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Abstract
Background: Macrophages are involved in the regeneration of skeletal muscle injury and the exosomes
secreted by a variety of cells promote the regeneration of tissues after injury. However, the potential effect
of exosomes secreted by polarized macrophages on the repair of skeletal muscle after injury remains
unclear. This study explored the effect of exosomes derived from M1 macrophages (M1-Exo) on the
repair of levator ani muscle in mice after Vaginal Dilation (VD) modeling and the viability of C2C12
myoblasts after mechanical injury.

Methods: Differential ultracentrifugation was used to separate M1-Exo from 200 ng/mL
lipopolysaccharide-induced polarization of M1 type macrophages culture medium. Nanoparticle tracking
analysis, transmission electron microscopy, and western blotting of CD9 and Tsg101 proteins were
employed to identify M1-Exo. In vivo experiment involving the vaginal balloon expansion method was
used to simulate the trauma to the pelvic �oor of the mouse during delivery. M1-Exo was injected into the
levator ani muscle and its surroundings to detect the abdominal leak point pressure (ALPP) and the
maximum bladder volume (MBV) of the VD mice at 3, 7, and 14 days. Then the levator ani muscle was
taken for hematoxylin and eosin (H&E) staining to observe the muscle damage and repair. To evaluate
the functional and anatomical recovery of M1-Exo on stress urinary incontinence (SUI) mice caused by
VD model delivery trauma. Subsequently, an in vitro C2C12 myoblasts cyclic mechanical strain injury
model was constructed to determine the best mechanical injury parameters. In the next step, through a
series of in vitro functional tests, the effect of M1-Exo on the proliferation, senescence, and apoptosis of
C2C12 myoblasts injured by cyclic mechanical strain was assessed. The effect of M1-Exo on the
prevention and treatment of SUI caused by injury to the levator ani muscle after delivery was evaluated
using animal experiments and cell-level studies.

Results: Powerlab software test results showed that the injection of M1-Exo into the levator ani muscle of
SUI mice and its surroundings can signi�cantly increase the mouse's ALPP, and MBV. H&E staining results
revealed that M1-Exo can prevent secondary necrosis of broken muscle �bers, reduce nuclear migration
of muscle �bers, maintain the shape of the muscle bundles, and promote normal muscle regeneration.
CCK-8 proliferation reagent, senescence-associated β-galactosidase (SA-β-Gal) staining, and �ow
cytometry (PE/7-AAD staining) were used to determine the best in vitro simulation of the C212 myoblasts.
The best damage parameters of the C2C12 myoblast injury model occurred at 5333 μ strain for a
duration of 8 hours at 1 Hz. Subsequently, the test results of the CCK-8 proliferation reagent and EdU cell
proliferation reagent suggested that M1-Exo promoted the proliferation of C2C12 myoblasts subjected to
mechanically induced damage. SA-β-Gal staining results indicated that M1-Exo delayed the senescence
of C2C12 myoblasts subjected to mechanically induced injury. Hoechst 33258 staining reagent and �ow
cytometry (PE/7-AAD staining) revealed that M1-Exo inhibited mechanically induced apoptosis of the
C2C12 myoblasts.

Conclusions: Our experimental results established that M1-Exo helps in the functional and anatomical
recovery of SUI mice caused by labor trauma. Furthermore, the �ndings imply that M1-Exo has a
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protective effect on C2C12 myoblasts after cyclic mechanical strain damage, promotes their proliferation,
delays aging, and inhibits apoptosis.

Background
Stress urinary incontinence (SUI) refers to uncontrolled leakage of urine from the external urethra when
the abdominal pressure increases[1]. Studies have reported that the prevalences of female SUI before and
after pregnancy are 22.6% and 37.2%, respectively, and that it increases with the increase in gestational
age, with the highest prevalence being observed in the third trimester[2–4]. SUI induced by pregnancy and
vaginal delivery is caused by damage to the pelvic �oor muscles (mainly the levator ani muscle)[5].
Therefore, it is necessary to repair the injured levator ani muscle promptly to reduce the occurrence of SUI.

Macrophages have become the main target of regenerative medicine owing to their unique plasticity[6–8].
Macrophages quickly gather around the damaged area after skeletal muscle injury and regulate the
functioning of muscle satellite cells by producing certain secretions[9]. In�ammatory stimuli (such as
bacterial components or gamma interferons) produce classically activated M1 macrophages, which can
promote the proliferation of myoblasts[10]. Furthermore, Pathol’s animal experiments pointed out that
exogenous M1 type macrophages therapy can reduce post-traumatic muscle �brosis and enhance
muscle �ber regeneration[11]. M1-type macrophages have a positive effect on the regeneration of skeletal
muscles after an injury. However, owing to the plasticity of macrophages, cell therapy based on M1
macrophages is particularly vulnerable to phenotypic control issues. For example, when M1-type
macrophages are implanted in the body, it is not clear whether the phenotype of exogenously stimulated
M1-type macrophages can be maintained. Therefore, for cell therapy based on M1 macrophages to be
clinically feasible, it is necessary to �nd ways to ensure their stable functioning in vivo.

