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Abstract

Background Stem cells play a pivotal role in tissue regeneration and repair. Skeletal muscle comprises two main
stem cells: muscle stem cells (MuSCs) and fibro-adipogenic progenitors (FAPs). FAPs are essential for maintaining the
regenerative milieu of muscle tissue and modulating the activation of muscle satellite cells. However, during acute
skeletal muscle injury, the alterations and mechanisms of action of FAPs remain unclear.

Methods we employed the GEO database for bioinformatics analysis of skeletal muscle injury. A skeletal muscle
injury model was established through cardiotoxin (CTX, 10uM, 50uL) injection into the tibialis anterior (TA) of C57BL/6
mice. Three days post-injury, we extracted the TA, isolated FAPs (CD317CD45 PDGFRa*Sca-1%), and assessed the
senescence phenotype through SA-3-Gal staining and Western blot. Additionally, we established a co-culture system
to evaluate the capacity of FAPs to facilitate MuSCs differentiation. Finally, we alleviated the senescent of FAPs through
in vitro (100 uM melatonin, 5 days) and in vivo (20 mg/kg/day melatonin, 15 days) administration experiments,
confirming melatonin’s pivotal role in the regeneration and repair processes of skeletal muscle.

Results In single-cell RNA sequencing analysis, we discovered the upregulation of senescence-related pathways

in FAPs following injury. Immunofluorescence staining revealed the co-localization of FAPs and senescent markers

in injured muscles. We established the CTX injury model and observed a reduction in the number of FAPs post-
injury, accompanied by the manifestation of a senescent phenotype. Melatonin treatment was found to attenuate
the injury-induced senescence of FAPs. Further co-culture experiments revealed that melatonin facilitated the
restoration of FAPs' capacity to promote myoblast differentiation. Through GO and KEGG analysis, we found that the
administration of melatonin led to the upregulation of AMPK pathway in FAPs, a pathway associated with antioxidant
stress response. Finally, drug administration experiments corroborated that melatonin enhances skeletal muscle
regeneration and repair by alleviating FAP senescence in vivo.
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Conclusion In this study, we first found FAPs underwent senescence and redox homeostasis imbalance after injury.
Next, we utilized melatonin to enhance FAPs regenerative and repair capabilities by activating AMPK signaling
pathway. Taken together, this work provides a novel theoretical foundation for treating skeletal muscle injury.

Keywords FAPs, Skeletal muscle injury, Senescence, Melatonin

Introduction

Stem cells are crucial for maintaining tissue homeostasis
and facilitating regeneration following injury [1]. Among
the various organ systems, skeletal muscle has garnered
considerable research interest due to its mechanisms for
homeostasis maintenance and regenerative responses
after injury [2—4]. These regenerative processes pre-
dominantly depend on resident MuSCs [5, 6], commonly
referred to as satellite cells, as well as FAPs [7, 8].

Notably, cytokine networks, growth factors, and extra-
cellular matrix components within the skeletal muscle
microenvironment play pivotal roles in regulating myo-
cyte differentiation, proliferation, and regenerative pro-
cesses [9]. During the regeneration process, MuSCs
act as the primary regenerative agents. In their physi-
ological quiescent state, MuSCs are located beneath the
basal lamina of myofibers, but they become activated in
response to injury [10-12], which is precisely regulated
by paracrine signaling from niche components including
FAPs and other cellular constituents within the microen-
vironment [13]. Concurrently, FAPs—multipotent stro-
mal cells characterized by PDGFRa*/Sca-1" expression
and specific to muscle tissue [14—16]—exhibit temporally
regulated dynamic responses. They initiate rapid pro-
liferation and migration to injury sites during the early
phases of injury [17, 18]and secrete trophic factors such
as IGF-1 and IL-6, which promote MuSC proliferation
and differentiation [19]. Disruption of this homeostatic
process, particularly functional decline in FAPs, may lead
to impaired tissue repair [13]. However, the mechanistic
basis underlying FAPs’ functional deterioration triggered
by microenvironmental perturbations remains to be elu-
cidated [20, 21].

When selecting injury models, chemical induction
methods are frequently employed due to their high
reproducibility and standardized protocols ([22]. The
CTX injection model is particularly noteworthy for
inducing reversible damage by specifically disrupting
myocyte calcium homeostasis ([23]. In comparison to the
NTX/BaCl, models, which are associated with vascular
damage, or mechanical models characterized by uncon-
trollable variables [24], the CTX model offers significant
advantages in minimizing neurovascular side effects.
Consequently, it is regarded as the preferred experimen-
tal system for investigating mechanisms of acute muscle
regeneration.

Our investigation focused on deciphering the mecha-
nism of decline of the function of FAPs. ScRNA-seq

initially uncovered prominent senescence characteristics
within this cell population during injury progression.
Mechanistic studies demonstrated that oxidative stress
primarily induced cellular senescence and dysfunction
through ROS overproduction in damaged cells. Building
upon these observations, we demonstrated that antioxi-
dant compounds could reactivate FAPs functionality via
AMPK pathway-mediated ROS metabolism reprogram-
ming. This study not only enhances the mechanistic
understanding of muscle regeneration dynamics, but also
offers novel therapeutic perspectives for skeletal muscle
repair strategies.

