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LC-MS/MS based metabolomics reveals the 2
mechanism of skeletal muscle regeneration
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Abstract

Background Skeletal muscle possesses a robust regenerative capacity and can effectively repair itself following
injury. However, research on the metabolic changes during skeletal muscle regeneration in large animals remains
relatively limited. Therefore, in this study, we used pigs as a model and applied non-targeted LC-MS/MS metabolomic
technology to reveal the metabolic changes during skeletal muscle regeneration, and conducted an in-depth
exploration of important signaling pathways, which can provide a reference for further research on the mechanisms
promoting skeletal muscle regeneration.

Methods In this study, we used 18 piglets aged 35 days and weighing 7.10+0.90 kg to construct a skeletal muscle
regeneration model. These piglets were randomly divided into three treatment groups (n=6) and injected with
cardiotoxins (CTX) in the right longissimus dorsi muscle. They were euthanized on the 1st, 4th, and 16th days post-
injection to collect right longissimus dorsi muscle samples as the treatment group. Additionally, the left longissimus
dorsi muscle of piglets on the 4th day post-injection was selected as the control group. Phenotypic changes in
skeletal muscle regeneration were determined through H&E staining, immunofluorescence, and Western Blot analysis,
and LC-MS/MS untargeted metabolomics technology was utilized to explore the differential expressed metabolites
(DEMs) involved in skeletal muscle regeneration.

Results Phenotyping results showed that the regeneration model showed 3 stages of inflammation, regeneration
and remodeling, which indicated successful model construction. Non-targeted LC-MS/MS metabolomics analysis
showed significant differences in the structure of metabolites in these 3 stages. (1) In the inflammatory stage, a total
of 198 DEMs were identified, which were mainly enriched in the pathways regulating the inflammatory response.

(2) in the repair stage, 264 DEMs were identified, which were mainly enriched in pathways that inhibit inflammatory
response and promote protein synthesis. (3) During the remodeling stage, 102 DEMs were identified, which were
mainly enriched in the pathways that inhibit protein depletion and promote protein deposition. Temporal expression
analysis revealed metabolites consistent with changes in the skeletal muscle regeneration process and found that
these metabolite functions were mainly enriched in inhibiting inflammatory responses, alleviating myofibrillar lysis,
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muscle damage.

and promoting muscle growth. Among them, (R)-Lipoic acid, 8-Hydroxyguanosine, and Uridine 5-monophosphate
maybe key metabolites associated with skeletal muscle regeneration.

Conclusion The skeletal muscle regeneration mechanism was systematically explored, and the metabolite time
series analysis during skeletal muscle regeneration revealed some key metabolites that reflect the degree of skeletal

Keywords Skeletal muscle regeneration, LC-MS/MS, Metabolomics

Background
The muscles that are located in the trunk and limbs,
attached to bones, are known as skeletal muscles, con-
stituting approximately 40% of the adult human body.
Mechanical or pathological injuries to skeletal muscles
are common in human activities and animal husbandry.
Such injuries may lead to muscle fiber necrosis and
changes in muscle mass, resulting in impaired muscle
function [1]. Skeletal muscle has a robust regenera-
tive capacity after injury, which is coordinated by a net-
work of interactions among various cell types [2, 3]. In
the event of skeletal muscle injury, muscle regeneration
occurs in three overlapping stages: inflammation, repair,
and remodeling. During the inflammatory stage, dam-
aged cells release signaling molecules that activate the
clotting and complement cascades, leading to neutrophil
infiltration, macrophage activation, and satellite cell acti-
vation [4]. During the repair stage, macrophages remove
necrotic tissue debris, MuSCs are activated and give rise
to myoblasts, which further proliferate, differentiate,
and fuse to form multinucleated myotubes [1, 5]. Dur-
ing the remodeling stage, damaged muscle fibers fuse
with myogenic cells to repair the fibers or generate new
muscle fibers to replace the necrotic fibers, thus restor-
ing the structure and function of the skeletal muscle [6].
The proliferation and differentiation of MuSCs is called
muscle regeneration, which is not only important for
the growth and development of skeletal muscle, but also
plays a crucial role in skeletal muscle regeneration.
Although many studies have attempted to reveal the
complex process of muscle regeneration, the precise
mechanisms of skeletal muscle regeneration are still not
clear. In addition to serving as a locomotor organ, skel-
etal muscle also acts as an endocrine organ, capable of
secreting a variety of factors to regulate muscle repair
and regeneration functions under different conditions.
Research by Chi et al. has shown that macrophages pro-
mote the formation of liquid-liquid phase separation
condensates of fibroblast growth factor (FGF) on the
cell membrane surface by releasing 11,12-epoxyeicosa-
trienoic acid (11,12-EET), significantly increasing the
binding efficiency of FGF to its receptor FGFR, thereby
further activating the downstream PI3K-Akt-mTOR and
MAPK signaling pathways, and promoting the prolifera-
tion and differentiation of MuSCs [7]. In addition, Psatl

regulates the biosynthetic pathway of serine by producing
a-ketoglutarate (a-KG) and glutamine in MuSCs, which
affects the proliferation and differentiation of MuSCs
and myogenic progenitor cells, and plays an important
regulatory role in the regeneration of mouse skeletal
muscle [8]. Another study found that the chemokine
CXCL7 released by platelets plays a key role in muscle
regeneration by guiding the recruitment of neutrophils
and regulating inflammatory responses [9]. These find-
ings highlight the importance of metabolic changes in
skeletal muscle regeneration and reveal a close connec-
tion between metabolic changes and muscle repair and
regeneration.