Exosomes are lipid vesicles with a diameter of 30–150 nm and are derived from the endosomal system.
These vesicles are miniature versions of the parent cells and carry many biomolecules present in the
parent cells, such as nucleic acids, proteins, and lipids[12, 13]. Exosomes not only re�ect the characteristics
of the donor cells but also perform speci�c functions in the recipient cells[14]. Therefore, this study
employed M1-type macrophages-derived exosomes to conduct experiments that can solve the problem of
phenotype maintenance of these macrophages in vivo transplantation treatment. The vaginal balloon
expansion method was used to simulate the damage to the levator ani muscle during childbirth in
mice[15] and to explore whether the injection of M1 macrophages-derived exosomes around the injured
site can promote muscle repair and improve the symptoms of SUI. In addition, this study examined the
effect of these exosomes on the viability of myoblasts after cyclic mechanical stress injury at the cellular
level.

Results

CMS causes C2C12 myoblast damage
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A four-point bending cell mechanics loading instrument was used to mechanically load the C2C12
myoblasts. The strain applied was 0, 1333, 2666, and 5333 μ strain, the strain-time was set to 0, 4, 8, and
12 h, and the frequency was 1 Hz. After mechanical induction, the C2C12 myoblasts were cultured in an
incubator for another 4 h, and the cell viability was measured using CCK-8. As shown in Figure 1A, the
results were compared to those of the control group. When the mechanical strain was 5333 μ strain, the
cell activity decreased most obviously, and the activity fell gradually with the increase in strain
application time. However, when the strain was 1333 μ strain, there was no statistically difference in cell
viability (p > 0.05). In addition, when the mechanical strain was 2666 μ strain for 12 h, the cell activity
was also signi�cantly reduced (p < 0.001). Nevertheless, because the application time was too long, the
probability of cell contamination increased and the damaging effect was less than that of the strain of
5333 μ strain. Hence, this experiment selected 5333 μ strain of the CMS as the optimal parameter.

To further investigate the effect of mechanical strain on the senescence and apoptosis of C2C12
myoblasts, the CMS parameter was set to 5333 μ strain, the CMS  time was set to 0, 4, 8, and 12 h, the
frequency was set to 1 Hz, and the CMS mode was loaded. In C2C12 myoblasts, a β-galactosidase
staining kit was used to detect cell senescence. When compared with the control group, SA-β-Gal positive
cells increased signi�cantly in the 8-h group, while a large number of cells changed morphology in the 12-
h group (Figure 1B). At the same time, the apoptosis test results revealed that when compared with the
cells in the control group, the apoptosis rate in the 8-h group was about 30%, while the proportion of
apoptotic cells in the 12-h group was too high (Figure 1C, D). Therefore, the best parameters of the C2C12
myoblast injury model occurred at 5333 μ strain for a duration of 8 hours at 1 Hz in this study. The above
results indicate that a C2C12 myoblast injury model induced by cyclic mechanical strain has been
successfully constructed and that a certain degree of mechanical strain can inhibit the proliferation of the
myoblasts and promote their senescence and apoptosis.

Isolation and characterization of M1-Exo
Differential ultracentrifugation was used to extract M1-Exo; their characteristics are depicted in Figure 2.
Nanoparticle tracking analysis showed that the diameter of the extracted vesicles was 81.3 nm (Figure
2A). Transmission electron microscopy demonstrated the presence of scattered oval or round vesicles.
Their average particle size was 30–150 nm (Figure 2B). Furthermore, western blot results suggested that
the protein extracted from the M1 macrophages contained almost no exosomal markers CD9 and
Tsg101, while the exosomal group was positively expressed (Figure 2C). The above results signify the
successful extraction of M1-Exo..