Materials and methods

Animals

C57BL/6] mice (7 weeks old) were purchased from Shen-
zhen LingFu TopBiotech. Co., LTD., (Shenzhen, China)
and acclimatized for at least 5 days upon arrival. Under a
12:12 h light: dark cycle, mice are housed individually and
provided with food and water ad libitum. Animal care
and use procedures are carried out in accordance with the
standards outlined in the Guidelines for the Care and Use
of Laboratory Animals, which are reviewed and approved
by the Laboratory Animal Management and Use Com-
mittee of Shenzhen LingFu TopBiotech. Co., LTD.,. The
ethics approval number is: TOPGM-IACUC-2023-0200.

Acute skeletal muscle injury and melatonin in vivo
treatment model

To induce muscle injury, mice were anesthetized using a
gas anesthesia system for small animals, with isoflurane
(R510-22, RWD LIFE SCIENCE, China) introduced into
the vaporizer to achieve a suitable concentration of 3%
isoflurane for induction. After anesthetizing the mice,
they were transferred to a heating pad and maintained
under continuous inhalation of 1% isoflurane. Cardio-
toxin (CTX, 10 uM, 50 pL) was injected multiple times
into the tibialis anterior (TA) muscle of the mice ([25].
Following the injection, the mice were returned to their
cages and monitored until they woke up. Three days
post-injury, confirming successful modeling, subsequent
experiments were conducted.

For the treatment models, eighteen C57BL/6]
mice were divided into 3 groups, with 6 mice in each
group. The “Control group” (sham operation group)
received an intramuscsular injection of 50 pL PBS; the
“Injury + Ethanol group” (placebo treatment for the
injury model) received an intramuscsular injection of 10
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uM, 50 pL CTX, and began intraperitoneal injection of
5% ethanol 3 days after modeling, lasting for 15 days; the
“Injury + Melatonin group” (melatonin treatment for
the injury model) received an intramuscsular injection of
10 uM, 50 uL CTX, and began intraperitoneal injection
of 20 mg/kg/day melatonin 3 days after modeling, lasting
for 15 days ([26]. The animals were euthanized by cervi-
cal dislocation under isoflurane anesthesia, and the TA
was collected.

Single cell sequencing data analysis

The data is obtained from database GSE214892(GEO
Accession viewer (nih.gov)). Raw sequencing reads were
first processed using Cell Ranger to perform alignment,
filtering, and UMI counting, generating a gene-barcode
matrix. The quality of the cells was assessed, and low-
quality cells or doublets were removed based on total
UMI counts. The gene expression matrix was then nor-
malized and log-transformed. Principal component
analysis (PCA) was conducted to reduce dimensionality,
followed by clustering using Louvain algorithm and visu-
alization using UMAP ([27]. Differential gene expression
analysis was performed between clusters using Seurat to
identify marker genes. Pathway enrichment analysis was
conducted using GSEA to interpret the biological signifi-
cance of the identified genes. The cell types were anno-
tated by comparing marker genes to known cell-type
signatures from the literature ([28].

Transcriptome sequencing analysis

The data was obtained from database GSE214008. Differ-
ential expression analysis was performed using DESeq2
and EdgeR, with criteria for significance, adjusted
p-value<0.05, fold change>2 ([29]. Functional enrich-
ment analysis of differentially expressed genes was con-
ducted using Gene Ontology (GO) analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis to identify significant biological pathways associ-
ated with the observed expression changes ([30, 31].

Fresh frozen muscle technique

An OCT compound was applied to a piece of cork. To
obtain cross-sections of the muscle, the distal tendon was
inserted, and about 3/4 of the muscle was left exposed.
The TA was then embedded in OCT, ensuring the muscle
was in a vertical position relative to the cork. The cork
with the muscle was quickly immersed in liquid nitrogen
for rapid freezing, left for one minute, and then stored
at -20 °C. The temperature of the cryostat was set to -20
to -22°C, and the blade and sample were placed in the
cryostat to equilibrate for at least 30 min. The section
thickness of the instrument was set to 10 pm, and tissue
sections were cut. After sectioning, the slides were stored
at-20C.
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Muscle tissue Inmunofluorescence

Muscle sections were fixed with 4% paraformalde-
hyde (PFA), and antigen retrieval was conducted using
a Tris-EDTA buffer solution (comprising 1.21 g of Tris
and 0.37 g of EDTA per liter of double-distilled water,
adjusted to pH 9.0). The sections were permeabilized
with 0.5% Triton X-100 for 10 min, followed by block-
ing with a blocking buffer containing 5% goat serum for
1 h. Subsequently, the primary antibody was incubated
overnight at 4 °C (pl6: sc-1661, Santa Cruz, TX, USA;
p21: sc-6246, Santa Cruz, TX, USA; PDGFRa: 3174T,
Cell Signaling Technology, MA, USA). The secondary
antibody (A-11008/A-21235, Thermofisher, CA, USA)
was then incubated at room temperature for 1 h in a
dark room. Nuclei were counterstained using DAPI-
containing mounting media (F6057, Sigma-Aldrich,
MO, USA). Observations and imaging were performed
using the DragonflyCR-DFLY (TE, Andor Dragonfly CR-
DFLY-202-2540). The mean fluorescence intensity (MFI)
of p16 or p21 in the region was quantified using Image].

Masson trichrome staining

Masson trichrome staining was conducted using the
Masson Trichrome Staining Kit (G1006, Servicebio,
Wuhan, China) on 10 pm frozen sections of tibialis ante-
rior (TA) muscle. The sections were initially fixed in 95%
ethanol for 20 min. Subsequently, they were incubated
with the solutions provided in the Masson Trichrome
Staining Kit. Following staining, the sections under-
went dehydration in 95% ethanol for 10 s, were rinsed
twice with anhydrous ethanol for 10 s each, and then
washed twice with xylene for 1 min each. The sections
were mounted with neutral balsam to facilitate imaging
and fibrosis quantification. Quantification of TA muscle
fibrosis was performed using Image] software, with the
collagen volume fraction determined as the ratio of colla-
gen-positive (blue-stained) areas to the total tissue area.

