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Abstract

Background: Current therapeutic approaches for skeletal muscle fibrosis are insufficient. We hypothesize that mechanical load (ML)
couldmitigatemuscle fibrosis by suppressing inflammation. Methods: WeutilizedML to treat cardiotoxin (CTX) injury-induced skeletal
muscle fibrosis in C57BL6/J mice. We analyzed the underlying mechanism by integrating single-cell RNA sequencing (scRNA-seq) with
molecular techniques. Hematoxylin and eosin staining and Masson’s trichrome staining were used to assess skeletal muscle fibrosis. An
enzyme-linked immunosorbent assay was used to detect inflammatory cytokine levels in serum. scRNA-seq, immunofluorescence, and
Western blot were performed to determine cellular and molecular outcome changes. Results: After seven days of ML intervention,
compared with CTX injury-induced fibrosis mice, ML significantly reduced pro-inflammatory cytokines interleukin (IL)-1β and IL-
6 expression and increased anti-inflammatory cytokines transform growth factor (TGF)-β and IL-10 expression levels (all p < 0.05).
Meanwhile, ML inhibited the expression of the fibrosis signaling pathway TGF-β1/Smad3 and decreased hyperplasia of fibrosis tissue
in skeletal muscle (all p < 0.05). Next, scRNA-seq detected that M1 macrophage numbers, activity, and communication capacity are
maximum increased in fibrotic skeletal muscle among B cells, endothelial cells, fast muscle cells, fibroblasts, skeletal muscle satellite
cells, neutrophils, and T cells. However, ML significantly suppresses the expression of CD68+ M1 macrophage and p65 in the nuclear
factor kappa-B (NF-κB) pathway and promotes the CD206+ M2 macrophage and peroxisome proliferator-activated receptor (PPAR)-γ
expression levels in fibrotic skeletal muscle (all p< 0.05). Conclusion: ML can attenuate fibrosis in the injured skeletal muscle of mice
by prompt polarization of M1 macrophages into M2 macrophages.
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Introduction
Skeletal muscle fibrosis impedes muscular function

and resilience, obstructing tissue regeneration following in-
jury and enhancing re-injury likelihood (Mahdy, 2019). Fi-
brous tissue plays a pivotal role in force transmission and
post-injury maintenance and repair of muscle fibers (Moyer
and Wagner, 2011). However, excessive accumulation of
fibrous tissue impairs muscle function and interferes with
muscle fiber regeneration (Liu et al., 2024a). The fibrotic
process is typically accompanied by a coordinated infiltra-
tion and activation of immune cells, which play a pivotal
role in the clearance of damaged muscle fibers (Chazaud
and Mounier, 2021; Sosa et al., 2021). These immune
cells secrete a unique array of cytokines and growth factors
that promote the activation and differentiation of satellite
cells and guide the neighboring stromal cells in extracel-
lular matrix (ECM) remodeling and angiogenesis (Kalaoja
et al., 2021; Qualls et al., 2021; Wu et al., 2022). As
such, immunomodulation has emerged as a potential strat-
egy for mitigating skeletal muscle fibrosis, opening up new
therapeutic avenues. Administration of immunomodula-
tory agents to the injury site has shown promise in preclini-
cal studies (Millozzi et al., 2023; Van Damme et al., 2020).
Certain materials currently in clinical use for muscle de-
fect repair have been postulated to stimulate a pro-healing
immune response. However, surgical interventions often
risk severe complications and significant costs, highlighting
an ongoing clinical need for a straightforward, economical,
and non-invasive therapy for injury-induced skeletal mus-
cle fibrosis.

Mechanical load (ML) encompasses various applica-
tion methods, such as spinal manipulation, manual ther-
apy, and mechanical compression. Spinal manipulation
and manual therapy, also known as Tuina or massage in
China, both involve the application of ML to tissues. This
therapeutic approach has been traditionally used to alle-
viate pain, reduce inflammation, and enhance tissue re-
pair (Yao et al., 2022). It is widely endorsed in alterna-
tive and complementary medicine for its capacity to facili-
tate musculoskeletal tissue rehabilitation (Aguilar-Agon et
al., 2021; Bernard et al., 2022). This potential is likely to
arise from many effects, including improved blood circula-
tion, decreased oxidative stress, and augmented mitochon-
drial biogenesis (Barbe et al., 2021). Research focusing on
muscle regeneration has demonstrated that ML can signif-
icantly modulate the inflammatory response within the tis-
sue by attenuating inflammatory cytokine levels (Dziki et
al., 2018; Loerakker et al., 2010). Despite these findings,
the anti-inflammatory mechanisms of ML and its potential
anti-fibrotic impact on skeletal muscle remain largely un-
explored.