M1-Exo promote the repair of the levator ani muscle in SUI
mice and improves the urodynamic parameters
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Thirty-six mice with a positive sneeze test and a signi�cant decrease in urodynamic parameters (ALPP
and MBV) one day after the injury were included in the SUI model. ALPP and MBV were measured 3, 7,
and 14 days after injection of M1-Exo or saline. In this study, the ALPP and MBV of normal mice were
40.02 ± 2.38 cmH2O (Figures 3A-c, A-f, A-g) and 101 ± 5 μL (Figure 3C), respectively. After the levator ani
muscle was injured, the urodynamic parameters were signi�cantly reduced (Figures 3A-a, B; C). When
compared with the SUI group not injected with M1-Exo, the ALPP and MBV of the mice in the M1-Exo
group improved considerably, and there were signi�cant differences (Figures 3A, B, C). On the 14th day,
the ALPP and MBV values of the SUI+M1-Exo group were not statistically different from those of the
normal group (Figures 2B, C). These �ndings suggest that M1-Exo can completely restore ALPP and MBV
within 14 days.

Levator ani muscle injury is an important cause of SUI [16, 17]. In the control group, the levator ani muscle
�bers of the mice were dyed uniformly pink when examined microscopically, and the muscle cell nucleus
was oval. Multiple nuclei were present around each muscle �ber, close to the inner surface of the muscle
membrane, and the �bers were closely connected to form a bundle (Figure 3D-d). Once the levator ani
muscle is injured, the muscle bundles are disordered, the size and shape of the muscle �bers are irregular,
in�ammatory cells are in�ltrated, and a large number of pathological nuclei are seen in the muscle �bers
(Figures 3D-a, D-b, D-c). The SUI group displayed muscle �ber rupture accompanied by necrosis and
atrophy during the repair process, and in�ammatory cell in�ltration was observed. Besides, the neonatal
muscle �ber morphology was irregular, and atrophy was accompanied by compensatory hypertrophy
(Figures 3D-a, D-b, D-c). M1-Exo prevented secondary necrosis of the broken muscle �bers, maintained
the shape of the muscle bundles, and promoted normal muscle regeneration. (Figures 3D-e, D-f, D-g). In
addition, decreased nuclear translocation was observed in the SUI+M1-Exo group (Figures 3D-a, D-e).

M1-Exo promotes the proliferation of C2C12 myoblasts
injured by CMS
C2C12 myoblasts were cultured at a mechanical force of 5333 μ strain and a force-frequency of 1 Hz, 8 h
after loading. The cells were then cultured for 4 h and supplemented with 1 × 1010 particles/mL
exosomes or PBS for 12 h, 24 h, and 36 h. CCK-8 kit was used to detect the proliferation level of the
injured C2C12 myoblasts. As shown in Figure 3A, when compared with control group, the proliferation
ability of the C2C12 myoblasts was signi�cantly reduced after 8 h of mechanical force loading-induced
injury. However, after culturing in DMEM medium with M1-Exo for 24 h, the proliferation level of the
injured C2C12 myoblasts increased (p < 0.01). Furthermore, after the M1-Exos were cultured for 36 h, the
injured C2C12 myoblasts almost returned to the normal proliferation level (Figure 3A).

The injured C2C12 myoblasts were cultured in DMEM medium with 1×1010 particles/mL of M1-Exo for 24
h. Subsequently, their proliferation rate was detected by using the EdU kit. The results showed changes
similar to CCK-8, further con�rming that the proliferation rate of the C2C12 myoblasts after mechanical
damage was signi�cantly increased as a result of co-culturing with M1-Exo (45.0%, p < 0.001 vs. -Exo
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group) (Figures 5B, C). The results prove that M1-Exo promotes the proliferation of C2C12 myoblasts
damaged by cyclic mechanical strain.

M1-Exo delays the senescence of C2C12 myoblasts injured
by CMS
After the C2C12 myoblasts were treated in the above-mentioned manner, the β-galactosidase staining kit
was used to detect their degree of senescence. In this experiment, the expression levels of β-
galactosidase in the C2C12 myoblasts treated under different conditions tended to vary. As shown in
Figure 4, when compared with the undamaged control group, the positive staining rate of the C2C12
myoblasts subjected to mechanically induced injury was signi�cantly higher (p < 0.05), but the 1 × 1010

particles/mL of M1-Exo intervention lowered the positive staining rate. After 24 h, the positively stained
C2C12 myoblasts of SA-β-Gal were signi�cantly reduced and were closer to those of the undamaged
control group. Therefore, it can be inferred that M1-Exo can delay the senescence of the damaged C2C12
myoblasts induced by cyclic mechanical strain.