Sirius red staining

A modified Sirius Red staining kit (G1078-100ML, Ser-
vicebio, Wuhan, China) was employed for the staining of
muscle tissue. Following deparaffinization, muscle sec-
tions were immersed in Sirius Red Staining Solution A
and incubated in a 65 °C oven for 30 min. The sections
were then rinsed with water until the yellow coloration
diminished, after which they were immersed in Sirius
Red Staining Solution B for 2 min. Subsequently, the sec-
tions were rinsed with water again and immersed in Sir-
ius Red Staining Solution C for 30 min. A brief rinse with
water (1-2 s) was performed, followed by rapid dehy-
dration through immersion in three separate cylinders
of absolute ethanol for 3 s each. The sections were then
placed in clean xylene for 5 min for clearing, after which
they were mounted with neutral balsam. Imaging and
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quantification of fibrosis were conducted using Image
Pro Plus software, which calculated the collagen fiber
area fraction as the ratio of the collagen fiber-positive red
region to the total tissue area.

Glycogen PAS staining

The glycogen content in muscle tissue was quantified uti-
lizing a glycogen assay kit (G1008, Servicebio, Wuhan,
China) in accordance with the manufacturer’s instruc-
tions. Additionally, periodic acid—Schiff (PAS) staining
was employed. For PAS staining, a series of frozen sec-
tions were prepared from fresh tissue and fixed with
ice-cold acetone for 5 min. Following natural air-drying,
the sections were treated with potassium periodate solu-
tion for 10 min and subsequently rinsed with water for
5 min. Schiff’s solution was then applied, and the sections
were rinsed with water for 10 min before being stained
for 15 min. Nuclear counterstaining was conducted using
hematoxylin. Image] software was utilized for statistical
analysis, and the glycogen volume fraction was deter-
mined by calculating the ratio of the glycogen-positive
area to the total tissue area.

Isolation of primary FAPs

The mice were euthanized via cervical dislocation and
subsequently immersed in 75% ethanol for 5 min. The
lower limb muscles were rapidly excised, with all adipose
tissue, fascia, and other extraneous tissues meticulously
removed. The muscle tissue was longitudinally sectioned
to approximately 1 mm in thickness and transferred to
a collagenase solution. This preparation was agitated at
180 rpm on a shaker at 37 °C for 1 h. Post-digestion, the
tissue was transferred to a sterile environment, and diges-
tion was halted using pre-cooled PBS at a volume ten
times that of the original. The solution was sequentially
filtered through 100 um and 70 pm membranes, followed
by centrifugation at room temperature at 1200 rpm for
5 min, after which the supernatant was discarded. The
pellet was rinsed once with PBS, and the supernatant
was discarded again. The cells were then resuspended
in a basal DMEM/F12 complete medium, supplemented
with 2% penicillin/streptomycin and 10% fetal bovine
serum, and cultured in a 10 cm culture dish. After 4-6 h,
the medium was replaced with fresh complete medium,
and incubation continued. Approximately 8 h later, the
medium was changed again.

Identification of FAPs by flow cytometry

The single-cell suspension was incubated with purified
anti-CD16/CD32 antibodies (clone 2.4G2, Sungene Bio-
tech, Tianjin, China) for 15 min to block the Fc receptor.
Following a washing step, the cells were incubated with
FITC-conjugated anti-mouse CD45 (103107, Biolegend,
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CA, USA), PE-conjugated anti-mouse/human CD31
(561073, BD Biosciences, NJ, USA), APC-conjugated
anti-mouse PDGFRa (135907, Biolegend, CA, USA), and
V450-PB450-conjugated anti-mouse Sca-1 (108127, Bio-
legend, CA, USA) at 4 °C for 30 min in the dark. After
another washing step, 300 pl of 3% BSA was added to
each tube to resuspend the cells. The samples were then
analyzed by flow cytometry using the Cytoflex LX sys-
tem, and the data was processed with FlowJo software
(version 10.8.1) ([32].

Melatonin in vitro treatment model

Primary FAPs isolated from the injury group mice were
utilized to develop this experimental model. Melatonin
(M5250, Sigma-Aldrich, St. Louis, MO) was initially dis-
solved in anhydrous ethanol to create a stock solution
with a concentration of 100 mM. This stock solution was
subsequently diluted in the basal medium to achieve a
final concentration of 100 uM for application in cell treat-
ment. The extracted primary FAPs from the injury group
mice were seeded into six-well plates. Upon reaching a
cell density of 60%, the treatment group was exposed to
a medium supplemented with melatonin, whereas the
control group was administered an equivalent volume of
anhydrous ethanol at the same concentration. This incu-
bation process was maintained for a duration of five days
(133].

Assessment of creatine kinase (CK) and lactate
dehydrogenase (LDH) enzymatic activity

The activities of CK and LDH were quantified utiliz-
ing the Creatine Kinase Assay Kit (A032-1-1, Nanjing
Jiancheng Bio, Nanjing, China) and the Lactate Dehy-
drogenase Assay Kit (A020-1-2, Nanjing Jiancheng Bio,
Nanjing, China), respectively. Serum was extracted from
mice, and the samples were prepared following the proto-
cols provided by the manufacturer. Absorbance changes
for each sample were recorded at wavelengths of 660 nm
and 440 nm using a microplate reader. The enzymatic
activities of CK and LDH in the serum were subsequently
determined by referencing a standard curve.