Our study aimed to ascertain whether ML can ef-
fectively mitigate the fibrosis induced by skeletal mus-
cle injury, specifically through regulating macrophage po-
larization, thereby inhibiting the incidence and mainte-

Fig. 1. Diagram of ML intervention. ML, mechanical load.

nance of muscle fibrosis. In our study, pro-inflammatory
macrophages (M1) were screened as a critical cell clus-
ter for ML in fibrosis relief. We demonstrated that
ML can improve the inflammatory levels and anti-
fibrosis in skeletal muscle by inhibiting the activation of
the M1 macrophage and promoting polarization to anti-
inflammatory macrophages (M2). Thus, our findings pro-
vide experimental and theoretical foundations for potential
anti-fibrotic mechanisms of ML.

Materials and Methods
Study Design

Our investigation employed 24 male C57BL6/J mice
weighing 20–25 g. In brief, the mice were subjected to an
intramuscular injection of snake venom cardiotoxin (CTX)
to induce a skeletal muscle fibrosis model following in-
jury. Serum levels of pro-/anti- inflammatory factors and
skeletal muscle histology were measured after seven days
of ML treatment. Subsequently, we analyzed single-cell
RNA sequencing (scRNA-seq) data from the Gene Expres-
sion Omnibus (GEO) database to identify the cell popula-
tions with the most significant changes during fibrosis after
skeletal muscle injury. Finally, molecular and cellular out-
come changes were determined.

Injury-Induced Skeletal Muscle Fibrosis Model and ML
Treatment

Skeletal muscle fibrosis was induced in male
C57BL6/J mice using an injection of CTX. This well-
established model triggers fibrotic lesions in the skeletal
muscle concurrent with muscle injury. It is valued as an
experimental representation of skeletal muscle fibrosis due
to the direct harm to muscle fibers, excluding defects in
satellite or immune cells. Prior to CTX administration,
the mice were anesthetized with 2 % isoflurane. The mice
were randomized and allocated into four groups: normal
(n = 6), sham (Phosphate Buffered Solution (PBS), n =
6), model (CTX, n = 6), and mechanical load (ML, n
= 6). During anesthesia, a 10 µL injection of CTX (10
µg/mL) was administered into the right tibialis anterior
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Fig. 2. IL-1β, IL-6, TGF-β, and IL-10 relative expression. IL, interleukin; TGF-β, transform growth factor beta; CTX, cardiotoxin;
PBS, Phosphate Buffered Solution; ns, no significance. *p < 0.05, **p < 0.01. ns, p > 0.05.

Table 1. Cell numbers of each cluster.
Groups B cells Endothelial Fast muscle Fibroblasts Macrophages MuSCs Neutrophils T cells

CON 0 1055 99 1682 856 217 47 437
CTX 41 1881 488 1419 3477 277 875 486

MuSCs, muscle satellite cells.

(TA) muscle. The normal group received no treatment,
whereas the sham group was injected with 10 µL of PBS
into the same muscle.

The specificML intervention, based on both published
research and our previous studies, was implemented as fol-
lows (Cezar et al., 2016; Seo et al., 2021; Yao et al., 2022):

1. The intervention began 24 hours post-injury and
lasted seven consecutive days, with 5-minute sessions every
10 to 12 hours.

2. Mice were acclimatized to the experimenter’s han-
dling 10 minutes before the intervention.

3. A pressure tester was employed to apply pressure
and knead the midpoint of the right TA muscle, with the
tester offering real-time feedback on pressure levels and
allowing for operator-controlled adjustments of maximum
pressure (Fig. 1).

4. The pressure tester maintained a constant stimula-
tion pressure of 0.5 N and a frequency of 1 Hz.

Groups not receiving ML experienced daily handling,
similar to the ML group, to control for potential stress ef-
fects. Following treatment, mice were returned to their
cages. On day eight, the TA muscle and serum were iso-
lated from the mice with and without ML.

Enzyme-Linked Immunosorbent Assay (ELISA)

Serum levels of interleukin (IL)-1β, IL-6, transform
growth factor (TGF)-β, and IL-10 were measured using
ELISA kits (Beyotime, Shanghai, China) according to the
manufacturer’s guidelines, with each sample analyzed in

duplicate. Briefly, blood samples were collected from mice
and allowed to clot for 30minutes at room temperature. The
samples were centrifuged at 2000 × g for 10 minutes to
separate the serum. The serum was collected and stored at
–80 °C until analysis. 96-well plates were coated with cap-
ture antibodies specific for IL-1β, IL-6, TGF-β, and IL-10
for the assay and incubated overnight at 4 °C. After wash-
ing, plates were blocked with a blocking buffer for 1 hour
at room temperature. Serum samples and standards were
added to thewells and incubated for 2 hours at room temper-
ature. Plates were washed and incubated with detection an-
tibodies for 1 hour, followed by a streptavidin-Horseradish
Peroxidase (HRP) conjugate for 30 minutes. After a final
wash, substrate solution was added, and the reaction was
stopped with a stop solution. Absorbance was measured at
450 nm using a microplate reader, and cytokine concentra-
tions were calculated based on standard curves.