M1-Exo inhibits the apoptosis of C2C12 myoblasts injured
by CMS
After the C2C12 myoblasts were treated in the above manner, the Hoechst 33258 staining kit was used to
detect the degree of apoptosis. As shown in Figures 5A and B, the C2C12 myoblasts subjected to injury
induced by mechanical force had more bright blue �uorescence and condensed nuclei than the normal
undamaged control group, After the intervention with M1-Exo, the number of bright blue �uorescence and
condensed nuclei decreased signi�cantly. Moreover, �ow cytometry was used to detect the apoptosis rate
of the C2C12 myoblasts after mechanical damage, and the results showed changes similar to Hoechst
33258 staining. These �ndings con�rmed that the apoptosis rate of the C2C12 myoblasts after
mechanical damage increased signi�cantly (30.0%, p < 0.001 vs. control group). However, after co-
cultivation with M1-Exo, the apoptosis rate was reduced to 12.0% (Figures 5C, D). The results validate
that M1-Exo can inhibit the apoptosis of C2C12 myoblasts induced by cyclic mechanical strain.

Discussion
American scholar Delancey put forward the "Hammock Hypothesis," which states that the main
supporting parts of the urethra and bladder neck are the complete vaginal wall at the bottom of the
bladder and the pelvic fascia. The levator muscles contract, tighten the vaginal wall and pelvic fascia
structure, �atten the urethra, and increase the internal pressure of the urethra, thereby effectively resisting
the increased intra-abdominal pressure and controlling the discharge of urine. If these supporting
"hammocks" are destroyed and the abdominal pressure increases, the urethra cannot be closed normally,
resulting in SUI.
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The levator ani is a pair of thick muscles. The muscles on both sides are symmetrical to each other and
gather downward and inward into a funnel. The levator ani is composed of the pubococcygeus muscle,
the iliococcygeus muscle, and the sitting tail muscle. Abdominal pressure can be transmitted to the pelvis
through mechanics and acts on the levator ani muscle that closes the pelvis. If the pressure exerted on
these muscles during delivery exceeds their physiological tolerance, injury occurs. Levator ani muscle
injury is considered to be one of the key factors for SUI[18]. Research data show that among American
women, the rate of levator ani injury during vaginal delivery of primipara is as high as 5–33%, and with
the use of obstetrical forceps, the rate of injury increases to 63.15%[19, 20]. At present, there are many
clinical methods to treat SUI, such as pelvic �oor muscle training[21], electrical stimulation[22], and surgical
treatment[23]; nevertheless, the cure rate needs to be improved. Therefore, it is pertinent to explore new
and effective therapeutic approaches. Exosomes, a kind of nanovesicles secreted by cells, participate in
the biological processes of the target cells by transmitting material information such as DNA, RNA, and
proteins[24]. Studies have shown that in a variety of diseases, some speci�c molecules contained in
exosomes may serve as potential therapeutic targets[25–28]. Hence, exosomes have immense potential in
the diagnosis and treatment of clinical diseases. This study has explored the preventive and therapeutic
role of M1-Exo in levator ani muscle injury caused by vaginal delivery and the occurrence of SUI in
women.

In this study, a mechanical force-induced C2C12 myoblast injury model was �rst constructed. The four-
point bending cell mechanical loading system was used to load mouse C2C12 myoblasts at a �xed
frequency of 1 Hz. It was found that under 1333 µ strain, no signi�cant changes were found in cell
activity (p > 0.05). However, when the applied force was increased to 5333 µ strain, the activity of the
C2C12 myoblasts decreased signi�cantly (p < 0.001), and the cell survival rate gradually decreased with
time. In addition, using a smaller mechanical force while loading and prolonging the action time led to
increased cell damage. For example, when the force was 2666 µ strain and the time was 12 h, the cell
survival rate lowered signi�cantly (p < 0.001), but the damaging effect was less than that in the 5333 µ
strain group under the same conditions. It could be concluded that the system can cause cell damage,
and as the mechanical force is increased and the time is prolonged, the degree of cell damage increases.
Therefore, cell damage can be increased by applying a low loading force and prolonging the time of
application or by increasing the loading force to obtain appropriate cell damage within a short time.
However, loading with an strain time of > 10 h signi�cantly accentuated the cell damage. There is a
probability of pollution; hence, the strain selected in this study was 5333 µ strain. Moreover, to further
con�rm that the device did cause damage to the C2C12 myoblasts, cell apoptosis and senescence were
measured at different time points when the force was 5333 µ strain. When the loading time was 12 h, the
cell apoptosis rate was too high and there were several morphological changes. Besides, the cells were in
a state of excessive damage, which is not suitable as a research model. Therefore, the best damage
condition under this device was found to be 5333 µ strain, with added force and force-time of 8 h. Cell
proliferation experiments also showed that the mechanical force under the above conditions signi�cantly
reduced the proliferation activity of the C2C12 myoblasts.
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The construction of the mouse model by the transvaginal balloon expansion method is based on the
mechanical damage to the pelvic �oor tissue caused by pregnancy and childbirth. The method is simple
to operate, has good reproducibility, causes little damage to the mice, and has a high postoperative
survival rate, which is suitable for use in research. Subsequently, the exosomes were separated from the
M1 macrophages supernatant by differential ultracentrifugation. A certain amount of M1-Exos was
injected locally into the levator ani muscle of the SUI mice and its surroundings after 3, 7, and 14 days of
routine rearing. Powerlab software was used to detect the changes in urodynamic parameters (ALPP,
MBV), and the damage and repair status of the levator ani muscle was observed by H&E staining. The
results con�rmed that M1-Exo can prevent secondary necrosis of the broken muscle �bers, maintain the
shape of the muscle bundles, and promote normal muscle regeneration (Figs. 3D-e, D-f, and D-g). Besides,
decreased nuclear translocation was seen in the SUI + M1-Exo group (Fig. 3D-a, D-e).