Therefore, delving deeply into the metabolic changes
during skeletal muscle regeneration is crucial for elu-
cidating its molecular mechanisms. Metabolomics can
effectively capture subtle alterations in the body’s bio-
logical processes, bridging the gap between genetics and
phenotype, and fully reflecting the complex interplay of
genetic and environmental factors [10]. However, there
is limited research on metabolomics studies of skeletal
muscle regeneration. Studies have shown that pigs and
humans share high similarities in anatomical size and
structure, physiology, immunology, and genomics, mak-
ing pigs an important biomedical model for studying
human diseases [11, 12]. Cardiotoxin (CTX) is a com-
monly used drug to induce skeletal muscle necrosis,
trigger acute inflammatory responses in skeletal muscle,
and stimulate the repair and remodeling of skeletal mus-
cle [13]. In the current construction of skeletal muscle
regeneration models, there is no unified standard for the
selection of time points. In Song et al’s study, CTX was
injected into the tibialis anterior muscle of mice, and the
post-injection time points of Day 3, Day 7, and Day 14
were chosen as the 3 stages of skeletal muscle regenera-
tion [1]. In Ma et al’s study, bupivacaine hydrochloride
was injected into the longissimus dorsi muscle of pigs,
with time points of 0 h, 2 h, Day 1, Day 3, Day 5, and Day
7 chosen to study the stages of skeletal muscle regenera-
tion [14]. Here, we chose pigs as the model and injected
CTX to induce muscle injuries, triggering skeletal mus-
cle inflammation and promoting skeletal muscle regen-
eration [15]. Referring to the time point selection in the
above-mentioned skeletal muscle regeneration models,
we chose Day 1, Day 4, and Day 16 after CTX injection
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in pigs as the inflammatory response stage, repair stage,
and remodeling stage of skeletal muscle regenera-
tion, respectively. Through metabolomics analysis, we
investigated the changes in metabolites during skeletal
muscle regeneration and systematically explored the
mechanisms involved in the process. Our research find-
ings provide new insights into the relationship between
skeletal muscle metabolic changes and the process of
skeletal muscle regeneration, revealing key metabolites
with practical value in promoting skeletal muscle regen-
eration and maintaining normal development.

Methods

Animal samples

All animal experiments in this study were approved by
the Institutional Animal Care and Use Committee of
Hunan Agricultural University, Changsha, Hunan Prov-
ince, China, with approval number CACAHU 20230701.
In this study, eighteen piglets aged 35 days with a weight
of 7.10+0.90 kg were randomly divided into 3 treatment
groups, with n=6 in each group, consisting of 3 males
and 3 females. The right longissimus dorsi muscle was
injected with 1 mL of 40 pM CTX (9012-91-3, BOYAO,
Shanghai, China) to establish a skeletal muscle injury
repair model. The left longissimus dorsi muscle (non-
injected side) of the piglets euthanized on the 4th day was
chosen as the control group. The pigs were euthanized
on the 1st, 4th, and 16th days after injection. Samples of
the longissimus dorsi muscle were taken from the injec-
tion site and the non-injected side, immediately frozen
in liquid nitrogen, and stored at -80 °C for subsequent
experiments.

Paraffin sectioning and Hematoxylin-Eosin staining (H&E)
Fresh muscle tissues were fixed in 4% paraformaldehyde
for 24 h, then dehydrated with ethanol and xylene. After
paraffin embedding, sections were cut to a thickness of
5 um. The sections were sequentially placed in Xylene I
for 20 min, Xylene II for 20 min, anhydrous ethanol I for
5 min, anhydrous ethanol II for 5 min, and 75% alcohol
for 5 min, then washed with water. The sections were
stained with hematoxylin for 3-5 min, differentiated, and
blued. Stained with eosin for 5 min, and finally sealed
with neutral gum. The cross-sectional area (CSA) of the
myofibers was quantitatively assessed using the Image-
Pro Plus 6.0 software (Media Cybemetics). This analysis
involved 3 fields from each view and 6 different views for
each sample.

Immunofluorescence

After fixing the fresh muscle tissue, the tissue is sequen-
tially treated with xylene I, xylene II, anhydrous ethanol I,
anhydrous ethanol II, 85% alcohol, and 75% alcohol, and
finally washed with distilled water to dewax the paraffin
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sections to water. Then, using EDTA antigen retrieval
buffer, the sections are treated in a microwave for anti-
gen retrieval. The tissue is circled using an immunobhis-
tochemical pen and blocked with 3% hydrogen peroxide,
then blocked with serum and added with primary anti-
body MYH3 (AF300260, AiFang biological, China), and
incubated overnight at 4 °C. Add HRP-labeled second-
ary antibody (AFIHCO003, AiFang biological, China), then
add CY3-TSA, counterstain cell nuclei with DAPI, add
autofluorescence quencher, seal with anti-fluorescence
quenching sealer, and finally examine and take photos
under a fluorescence microscope.