Histological Analysis

On day eight, the TA muscle was extracted from mice
to assess myofiber size and fibrosis degree. The TA mus-
cle was harvested, fixed in 4 % paraformaldehyde, em-
bedded in paraffin, and sectioned into 4 µm slices. These
sections underwent heating at 60 °C for two hours, fol-
lowed by dewaxing with xylene, gradual rehydration us-
ing alcohol, and rinsing with PBS. Eosin counterstaining
was applied for 20 seconds, followed by rinsing in tap wa-
ter. The slides were then immersed in 70 % ethanol for
1 minute, followed by 100 % ethanol for 1 minute, and
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Fig. 3. MT treatment for muscle fibrosis. (A) Representative H&E and Masson’s trichrome (collagen in blue) images of cross-
histological sections of TA muscle. Scale bars = 50 µm. (B) Quantification of muscle fibers cross-sectional areas. (C) Percentage of
fibrotic regions (appearing as blue in Masson’s trichome in (A)). (D–F) Western blot analysis shows the relative protein expression of
TGF-β1 and Smad3, respectively. ML, mechanical load; H&E, hematoxylin and eosin; TA, tibialis anterior; CSA, cross-sectional area.
Scale bars = 50 µm. *p < 0.05, **p < 0.01, ***p < 0.001. ns, p > 0.05.
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Fig. 4. Single-cell transcriptomic profiling of skeletal muscle fibrosis induced by injury. (A) The gene features, gene counts, and
mitochondrial gene percentages for each sample. (B) Correlation analysis between gene expression and counts in individual samples.
(C) UMAP visualization of all sequenced cells categorized by cell type, with different colors distinguishing each cell type. (D) UMAP
projection comparing control (CON) and muscle fibrosis (CTX) groups, highlighting macrophages with ellipses, which show an increase
in the CTX group. UMAP, uniform manifold approximation and projection; MuSCs, muscle satellite cells.

then xylene for 1 minute. After drying, coverslips were
mounted using a xylene-based mounting medium. For
Masson’s trichrome staining, the sections were deparaf-
finized in xylene, rehydrated through graded ethanol, and
stained with Bouin’s solution. After washing, the sections
were stained with Weigert’s iron hematoxylin and Biebrich
scarlet-acid fuchsin. Collagen was differentiated using
phosphomolybdic-phosphotungstic acid and then stained
with aniline blue. Sections were briefly rinsed, differen-
tiated in acetic acid, dehydrated through ethanol, cleared in
xylene, and mounted. The cross-sectional area (CSA) of
muscle fibers was evaluated using hematoxylin and eosin
staining, while the extent of fibrosis was quantified through
Masson’s trichrome staining with Image J software (version
1.80, National Institutes of Health, Bethesda, MD, USA).
All histological analyses were conducted in a blinded fash-
ion.

scRNA-seq Data Processing

Our experimental design incorporated scRNA-seq
data from the GEO dataset involving CTX-induced TA
muscle injury in C57BL6/J mice, designated as the experi-
mental group. For the control group, scRNA-seq data from
healthy C57BL6/J mice were used. Specifically, we chose
GSM3614992 and GSM3614993 as the control (CON)

group and GSM4831162 and GSM4831163 as the skeletal
muscle injury group (CTX). Both groups were processed
using 10X Genomics v2 chemistry with three-month-old
mice. Each sample was derived from a single C57BL/6J
mouse, and the material used was whole muscle cells from
the TA. After sequencing, these data underwent scRNA-
seq using the Illumina NovaSeq platform (Illumina HiSeq
3000, Illumina, San Diego, CA, USA) and were subse-
quently processed with the CellRanger software (version
7.2.0, 10X Genomics, Pleasanton, CA, USA) to generate
the feature-barcode gene expression matrix. The Seurat R
package (version 4.3.0) was utilized for downstream analy-
ses, including principal component analysis (PCA) and uni-
form manifold approximation and projection (UMAP). We
excluded cells containing fewer than 200 genes, more than
7500 genes, or more than 20 % mitochondrial genes. As
a result, 13,337 filtered cells were included in the analy-
sis. Significant principal components (PCs) were identi-
fied through PCA, and the p-value distribution was visu-
alized using the JackStraw and ScoreJackStraw functions.
A batch correction was performed with the “Harmony” R
package (version 0.1.1) to address potential batch effects
caused by sample identity, which could otherwise interfere
with downstream analysis. We selected ten PCs for UMAP
analysis. Cells were grouped into fourteen distinct clusters
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Fig. 5. Changes in cell clusters associated with injury-induced skeletal muscle fibrosis. (A) Distribution of clusters across each
sample and group. (B) M1 macrophage distribution between the CON and CTX groups. (C) Expression levels of the M1 macrophage
marker CD68 in various cell clusters. (D) Communication between cell clusters is displayed, with the left panel showing the total
number of interactions and the right showing the interaction weights/strength. The dot size and line thickness represent the calculated
communication strength.