Senescence-associated B-galactosidase (SA-B-Gal) staining
SA-B-Gal staining was conducted utilizing the Senes-
cence-Related [(-Galactosidase Staining Kit (C0602,
Beyotime, Shanghai, China). To initiate the staining
process, 1 ml of B-galactosidase staining fixative solu-
tion was added to FAPs cultured in control, injury, and
melatonin-treated groups within six-well plates, followed
by a 15-minute fixation period at room temperature.
Subsequent to three washes, 1 ml of a working solution
containing 0.05 mg/ml X-galactosidase was applied to the
cells, which were then incubated overnight at 37 °C in the
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dark. The cells were subsequently examined using a light
microscope (TE2000-S; Nikon, Tokyo, Japan). The cata-
lytic activity of the senescence-specific B-galactosidase
resulted in the formation of a deep blue product, and
the proportion of positively stained deep blue cells was
quantified.

ATP production measurement

ATP concentration was measured using the ATP Assay
Kit (S0027, Beyotime, Shanghai, China). According to
the manufacturer’s instructions, primary FAPs from the
Control group, Injury group, and Melatonin treatment
group were lysed to obtain the supernatant for determin-
ing intracellular ATP levels. The detection solution was
added to a 96-well plate and incubated at room tem-
perature for 5 min. The supernatant was then added to
the wells and mixed quickly. Finally, luminescence was
measured using a microplate reader, and the total ATP
concentration was calculated based on the luminescence
signal.

Measurement of mitochondrial membrane potential

The mitochondrial membrane potential was assessed uti-
lizing the Mitochondrial Membrane Potential Assay Kit
with TMRE (C2001S, Beyotime, Shanghai, China). The
TMRE working solution was prepared at a 1:1000 dilu-
tion. A total of 3x10° primary FAPs from the Control,
Injury, and Melatonin treatment groups were incubated
at 37 °C for 30 min. Subsequently, the cells were washed
with PBS and centrifuged at room temperature for 5 min
to eliminate excess dye. The fluorescence intensity was
then quantified using a flow cytometer.

Cell Immunofluorescence

Primary FAPs at a density of 3x10* cells per group,
derived from Control, Injury, and Melatonin-treated
cohorts, were cultured on glass coverslips. Adhering to
standard immunofluorescence protocols, the cells were
fixed in 4% PFA for 15 min at room temperature, per-
meabilized with 0.1% Triton X-100 in PBS for 10 min,
and subsequently blocked with 5% BSA for 30 min. After
washing with PBS, the samples were incubated over-
night at 4 °C with primary antibodies (MyHC: ab37484,
Abcam, CA, USA). Following three washes with PBST,
the cells were stained with an Alexa Fluor™ 488-conju-
gated secondary antibody (A-11001, Thermofisher, CA,
USA) in 5% BSA at 37 °C for 1 h. Nuclei were counter-
stained using a DAPI-containing mounting medium
(F6057, Sigma-Aldrich, MO, USA). Images were captured
and visualized using a Zeiss 880 Laser Scanning Confocal
Microscope equipped with Airyscan technology (ZEISS).
Fluorescence quantification analysis was conducted uti-
lizing Image] software.
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Cell ROS assay

The intracellular levels of ROS were quantified using the
CellRox™ Deep Red reagent (C10422, Thermofisher, CA,
USA). Post-treatment, the cells underwent a PBS wash
and were subsequently incubated with serum-free RPMI
1640 medium containing 5 pM CellRox-red at 37 °C, pro-
tected from light, for a duration of 30 min. The stained
cells were then subjected to analysis via flow cytometry
using the Cytoflex LX system.

Western blot

For the western blot analysis, total protein was extracted
from cell samples utilizing the radioimmunoprecipitation
assay (RIPA) lysis buffer (P0013B, Beyotime, Shanghai,
China). The protein concentration was quantified using
a Bicinchoninic Acid (BCA) Protein Assay Kit (P0010,
Beyotime, Shanghai, China). Proteins were subsequently
separated via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto polyvinylidene
fluoride membranes. The membranes were blocked with
skimmed milk and incubated with the primary anti-
body overnight at 4 °C. Following this, incubation with
the secondary antibody (ab205719/ab6721, Abcam,
CA, USA) was conducted at room temperature for 1 h.
Image acquisition was performed using the Chemi-
DocTM Imaging System (Bio-Rad, Hercules, CA, USA).
The main antibodies used in this study are as follows:
pl6: sc-1661, Santa Cruz, TX, USA; p21: sc-6246, Santa
Cruz, TX, USA; p53: sc-99,Santa Cruz, TX, USA; pRB:
8516, cell signaling technology, MA, USA; RB: 9313, cell
signaling technology, MA, USA; a-tubulin: RM2003, ray-
antibody, Beijing, China; Myosin: ab37484, Abcam, CA,
USA; MyoD: sc-377,460, Santa Cruz, CA, USA; Myo-
genin: sc-12,732, Santa Cruz, CA, USA; Pax-7: sc-81,975,
Santa Cruz, CA, USA; AMPK: ab32047, Abcam, CA,
USA; p-AMPK: ab133448, Abcam, CA, USA; PGCla:
ab191838, Abcam, CA, USA; LKBI: sc-374,300, Santa
Cruz, CA, USA; GAPDH: ab9485, Abcam, CA, USA.