Western blot

The total protein was extracted using a RIPA-lysed buf-
fer with protease inhibitors and protein phosphatase
inhibitors (Abiowell, Changsha, China). Protein concen-
tration was determined by the BCA method. 10 pg of
protein was separated by SDS-PAGE gel electrophoresis.
Subsequently, the separated proteins were transferred
to a polyvinylidene fluoride (PVDF) membrane. Then,
it was blocked with 5% skim milk for 2 h, and incubated
with primary antibody for PCNA (ET1605-38, HUA-
BIO, Suzhou, China) or PAX7 (ET1612-60, HUABIO,
Suzhou, China) at 4°C for 12 h. After washing the PVDF
membrane, it was incubated with a secondary antibody
(BF03008X, Biodragon, China) for 2 h. Finally, protein
bands were visualized using chemiluminescent reagents
and quantified using Image].

Sample preparation for metabolomics analysis

A 100 mg muscle tissue sample was placed into a 2 mL
centrifuge tube with a 6 mm diameter grinding bead. The
metabolites were extracted using 400 pL of a methanol:
water (4:1, v/v) extraction solution containing 0.02 mg/
mL internal standard (L-2-chlorophenylalanine). The
sample solution was ground in a frozen tissue grinder
(-10°C, 50 Hz, 6 min), followed by low-temperature ultra-
sonic extraction for 30 min (5°C, 40 kHz). Subsequently,
the samples were allowed to stand at -20°C for 30 min,
followed by centrifugation (4°C, 13000 rpm, 15 min). The
supernatant was then transferred to a new vial for subse-
quent LC-MS/MS analysis. To ensure consistency, equal
amounts of all samples were combined to create quality
control (QC) samples. Throughout the analysis, one QC
sample was included after every eight muscle tissue sam-
ples and subjected to the same treatment as the analysis
samples to verify the reproducibility of the entire analyti-
cal process.

LC-MS/MS analysis

The LC-MS/MS analysis of the samples was per-
formed at Majorbio Bio-Pharm Technology Co. Ltd. in
Shanghai, China, using the UHPLC-Q Exactive system
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equipped with an HSS T3 chromatographic column
(100 mmx2.1 mm i.d., 1.8 um). Following separation on
the HSS T3 column, 2 pL of the sample entered the mass
spectrometry detector. The mobile phase consisted of
95% water + 5% acetonitrile (containing 0.1% formic acid)
as mobile phase A and 47.5% acetonitrile +47.5% isopro-
panol + 5% water (containing 0.1% formic acid) as mobile
phase B. The flow rate was set at 0.40 mL/min, and the
column temperature was maintained at 40°C. Mass spec-
trometric signals of the samples were acquired in both
positive and negative ionization modes, with a mass
scanning range of m/z 70-1050. The ion spray voltage
was 3500 V for positive ions and 2800 V for negative ions,
sheath gas flow rate was 40 psi, auxiliary gas flow rate was
10 psi, ion source heating temperature was set at 400°C,
collision energies were set at 20-40-60 V, MS1 resolution
was 70,000, and MS2 resolution was 17,500.

Untargeted metabolomics analysis of skeletal muscle

Upon completion of the LC-MS run, the raw data were
imported into the metabolomics processing software
Pregenesis QI (Waters Corporation, Milford, USA) for
preprocessing and exported as a 3-dimensional data
matrix in CSV format. The MS and MSMS mass spec-
trometric information were matched with the metabo-
lite public databases HMDB (http://www.hmdb.ca/) and
Metlin (https://metlin.scripps.edu/) along with an in
-house database to retrieve metabolite information. The
data matrix retrieved from the databases was uploaded
to the Majorbio Cloud Platform (https://cloud.majorb
io.com) for data analysis. Initially, the data matrix was
preprocessed as follows: variables with non-zero val-
ues in at least one sample group exceeding 80% were
retained, and any missing values were filled in (using
the smallest value in the original matrix). To minimize
errors caused by sample preparation and instability, the
response intensities of the sample spectral peaks were
normalized using the total sum scaling method, yield-
ing a normalized data matrix. Variables with a relative
standard deviation (RSD)>30% in the QC samples were
simultaneously removed, and the data were logl0 trans-
formed to obtain the final data matrix. The R package
“ropls” (Version 1.6.2) was used for principal component
analysis (PCA) and orthogonal partial least squares dis-
criminant analysis (OPLS-DA), and the stability of the
model was assessed using seven-fold cross-validation.
Additionally, DEMs were determined based on the vari-
able importance in projection (VIP) values obtained from
the OPLS-DA model and the p-values from the student’s
t-test, with metabolites with VIP > 1 and p <0.05 regarded
as DEMs. The DEMs were annotated with metabolic
pathways using the KEGG database (https://www.kegg.j
p/kegg/pathway.html) to identify the pathways in which
the metabolites participate. Pathway enrichment analysis
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was performed using the Python package scipy stats, and
the biological pathways most closely related to the exper-
imental treatment were identified using the Fisher’s exact
test.