at a resolution 0.5 using the FindClusters function. Dif-
ferentially expressed genes (DEGs) for each cluster were
identified with the FindAllMarkers function, applying a
logfc.Threshold of 0.25. Cell types were determined based
on the DEGs for each cluster and were cross-referenced
with findings from a previous study (Liu et al., 2024b; Liu
et al., 2024a).

Cell-Cell Communication and Correlation Analysis

To infer and evaluate cell-to-cell communication, we
employed CellChat (version 1.6.0), a publicly available re-
source containing ligands, receptors, cofactors, and their in-
teractions. Recognized for its flexibility and user-friendly
interface, the CellChat toolkit, alongside the web-based Ex-
plorer (http://www.cellchat.org/), enables the discovery of
novel intercellular communication pathways and the cre-
ation of comprehensive cell communication atlases. Con-
cerning cell-interaction analysis, we gauged expression lev-
els relative to the total read mapping to an identical set of
coding genes across all transcriptomes. After that, expres-

sion values were averaged within each unique single-cell
cluster or cell sample.

Immunofluorescence

As previous histological analysis outlined, TA mus-
cle tissue slides were subjected to heating and deparaf-
finization. Following this, skeletal muscle sections were
subjected to primary antibodies overnight at 4 °C to iden-
tify CD68+ M1 macrophages (#ab53444, Abcam, Cam-
bridge, UK) and CD206+ M2 macrophages (#GB113497-
100, Servicebio, Wuhan, China). After three washes in
phosphatebuffered saline with Tween 20 (PBST), sections
were treatedwith Cy3-labeled (#A0516, BeyotimeBiotech-
nology, Shanghai, China) and Fluorescein Isothiocyanate
(FITC)-labeled (#BA1101, BosterBio, Shanghai, China)
secondary antibodies, respectively, for 60 minutes in dark-
ness. The sections were then washed three times with
PBST, followed by nuclear staining using 4′,6-diamidino-
2-phenylindole (DAPI) (#1002, Beyotime Biotechnology,
Shanghai, China) for 2 minutes. TA muscle tissue sections
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Fig. 6. Characterization of M1 macrophages and M2 macrophages. (A) Representative Immunofluorescence images of cross-
sectional TA muscle tissue and nuclear staining were performed with DAPI (blue). (B,C) The proportion of CD68 and CD206 positive
areas, shown in red and green, respectively, in the immunofluorescence images in (A). (D,E) The proportion of CD68 and CD206 positive
cells compared to DAPI-stained nuclei. TA, tibialis anterior; DAPI, 4′,6-diamidino-2-phenylindole. Scale bars = 50 µm. *p< 0.05, **p
< 0.01, ***p < 0.001. ns, p > 0.05.
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Fig. 7. Expression of macrophage polarization relative proteins. (A) Western blot illustrating the relative protein expression levels
of (B) NF-κB p65 and (C) PPAR-γ. **p < 0.01, ***p < 0.001. ns, p > 0.05; NF-κB, nuclear factor kappa-B; PPAR, peroxisome
proliferator-activated receptor.

were imaged using a BX43 microscope (Olympus, Tokyo,
Japan). For each section, three fields were randomly se-
lected, and the average fluorescence intensity of the tar-
get protein was quantified using Image J software (version
1.80, National Institutes of Health, Bethesda, MD, USA).