Finally, M1-Exos were co-cultured with C2C12 myoblasts that were damaged by mechanical force. The
results con�rmed that M1-Exo could signi�cantly decrease the damage to the C2C12 myoblasts induced
by mechanical force, promote the proliferation of C2C12 myoblasts, and signi�cantly inhibit cell
apoptosis and senescence. However, this study has certain limitations. Although it has been con�rmed
that M1-Exos have a potential therapeutic effect on the injured C2C12 myoblasts, the speci�c regulatory
mechanism is yet to be elucidated.

Conclusions
In summary, our results show that M1-Exos serve as functional vesicles. They can promote the
proliferation of C2C12 myoblasts after mechanical injury, delay their senescence, and inhibit their
apoptosis. M1-Exo has a signi�cant protective effect on the vitality of C2C12 myoblasts, thereby
alleviating simulated childbirth trauma and urinary incontinence in post-SUI mice and accelerating the
repair of the levator ani muscle.

Materials And Methods

Cell culture and reagents
Mouse RAW264.7 macrophages were purchased from Wuhan Magall Biotechnology Co., Ltd. (introduced
by the Chinese Academy of Sciences), and mouse C2C12 myoblasts were procured from Nanjing Kebai
Biotechnology Co., Ltd. Both RAW264.7 macrophages and C2C12 myoblasts were maintained in high
glucose Dulbecco’s Modi�ed Eagle’s Medium (DMEM) (Genom Biotech Co. Ltd., Hangzhou, China)
supplemented with 10% fetal bovine serum (FBS) (Gemini Bio-Products, Fisher Scienti�c, Waltham, MA,
USA) and 1% penicillin and streptomycin (Beyotime Biotech Co. Ltd., Suzhou, China). The cells were
cultured in a humidi�ed incubator (Thermo Fisher Scienti�c, Waltham, MA, USA) at 37°C with 5% CO2.

When the growth density of RAW264.7 macrophages reached about 90%, using the medium that contain
200 ng/mL lipopolysaccharide (Wuhan Saiweier Technology Co., Ltd.) 10% exosome-depleted FBS ( heat-
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inactivated FBS centrifuged 4℃, 100,000×g After 18 h, the lower layer of serum containing the exosomes
was discarded, and 80% of the upper layer of the centrifuge tube constituted the FBS without the
exosomes), and 100 U/mL penicillin-streptomycin to culture for 24 h to obtain M1 type macrophages. 

Exosome isolation and characterization
RAW264.7 macrophages were cultured in an induction medium for 24 h to complete their polarization to
M1 type; the induction medium was discarded, the cells were washed three times with phosphate-
buffered saline (PBS), and the cells were cultured in a medium devoid of serum and antibiotics. After 24
h, the cell supernatant was collected and used to extract the exosomes. 

An ultracentrifuge (Optima XE-100 Ultracentrifuge, USA) was used to perform differential
ultracentrifugation to separate and purify the exosomes[29]. First, the collected cell supernatant was
centrifuged at 4℃, 3000×g for 15 min to remove cells and cell debris, and then at 12,000 ×g for 50 min to
remove the microscopic particles, such as organelles, save the supernatant. The sample was then passed
through a 0.22-μm �lter to remove particles >200 nm. Finally, the �ltered liquid was centrifuged at 4°C and
120,000 ×g for 150 min to separate the exosomes. The exosomes settled at the bottom of the six
centrifuge tubes were collected, washed with PBS, and then centrifuged for 150 min at 4℃ and 120,000
×g to collect the exosomes. The small amount of the obtained precipitate contained the enriched and
puri�ed exosomes. Finally, the exosomes were resuspended in 200 µL of PBS (pH = 7.4) and stored at
-80°C for later use. 

ZetaView® Nanoparticle Tracking Analyzer (Particle Metrix, Meerbusch, Germany) was used to track the
particle size distribution and purity of the exosomes, and HT7700 transmission electron microscope
(HITACHI, Japan) was used to observe the extracted exosomes. The morphology of the exosomes was
photographed, and the exosome marker protein CD9 and tumor susceptibility gene 101 (Tsg101) were
identi�ed by western blot.