Statistical analysis

Data analysis was conducted using GraphPad Prism 8.0
for one-way analysis of variance (ANOVA). Significance
was determined through independent sample t-tests, and
two-tailed tests were used for significance testing. Results
are presented as mean*standard error of the mean
(SEM), with p<0.05 denoting significant differences and
p<0.01 indicating highly significant differences.

Results

Histological and molecular level changes during skeletal
muscle regeneration after injury

Pigs are commonly used models for animal diseases. To
reveal the metabolic changes during the repair process
of skeletal muscle injury in large animals, CTX is used
to induce damage to the right longissimus dorsi muscle,
thereby triggering the regeneration process of skeletal
muscle (Fig. 1A). H&E staining was used for tissue analy-
sis. The results showed that on the 1st day, muscle fibers
began to dissolve and break down, showing inflamma-
tion. On the 4th day, muscle fibers completely dissolved
and regeneration occurred. On the 16th day, muscle
fibers were remodeled and returned to their normal state
(Figs. 1B-C). Myosin Heavy Chain 3 (MYH3) is a signa-
ture gene for skeletal muscle regeneration. Immunofluo-
rescence staining showed that MYH3 appeared on the 1st
day, peaked on the 4th day, and returned to normal levels
on the 16th day (Figs. 1D-E). Proliferating Cell Nuclear
Antigen (PCNA) is an important marker gene for iden-
tifying the proliferation state of muscle cells, and Paired
Box 7 (Pax7) is a key transcription factor for MuSCs.
Western blot analysis showed that the expression of
PCNA gradually increased on the 1st and 4th days, indi-
cating that the cells at the damaged site were in a highly
active proliferative state, and returned to normal levels
by Day 16. Similarly, the expression of PAX7 exhibited
a similar trend, suggesting that the MuSCs at the dam-
aged site were highly active on the 1st and 4th days, and
returned to normal levels by Day 16 (Figs. 1F-H). The
above results indicate that our skeletal muscle regenera-
tion model was successfully constructed and can be used
for subsequent experiments.

LC-MS/MS analysis and multivariate statistical analysis of
skeletal muscle tissue

To determine the differential levels of metabolites dur-
ing the process of skeletal muscle regeneration, we con-
ducted LC-MS/MS untargeted metabolomics. After data
preprocessing, when the standard deviation/mean (RSD)
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Fig. 1 CTX injection causes skeletal muscle inflammation and induces skeletal muscle regeneration. (A) Pig skeletal muscle regeneration model and
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of the QC samples was <30%, the cumulative area of (Versionl.6.2), including principal component analysis
the peaks was >70% (Fig. 2A), so the QC samples were  (PCA) and orthogonal partial least squares discriminant
qualified. The collected data were then subjected to mul-  analysis (OPLS-DA). The effectiveness and applicability
tivariate statistical analysis using the R package ropls of the OPLS-DA model were validated by permutation
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eling stage). (F-H) Permutation test charts of OPLS-DA of metabolites in skeletal muscle during the process of skeletal muscle regeneration ((F) inflam-
matory response stage, (G) repair stage, (H) remodeling stage). (I-K) Volcano plots of differences in skeletal muscle metabolites between the process of
skeletal muscle regeneration and the control group, with red representing upregulated metabolites and blue representing downregulated metabolites
((I) inflammatory response stage, (J) repair stage, (K) remodeling stage)



Yi et al. BMC Musculoskeletal Disorders (2025) 26:457

testing. PCA and OPLS-DA score plots showed signifi-
cant separation among different stages of skeletal mus-
cle regeneration and the control group (Figs. 2B-E). For
OPLS-DA analysis, Q* in the OPLS-DA permutation
test plot represents the predictive ability of the model.
Generally, Q*>0.5 indicates a good predictive ability of
the model and no overfitting. In this study, the Q* of the
OPLS-DA model for skeletal muscle samples was all >0.5
(Figs. 2F-H). According to the OPLS-DA model (VIP>1)
and independent sample t-test (p <0.05), compared with
the control group, a total of 414 DEMs were screened out
during the process of skeletal muscle regeneration. The
results of DEMs are presented as a volcano plot. Dur-
ing the inflammatory response stage, 198 DEMs were
screened out (117 upregulated and 81 downregulated)
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(Fig. 2I). During the muscle repair stage, 264 DEMs were
screened out (188 upregulated and 76 downregulated)
(Fig. 2J). During the remodeling stage, 102 DEMs were
screened out (50 upregulated and 52 downregulated)
(Fig. 2K).