RNA isolation and real-time PCR

Primary FAPs from Control, Injury, and Melatonin-
treated groups (1x 10° cells per group) were lysed using
TRIzol™ Reagent (1596018, Thermofisher, MA, USA) to
facilitate total RNA extraction. Reverse transcription was
conducted in accordance with the manufacturer’s proto-
col utilizing the 5X All-In-One Master Mix (G485, Abm-
Good, Richmond, Canada). The resultant complementary
DNA (cDNA) templates were subsequently analyzed via
quantitative real-time PCR (qRT-PCR) using the Power
SYBR™ Green Master Mix (4367659, Thermofisher, MA,
USA) on a QuantStudio™ 6 Flex Real-Time PCR Sys-
tem (Thermofisher, MA, USA). The primer sequences
employed for qRT-PCR are provided in Table 1.
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Table 1 Primer sequences utilized in gRT-PCR

m-GAPDH Forward:5-GAAGGTGGTGAAGCAGGCATCT-3'
Reverse:5-CGGCATCGAAGGTGGAAGAGTG-3
m-IL-1a Forward:5-GCACTTGGGAGCCCTTTCATCA-3'
Reverse:5-AGGACGGGAGGGAGAAAGACTG-3'
m-IL-6 Forward:5-CTTGGGACTGATGCTGGTGACA-3"
Reverse:5-GCCTCCGACTTGTGAAGTGGTA-3'
m-CXCL15 Forward:5'-CAGACGGACATGGCTGCTCAAG-3'
Reverse:5-GTGTCACAGGGACGGACGAAGA-3'
m-MMP14 Forward:5-CTGAGGAGGAGACGGAGGTGAT-3’

Reverse:5'-GCCAGTACCAGGAGCAGCAGTA-3'

Table 2 Sequence of LKB1 siRNA

m-siNC 5"-UUCUCCGAACGUGUCACGUTT-3'
5-ACGUGACACGUUCGGAGAATT-3'
m- siLKB1-1 5'-CAAGGCUGUUUGUGUGAAUTT-3'
5"-AUUCACACAAACAGCCUUGTT-3"
m- siLKB1-2 5'-CAAUAUCUACAAGCUCUUUTT-3'
5'-AAAGAGCUUGUAGAUAUUGTT-3'
m- siLKB1-3 5'-CCAAGCUCAUCGGCAAGUATT-3'

5-UACUUGCCGAUGAGCUUGGTT-3'

Cell co-culture

A Transwell co-culture system was employed using Mil-
licell hanging cell culture chambers (0.4 pm pore size,
polyethylene terephthalate, 24 wells; Millipore, Bedford,
MA, USA). Each Millicell chamber was populated with
approximately 3.5x 10° FAPs derived from both normal
and injured C57 mice. These chambers were positioned
within a 24-well plate, with FAPs residing in the upper
chamber and C2C12 cells, which were cultured on sep-
arate cell culture plates, located in the lower chamber,
thereby establishing a co-culture system. The C2C12 cells
were maintained in DMEM supplemented with 2% peni-
cillin/streptomycin and 10% fetal bovine serum, serving
as the growth medium.

Cell treatment and siRNA transfection

Primary FAP cells were categorized into three experi-
mental groups: the injury group, injury + Mel group, and
injury + compound group. FAPs were treated with mela-
tonin at a final concentration of 10 uM for a duration of
five days, and with compound C (S7840, Selleck Chemi-
cals, Houston, TX, USA) at a final concentration of 4 pM
for 24 h, as referenced in studies ([34, 35]. The cells were
cultured to achieve 60-80% confluence using an appro-
priate culture medium, ensuring that they remained
healthy and in an actively proliferating state. Small inter-
fering RNA (siRNA) was designed to target the gene of
interest, as detailed in Table 2. The transfection reagent
Lipo3000 (L3000075, Thermofisher, MA, USA) was pre-
pared in accordance with the manufacturer’s instruc-
tions. The siRNA was combined with the transfection
reagent and added to a serum-free medium, allowing it
to incubate for 10 min. The siRNA-transfection reagent
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complex was then introduced to the cells, followed by
gentle swirling of the culture dish, and the cells were
incubated in a 37 °C CO,, incubator. After 48 h, the cells
were harvested, and protein extraction was performed to
facilitate subsequent experimental procedures.

Statistical analysis

The experimental results are presented as the
mean t standard error of the mean. Statistical analyses
were conducted utilizing GraphPad Prism 8 software,
and unpaired Student’s t-test or one-way ANOVA was
used for statistical analysis. A p-value of less than 0.05
was deemed statistically significant. The significance
levels of the p-values are denoted as follows: *p <0.05,
*p<0.01, **p<0.001, and NS indicates not significant
(p=0.05) ([36].