Mice and animal experimental design
3-month-old female unconceived wild-type C57BL/6 mice used in this study were provided by the
Experimental Animal Center of Wuhan University, and all experimental procedures were performed after
obtaining approval from the Experimental Animal Welfare Ethics Committee of Wuhan University People’s
Hospital (Approval No. 20210306).

Establishment of a mouse SUI model[30]: The mice were anesthetized with iso�urane (induction
concentration 3–4%, maintenance concentration 1–1.5%). After disinfection and lubrication, a modi�ed
6-Fr-Foly catheter (Dalian Couliat Medical Products Co., Ltd.), was inserted into the vagina and �xed with
a 4-0 needle suture at the external mouth. This action was performed gently and did not damage the
urethra or vagina of the mouse. Subsequently, 0.3 mL of normal saline was injected into the balloon
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(diameter approximately equal to that of the newborn mouse's skull, i.e., 8 mm) to expand the vagina.
Simultaneously, a 60-g weight was hung at the end of the catheter for traction, which was removed after
1 h. After the balloon was drained, the catheter was pulled out, and the suture was removed and
disinfected. 

A sneeze experiment was performed 24 h after the mice were modeled, and the mice’s maximum bladder
volume (MBV) and abdominal leak point pressure (ALPP) were tested to determine whether the SUI model
was successful. Then, thirty-six SUI mice were randomly divided into two equal groups. One group was
locally injected with M1 type macrophages-derived exosomes (M1-Exo) 1 × 1010 particles/mL, 1mL in and
around the levator ani muscle on both sides. Another group was injected with 1 mL of 0.9% normal saline
locally in and around the levator ani muscle on both sides. The urodynamic parameters (MBV, ALPP) of
the two groups were measured 3, 7, and 14 days after the injection (n = 6 at each time point). 

Hematoxylin and eosin (H&E) staining 
After measuring ALPP and MBV, the mice were sacri�ced under anesthesia; the bilateral levator ani
muscles were removed and �xed with muscle �xative (Wuhan Saiweier Biotechnology Co., Ltd.) for 24 h.
The tissue specimens were embedded in para�n, cut into 4-μm–thick sections, and H&E staining was
performed for histological observation. The BX 63 automatic microscope (Olympus, Japan) was
employed to capture the morphology of the levator ani muscle. 

Cyclic mechanical strain (CMS)
To calculate the CMS, 1.5 mL of suspension, with a cell density of 1 × 105 cells/mL, was taken. The
C2C12 myoblast suspension in the logarithmic growth phase was spread evenly in the center of the cell
strain culture plate. The plate was placed in a 100-mm cell culture dish and moved to a constant
temperature incubator. The cells were allowed to adhere to the wall overnight; on the next day, the
medium was changed to serum-free DMEM high glucose medium to synchronize the cell cycle to the G0

phase. When the cell density reached about 80%, the strained culture plate covered with cells was turned
upside down in the 50 mL container. A four-point bending cell mechanics loading device (Chengdu Mirui
Technology Co., Ltd.) was connected to a strained petri dish holder with a volume fraction of 2% FBS and
1% penicillin-streptomycin DMEM high glucose medium.

To explore the best experimental parameters of damage to C2C12 myoblasts, the strain frequency of 1 Hz
was applied and divided into three groups according to the strain force and strain time: 1333-μ strain (0 h,
4 h, 8 h, and 12 h), 2666-μ strain (0 h, 4 h, 8 h, and 12 h), and 5333-μ strain (0 h, 4 h, 8 h, and 12h). This
step was followed by CCK-8 cell viability testing, and the optimal cell strain was determined to be 5333 μ.
Subsequently, the senescence and apoptosis of C2C12 myoblasts were detected under the frequency of 1
Hz and strain force of 5333 μ (0 h, 4h, 8 h, and 12 h). The cyclic mechanical stress parameters that can
cause signi�cant differences in C2C12 myoblast cell activity, senescence, and apoptosis were selected as
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the best injury experimental parameters, namely 1 Hz, 5333-μ strain, and 8 h. The following cell
experiment was divided into three groups, namely the control group (no CMS applied injury), the applied
CMS injury group (additional 1 ml of PBS solution cultured for 24 h after the applied CMS injury), and the
exosome treatment group after the applied CMS injury (after CMS injury, supplementing with 1 × 1010

particles/mL, 1 mL of exosomal solution was cultured for 24 h).