Screening and identification of DEMs in skeletal muscle
tissues

Next, hierarchical clustering analysis was performed on
the top 100 differentially abundant metabolites to reveal
the expression patterns during different stages of skeletal
muscle regeneration, depicted in a heatmap (Fig. 3). Sub-
sequently, the differentially expressed metabolites from
the 3 stages of skeletal muscle regeneration were classi-
fied according to HMDB compound categories. It was
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found that in the inflammatory response stage, the DEMs
in skeletal muscle mainly belonged to Organic acid and
derivatives (35.22%) and Lipids and lipid-like molecules
(19.50%) (Fig. 4A). In the repair stage, the DEMs in skel-
etal muscle were mainly annotated in Organic acid and
derivatives (35.91%), Nucleosides, nucleotides, and ana-
logues (13.64%), Lipids and lipid-like molecules (12.73%),
Organic oxygen compounds (12.27%), and Organohet-
erocyclic compounds (11.82%) (Fig. 4B). In the remodel-
ing stage, the DEMs in skeletal muscle mainly belonged
to Lipids and lipid-like molecules (29.56%), Organic acid
and derivatives (26.76%), and Nucleosides, nucleotides,
and analogues (18.31%) (Fig. 4C).

Metabolic pathway analysis in skeletal muscle tissues
Next, we performed KEGG pathway enrichment analy-
sis on the DEMs identified during the process of skeletal
muscle regeneration. We found that during the inflam-
matory response stage, the skeletal muscle metabolites
were mainly involved in pathways such as the Calcium
signaling pathway, Arginine biosynthesis, Antifolate
resistance, Choline metabolism, and Glycerophospho-
lipid metabolism (Fig. 5A, p<0.05). During the repair
stage, DEMs were primarily associated with pathways
like the AMPK signaling pathway, FoxO signaling path-
way, Arginine and proline metabolism, mTOR signal-
ing pathway, D-Amino acid metabolism, Glutathione
metabolism, Aminoacyl-tRNA biosynthesis, and Protein
digestion and absorption (Fig. 5B, p<0.05). During the
remodeling stage, DEMs were predominantly involved
in pathways including the FoxO signaling pathway, Ala-
nine, aspartate and glutamate metabolism, and Galactose
metabolism (Fig. 5C, p<0.05).

Screening and analysis of common differential skeletal
muscle metabolites

From the Venn diagram, it can be observed that among
all the differential skeletal muscle metabolites in the pro-
cess of skeletal muscle regeneration, 28 metabolites are
common, 39 are unique to the inflammatory response
stage, 35 are unique to the repair stage, and 104 are
unique to the remodeling stage (Fig. 6A). Next, a tempo-
ral analysis was conducted on these 28 common DEMs
to observe their expression patterns across the 3 stages of
skeletal muscle regeneration. Using the Short Time-series
Expression Miner (STEM) clustering algorithm and
independent sample t-test (p<0.05), two profiles were
selected, namely profilel and profile8 (Fig. 6B). Interest-
ingly, the temporal trends of metabolites in profilel and
profile8 show an initial change (increase or decrease) fol-
lowed by recovery, which aligns with the process of skel-
etal muscle regeneration (Figs. 6C-D). Profilel includes 6
metabolites: 1-[(2R,5R)-4-Azidooxy-5-(hydroxymethyl)
oxolan-2-yl]-5-methylpyrimidine-2,4-dione,
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3-Hydroxyhexanoylcarnitine, L-Hexanoylcarnitine, Hex-
anoyl-L-carnitine, 7,8-dihydroneopterin 3’-phosphate,
and (R)-Lipoic acid. In profile8, there are 5 metabolites:
Diethylpropion, N-acetylaspartylglutamic acid, Undecy-
lenic acid, 4-Oxo-L-proline, and Imidazoleacetic acid
riboside. Subsequently, hierarchical clustering analysis
based on the relative abundance of these 28 metabo-
lites reveals that their changing trends broadly coincide
with the process of skeletal muscle remodeling following
CTX-induced muscle dissolution (Fig. 6E). Furthermore,
KEGG functional enrichment analysis was performed on
these metabolites, and pathways were ranked based on
increasing p-values. The main enrichment was observed
in the AMPK signaling pathway, Insulin resistance, and
Antifolate resistance (Fig. 6F, p <0.05).

Discussion

Past studies have shown that in-depth research into skel-
etal muscle metabolites can reveal key metabolic pro-
cesses and molecules that affect muscle regeneration
[16]. A thorough understanding of the impact of skeletal
muscle metabolites on the skeletal muscle regeneration
process aids in the discovery of key metabolites, provid-
ing direction for the treatment of skeletal muscle injuries
and promoting their regeneration [17, 18]. However, the
vast majority of skeletal muscle metabolomics studies are
focused on mice, with relatively few studies conducted
on large mammals [19]. Therefore, we chose pigs as the
experimental animals, constructed a skeletal muscle
regeneration model by injecting CTX, and conducted in-
depth analysis of the metabolic characteristics during the
3 stages of the skeletal muscle regeneration process [20].
The aim is to systematically explore the dynamic process
of mechanistic changes during pig skeletal muscle regen-
eration, in order to delve into the cellular mechanisms
involved in the process of muscle regeneration.