Western Blot
Total protein was isolated from TA muscle tissue us-

ing radioimmunoprecipitation assay (RIPA) buffer. Protein
concentration was determined using a bicinchoninic acid
protein assay kit. Equal amounts of protein were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto polyvinyli-
dene fluoride membranes. Membranes were blocked with
5 % non-fat milk and incubated overnight at 4 °C with pri-
mary antibodies against TGF-β1 (1:500, #5154LF, CST,

Boston, MA, USA), Smad3 (1:1000, #9523S, CST), nu-
clear factor kappa-B (NF-κB) p65 (1:1000, #GB11997,
Servicebio, Wuhan, China), and peroxisome proliferator-
activated receptor (PPAR)-γ (1:1000, #GB11164, Service-
bio) in PBS. Following Tris-buffered saline with Tween 20
(TBST) washes, the membranes were incubated with sec-
ondary antibodies for 60 minutes at room temperature. Pro-
tein bands were detected using the ChemiDoc MP system
(#1708280, Bio-Rad, Hercules, CA, USA) in combination
with an enhanced chemiluminescence (ECL) kit (#E423-
01, Vazyme, Nanjing, China). Band intensities were quan-
tified using Image J software. All experiments were con-
ducted in triplicate to ensure data reliability.
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Statistical Analyses
Statistical analyses were performed using GraphPad

Prism Software (version 7, San Diego, CA, USA), and the
results were expressed as mean ± standard deviation. The
Shapiro-Wilk test was used to assess the normality of the
data. For data that followed a normal distribution, Student’s
t-tests were used for comparisons between two groups, and
analysis of variance (ANOVA) was applied for compar-
isons among multiple groups. Post hoc pairwise compar-
isons after ANOVA were conducted using Tukey’s test.
For nonparametric or non-normally distributed data, Mann-
WhitneyU andKruskal-Wallis tests were employed to com-
pare two groups and multiple groups, respectively, with
Dunn’s test used for post hoc comparisons. Additionally, a
two-way ANOVA with Bonferroni’s post hoc test was used
to evaluate data with two independent variables. Statistical
significance was set at p < 0.05. The thresholds for estab-
lishing statistical significance were as follows: *p < 0.05,
**p < 0.01, ***p < 0.001.

Results
ML Attenuates M1 Macrophage-Derived
Pro-Inflammatory Factors and Mitigates Skeletal Muscle
Fibrosis

IL-1β and IL-6 are principal pro-inflammatory fac-
tors secreted by M1 macrophages, and TGF-β and IL-10
are anti-inflammatory factors secreted byM2macrophages.
ML involved applying a 0.5 N force and a frequency of
1 Hz, which began 24 hours post-injury and continued for
seven days. The serum expression levels of IL-1β and IL-6
were substantially reduced, and TGF-β and IL-10 were in-
creased (all p < 0.05) following ML treatment (Fig. 2).
CTX injections led to skeletal muscle damage, instigat-
ing the high expression of pro-inflammatory factors IL-1β
and IL-6 and escalating skeletal muscle fibrosis. However,
skeletal muscle fibers showed no significant atrophy (p >

0.05). The CSA of muscle fibers, an indicator of muscle
growth and contractile strength, does not demonstrate larger
myofibers in the ML-treated muscle (Fig. 3A,B). Concur-
rently, applying the 0.5 N force resulted in a significant de-
crease (all p < 0.05) in interstitial fibrosis and the expres-
sion of TGF-β1 and Smad3 protein levels (Fig. 3C–F).

M1 Macrophage Numbers, Activity, and Communication
Capacity are Increased in Fibrotic Skeletal Muscle

To elucidate the cell types undergoing the most signif-
icant changes during skeletal muscle fibrosis, we analyzed
scRNA-seq data from skeletal muscle injury in C57BL6/J
mice following CTX injection. We compared it with data
from normal mice. scRNA-seq data from the GEO dataset
were integrated to characterize the cell populations. Upon
filtration, 8944 cells from injured (CTX) mice and 4393
cells from control (CON) subjects remained for analy-
sis. The expression characteristics of each sample are de-
picted in Fig. 4A. A positive correlation was found be-

tween the number of unique molecular identifiers and the
number of genes, with a correlation coefficient of 0.91
(Fig. 4B). Eight cell populations were identified and visu-
alized using uniform manifold approximation and projec-
tion (UMAP) plots (Fig. 4C) based on cell type-specific
marker genes. These included B cells (CD19+, MS4A1+,
CD22+), endothelial cells (PECAM1+, CD34+), fast mus-
cle cells (MYH1+), fibroblasts (PDGFRA+), macrophages
(CSF1R+, CD206+, CD68+), skeletal muscle satellite
cells (MuSCs: Myod1+, Pax7+), neutrophils (S100a8+,
S100a9+, CD14+, ITGAM+), and T cells (CD3D+,
CD3E+, CD8A+).