Cell proliferation analysis

Cell Counting Kit-8
C2C12 myoblasts treated with different parameters and cells before and after the intervention of
exosomes were trypsinized and counted on a hemocytometer to prepare a 2 × 104/mL cell suspension.
This suspension was inoculated in a 96-ori�ce plate (100 μL per well, three wells in each group) and
placed in an incubator at 5% CO2 and 37°C for 30 min. After the cells adhered to the wall, 10 μL of CCK-8
(Wuhan Kerui Biotech Co., Ltd. Company) and 90 μL of serum-free DMEM high-glycemic culture
solution were added to each well. Incubation was continued for 1 h at 37°C, 5% CO2, and relative
saturated humidity of 95%. Later, a microplate reader (Perkin Elmer, USA) was used to detect the
absorbance value of each group of cells at 450 nm. The cell viability was calculated based on the
average value of each group, and the experiment was repeated three times independently.

EdU incorporation assay
The C2C12 myoblasts treated with different parameters and the cells before and after the intervention of
exosomes were replaced with EdU working �uid and were placed in a CO2 incubator for 2 h. The EdU
medium was discarded, 4% paraformaldehyde was added, �xed for 15 min, and then washed three times
with PBS, 5 min each time. Subsequently, 1 mL of 0.3% Triton X-100 was added and incubated at room
temperature for 10 min. The waste solution was discarded, 500 μL of the click reaction solution was
added, incubated at room temperature for 30 min in the dark, 0.3% Triton X-100 was added, and washed
three times, 10 min each time. Hoechst 33342 staining solution was added to stain the nucleus. The
images were captured using a BX 63 automatic microscope (Olympus, Japan), and ImageJ software was
employed to count the number of EdU-positive cells.

Cell senescence analysis
The β-Galactosidase Staining Kit (Shanghai Biyuntian Institute of Biotechnology, China) was used to
detect the degree of senescence of the C2C12 myoblasts. In this procedure, 1 mL of β-galactosidase
staining �xative solution was added to the C2C12 myoblasts treated with different parameters and cells
before and after the exosomal intervention. They were �xed for 15 min at room temperature, washed
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three times with PBS, 5 min each time, and 1 mL of β-galactosidase staining working solution (the ratio
of β-galactosidase staining solution A, B, and C and X-Gal solution was 1:1:93:5) was added. After
placing overnight at 37°C in a constant temperature incubator without CO2, the senescent cells were
stained blue and were counted as positive cells. Three �elds of view were randomly selected under the BX
63 automatic microscope (Olympus, Japan), and the number of positive cells was estimated. Senescence
cell rate = several positive cells/the total number of cells ×100%.

Cell apoptosis analysis

Hoechst 33258 assay
In this assay, 1 mL of �xative was added to the C2C12 myoblasts treated with different parameters and
cells before and after the intervention of exosomes and �xed at room temperature for 10 min. The �xative
was discarded, the strained culture plate was placed in a 100-mm sterile dish, an appropriate amount of
PBS was added, and rinsed twice with slow shaking, 3 min each time. After sucking up the liquid, 1 ml
Hoechst 33258 (Beyotime Biotech Co. Ltd., Shanghai, China) dye solution was added dropwise and dyed
for 5 min in the dark. After sucking off the dye solution, an appropriate amount of PBS was added,
exposure to light was avoided, and rinsed twice with slow shaking, 3 min each time. After mounting the
slides with anti-�uorescence quenching mounting solution in the dark, the images were captured on a BX
63 automatic microscope (Olympus, Japan). The nuclei of the apoptotic cells appeared whitish and
bright blue, and the number of apoptotic cells was counted using ImageJ software. Apoptotic cell rate =
the number of positive cells/total number of cells x 100%.

Flow cytometric analysis
C2C12 myoblasts treated with different parameters and cells before and after the intervention of
exosomes were prepared into a suspension of 1×106 cells/mL; 100 μL of the cell suspension was
transferred to a 5-mL centrifuge tube, 5 μL of PE Annexin V and 5 μL of 7-AAD (Becton Dickinson, Franklin
Lakes, NJ, USA) were added, gently vortexed, and incubated at room temperature for 15 min in the dark.
Then, 400 μL of 1× binding buffer was added to the centrifuge tube, and FACS Calibur Flow Cytometer
(BD Biosciences, Franklin Lakes, NJ, USA) was used to detect cell apoptosis. The experiments were
performed three times. The results were analyzed using FlowJo7.6.

