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ARTICLE INFO ABSTRACT

Keywords: Background: Stroke-related sarcopenia can result in muscle mass loss and muscle fibers abnormality, significantly
Stroke-related sarcopenia affecting muscle function. The clinical management of stroke-related sarcopenia still requires further research
Autophagy and investigation. This study aims to explore a promising therapy to restore muscle function and promote muscle

Myogenic differentiation
Neuromuscular electrical stimulation
Satellite cells

regeneration in stroke-related sarcopenia, providing a new theory for stroke-related sarcopenia treatment.
Methods: Stroke-related sarcopenia rat model was established by using permanent middle cerebral artery oc-
clusion (pMCAO) rat and treated with neuromuscular electrical stimulation (NMES). Electrical stimulation (ES)
treatment in vitro was mimicked to test the effect of NMES on muscle regeneration in rat skeletal muscle satellite
cells (MuSCs). Catwalk, H&E and Masson’s trichrome staining, immunofluorescence, transcriptomic analysis,
transmission electron microscopy, MuSCs transfection, autophagy flux detection, quantitative real-time PCR
analysis, Co-Immunoprecipitation and Western Blot were used to investigate the role of NMES and its mechanism
in stroke-related sarcopenia in vivo.

Results: After NMES treatment, muscle mass and myogenic differentiation were significantly increased in stroke-
related sarcopenia rats. The NMES group had more stable gait, neater footprints, higher muscle wet weight, more
voluminous morphology and more regenerated muscle fibers. Additionally, ES treatment induced myogenic
differentiation in rat MuSCs in vitro. Transcriptomic analysis also showed that “AMPK signaling pathway” was
enriched and genes upregulated in ES-treated cells, revealing ES treatment could activate the autophagy in an
AMPK-ULK1-dependent mechanism in MuSCs. Besides, it was also founded that infusion of AMPK or ULK1 in-
hibitor, knockdown of AMPK or ULK1 in MuSCs could block the effect of myotube formation of ES.
Conclusion: NMES not only restores muscle function but also enhances myogenic activity and muscle regeneration
via AMPK-ULK1 autophagy in stroke-related sarcopenia rats. Our study provides a promising strategy for the
treatment of stroke-related sarcopenia.

The translational potential of this article: This study first demonstrates that NMES alleviates stroke-related sarco-
penia by promoting MuSCs differentiation through AMPK-ULK1-autophagy axis. The findings reveal a novel
therapeutic mechanism, suggesting that NMES can restore muscle function and enhance regeneration in stroke
patients. By combining NMES with MuSCs-based therapies, this approach offers a promising strategy for clinical
rehabilitation, potentially improving muscle mass and function in stroke survivors. The translational potential
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lies in its applicability to non-invasive, cost-effective treatments for sarcopenia, enhancing patients’ quality of

life.

1. Introduction

Stroke, triggered by various factors such as hypertension, hyper-
cholesterolemia, and carotid artery stenosis, has emerged as one of the
most prevalent clinical conditions worldwide, affecting the quality of
life and financial burden of patients [1,2]. Despite significant advance-
ments in rehabilitation technology and medical equipment, many stroke
patients experience stroke-related sarcopenia during recovery [3,4].
This condition is characterized by rapid structural muscle changes,
differences in bilateral body performance caused by brain injury, and
activation of catabolic signals as a result of neurotrophic imbalances [5].
Current clinical management strategies for stroke-related sarcopenia
include rehabilitation, physical therapy, nutrition, medication, and
hormone therapy [4]. However, further researches are required to
determine the efficacy and safety of these approaches. Thus, the devel-
opment of a reliable and feasible therapeutic strategy to enhance muscle
function and increase muscle mass and fiber count in stroke-related
sarcopenia is of great importance.

An increase in muscle mass and fiber count plays a key role in muscle
regeneration [6]. Some studies have explored the use of costly growth
factors in clinical and preclinical trials to promote muscle regeneration
[7,8]. Skeletal muscle satellite cells, also known as muscle stem cells
(MuSCs), are indispensable in the process of myogenic differentiation
and skeletal muscle regeneration [9]. Notably, these cells exhibit sig-
nificant myogenic potential, capable of differentiating into myoblast
lineage cells to facilitate muscle regeneration. MuSCs has also been
widely used in cell therapy because of its excellent differentiation ca-
pacity, including myoblasts, chondrocytes, cardiomyocytes, and he-
matopoietic lineages [10-15]. However, cell therapy using MuSCs still
far been limited to open trauma related muscle diseases [16,17]. Inter-
estingly, the myogenic potential of MuSCs can be regulated by various
mechanical stimuli, such as extrinsic mechanical cues and suitable me-
chanical loads, particularly electrical stimulation (ES) [18-20]. ES has
been utilized in cell culture systems and is known to affect various cell
types. Moreover, ES has been found to accelerate neural stem cell dif-
ferentiation into mature neurons [21,22]. Nonetheless, the underlying
mechanisms behind the impact of ES on muscle regeneration remains
largely unexplored.

Neuromuscular electrical stimulation (NMES) is a widely employed
clinical rehabilitation technique that promotes recovery of muscle
function through intermittent stimulation to induce muscle activity
[23-26]. Notably, NMES treatment has been reported to promote muscle
capacity during immobilization of human legs [27]. In addition, ES can
promote increased MuSCs content and facilitate myogenic differentia-
tion in rats, regardless of age, in vitro [28]. However, the underlying
mechanisms behind NMES- and ES-induced myogenic differentiation
remain unclear, and the concept of combining NMES with MuSCs has
also yet to be proposed.