Significant changes in cell clusters were detected
within the macrophage, neutrophil, and fast muscle cell
clusters. The macrophage cluster, highlighted by ellipses,
showed an elevated percentage in the CTX group (Fig. 4D).
Table 1 details the number of cells in each cluster. At
the same time, Fig. 5A illustrates the proportions of cells
across these clusters. Pro-inflammatory M1 macrophages
predominated within the macrophage clusters, displaying
notably increased numbers and activity (Fig. 5B,C). In ad-
dition to the macrophage cluster, the neutrophil and fast
muscle clusters showed a notable increase in the CTX
group compared to the CON group. Analysis of commu-
nication between the eight identified cell clusters revealed
macrophages as the most active and communicative cells,
dominating intercellular communication following skeletal
muscle injury (Fig. 5D). These findings suggest that post-
injury, M1 macrophages become the most numerous, ac-
tive, and communicative cells, dominating the inflamma-
tion level and significantly impacting skeletal muscle ca-
pacity and function. Therefore, we hypothesize that M1
macrophages are key regulators of inflammation in skeletal
muscles. In the following analyses, the primary focus was
placed on M1 macrophages.

ML Promotes the Polarization of M1 Macrophages to M2
Macrophages

Macrophages play an essential role in skeletal mus-
cle fibrosis after injury. M1 macrophages secrete pro-
inflammatory factors, whereas M2 macrophages release
anti-inflammatory factors. The effective recruitment and
polarization of M1 and M2 macrophages are instrumental
in restoring homeostasis of inflammatory levels following
skeletal muscle injury. To explore the impact of ML on
macrophages, we evaluated the efficiency of the M1 to M2
macrophage polarization in mice with skeletal muscle in-
juries post-ML involving a 0.5 N force. After seven days
of treatment, ML significantly reduced the populations of
CD68+ M1 macrophages and increased the populations of
CD206+ M2 macrophages in the TA muscle tissue com-
pared to the CTX group. Immunofluorescence imaging
revealed a broad distribution of CD68+ M1 macrophages
in the inflammatory muscles of the untreated group. In
contrast, in the ML-treated muscles, these macrophages
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were confined to specific regions (Fig. 6A). The inten-
sity of CD68+ M1 macrophage expression was notably de-
creased (p < 0.05) in the ML group compared to the CTX
group (Fig. 6B). Conversely, the expression of CD206+
M2macrophages exhibited the opposite trend, with signifi-
cantly increased (p< 0.05) intensity in the ML group com-
pared to the CTX group (Fig. 6C). Analysis of the per-
centage of CD68/CD206+ cells confirmed (all p < 0.05)
these trends (Fig. 6D,E). Consequently, NF-κB p65 pro-
tein expression levels in local muscle tissues were sig-
nificantly reduced, while PPAR-γ protein expression lev-
els were significantly elevated (all p < 0.05) in the ML
group compared to the CTX group (Fig. 7A–C). This
suggests that ML efficiently redirects pro-inflammatory
M1 macrophages towards becoming anti-inflammatory M2
macrophages, thereby decreasing the expression levels of
pro-inflammatory factors, such as IL-1β and IL-6, and al-
leviating the fibrosis induced by damaged skeletal muscle
(Supplementary file).

Discussion
Skeletal muscle fibrosis, a prevalent consequence of

muscular injuries, dystrophies, and aging, detrimentally im-
pacts skeletal muscles’ functional and structural aspects and
hinders muscle fiber regeneration post-injury (Sosa et al.,
2021). Importantly, it also escalates muscle susceptibil-
ity to recurrent injuries (Van Den Hoek et al., 2021). Our
study presents compelling evidence for the potential nexus
between ML and anti-fibrotic immune responses. Specifi-
cally, our findings highlight that: (1) macrophages are the
most abundant and active immune cells, playing a predom-
inant role in fibrotic skeletal muscle; (2) ML intervention
can significantly reduce pro-inflammatory cytokines IL-
1β and IL-6 expression and increase anti-inflammatory cy-
tokines TGF-β and IL-10 expression levels; (3) ML inhib-
ited the expression of the fibrosis signaling pathway TGF-
β1/Smad3 and decreased hyperplasia of fibrosis tissue in
skeletal muscle; (4) early application of ML can hinder the
activation of M1 macrophages and promote their polariza-
tion into M2 macrophages. Thus, our findings provide ex-
perimental and theoretical foundations for potential anti-
fibrotic mechanisms of ML. To the best of our knowledge,
this study constitutes the first instance of empirical evidence
suggesting that ML can mitigate the formation of fibrosis
following skeletal muscle injury, which contributes novel
insights towards the potential deployment of ML as a pre-
ventative strategy against muscle fibrosis.

