal muscle, Akt2 was found to be more important for 
insulin-stimulated glucose uptake [42]. GLUT4 is a major target down
stream of Akt and is the main protein for glucose transport in skeletal 
muscle cells [24]. Akt activation promotes glucose transport by trans
locating the glucose transporter GLUT4 packaged in GLUT4 storage 
vesicles to the cell membrane [43]. We silenced OPLAH in HSKMCs and 
showed that GSH content was reduced, ROS content was increased, the 
PI3K/Akt pathway was inhibited, and glucose uptake was suppressed. 
Thus, OPLAH downregulation plays a role in impaired IR and glucose 
uptake, which might be due to oxidative stress, but the exact mechanism 
needs to be further identified. 

In conclusion, based on TMT proteomics, we screened 38 differen
tially expressed proteins in the skeletal muscle tissue of a Chinese 
hamster model and validated five of them that are related to oxidative 
stress. For the first time, we investigated the relationship between 
OPLAH and T2DM and found that the downregulation of OPLAH plays a 
role in IR and impaired glucose uptake. Therefore, we believe that 
OPLAH might be a promising therapeutic target for the diagnosis and 
treatment of T2DM. 
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