Autophagy, a type of regulated cell death, is a conserved biological
process in eukaryotes that functions as a recycling mechanism, elimi-
nating unwanted cytoplasmic components and organelles under specific
physiological and pathological conditions [29-31]. Adenosine
5'-monophosphate-activated protein kinase (AMPK) plays a crucial role
in many pathophysiological processes [32,33], such as regulation of cell
proliferation, metabolic reprogramming, cell polarization, and partici-
pation in autophagy [34]. Unc-51-like kinase 1 (ULK1) has been re-
ported as an essential downstream factor of the AMPK signaling
pathway, promoting autophagy [35,36]. Previous studies have demon-
strated that in situ ES of muscles can increase AMPK phosphorylation and
activity in animals [37]. However, comprehensive mechanistic studies
on the activation of the AMPK signaling pathway by NMES or ES have
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yet to be reported.

In the present study, we established rat stroke-related sarcopenia
model and employed NMES as treatment. Notably, NMES treatment
significantly improved muscle function, promoted myogenic activity
and facilitated muscle regeneration in stroke-related sarcopenia rats.
Additionally, we identified the AMPK-ULK1-autophagy axis as a crucial
pathway in the promotion of myogenic differentiation in stroke-related
sarcopenia rats after NMES treatment. Furthermore, we modeled this
promotion of muscle regeneration by ES treatment via the AMPK-ULK1-
autophagy axis in vitro using primary MuSCs. To the best of our
knowledge, this is the first study to report the specific mechanism by
which NMES and ES promote autophagy in MuSCs. Our study provides a
novel approach for the future treatment of sarcopenia, utilizing NMES in
conjunction with MuSCs.

2. Materials and methods
2.1. Rat model

In this study, permanent middle cerebral artery occlusion (pMCAO)
was used to induce stroke-related sarcopenia in rats [38]. Briefly, rats
were anesthetized with isoflurane gas (2-3 % inhaled). The rats were
placed in a supine position, shaved, and disinfected; then, the left
common carotid artery (CCA), internal carotid artery (ICA), and external
carotid artery (ECA) were isolated. A suture (MSRC37B200PK50, RWD
Life Science, China) was inserted into the ICA until it entered the head of
the middle cerebral artery (MCA) (Figs. S1A and S1B). Cerebral blood
flow (CBF) was monitored using laser Doppler flowmetry (PeriFlux6000,
Perimed, Sweden). Rats with CBF values that decreased to <30 % were
considered successful models. The neurological function of all rats was
evaluated using the Zea-longa score 2 h after modeling [38]. Rats with
Zea-longa scores of 1-3 were included in the study, while those with
major bleeding, death, or subarachnoid hemorrhage were excluded.
Confirmation of stroke-related sarcopenia was conducted using H&E
staining and Catwalk gait analysis 48 h post-surgery (Fig. 1A to E; Movie
S1 and S2). NMES treatment was initiated 48 h after surgery, targeting
the muscles on the sarcopenic side, with daily 30-min sessions admin-
istered over seven consecutive days (Fig. S1C). Rats in the control group
were connected to a machine without NMES treatment. At fourth and
eighth weeks post-surgery, we employed the Catwalk Gait Analysis
System to analyze the footprint mean intensity and footprint area of the
hind limb on the sarcopenic side. All rats used in this study are Spra-
gue-Dawley (SD) rats. The experiment involved two groups (n = 5 rats
per group), with the entire protocol repeated three times independently
to ensure reproducibility. All animal procedures were performed in
accordance with the protocols approved by the Fudan University Insti-
tutional Animal Care and Use Committee (2023-044).

2.2. NMES treatment

NMES was administered to rats placed in a fixation device with both
hind limbs exposed. Two somatic electrodes were positioned on the skin
above the gastrocnemius muscle of the left leg and connected to a
stimulator (XCH-B2, Shanghai NCC Electronics, China) for intermittent
ES (pulse width: 200 ps, frequency: 20 Hz, on time: 5 s, off time: 10 s).
The intensity of the current was adjusted to ensure visible movement of
the toes, as a result of muscle contraction. Treated rats received NMES
for 30 min/day for seven consecutive days. The rats showed no signs of
NMES-induced pain or discomfort during muscle contractions.
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2.3. The usage of CatWalk XT

An automated quantitative gait analysis system, CatWalk XT (CWT;
Noldus, Wageningen, Netherlands), was used to assess the motor func-
tion and coordination of rats. Prior to the formal experiment, all rats
underwent training to traverse the passage in the prescribed direction
without hesitation. The CatWalk recordings were performed with
exclusion of daylight, and each run consisted of at least two full-step
cycles. The recorded runs were automatically classified with CatWalk
XT Software 10.6.68 (Noldus, Wageningen, Netherlands) and manually
processed as previously described [39-41]. Various gait parameters,
including right and left print length, print width, print area, stride
length, step cycle, stand, swing speed, and mean footprint intensity,
were analyzed to assess coordination and identify differences between
right and left paw prints.

2.4. Isolation of rat MuSCs and cell culture

Primary MuSCs were obtained from Sprague-Dawley rats (4-6 weeks
old), as previously described [42]. Briefly, the EDL muscle was dissected
from the hind limbs of these rats (Fig. S3A), and myofibers were isolated
through collagenase II (2 mg/mL; Thermo Fisher Scientific, USA)
digestion and trituration. Cells were then collected and cultured in
DMEM medium (Thermo Fisher Scientific, USA) supplemented with 10
% (v/v) fetal bovine serum (OriCell, FBSSR-01021-500), and 1 % (v/v)
penicillin-streptomycin (Thermo Fisher Scientific, USA) at 37 °C.
Adherent cells were harvested at passage three for flow cytometry,
where they were stained with fluorescence-labeled antibodies against
Pax7 (NBP2-34706 PE, Novus, USA) and desmin (Y&M,
BYK-1026R-FITC) (Fig. S3B). Rat MuSCs obtained from passages two
and three were used for subsequent experiments (Fig. S3C).