ML via cyclic muscle tissue compression is a com-
mon strategy among athletes to alleviate skeletal mus-
cle discomfort and expedite recovery following intense
physical exertion (Seo et al., 2021). Skeletal muscle
comprises various cell types capable of detecting and re-
sponding to mechanical stresses through a physiologi-
cal process termed mechanotransduction. Emerging evi-
dence underscores ML’s immunomodulatory influence on

skeletal muscle homeostasis. In the present investiga-
tion, we elucidated ML’s ability to regulate the immune
micro-environment status during skeletal muscle fibro-
sis following injury, mainly focusing on macrophage ac-
tivity. A previous study also highlighted that applying
cyclic compressive loading immediately after injury in-
duced by eccentric exercise decreased the number of in-
flammatorymacrophages and neutrophils within themuscle
(Seo et al., 2021). However, this trend may be context-
specific, as previous work observed load-dependent in-
creases in macrophage populations within the healthy
TA muscle of rats subjected to massage. Moreover, in
vitro studies have shown that applying mechanical load-
ing to a scaffold encourages macrophages to adopt an anti-
inflammatory/restorative phenotype (Adams et al., 2019;
Ji et al., 2020; Dziki et al., 2018). Interestingly, applying
controlled cyclic compressive loading to uninjured muscle
triggers the expression of genes associated with immune re-
sponses and the infiltration of CD68+ and CD163+ cells in
a load-dependent manner.

Macrophages’ quantity, activity, and communication
capacity dictate the outcome—either muscle regeneration
or fibrotic tissue formation following muscle injury (Chaz-
aud, 2020). This study observed a significant post-injury
increase in M1 macrophage numbers, activity, and com-
munication capacity. Concurrently, the serum concentra-
tions of IL-1β and IL-6 also significantly increased, align-
ing with previous findings. The phenomena of muscle fi-
brosis are intimately linked and concurrent with inflamma-
tion. Neutrophils are recruited to the injury site follow-
ing muscle injury, facilitating the phagocytosis of damaged
cells and initiating regeneration. Recruited neutrophils re-
lease chemoattractant cytokines, further promoting mono-
cyte and macrophage infiltration. Immunomodulatory fo-
cuses on regulating the above processes and influencing
the level of inflammation. Numerous studies have sup-
ported the immunomodulatory role of ML; however, previ-
ous work primarily focused on ML’s effect on macrophage
number, with minimal attention to macrophage polarization
status (Seo et al., 2021; Cezar et al., 2016; Chazaud, 2020).

Macrophages, distinguished by two contrasting phe-
notypes, are pivotal in muscle fibrosis. The M1 phenotype,
upon activation, releases pro-inflammatory cytokines, in-
cluding IL-1β and IL-6, instigating the proliferation of fi-
broblasts (Panci and Chazaud, 2021; Shang et al., 2020).
In contrast, the M2 phenotype produces TGF-β1 and fi-
bronectin. An imbalance in the activation of M1 and M2
macrophages amplifies TGF-β1 expression. This amplified
expression subsequently triggers resident fibroblast activa-
tion, forestalls fibro/adipogenic progenitors (FAPs) apop-
tosis, and provokes their differentiation into fibrogenic lin-
eage (Torres-Ruiz et al., 2023). This cascade of events leads
to the overaccumulation of the extracellular matrix (ECM)
and, consequentially, fibrosis (Tidball and Villalta, 2010;
Toumi et al., 2006). Our findings show thatML can encour-
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age M1 macrophage polarization into M2 macrophages,
thereby reducing the secretion of pro-inflammatory fac-
tors IL-1β and IL-6 and mitigating skeletal muscle fibro-
sis. In vivo, tissue compression is also suggested to mod-
ulate macrophage inflammatory status, decrease the adher-
ence of pro-fibrotic macrophages, and expedite the removal
of immune cells and metabolic waste products through en-
hanced fluid transportation (Chazaud, 2016; Tidball, 2002;
Ziemkiewicz et al., 2021). Nonetheless, a recent inves-
tigation posits that the functional enhancements brought
about by cyclic muscle tissue compression are not corre-
lated with changes in macrophage count or inflammatory
status (Seo et al., 2021; Shang et al., 2020; Tidball, 2017).
Instead, these improvements are ascribed to the early re-
moval of neutrophils. This clearance process culminates
in a diminished expression of various cytokines, including
MMP9 and CCL3 (Liu et al., 2024b). These cytokines im-
pede the proliferation and foster the differentiation of skele-
tal muscle satellite cells under in vitro conditions. The
current study noted a significant increase in macrophage
and neutrophil numbers seven days post-skeletal muscle in-
jury. Still, macrophages exhibited the most prominent rise
in quantity, activity, and communication capacity, thus be-
coming the dominant cells within the immune cell popu-
lation. This suggests that although macrophages and neu-
trophils contribute to the post-injury inflammatory state,
macrophages assume a more dominant role.