The research results of Kumar et al. indicate that dur-
ing MuSCs proliferation and differentiation, there are
global changes in skeletal muscle metabolites, with sig-
nificant metabolic profile characteristics at different
stages [21]. We identified all metabolites at the 3 stages
of skeletal muscle regeneration and found that the met-
abolic profile undergoes significant changes as skel-
etal muscle transitions from the inflammatory, repair to
remodeling stages. Subsequently, through KEGG enrich-
ment analysis of the DEMs at the 3 stages, we found that
Cyclic ADP ribose is significantly downregulated during
the inflammatory stage of skeletal muscle regeneration.
Cyclic ADP ribose is a messenger of calcium signaling,
and Berridge has pointed out that the calcium signaling
pathway can regulate the transcription and secretion of
inflammatory factors, with changes in intracellular cal-
cium signaling potentially affecting the extent and dura-
tion of inflammatory responses [22]. Therefore, we



Yi et al. BMC Musculoskeletal Disorders (2025) 26:457 Page 9 of 15

A Hydrocarbon derivatives (0.63%)
Phenylpropanoids and polyketides (1.26%
Benzenoids (3.77%)

Organic nitrogen compounds (5.66%)
Organic oxygen compounds -

Organic acids and derivatives

Organoheterocyclic compounds

Nucleosides, nucleotides, and analogues
— Lipids and lipid-like molecules

Day 1_vs_Control

Organic 1,3-dipolar compounds (0.45%)
Alkaloids and derivatives (0.45%)
Not Available (0.91%)
Phenylpropanoids and polyketides (2. 27%V
Benzenoids (3.64%)
Organic nitrogen compounds (5.91%)
Organoheterocyclic compounds —

Organic oxygen compounds * "b

Lipids and lipid-like molecules NucIeOSIdes nucleotides, and analogues

=

Organic acids and derivatives

Day 4_vs_Control

C
Hydrocarbon derivatives (1.41%
Alkaloids and derivatives (1.41%)
Phenylpropanoids and polyketides (2.82%)
Benzenoids (2.82%) .
Organoheterocyclic compounds

S

Lipids and lipid-like molecules

A

Organic oxygen compounds «__

Nucleosides, nucleotides, and analogues

N
Day 16_vs_Control

Organic acids and derivatives

Fig. 4 Classification of differential skeletal muscle metabolites during skeletal muscle regeneration. (A-C) Pie charts of HMDB compound classification
of DEMs in skeletal muscle comparing the 3 stages of skeletal muscle regeneration with the control group ((A) inflammatory response stage, (B) repair
stage, (C) remodeling stage)



Yi et al. BMC Musculoskeletal Disorders

A

(2025) 26:457

Day1_vs_Control

B

Page 10 of 15

Day4_vs_Control

Sphingolipid metabolism -| ° P_value Insulin secretion | . P_value
Insulin secretion | . 0.08 Calcium signaling pathway - . 0.06
Calcium signaling pathway - ° 0.06 CcGMP-PKG signaling pathway -| . g'gi
Neuroactive ligand-receptor interaction - [ ) 0.04 Olfactory transduction - o 0:03
Arginine biosynthesis - ° 0.02 AMPK signaling pathway -| ° g-g?
Arginine and proline metabolism ® 0 Sphingolipid metabolism ° 0
Glutathione metabolism - [ ] FoxO signaling pathway .
Antifolate resistance [ Oxidative phosphorylation [ ]
Oxidative phosphorylation ° Arginine and proline metabolism )
Number Number
Sphingolipid signaling pathway - L ® 2 mTOR signaling pathway - L3 )
AminoacylRNA biosynthesis | ° ®5 Arginine biosynthesis - ° ® 6
D-Amino acid metabolism ® : 13 Biosynthesis of cofactors -| o : 13
Biosynthesis of cofactors -{ o Antifolate resistance | ®
Choline metabolism in cancer - ° Neuroactive ligand-receptor interaction - ®
Glycerophospholipid metabolism [ ) D-Amino acid metabolism - [ )
Protein digestion and absorption - ® Purine metabolism [ )
Alanine, aspartate and glutamate metabolism — ® Glutathione metabolism - o
beta-Alanine metabolism o Nucleotide metabolism [ ]
Purine metabolism - [ ) Aminoacy-RNA biosynthesis - o
Nucleotide metabolism - €] Protein digestion and absorption -| O
002 0 o2 o004 006 008 o1 002 o 02 004 o006 008 01
P value P value
C
Day16_vs_Control
Histidine metabolism ] P_value
Protein digestion and absorption | ) s
Terpenoid backbone biosynthesis | ° 0.0
Huntington disease - 3 005
0.02
Purine metabolism - L ] 0.01
FoxO signaling pathway | . 0
Diabetic cardiomyopathy | °
Pentose phosphate pathway -] °
Glycolysis / Gluconeogenesis - L 3 Number
Taste transduction - (] o 1
Thiamine metabolism (] ® 3
Pantothenate and CoA biosynthesis L] . i
Alanine, aspartate and glutamate metabolism [ )
Glucagon signaling pathway Y
Cysteine and methionine metabolism - ®
Fructose and mannose metabolism - Y
Neuroactive ligand-receptor interaction | Y
Galactose metabolism [}
Retrograde endocannabinoid signaling - 'Y
Biosynthesis of cofactors | [ )
-0.01 6 0. (l)1 0.‘02 0. :)3 0. C:A 0.05
P value