After ES treatment, the culture medium was switched to DMEM
supplemented with 2 % horse serum (59050, Solarbio, China) to induce
myogenic differentiation. Fresh medium was replaced two to three times
per week, and myotube formation was observed after one week of
differentiation.

2.5. ES treatment in vitro

For ES treatment, rat MuSCs were cultured in customized airtight
chambers with air inlet and outlet channels in a CO2 cell incubator. Cells
were seeded in dishes and plates at the following densities: 1.5 x 106
cells in a 10-cm dish, 2 x 105 cells/well in 6-well plates, and 4 x 104
cells/well in 24-well plates. Following one-day of growth, the MuSCs
were stimulated using a DDS signal generator/counter (JDS6600, UMK,
Guangdong, China) for 30 min with rectangular pulses. The voltage and
duration of ES treatment varied according to the specific experiment,
with these parameters being described in the corresponding figure
legends.

2.6. H&E and Masson'’s trichrome staining

Following completion of the in vivo experiments, muscle tissues were
fixed in 4 % paraformaldehyde (Servicebio, G1101) for 48 h at 4 °C
(except for frozen sections). Then, fixed muscles were sectioned (4 pm
thickness), and Masson’s trichrome staining kit (Freethinking,
FH115100) and H&E dye (Freethinking, FS141500) were used to visu-
alize myofibers and collagen fibers in the muscle tissue.

2.7. Immunofluorescence

For tissue immunofluorescence analysis, paraffin sections were
deparaffinized in xylene, hydrated in graded ethanol solutions, and
subjected to heat-induced antigen retrieval. Endogenous peroxidases
and antigens were then blocked with 3 % H202 and 3 % bovine serum
albumin, respectively. The multiplex immunofluorescence protocol
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involved multiple rounds of staining, with each round involving incu-
bation with the primary antibody followed by the secondary antibody.
Finally, the nuclei were counterstained with DAPI. Antibodies against
phospho-AMPK alpha (Thrl172, #AF3423, CST, USA), phospho-ULK1
(Ser317, #AF2301, CST, USA), LC3B (14600-1-AP, Proteintech,
China), PAX7 (20570-1-AP, Proteintech, China), and laminin (23498-1-
AP, Proteintech, China) were used in this part of the study.

Control and ES-treated MuSCs and differentiated myotubes were
visualized using primary and secondary antibodies. Antibodies against
MyoD1 (#AF7733, CST, USA), PAX7 (20570-1-AP, Proteintech, China)
and MYH6 (22281-1-AP, Proteintech, China) were used in this part of
the study. Stained sections were observed under a fluorescence micro-
scope (CKX53, Olympus, Japan).

2.8. Transcriptomic analysis

For transcriptomic analysis, primary MuSCs were cultured in com-
plete growth medium until they reached confluence; subsequently, these
cells were treated with ES stimulation or a control for 30 min. Total RNA
was extracted using a TRIzol reagent kit (15596026, Thermo Fisher
Scientific, USA) according to the manufacturer’s instructions. The
resulting cDNA library was sequenced by Gene Denovo Biotechnology,
Guangzhou, China), using an Illumina Novaseq 6000 platform.
Sequencing reads were mapped to the rat genome rn6 using HISAT2
[43], and tag counts were summarized at the gene level using SAMtools
[44], thereby allowing only one read per position per length. DEGs were
identified using DESeq2 [45]. These DEGs were then subjected to
heatmap analysis using the R package pheatmap [46]. Finally, GO and
KEGG gene set enrichment analysis of the DEGs was performed using
clusterProfiler [47]. Additionally, GO analysis was performed using
GOPlot [48].

2.9. Transmission electron microscopy

For transmission electron microscopy, control or ES-treated MuSCs
were fixed with 2.5 % glutaraldehyde in 0.1 M sodium dihydrogen
phosphatase (G1102, Servicebio, China) for 4 h at 4 °C before being
fixed with 1 % osmium tetroxide for 1 h at room temperature. After
dehydration using graded ethanol solutions and gradual infiltration with
EMbed 812 epoxy resin (SPI, 90529-77-4), ultrathin sections (60-80
nm) were prepared using an ultramicrotome (Leica, EM UC7) and con-
trasted with 2 % uranium acetate and 2.6 % lead citrate. The sections
were observed under a transmission electron microscope (Hitachi,
HT7800) and autophagosomes were identified as previously described
[49].

2.10. MuSCs transfection

Prepare lentivirus expressing shRNA targeting Prkaal, Atg7 and
Ulk1 (Hanbio, China). The lentiviruses were transduced into rat MuSCs
using Polybrene (H8761, Solarbio, China). Subsequently, the transfected
MuSCs were harvested or treated for 48 h after transfection. We chose
the shRNA knock-out Prkaal, Atg7 and Ulkl mRNA for further animal
experiments.

2.11. Autophagy flux detection

Prepare adenovirus expressing HBAD-mcherry-EGFP-LC3 (HB-
AP2100001, Hanbio, China). After transduction, MuSCs were treated
with ES or control conditions for 48 h. The cells were then fixed with 4 %
paraformaldehyde (G1101, Servicebio, China) for 30 min at room
temperature, and the nuclei were counterstained with DAPI (G1407-25
ML, Servicebio, China). Finally, immunofluorescence was observed and
captured using a Leica SP8 Confocal microscope, as previously described
[49].
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Fig. 1. Characterization of stroke-related sarcopenia. (A) Target muscle H&E staining at 1 h, 12 h, 24 h, 36 h and 48 h after surgery; scale bar: 100 pm.
(magnification zones, scale bar: 200 pm). (B) Catwalk Footprint Gait Analysis of rat hind limbs in stroke-related sarcopenia rat. The dotted line magnified the
footprint and displayed the peak footprint intensity; scale bar: 1 cm. (C) Image of stroke-related sarcopenia rat in the tunnel. (D) Quantitative analysis of the mean
intensity of the left and right hind foot and (E) left hind foot print area (n = 3 in the control group and n = 3 in the NMES group; **P < 0.01 by two-tailed unpaired
Student’s t test). (F) Amplitude of CMAP and quantitative peak amplitude of CMAP (n = 5 in each group; ****P < 0.0001 by two-tailed unpaired Student’s t test).