Western blot analysis
The total protein of the M1 macrophages was extracted with RIPA lysis solution, and the protein
concentration was determined using the BCA Protein Assay Kit (Beyotime Biotech Co. Ltd., Shanghai,
China). The remaining protein solution was mixed with an appropriate amount of 5× protein loading
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buffer. Appropriate amounts of the marker, exosomes, and M1 macrophages protein samples were placed
in the sample wells, and they were transferred to a polyvinylidene �uoride membrane after 12% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis separation; 5% mass fraction skimmed milk
dissolved with Tris-buffered saline with Tween (TBST) was used for 1 h at room temperature. and
primary antibodies against CD9 (1:1000) and Tsg101 (1:1000) (Abcam, Cambridge, UK) were added and
incubated in a shaker at 4°C; the samples were washed with TBST three times, 5 min each time.
Subsequently, secondary antibodies diluted to 1:4000 at room temperature were added, incubated for 1 h,
and washed with TBST three times, 5 min each time. The Li-Cor Odyssey Infrared Imaging System (Li-Cor
Biosciences, Lincoln, NE, USA) was used to detect protein expression and identify the exosomes.

Statistical analysis
GraphPad Prism 8.0 software (GraphPad, San Diego, CA, USA) was used to analyze the experimental
results. The measured data were expressed as mean ± SEM. One-way analyses of variance (ANOVA) were
applied to compare the differences between the groups. p < 0.05 was considered a statistically difference.
p < 0.01 and p < 0.001 were regarded as signi�cant differences.
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Figure 1

The effects of cyclic mechanical strain (CMS) on C2C12 myoblasts activity. A. The effect of cyclic
mechanical strain (1 Hz) on C2C12 myoblasts viability. B. The effect of cyclic mechanical strain (1 Hz,
5333-μ strain) on the senescence of C2C12 myoblasts, Scale bar = 50 μm. C. The effect of cyclic
mechanical strain (1 Hz, 5333-μ strain) on the apoptosis of C2C12 myoblasts. D. Quantitative statistics of
the effect of mechanical force on the apoptosis of C2C12 myoblasts (8 h, 1 Hz, 5333-μ strain). 0 h, 4 h, 8
h, and 12 h represent that the C2C12 myoblast stretched for 0 h, 4 h, 8 h, and 12 h, respectively. The
values presented are mean ± SEM (n = 3), *P < 0.05 **P < 0.01 ***P < 0.001.
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Figure 2

The characterizations of exosomes derived from M1-type macrophages. A. Nanoparticle tracking
analysis measurements of the concentration and size distribution of isolated M1-type macrophages-
derived exosomes. B. Transmission electron microscopy TEM image of M1-type macrophages-derived
exosomes, Scale bar = 200 nm. C. Western blot analysis showing anti-CD9 and anti-tumor susceptibility
gene 101 (Tsg101) of 40 μg of exosome lysates derived from M1-type macrophages.
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Figure 3

M1- Exo promote the repair of the levator ani in SUI mice and improve the urodynamic parameters. A. The
Powerlabr software measures ALPP and MBV of mice 3, 7, and 14 days after M1-Exo and saline injection.
B. ALPP statistical results. C. MBV statistical results. D. H&E staining of the levator ani muscle. *P < 0.05
**P < 0.01 ***P < 0.001; N.S., no signi�cance
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Figure 4

The effect of M1-Exo on the proliferation of C2C12 myoblasts injured by CMS. A. CCK-8 detects the
activity of 3 groups of C2C12 myoblasts (CON, -EXO, +EXO) damaged by mechanical force. CON: The
normal uninjured group; -EXO: M1-type macrophages-derived exosomes without intervention in
mechanically induced injury the C2C12 myoblast group; +EXO: M1-type macrophages exosomes
interfered with mechanically induced injury the C2C12 myoblast group. B. Edu staining to detect the
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proliferation of C2C12 myoblasts injured by mechanical force in the 3 groups. C. Perform quantitative
statistics on Figure D. The results indicate the mean ± SEM(n = 3), *P < 0.05 **P < 0.01 ***P < 0.001.

Figure 5

The effect of M1-Exo on the senescence of C2C12 myoblasts after the induction of mechanical trauma.
Cell senescence was determined with a senescence-associated beta-galactosidase (SA-β-Gal) staining
assay. A. Control group; B. C2C12 myoblast injury group cultured with vehicle solution; C. C2C12
myoblast injury group cultured with M1-Exo. Bar = 50 μm.

Figure 6

The effect of M1-Exo on the apoptosis of C2C12 myoblasts after the induction of mechanical injury. A.
Hoechst 33258 staining to detect cell apoptosis, magni�cation ×100; apoptosis rate = the number of
apoptotic cells/total cells. B. Annexin V-PE/7-AAD double staining �ow cytometry to detect cell apoptosis.
The values presented are the mean ± SEM (n = 3), *P < 0.05 **P < 0.01 ***P < 0.001.