Fig.5 Functional analysis of skeletal muscle DEMs in the 3 stages of skeletal muscle regeneration. (A-C) KEGG pathway enrichment analysis of differential
skeletal muscle metabolites comparing each stage of skeletal muscle regeneration with the control group ((A) inflammatory response stage, (B) repair

stage, (C) remodeling stage)

speculate that after injecting CTX, the calcium signal-
ing pathway may be inhibited, thereby regulating the
secretion of related inflammatory factors to alleviate
the inflammatory response, although this hypothesis
requires further validation. At the same stage, the con-
tent of L-Arginine in metabolites is significantly upregu-
lated. In mammals, arginine methylation is catalyzed by
the protein arginine methyltransferase (PRMT) family
[23]. Arginine methylation coordinates skeletal muscle
repair and regeneration through various mechanisms,
including activating MuSCs, regulating transcription
factors, influencing intracellular signaling pathways,

modulating inflammatory responses, and promoting
the action of growth factors [24-26]. Therefore, it can
be inferred that during the inflammatory stage, skeletal
muscle cells may upregulate the arginine biosynthesis
pathway, resulting in increased L-arginine content. This
increase may subsequently enhance arginine methyla-
tion, regulate inflammatory responses, and promote skel-
etal muscle repair. Seong et al's research indicates that
folate is a precursor to various coenzymes and is crucial
for normal skeletal muscle cell development. Folate defi-
ciency not only inhibits proliferation but also leads to a
significant increase in DNA damage in skeletal muscle
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cells [27, 28]. In our study, the content of folate was sig-
nificantly increased, suggesting that skeletal muscle cells
may release folate to alleviate DNA damage. Research
by Li and colleagues has shown that CTX can hydrolyze
phospholipids in the cell membrane through its phos-
pholipase activity, damaging the integrity of the cell
membrane [29]. Phospholipids consist of glycerol, fatty
acids, and phosphate groups, with phosphatidylcholine
(PC) and choline being important components of the
phosphate groups. This mechanism may explain the sig-
nificant increase in PC and choline levels we observed,
which in turn affects the choline metabolism pathway.
During the skeletal muscle repair phase, the muscle
fibers at the site of injury have completely dissolved,
while MuSCs repair the damage through proliferation
and differentiation. Adenosine monophosphate-activated
protein kinase (AMPK) is a protein kinase activated by
Adenosine monophosphate (AMP), and both excessive
activation and deficiency of AMPK can affect skeletal
muscle regeneration [30]. In our study, the content of
AMP is significantly upregulated during the skeletal mus-
cle repair phase. Therefore, we speculate that the upreg-
ulated AMP content may appropriately modulate the
expression of AMPK, thereby influencing skeletal muscle
repair. During the repair phase, our data show that the
expression levels of glutamate and arginine metabolic
products are also significantly upregulated. Supplement-
ing with glutamate has been found to regulate the FoxO
and mTOR pathways to alleviate muscle protein loss [31].
At the same time, the increase in arginine can activate the
mTOR signaling pathway to promote muscle protein syn-
thesis [32, 33]. These findings support our hypothesis: In
skeletal muscle, it may promote regeneration by upregu-
lating metabolite levels such as glutamate and arginine,
and regulating key metabolic pathways such as FoxO sig-
naling pathway, mTOR signaling pathway, Arginine and
proline metabolism, Aminoacyl-tRNA biosynthesis. In
addition, during skeletal muscle remodeling phase, we
also observed a significant upregulation of L-glutamate
and L-valine levels. Previous research has confirmed
that FoxO plays a key role in regulating protein synthesis
and muscle atrophy [34]. L-glutamate may regulate the
FoxO signaling pathway and alleviate muscle protein loss
by inhibiting the mRNA expression of TLR4 and NODs
signaling-related genes [31]. D-galactose induces muscle
fibrosis, and excessive fibrosis impairs muscle regenera-
tion [35]. Our data show that the metabolism of UDP-
D-Galactose is significantly downregulated. Therefore,
we speculate that during the skeletal muscle remodel-
ing phase, skeletal muscles upregulate the metabolism
of L-glutamate, L-valine, and others, while downregu-
lating the metabolism of UDP-D-Galactose and oth-
ers. This regulates pathways such as the FoxO signaling
pathway, Alanine, aspartate and glutamate metabolism,
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and Galactose metabolism, inhibiting the loss of skel-
etal muscle protein, promoting the deposition of skeletal
muscle protein, and accelerating skeletal muscle regen-
eration. In summary, the 3 stages of the skeletal muscle
regeneration process are significantly different but inter-
connected. These results clarify the connection between
metabolomic changes and the mechanisms of skeletal
muscle regeneration, providing important information
for regulating skeletal muscle regeneration in pigs and
offering guidance for research on regulating human skel-
etal muscle regeneration.