2.12. Total RNA preparation and quantitative real-time PCR analysis

Total RNA was extracted from cultured MuSCs using TRIzol reagent
(Thermo Fisher Scientific, 15596026, USA), according to the manufac-
turer’s instructions. Then, 400 ng of total RNA was reverse transcribed
into cDNA using a reverse transcriptase kit (4368814, Thermo Fisher
Scientific, USA). qRT-PCR was performed using a SYBR green mixture
(A25778, Thermo Fisher Scientific, USA) and a StepOnePlus Real-Time
PCR instrument (4376600, Thermo Fisher Scientific, USA). Primers used
for each transcript are listed in Table S1.
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2.13. Co-immunoprecipitation and Western Blot

For Co-immunoprecipitation and Western Blot analysis, MuSCs (4 x
106 cells/sample) were collected and lysed in ice-cold RIPA lysis buffer
(R0O010, Solarbio, China) containing a protease inhibitor cocktail
(04693124001, Merck, Germany) and a phosphatase inhibitor cocktail
(04906845001, Merck, Germany). A few cell lysates were retained as
inputs. Next, AMPKa antibody (#5831, CST, USA) and protein A-G
magnetic beads (HY-K0202, MedChemExpress, USA) were then used to
perform immunoprecipitation. Cell lysates were then centrifuged at
12000xg for 15 min at 4 °C, and the protein sample was diluted for
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Fig. 2. NMES accelerated muscle regeneration and functional recovery in rats with stroke-related sarcopenia. (A) Catwalk Footprint Gait Analysis of rat hind
limbs in the control and NMES groups eight weeks after surgery. The dotted line magnified the footprint and displayed the peak footprint intensity; scale bar: 1 cm.
(B) Quantitative analysis of the mean intensity of the right/left hind foot and (C) left hind foot print area (n = 4 in the control group and n = 4 in the NMES group; *P
< 0.05, ****P < 0.0001 by two-tailed unpaired Student’s t test). (D) Amplitude of CMAP and quantitative peak amplitude of CMAP (n = 5 in each group; ****P <
0.0001 by two-tailed unpaired Student’s t test). (E) Target muscle general images and quantitative analysis showing muscle wet weight (n = 5 in each group; *P <
0.05 by two-tailed unpaired Student’s t test). (F) Immunofluorescence of Pax7 and Laminin in muscle with stroke-related sarcopenia from the control and NMES
groups; scale bar: 100 pm. (G) Masson’s trichrome staining of muscle eight weeks after surgery. Dotted squares indicated magnification zones; scale bar: 500 pm (for
magnification, scale bar: 100 pm). (H) ImageJ software evaluated the number and average diameter (Ferret diameter) of muscle fibers in a random field of view from
F-panel (n = 3 in each group; *P < 0.05 and ns by two-tailed unpaired Student’s t test). (I) Quantitative analysis of the myofiber, intramuscular space and collagen
@ber in the Masson’s trichrome staining from G-panel (n = 5 in each group; ***P < 0.001, ****P < 0.0001 by two-tailed unpaired Student’s t test).

denaturation. Subsequently, 50 pg of total sample protein was separated
using 10 % SDS-PAGE and electrotransferred onto polyvinylidene fluo-
ride membranes using a Bio-Rad power supply (CA, USA). The mem-
branes were then incubated with primary antibodies and horseradish
peroxidase-conjugated secondary antibodies (A0208, Beyotime,
China). Protein bands were visualized using an ECL kit (34580, Thermo
Fisher Scientific, USA). Images were captured using an enhanced
chemiluminescence imaging system (ChemiDoc XRS+, Bio-Rad, USA)
with default parameters and without gamma adjustment. Subsequently,
images were analyzed using the Image Lab analysis software
(#1709690, Bio-Rad, USA). GAPDH was used as the loading control.
Uncropped Western Blots used in this study are summarized in Data S1.
Antibodies against AMPKa (#5831, CST, USA), ULK1 (#8054, CST,
USA), mTOR (#2972, CST, USA), phospho-mTOR (Ser2448) (#2971,
CST, USA), AMPK alpha (#AF6423, CST, USA), phospho-AMPK alpha
(Thr172) (#AF3423, CST, USA), ULK1 (#DF7588, CST, USA), p-Ser317-
ULK1 (#AF2301, CST, USA), and p-Ser757-ULK1 (#AF4387, CST, USA),
P62 (18420-1-AP, Proteintech, China), ATG7 (10088-2-AP, Proteintech,
China), light chain-specific (SA0O0001-7L, Proteintech, China), and
GAPDH (60004-1-Ig, Proteintech, China) were used in this part of the
study.

2.14. Statistical analysis

Quantitative data are presented as the mean + SD. Individual data
points are displayed, and all experiments were performed with at least
three replicates. Statistical analysis was performed using the unpaired
Student’s t-test for comparisons between two groups. For comparisons of
more than two groups, one-way analysis of variance (ANOVA) was used,
followed by Bonferroni multiple comparisons post-hoc test. For experi-
ments that considered two factors, we employed a two-way ANOVA
followed by Tukey’s multiple comparison test. The areas of fluorescent
staining for muscle fibers and nuclei were quantified using ImageJ
software. Data were analyzed using GraphPad Prism software (version
9.0, USA). A P value < 0.05 was considered statistically significant.