Results

FAPs exhibited a senescent phenotype following acute
skeletal muscle injury

To analyze changes in muscle cell populations after skel-
etal muscle injury, we downloaded scRNA-seq data on
skeletal muscle injury from the Gene Expression Omni-
bus (GEO) database with accession number GSE214892.
We performed high-throughput, droplet-based scRNA-
seq to analyze the transcriptomes of individual mono-
nuclear cells prepared from tibialis anterior (TA) muscles
were collected from C57BL/6 mice 5 days between con-
trol groups (50uL PBS injection) and injury groups (50uL
10uM CTX injection). Unsupervised cell clustering
analysis identified 8 distinct cell groups, including Satel-
lite Cells, Endothelial Cells, Myonuclei, Immune, FAPs,
Mural, Tendon, and Schwann (Fig. 1A, S1A-D). Cell
type-specific markers were used to differentiate and iden-
tify these cell populations (Fig. 1B). Single-cell data anal-
ysis revealed that cells with a high senescence score were
more concentrated in the FAPs population (Fig. 1C). Fur-
ther analysis showed that the senescence score of FAPs
increased after injury (Fig. 1D). GO and KEGG pathway
analyses indicated that these DEGs were enriched in
aging-related signaling pathways: p53 signaling pathway
and oxidative stress regulation pathway (Fig. 1E). Nota-
bly, compared to the control group, 12 aging-related
genes, including Cdknla, Foxo3, Hipk3, Gadd45b, and
Fas, exhibited higher expression in the injury group
(Fig. 1F). To substantiate our findings further, we refer-
enced another single-cell dataset (GSE138826) for bio-
informatics analysis (Figure S2-3). Our analysis also
revealed that cells exhibiting elevated senescence scores
were predominantly concentrated within the FAPs pop-
ulation (Figure S2A-C). Further analysis demonstrated
an increase in the senescence score of FAPs following
injury (Figure S2D). GO and KEGG pathway analyses
indicated that these DEGs were enriched in oxidative



Yao et al. Stem Cell Research & Therapy (2025) 16:104 Page 7 of 18
A B Identity
Total Control Injury 1 1 1 8 . Cdh5
A g " P . |Pecam1
. » Immune i Satellite Cell S ggtf
Satellite Cells Yo Sa(el}llte Cells Immune 3;’ '9 ells E % Ptpgr(;a
w ) o . ) . |cdr4
Tendon Tendon P } R :; I 2?:231
o [~} 1 L 1
Endothelial & - Endofedal e - r— ) Pax7
x4 3 -4 ) ] . Myf5
; - s L Abcc9
-2 I . |RgsS
e w1 . I\, |Fmod
~ ¥ i L i N Tnmd
o ™ ) Schwann, ~a 1_ »sSchwann, 11 . %é Plp1
Myonuclei . FAPs m lei FAPs FAPs T L Mpz
5’ y i lyonuclei f Mural «b\ Q® ¢o° ()e,‘ o\\e 0\ b°° &
b4 @e Qv&@ & Qc, o«é\ &
> ) O ¢
tSNE_1 & TS
P
c E ) . Regulation Of Response
5 FRIDMAN_SENESCENCE Singscore's Distribution P53 Signaling Pathway To Oxidative Stress
40| Density ®
1.5e-05 I‘.'0.4 '60'6 o
i 1.0e-05 (5 o 8
w 5.0e-06 Z 4 [ . 0.4
20 b \ 9 &
- w 04 | c -
80.3 oE> o
o~ w = E
w o & £0.2 , 02
é . 0.2 S NES:1.672693 & |/ NES:1.621475
z ) q value:0.002059732 o | qvalue:0.004036327
20| = ; = A e E00F = = = = - —— =
o Q0.1 < € M
: & LI TT 1T IO Ty
w 4
-40" -40 -20 0 20 Control Injury Injury Control Injury Control
tSNE 1
F G H I J
4000, 1000 e 20 — 20
Nfkb1 Cdknic Cdkn1b ArfS Fos Hint1 K i
325 * 5 " 5 -y w5 -5 N - 800 ©1s s
3 (] ] 3 34 3 ] - - o~ :
S20 3y 3 3, 4 - = 600 S 600 a2 &
S1s H § H §2 &2 2 = S 10 'S 10
B ‘a2 @ 82 @, ? ¥ 400 T 400 Rt - :
810 2 e, 8 K &1 o 8 = s
50.5 ‘é" é ;-.'1 é‘" ;“' 200 = 200 = 9 - s
""o.o I.I.lo - Na ll.lo II.Io ll.lo : .
& & & & & & & & & & S & L L T FLL,
& & & & & & & & & & & & Control Injury Control Injury Control Injury Control Injury
Hspa8 Htra1 Mfap5 Plagl1 Rab21 S| 2
& " pm 9 - marfi K PDGFRa p16
° ° ® D25 °
33 3 34 3 3
b a3 - 2.0 a2
5, 51s H
2 2 22 210 21
& £1 2 2 2 5
o I3 al 8.0.5/ o =
2 2 2 2 2 -]
o Wy Wy Woo W, 5
& O S O S & & o
L
. g
£ £
c
o
o
N
Control Injury 8
it
4 60
s
5 @ 40
£ s

Fig. 1 (See legend on next page.)

N
=]

=]

&
74
€
2
c
]
o
c
°
o
=
°
o
o
>
3
3
]
o

Control Injury



Yao et al. Stem Cell Research & Therapy (2025) 16:104 Page 8 of 18

(See figure on previous page.)

Fig. 1 FAPs exhibited a senescence phenotype following acute skeletal muscle injury. A: Cell clusters of the sc-RNA-seq data from database
GSE214892(GEO Accession viewer (nih.gov). Tibialis anterior muscle were collected from C57BL/6 mice 5 days between control groups (50uL PBS injec-
tion) and injury groups (50uL 10uM CTX injection) (n=>5 mice for each group). B: The bubble plot showed the expression of distinctive marker genes in
eight cell types. The dot size indicates the percentage of gene expression, and the dot color indicates the average expression level. C: The tSNE plot of
different cell subtypes in (A) D: Density profiles of senescent fractions in (A) E: GESA analysis of the p53 pathway and the oxidative stress pathway in (A)
F: Violin plot of senescence-related genes for FAPs in (A). G-H: The level of serum CK(G), LDH(H) from C57BL/6 mice 3 days between control(50uL PBS
injection)and injury groups(50pL 10uM CTX injection) (n=6 mice for each group). I-J: The Relative MFI of p16(l) and p21(J) in tibialis anterior muscle. K-
L: Representative immunofluorescence images of the senescent FAPs (PDGFRa positive and p16/p21 positive cells) in tibialis anterior muscle. Scale bar
=20 um. M-N: Masson trichrome staining (mice, n=6) and quantification analysis of muscle fibrosis level in tibialis anterior muscle. Scale bar =25 pm.
The data above are presented as mean +SEM of three independent experiments, P-values are calculated between two groups was performed using an

unpaired t-test (ns, not significant; *P<0.05; **P<0.01; ***p < 0.001.)