It is well-established that the classical M1/M2
dichotomy does not fully reflect the complexity of
macrophage phenotypes, particularly during skeletal mus-
cle regeneration and fibrosis. A recent study demon-
strated that markers traditionally used to define M1 and M2
macrophages may fail to characterize the full spectrum of
macrophage subtypes involved in these processes (Coulis
et al., 2023). Our study specifically looked for Galectin-
3 (Gal3)-positive fibrotic macrophages in our scRNA-seq
data. However, we did not detect a clear population of
Gal3+ macrophages. This may be due to the timing of
our sample collection, which might have needed to align
with the peak presence of these fibrotic macrophages. It is
known that the dynamics of macrophage populations vary
over time during the regeneration process, and sampling
at different stages might yield different results (Tu and Li,
2023). This limitation emphasizes the importance of con-
ducting longitudinal studies to capture the temporal dynam-
ics of various macrophage populations, including fibrotic
subtypes. Despite this, our findings still contribute to un-
derstanding macrophage heterogeneity, and further investi-
gation will provide deeper insights into the roles of specific
macrophage subtypes in muscle regeneration and fibrosis.

Our study acknowledges certain limitations. Firstly,
the quantification and standardization of ML remain chal-
lenging in current research. Previous studies determined
an effective range of loading force for ML interventions in
mice to be between 0.15 N and 0.6 N; forces below 0.15

N showed no therapeutic impact, and forces above 0.6 N
caused damage (Seo et al., 2021). Based on these findings
and our prior research, we selected 0.5 N as the therapeu-
tic loading force for ML. Nonetheless, the effects of addi-
tional mechanical parameters, such as loading frequency,
application point, and number of cycles, warrant further in-
vestigation (Cezar et al., 2016). Secondly, although we em-
ployed a skeletal muscle fibrosis model induced by CTX in-
jection, the need for additional studies using other clinically
relevant fibrosis models, for instance, those resulting from
type 2 diabetes, ischemic injury, and denervation, is clear
to guide clinical translation better. Thirdly, while our study
illustrated that ML could mitigate muscle fibrosis partly
through the early polarization of macrophages, which re-
duces the secretion of pro-inflammatory factors, the mecha-
nistic link underlying this polarization requires further elu-
cidation. Moreover, we only assessed macrophage polar-
ization at a single time point during skeletal muscle fibro-
sis. While this allowed us to observe distinct changes in
M1 and M2 macrophages at a specific phase, it did not cap-
ture the dynamics of the M1-to-M2 transition, known to oc-
cur naturally during muscle fibrosis. The M1-M2 switch
is a critical aspect of the fibrosis process, and longitudi-
nal data encompassing multiple time points would offer a
more in-depth understanding of the temporal dynamics of
macrophage populations (Chazaud, 2020). Future studies
should better focus on examining these dynamics across dif-
ferent phases of muscle fibrosis to elucidate the roles of M1
and M2 macrophages. In addition to the limitations previ-
ously discussed, another potential limitation of our study
is the lack of functional assessments, such as gait analysis
or measurements of muscle strength post-healing. These
metrics could provide further insight into the functional re-
covery following mechanical loading but were outside the
scope of the present study. Furthermore, the short duration
of the study may limit the understanding of the long-term
effects of mechanical loading on muscle fibrosis. Future
studies should incorporate functional assessments and ex-
tended observation periods to gain a more comprehensive
understanding of the therapeutic impact ofmechanical load-
ing.

When juxtaposed with drug- or biologic-based thera-
pies typically investigated in anti-fibrosis treatments, ML
presents a lower barrier to clinical translation. This advan-
tage is attributed to ML’s noninvasive character, personal-
ized therapeutic delivery, and the reduced burden of regula-
tory compliance (Cezar et al., 2016; Yao et al., 2022). Non-
invasive and biologic-free approachesmay hold promise for
patients dealing with chronic inflammation, such as those
with idiopathic inflammatory myopathies, cancer-related
cachexia, or age-related sarcopenia (Aguilar-Agon et al.,
2021; Cezar et al., 2016). Given the limited effectiveness of
immunosuppressive drugs in these cases, physical therapy
presents itself as a viable alternative. Interactions, whether
synergistic or antagonistic, may exist between ML-based
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therapies and those based on biological agents, underscor-
ing the potential efficacy of tailored combinatorial thera-
peutic strategies.

Conclusions
The findings of this study corroborate the potential of

ML to mitigate fibrosis induced by damaged skeletal mus-
cle, which is achieved by regulating macrophage polariza-
tion. These insights hold significant promise for clinical
applications, particularly in improving therapeutic strate-
gies for patients with skeletal muscle fibrosis. However, the
mechanistic link between ML and macrophage polarization
necessitates further investigation to elucidate its clinical im-
plications fully.
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