3. Results
3.1. Characterization of stroke-related sarcopenia

To determine whether NMES can promote muscle regeneration and
functional recovery, we employed a rat model of permanent middle
cerebral artery occlusion (pMCAO)-induced stroke-related sarcopenia
(Figs. S1A and S1B). The rats developed a right-sided stroke with left-
sided hemiparesis and stroke-related sarcopenia. Confirmation of
stroke-related sarcopenia was established through hematoxylin and
eosin (H&E) staining and CatWalk gait analysis conducted 36-48 h post-
surgery, and this was accompanied by diminished compound muscle
action potentials (CMAP) on the stroke-related sarcopenia side. H&E
staining showing distinct stroke-related sarcopenia in the ipsilateral
hindlimb at 36-48 h post-surgery (Fig. 1A). CatWalk gait analysis
revealed significant interlimb asymmetry, with the affected left hin-
dlimb exhibiting higher paw mean intensity (14.31 4+ 1.769 units) and
larger paw print area (1.028 + 0.1404 cm?; Fig. 1B to E) compared to
the contralateral limb. Electrophysiological measurements further
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showed a reduction in CMAP amplitude in the ipsilateral gastrocnemius
(10.48 + 0.2705 mV; Fig. 1F). Additionally, the rats exhibited a char-
acteristic hemiplegic gait (lateral rotation) (Movie S1 and S2). These
results demonstrated that the stroke-related sarcopenia rat model was
successfully established.

Supplementary data related to this article can be found online at htt
ps://doi.org/10.1016/j.jot.2025.03.021

Video 1.

Video 2. 3

3.2. NMES accelerated muscle regeneration and functional recovery in
stroke-related sarcopenia rats

Visual examination revealed that rats in the NMES group exhibited a
more stable gait with neater footprints. Notably, the footprint intensities
and areas of the NMES group were considerably lower than those of the
control group at eight weeks post-surgery (Fig. 2A). Quantitative anal-
ysis further demonstrated that the NMES group exhibited a significantly
higher mean intensity ratio of the healthy side (right) to the sarcopenic
side (left), and a smaller print area compare to the control group (Fig. 2B
and C). Overall, rats with poorer muscle recovery showed significantly
higher print intensity, smaller RH/LH ratios (8.805 + 0.9192 %;
Fig. 2B), and larger footprint areas (0.7259 + 0.2265 cm?; Fig. 2C).
Moreover, compared to the control group, the NMES group displayed
higher CMAP peaks (4.938 + 0.4343 mV; Fig. 2D). Notably, the CMAP
of the NMES-treated side exhibited no significant difference from that of
the healthy side within the same rat eight weeks post-surgery (Fig. S2F).
Examination of muscles in vitro revealed that the NMES group exhibited
approximately 10 % higher wet muscle weight and a more robust
morphology than that observed in the control group (0.1960 + 0.06493
g; Fig. 2E). Moreover, immunofluorescence analysis demonstrated that
the NMES group displayed a greater abundance of regenerated muscle
fibers (Fig. 2F). Utilizing ImageJ software, we calculated the number
and average diameter (Feret diameter) of muscle fibers in random fields
of view. Quantitative analysis revealed no significant difference in the
minimum Feret diameter of muscle fibers between the two groups;
however, the NMES group exhibited a higher number of muscle fibers
(24.67 + 7.623 count per field; Fig. 2H). Furthermore, Masson’s tri-
chrome staining indicated a significant increase in muscle myofibers and
a significant decrease in interstitial space and collagen in the NMES
group (Fig. 2G and I). Similar trends were also observed in rats at four
weeks post-surgery (Figs. S2A-S2E). Overall, these results suggested
that NMES significantly improved muscle mass and promoted muscle
regeneration in vivo.

3.3. ES promoted myogenic differentiation of rat MuSCs

To further confirm the impact of NMES on muscle regeneration, we
utilized custom-designed cell culture well plates equipped with a signal
generator (ES apparatus) to simulate NMES in vitro (Fig. 3A). We isolated
primary rat MuSCs from extensor digitorum longus (EDL) muscle tissue
(Fig. S3A) and confirmed their identity through flow cytometry, with
these cells exhibiting positive staining for MuSCs markers, paired box 7
(Pax7), and desmin (Fig. S3B) [50]. To determine the optimal ES
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Fig. 3. ES promoted myogenic differentiation of rat MuSCs. (A) Illustration of ES treatment in vitro. (B) Relative expression levels of muscle differentiation-
related genes (Myf6, Myodl, Myom, Pax7, Fbxo32, Trim63) in MuSCs under different voltages for 30min measured by qRT-PCR (n = 3 in each group; relative to
Gapdh; *P < 0.05, ***P < 0.001 ****P < 0.0001 by one-way ANOVA, followed Bonferroni multiple comparisons post-hoc test). (C) Inmunofluorescence staining for
Myodl (green), Pax7 (red) and DAPI (blue) in MuSCs under control and different voltages for 30min; scale bar: 200 pm. (magnification zones, scale bar: 50 pm) (D)
Quantitative analysis of immunofluorescence intensity for Myodl and Pax7 at various voltages (three random filed in each group; ****P < 0.0001 by one-way
ANOVA and Bonferroni multiple comparisons post-hoc test). (E) MuSCs after ES treatment incubated in differentiation medium for three days, before immuno-
staining for myosin heavy chain (MyHC, MYH6) (green) and counterstained with DAPI (blue); scale bar: 200 pm. (F) Quantitative analysis of immunofluorescence

intensity for MyHC of the E-panel (three random filed in each group; ***P < 0.001,

P < 0.0001 by two-way ANOVA, followed by Tukey’s multiple compari-

sons test)

parameters for MuSCs differentiation, we employed voltage-controlled
square unipolar pulses (pulse width: 200 ps, frequency: 20 Hz) with
varying voltages to stimulate the MuSCs. Under the different ES condi-
tions, rat MuSCs were induced to initiate differentiation, and eventually
differentiated into myotubes. During ES treatment, the expression levels
of proteins and genes associated with myogenic differentiation could be
modulated by adjusting the voltage.