stress regulation pathway (Figure S2E). Therefore, we
conducted the muscle injury model by injecting CTX
(50puL, 10uM), and verified its successful establishment
by measuring CK and LDH levels (Fig. 1G-H). To further
illustrate senescence of FAPs during injury, we performed
muscle section staining and found an increase in the MFI
of p16 or p21 in FAPs after CTX injury (Fig. 1I-L). Litera-
ture reports suggested that the senescent FAPs might dif-
ferentiate into adipocytes or myofibroblasts, contributing
to ectopic fat deposition and fibrosis in skeletal muscle
([37]. Therefore, we analyzed muscle fibrosis post-injury
using Masson trichrome staining. Results showed an
increase in muscle fibrosis after injury (Fig. 1K-M). These
findings suggested that FAPs underwent senescence after
injury.

In vitro validation of acute skeletal muscle injury-induced
FAP senescence and redox imbalance

To further verify the senescence of FAPs after injury, we
isolated CD31~ CD45~ PDGFRa* Sca-1* cells, identified
as FAPs (Fig. 2A), following previously reported meth-
ods ([38]. Interestingly, we found the amount of FAPs
decreased after CTX injury, suggesting that the function
and feature of FAPs changed after injury (Fig. 2B). SA-f3-
Gal analysis revealed a significant increase in SA-B-Gal-
positive cells in the FAPs of the injury group (Fig. 2C-D),
suggesting that CTX-induced skeletal muscle injury pro-
moted FAP senescence. Western blot analysis showed sig-
nificantly elevated levels of the cell cycle-related proteins
pl6, p21, and p53, while pRB levels were significantly
decreased in injury group of FAPs compared to control
group (Fig. 2E-F). To investigate the cause of senescence
in FAPs, we further assessed the level of oxidative stress
in FAPs within each group and found that the levels of
ROS was markedly increased in the injury group of FAPs
(Fig. 2G-H). The mitochondria are the main cellular
organelles responsible for clearing ROS within the cell
([39]. We assessed the mitochondrial membrane poten-
tial and ATP production capacity in FAPs using TMRE
staining and ATP detection. The results indicated the
diminished mitochondrial function post-injury, charac-
terized by decreased membrane potential and ATP pro-
duction (Fig. 2I-K). Additionally, mRNA levels of IL-1a,

IL-6, CXCL-15, and MMP14 (factors secreted by senes-
cent cells) were significantly increased of FAPs sorted in
injury group FAPs (Fig. 2L). The above study showed that
FAPs exhibited a senescent phenotype during post-injury.
However, the relationship between FAP senescence and
the regeneration of skeletal muscle remains unclear.

Melatonin maintained redox homeostasis and alleviated
FAP senescence

In the above studies, we found that the FAP senescence
involves redox homeostasis imbalance, mitochondrial
dysfunction, and increased reactive oxygen species
(ROS) levels. Therefore, we wonder whether the senes-
cence of FAPs can be inhibited by anti-oxidants. Mela-
tonin (Mel), the indoleamine hormone synthesized
and secreted by the pineal gland, protects stem cells by
eliminating free radicals, upregulating the expression of
antioxidant enzymes, reducing the activity of prooxi-
dant enzymes, and maintaining mitochondrial homeo-
stasis ([40]. After adding melatonin to the in vitro
culture environment (Fig. 3A), we found a significant
decrease in SA-P-Gal-positive cells (Fig. 3B-C). Fur-
thermore, we assessed the impact of melatonin on FAPs
senescence through Western blot, revealing that cellu-
lar senescence was alleviated following melatonin treat-
ment (Fig. 3D-E). Subsequently, measuring intracellular
ATP levels revealed that melatonin restored ATP pro-
duction capacity in injury group FAPs (Fig. 3F). Addi-
tionally, we analyzed changes in cellular ROS levels and
mitochondrial membrane potential using flow cytom-
etry, indicating that melatonin promotes the restora-
tion of mitochondrial function in injury group FAPs,
manifesting as increased ROS clearance and membrane
potential recovery (Fig. 3G-J). These findings demon-
strated that in vitro melatonin treatment effectively mit-
igated the senescence of FAPs induced by injury.