To understand the metabolites associated with skel-
etal muscle regeneration and to further investigate their
potential role in the regeneration process, we analyzed
the temporal expression of 28 common differential DEMs
in 3 stages. We found that all of these metabolites showed
either an upward and then downward trend or a down-
ward and then upward trend, related to the mechanisms
involved in the regeneration process of these metabolites
in skeletal muscle. Our study showed that (R)-Lipoic acid
metabolism was first down-regulated and then increased.
(R)-Lipoic acid is a chiral form of «-Lipoic acid («-LA).
Previous studies have found that a-Lipoic acid, as an
inducer of hydrogen peroxide (H,O,) and nitric oxide
(NO) and a regulator of the thiol redox state, its intake
may help improve skeletal muscle regeneration. This
process is mainly achieved by altering the inflammatory
response related to the production of H,0, and NO and
the thiol redox state [36]. We speculate that during the
inflammation and repair phases, (R)-Lipoic acid may be
excessively consumed due to its inhibitory effect on the
inflammatory response, resulting in a significant reduc-
tion in its total amount in the muscles. In the subsequent
remodeling phase, as the inflammation subsides, (R)-
Lipoic acid gradually returns to normal levels. Therefore,
the total amount of (R)-Lipoic acid shows a trend of first
decreasing and then increasing, but further research is
required to confirm this. 8-Hydroxyguanosine and Uri-
dine 5’-monophosphate (5-UMP) both showed a trend of
increasing and then decreasing. Past studies have shown
that 8-Hydroxyguanosine is a DNA damage marker [37,
38]. We believe that during the skeletal muscle regen-
eration process following CTX injection, DNA damage
occurs and is subsequently repaired. 8-Hydroxyguano-
sine may serve as a potential biomarker for skeletal mus-
cle regeneration after injury, providing new targets for
promoting skeletal muscle regeneration. Kosuke et al.
showed that 5’-UMP promotes myogenic differentiation
and mitochondrial biogenesis and increases slow muscle
fibers through activation of MYOG and PGC-1a to pro-
mote muscle growth and alleviate muscle atrophy [39,
40]. This is the same as our result that 5-UMP expres-
sion was highest during the repair phase, so we hypoth-
esize that mainly during the repair phase, skeletal muscle



Yi et al. BMC Musculoskeletal Disorders (2025) 26:457

cells are regulated to increase 5-UMP metabolism and
promote the regeneration of skeletal muscle cells, and
this conjecture needs to be further verified. The metab-
olism of the above 3 DEMs is fundamentally consistent
with the process of skeletal muscle regeneration, and
all play a significant role in the metabolic process. We
believe that (R)-Lipoic acid, 8-Hydroxyguanosine, and
5-UMP may be key metabolites in the metabolic mecha-
nism of skeletal muscle regeneration. Through in-depth
research on these metabolites, we can better understand
the molecular mechanisms of skeletal muscle regenera-
tion, providing new insights for the treatment of skeletal
muscle injuries. Next, KEGG pathway analysis was per-
formed on these 28 DEMs, revealing genes involved in
AMPK signaling pathway, Insulin resistance. In skeletal
muscle, gluconeogenesis can be inhibited by inhibiting
1,6-bisphosphate fructose kinase as well as insulin inhibi-
tory factor [41, 42]. This is consistent with our findings,
and we hypothesize that down-regulation of D-Fructose
6-Phosphoric acid metabolism through D-Fructose
6-Phosphoric acid metabolism may affect gluconeogen-
esis, which modulates skeletal muscle glucose uptake
and influences energy acquisition during skeletal muscle
regeneration. However, these hypotheses still need to be
verified by subsequent experiments. In conclusion, our
results further elucidate the influence of the skeletal mus-
cle regeneration process on the composition of skeletal
muscle metabolites, and also indicate that skeletal mus-
cle metabolites can be involved in regulating the skel-
etal muscle regeneration process. These findings provide
important clues for further research into the relationship
between skeletal muscle regeneration and metabolism,
and may be significant for promoting muscle repair and
functional recovery.

However, our study has some limitations, as it only
performed metabolomic analysis of the skeletal muscle
regeneration process. Although it revealed the metabolic
mechanisms of skeletal muscle regeneration, further
analysis using multi-omics techniques and related experi-
mental validation is needed. Additionally, we did not con-
sider the differences in regeneration mechanisms among
different muscle fiber types in our study, which will be
addressed in future research to distinguish the vary-
ing roles of different muscle fiber types in the regenera-
tion process. We identified a number of skeletal muscle
metabolites that may become key metabolites for skeletal
muscle regeneration. Based on these results, future stud-
ies need to further verify the molecular mechanisms of
potential key metabolites in skeletal muscle and explore
the gene interactions during skeletal muscle regenera-
tion, which will provide a basis for developing new mus-
cle regeneration treatment strategies.
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Conclusions

The aim of this study was to investigate the metabolic dif-
ferences and important signaling pathways involved in
the process of skeletal muscle regeneration using pigs as
a model. Metabolomics technology was utilized to reveal
the mechanisms of skeletal muscle regeneration, and the
analysis of the time series of common DEMs identified
some key metabolites that reflect the degree of skeletal
muscle regeneration. These results provide theoretical
references for regulating skeletal muscle regeneration.
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