Quantitative real-time PCR (qRT-PCR) results also confirmed the
expression of multiple muscle differentiation-related genes, ultimately
demonstrating the upregulation of myoblast differentiation genes
Myod1, Myf6, and Myom1, alongside the downregulation of myoblast
differentiation inhibition-related genes Pax7, Fbxo32, and Trim63
(Fig. 3B). Immunofluorescence analysis further confirmed the upregu-
lation of Myod1 expression and downregulation of Pax7 expression
(Fig. 3C and D). Notably, cells treated with 5 V of ES displayed the
highest level of Myod1 expression, the lowest level of Pax7 expression,
and superior myotube formation (Fig. 3E and F). Ultimately, these
findings confirmed the efficacy of ES in promoting the myogenic dif-
ferentiation of rat MuSCs in vitro.

3.4. Transcriptomic analysis of rat MuSCs undergoing ES-induced
myogenic differentiation

To elucidate the underlying mechanism by which ES promotes
myogenic differentiation of rat MuSCs, we performed RNA sequencing
(RNA-seq). Volcano plot analysis identified 1359 differentially
expressed genes (DEGs) post-ES treatment, comprising 852 upregulated
and 507 downregulated genes (Fig. 4A and B). Gene Ontology (GO)
analysis further highlighted a significant enrichment of genes associated
with muscle regeneration (Fig. 4C). Subsequently, the enriched terms
related to the myogenic effects of ES were subjected to GO Chord
analysis, categorizing genes into the following groups: “muscle cell
differentiation,” “regulation of actin cytoskeleton organization,” “stri-
ated muscle cell differentiation,” “muscle cell migration,” “actin poly-
merization or depolymerization,” and “muscle cell proliferation”
(Fig. 4D). Consistently, the upregulated expression of myogenesis-
promoting genes, such as Myf6, Myodl, Myoml, and Des, alongside
the downregulated expression of Trim63 and Fbxo32 were verified by
gqRT-PCR (Fig. 4E). These results collectively suggested that systemic ES
treatment induces myogenic differentiation of rat MuSCs.

o,

”

3.5. AMPK mediated the myogenic role of ES

To explore the initial driver of the myogenic effects induced by ES
treatment, we conducted Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis. Enrichment in the AMPK signaling
pathway was of particular note since AMPK is a key sensor of oxida-
tion-reduction and energy metabolism (Fig. 5A) [32,33]. Immunofluo-
rescence analysis revealed heightened phosphorylation of
5'-AMP-activated catalytic subunit alpha (PRKAA/AMPKa«) at Thr172 in
MuSCs derived from stroke-related sarcopenia muscles in the NMES
group compared with those from the control group (Fig. 5B). This
observation was further validated by Western Blotting, with ES-treated
cells displaying increased PRKAA phosphorylation compared to that
observed in control cells (Fig. 5C).

To determine whether PRKAA activation is sufficient to elicit the
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effects on myogenic differentiation associated with ES, we treated rat
MuSCs with the PRKAA inhibitor compound C (BML-275) and the
agonist acadesine (AICAR). While ES effectively promoted PRKAA
phosphorylation, addition of BML-275 reversed the effect of ES on
PRKAA phosphorylation (Fig. 5D). Conversely, AICAR effectively stim-
ulated PRKAA phosphorylation and normalized the difference between
the two groups (Fig. 5D). Importantly, BML-275 effectively eliminated
the effects of ES on myogenesis. In contrast, AICAR markedly enhanced
ES-induced myotube formation (Fig. 5E and F). To validate the specific
requirement of PRKAA for ES-induced myogenic differentiation, we
employed a knockdown of 5-AMP-activated catalytic subunit alpha 1
(Prkaal) using shRNA, as Prkaal expression was determined to be much
higher than 5'-AMP-activated catalytic subunit alpha 2 (Prkaa2) in our
MuSCs transcriptome dataset (Figs. S4A and S4B). This Prkaal knock-
down (Fig. S4C) was found to abrogate the enhanced myoblast differ-
entiation induced by ES treatment, as evidenced by diminished myotube
formation (Fig. 5G and H) and reduced expression of myogenesis-related
genes (Fig. 54D). In summary, these findings suggested that ES treat-
ment promotes myogenic differentiation by activating AMPK signaling.

3.6. AMPK activation induced autophagy during ES-induced myogenic
differentiation

AMPK activation affects various biological processes, including
autophagy [35,36,51]. Interestingly, GO analysis demonstrated that the
genes upregulated in ES-treated cells were significantly enriched in the
biological and cellular processes of autophagy (Fig. S5A). Furthermore,
as detected by transmission electron microscopy, ES-treated cells
exhibited a higher abundance of autophagosomes compared to the
control group (Fig. 6A). Activation of autophagic flux in ES-treated cells
was further confirmed by a decreased ratio of microtubule-associated
protein 1 light chain 3 beta (LC3B/MAP1BLC3B) yellow puncta to
total LC3B red puncta in comparison to that of the control cells (Fig. 6C
and D). LC3B is involved in phagophore expansion, and its acidic-
and/or proteolytic-sensitive GFP-tagged signal was decrased during
autolysosome formation [49]. Increased autophagy was also observed in
MuSCs from stroke-related sarcopenic muscles of the NMES group by
immunofluorescence staining for LC3B and Pax7 (Fig. 6E). Corre-
spondingly, Western Blot analysis revealed elevated levels of
ubiquitin-like modifier-activating enzyme (ATG7), LC3B-I, and LC3B-II,
alongside reduced levels of ubiquitin-binding protein p62 (P62) in
ES-treated rat MuSCs (Fig. 6B), indicating autophagosome formation
and degradation [49].