FAP senescence diminished their capacity to promote the
differentiation of C2C12

Research indicates that the primary function of FAPs is
associated with paracrine mechanisms, secreting a range
of cytokines (including IGF-1, IL-6, Wntl, Wnt3A, and
Wnt5A) to promote the differentiation of muscle stem
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Fig. 2 In vitro validation of acute skeletal muscle injury-induced FAP senescence and redox imbalance. A: Flow cytometry sort the FAPS(CD31~ CD45~
PDGFRa™* Sca-1* cells)from tibialis anterior muscle which were collected from C57BL/6 mice 3 days between control groups (50uL PBS injection) and
injury groups (50uL 10puM CTX injection) (n=6 mice for each group). B: The percentage of FAPs among nucleated cells in (A). C-D:SA-B-Gal images(n=3)
and quantification analysis showed the number of SA-B-Gal-positive cells in (A). Scale bar: 50 um. E-F: Western Blot analysis(n=3) of the proteins associ-
ated with cell senescence (p16, p21, p53, p-RB and RB) in (A). G-H: Flow cytometry and quantification analyses of CellROX fluorescence(n=3) indicated
the level of ROS in (A). I-J: Flow cytometry and quantification analyses of TMRE fluorescence(n = 3) indicated the level of mitochondrial membrane poten-
tial in (A). K: Quantification analyses of ATP content(n=3) of (A). L: gRT-PCR analysis of the SASP genes (IL-1q, IL.-6, CXCL15 and MMP-14) in (A). The data
above are presented as mean + SEM of three independent experiments, P-values are calculated between two groups was performed using an unpaired

t-test (ns, not significant; *P < 0.05; **P<0.01; ***p < 0.001.)

cells. To further explore the role of FAP senescence in the
skeletal muscle regeneration, we co-cultured FAPs from
different groups with muscle stem cells C2C12 (Fig. 4A).
MyHC is an index of myogenic differentiation of C2C12.
Immunofluorescence staining for MyHC revealed a sig-
nificant reduction in the ability of injury group FAPs to
promote C2C12 differentiation, which was alleviated by
melatonin treatment (Fig. 4B-C). Western blot analysis
showed that melatonin restored the expression of differ-
entiation markers Myosin, MyoD, Myogenin, and Pax-7
in C2C12 cells from the injury group (Fig. 4D-E). These
findings indicated that post-injury senescence of FAPs
diminished their ability to promote MuSC differentiation
and melatonin can mitigate this impairment, but the pre-
cise mechanism remains unclear.

Melatonin alleviated FAP senescence via AMPK activation

To explore the mechanism by which melatonin alle-
viated FAP senescence, we analyzed RNA-seq data
(GSE214008) from melatonin-treated FAPs. We found
that melatonin treatment led to downregulation of 1253
genes and upregulation of 443 genes, with the AMPK
signaling pathway notably enriched (Fig. 5A-B, S4A).
AMPK, a key energy-sensing enzyme, regulates cellular
metabolism and oxidative defense ([41]. Next, we exam-
ined the change of protein expression level of AMPK sig-
naling pathway of FAPs after Melatonin treatment. The
results showed that the AMPK signaling pathway was
activated in FAPs after melatonin treatment. (Fig. 5C-D).
Meanwhile, we tested this further using Compound C,
an AMPK inhibitor. B-Gal staining showed an increase in
[B-gal-positive cells with Compound C treatment (Fig. 5E-
F). Flow cytometry revealed that Compound C impaired
mitochondrial function in FAPs, increasing ROS levels
and decreasing membrane potential (Fig. 5G-J). Besides,
we used siRNA transfection technique to knock down
LKB1, a key regulatory factor of AMPK pathway, in FAPs
(Figure S5A-B). Then we tested the change of the aging
related gene expression in FAPs after siRNA transfection.
The results showed that the effect of melatonin to delay
senescence of FAPs reduced after knocking down the
LKB1 (Fig. 5K-L). These results suggested that the effects
of melatonin effects on alleviating FAP senescence are
mediated through AMPK signaling pathway activation.

Antioxidant intervention in FAPs restored muscle function
To verify melatonin’s role in promoting muscle repair
in vivo, we established a melatonin treatment model
by administering intraperitoneal injections of mela-
tonin following acute muscle injury induced by CTX.
After 15 days of treatment, muscle samples were col-
lected (Fig. 6A). Immunofluorescence staining showed
a decrease in PDGFRa*pl6" and PDGFRa*p21* cells,
indicating reduced FAP senescence with melatonin treat-
ment (Fig. 6B-D, S6A-B). Histological assessments with
Sirius Red, Masson Trichrome and glycogen PAS stain-
ing revealed reduced fibrosis, improved muscle glycogen
content and storage capacity post-injury with melatonin
treatment (Fig. 6E-I). These results demonstrated that
melatonin treatment alleviated FAP senescence, aiding
muscle repair and restoring muscle function.

In summary, our study found that oxidative-reduction
homeostasis imbalance and cellular senescence occurred
in FAPs following acute injury, leading to a decline in
skeletal muscle regeneration and repair functions. How-
ever, melatonin treatment alleviated the senescence of
FAPs, thereby promoting the recovery of muscle repair
functions. These results suggested that melatonin had
potential as an intervention to improve muscle repair
capacity impaired by FAP senescence.

Discussion

In this study, we utilized single-cell data to discover that
FAPs exhibited a senescent phenotype during acute skel-
etal muscle injury. We employed the anti-oxidant small
molecule drug melatonin to mitigate the senescence of
FAPs and restore their regenerative and repair capabili-
ties in skeletal muscle.

Interestingly, we found the amount of FAPs decreased
after CTX injury. On one hand, it may be due to the
senescence and apoptosis of the FAPs; On the other
hand, the alteration in the inflammatory microenviron-
ment during muscle injury may lead to an increase in
immune cells, which then phagocytize FAPs, thereby
reducing their numbers.

Recent studies have indicated that FAPs play a dual
role in muscle regeneration ([13, 42, 43]. On one hand,
they maintain the renewal of muscle stem cells and
facilitate tissue repair. On the other hand, they may also
contribute to the formation of fibrosis scars and ectopic
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