To explore whether AMPK activation drives autophagy, we admin-
istered the AMPK inhibitor BML-275 to ES-treated cells. BML-275
effectively reduced ATG7, LC3B-I, and LC3B-II levels while increasing
P62 levels in both ES-treated and control groups to comparable levels
(Fig. S5B). These findings highlight the involvement of PRKAA activa-
tion-mediated autophagy in ES-induced myogenic differentiation. To
further determine whether autophagy is required for ES-induced
myogenic differentiation, we treated rat MuSCs with two autophagic
inhibitors, chloroquine and bafilomycin Al. These inhibitors impeded
autophagic flux by inducing the accumulation of P62 and LC3B-II
(Fig. 6F), thereby eliminating the stimulatory effect of ES on myogenic
differentiation (Fig. 6G and H). To establish the specific requirement for
autophagy in ES-induced myogenic differentiation, we conducted
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Fig. 4. Transcriptomic analysis of rat MuSCs undergoing ES-induced myogenic differentiation. (A) Volcano map of the RNA-seq data of MuSCs in the control
versus ES (5V treatment for 30min) groups calculated by DESeq2 (n = 3 in each group). (B) Heatmap of DEGs for MuSCs in the Control versus ES groups (n = 3 in
each group). (C) Biological process, Cell component and Molecular function three in one double-sided bar chart of Gene Ontology (GO) enrichment analysis of the

»

DEGs. (D) GOChord plot of GO enrichment analysis, displaying of the relationship between genes and the following terms: “muscle cell differentiation”, “regulation of
actin cytoskeleton organization”, “striated muscle cell differentiation”, “muscle cell migration”, “actin polymerization or depolymerization”, and “muscle cell
proliferation”. (E) Verification of DEGs (Myf6, Myod1, Myom1, Des, Trim63 and Fbox32) in MuSCs from the control and ES groups measured by qRT-PCR (n = 3 in

each group; relative to Gapdh; ***P < 0.001, ****P < 0.0001 by two-tailed unpaired Student’s t test).

knockdown experiments in MuSCs, targeting Atg7, a critical factor in solely on neurological deficits. While gait speed is a widely accepted
autophagy (Fig. S5C) [52]. Consistently, downregulation reversed the diagnostic criterion for human sarcopenia [54], we evaluated sarcope-
effects of ES on myogenesis, resulting in reduced myotube formation nia in rats using gait analysis parameters (print area, mean intensity)
(Fig. 61 and J) and decreased expression of myogenesis-related genes combined with histopathological evidence from hematoxylin-eosin
(Fig. S5D). Overall, these findings suggest that PRKAA activa- (H&E) staining (Fig. 1A to E), which revealed characteristic muscle at-
tion-mediated autophagy is required for ES to promote myogenic rophy and fiber disorganization. These criteria align with the European
differentiation. Working Group on Sarcopenia in Older People (EWGSOP) guidelines
[54], adapted for rodents by emphasizing functional mobility and
3.7. AMPK phosphorylation of ULK1 was required for ES-induced structural degeneration. Nevertheless, we recognize the limitations of
autophagy and myogenic differentiation relying solely on these metrics. Future studies would benefit from
incorporating advanced techniques such as muscle ultrasound to quan-
To further explore the effect of AMPK activation on autophagy, we tify echogenicity or electromyography to assess neuromuscular func-
examined the phosphorylation status of ULK1 and mammalian target of tion, which could refine diagnostic thresholds and enhance translational
rapamycin (mTOR), two essential downstream factors of AMPK validity. Understanding rodent sarcopenia behavior is critical for
signaling involve in autophagy regulation [35,36]. It was founded that elucidating human pathogenesis due to conserved physiological mech-
elevated levels of p-Ser317-ULK1 were founded in ES-treated MuSCs anisms. Rodents share key molecular pathways governing muscle pro-
(Fig. 7A). Similarly, phosphorylation of ULK1 at Ser317 was signifi- tein synthesis, mitochondrial dysfunction, and neurovascular regulation
cantly increased in stroke-related sarcopenic MuSCs in NMES-treated with humans [55,56]. For instance, post-stroke inflammation and disuse
rats (Fig. 7B). However, mTOR phosphorylation did not change appar- atrophy in our model mirror the multifactorial etiology of human
ently (Fig. S6A). Moreover, no significant changes in p-Ser757-ULK1 stroke-related sarcopenia. Rodent models allow controlled exploration
expression were detected (Fig. S6B). Nonetheless, of temporal disease progression and therapeutic interventions, which is
co-immunoprecipitation experiments revealed the interaction between ethically or practically challenging in clinical studies. Moreover, gait
PRKAA and ULK1 (Fig. 7C). abnormalities in rats, analogous to slowed walking speed in humans,
To determine whether ULK1 mediates the effects associated with ES serve as functional biomarkers linking species-specific sarcopenic phe-
treatment, we employed the ULK1 inhibitor SBI-0206965 (SBI) or the notypes [57].
agonist BL-918 in conjunction with ES treatment. The results showed NMES treatment, which involves intermittent ES to activate muscle
that ES-induced activation of PRKAA was not associated with SBI or BL- activity, has emerged as a widely employed rehabilitation technique in
918. Nonetheless, SBI strongly suppressed ES-induced phosphorylation clinical practice for promoting muscle function recovery [23-26].
of ULK1 and formation of LC3B-II (Fig. 7D). In contrast, when treated However, existing studies have primarily focused on identifying the
with BL-918 alone, MuSCs maintained high levels of ULK1 phosphory- optimal parameters for NMES treatment across various diseases, with
lation and LC3B-II production, which enhanced the autophagy- limited attention given to elucidating its underlying mechanisms.
promoting effect of ES treatment (Fig. 7D). Consistently, SBI inhibited MuSCs play a key role in myogenic differentiation and skeletal
the effects of ES on myotube formation, whereas BL-918 enhanced muscle regeneration [9], owing to their extensive myogenic potential
myogenic differentiation following ES treatment (Fig. 7E). Moreover, and capacity to differentiate into myoblast lineage cells [13-15]. Under
shRNA knockdown of Ulk1 (Fig. S6C) reversed the enhanced myogenesis normal resting conditions, MuSCs express Pax7, but not MyoD1 [58,59],
induced by ES treatment, as evidenced by reduced myotube formation with Pax7 inducing proliferation and repressing differentiation [60-62].
compared with control cells (Fig. 7G), alongside decreased expression of Conversely, quiescent satellite cells enter the cell cycle and begin to

myogenesis-related genes (Fig. S6D). Notably, SBI effectively antago- express MyoD1, accompanied by a decline in Pax7 expression [50,63,
nized ULK1 activation and LC3B-II formation induced by the PRKAA 64]. Therefore, we employed Pax7 as a marker for primary MuSCs.

agonist AICAR (Fig. 7H). Moreover, SBI effectively abrogated the effects Given the crucial role of promoting myogenic differentiation in
of ES and AICAR on myotube formation (Fig. 71). increasing muscle mass and fiber count [6,9], there is an urgent need for

Finally, to verify the activation of the corresponding signaling treatments that target this process to replace the expensive growth
pathway in vivo by NMES treatment, protein expression in vivo was also factors currently used in therapeutic techniques [7,8]. Previous research

validated by applying lentiviral shRNA knockdown of the corresponding has proposed the use of MuSCs for cell therapy due to their multi-lineage
gene to rats (Fig. 7 F). These findings suggest that ULK1 mediates the differentiation potential [10-14]. Additionally, it has been demon-

effects of ES on myogenic differentiation by acting downstream of strated that the myogenic potential of MuSCs can be modulated by ES
PRKAA. [20]. However, the potential application of NMES or ES treatment to
activate myogenic differentiation in MuSCs to promote muscle regen-

4. Discussion eration has not been previously explored. ES treatment has been re-
ported to promote muscle capacity [27], increases MuSCs content, and

Stroke-related sarcopenia is a newly recognized disease that has been promotes myogenic differentiation in vitro [28]. In the present work, our
rarely studied to date. Compared to photochemical methods, the thread study provides insights into a promising therapeutic approach involving
ligation method (MCAO) produces animal models that closely mimic the combination therapy using NMES and MuSCs, with the aim of enhancing
characteristics of human ischemic stroke, particularly with regard to the myogenic activity, promoting muscle regeneration, and restoring mus-
absence of early vascular source edema in rat smoke models. Moreover, cle function in vivo. In particular, this therapeutic approach primarily
it allows the simulation of reperfusion injuries [38,53]. Notably, our focuses on addressing muscle mass loss in stroke-related sarcopenia. We
research represents a pioneering effort to establish a rodent model of determined the optimal parameters (pulse width: 200 ps, frequency: 20
stroke-related sarcopenia, distinct from prior stroke models that focused Hz, input: 5 voltage) of ES treatment for inducing myogenic
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Fig. 5. AMPK mediated the myogenic role of ES. (A) KEGG enrichment analysis of DEGs (KEGG disease pathway filtered). (B) Immunofluorescence staining for p-
Thr172-PRKAA, Pax7 and DAPI in muscle with stroke-related sarcopenia from control group and NMES-treated group; scale bar: 50 pm. (C) Western Blot analysis of
PRKAA activation in MuSCs under control and different voltages for 30min. (D) Western Blot analysis of PRKAA activation in MuSCs pretreated with PRKAA inhibitor
BML-275 (0.2 uM) or agonist AICAR (15 pM) for 24h in control group and ES treatment (5V treated for 30min) group. (E) Immunofluorescence staining of MuSCs
after myotube differentiation for three days with BML-275 or AICAR in control group and ES treatment group. MyHC (green) and DAPI (blue) for myotube; scale bar:
200 pm (magnification zones, scale bar: 50 pm). (F) Quantitative analysis of immunofluorescence intensity for MyHC of the E-panel (three random filed in each
group; ****P < 0.0001 by two-way ANOVA, followed by Tukey’s multiple comparisons test). (G) Immunofluorescence staining of MuSCs after myotube differen-
tiation for three days infected with scramble or shPrkaal lentivirus in control group and ES treatment group; scale bar: 200 pm (magnification zones, scale bar: 50

*#kxP < 0.0001 by two-way ANOVA,

pm). (H) Quantitative analysis of immunofluorescence intensity for MyHC of the G-panel (three random filed in each group; **
followed by Tukey’s multiple comparisons test).
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Fig. 6. AMPK activation caused autophagy during ES-induced myogenic differentiation. (A) Transmission electron microscopy of MuSCs in control group and
ES treatment group. Arrows indicated autophagosomes; scale bar: 2 pm. (B) Western Blot analysis of autophagic activation in MuSCs under control and different
voltages for 30min. (C) Autophagic flux detection for MuSCs transfected with HBAD-mcherry-EGFP-LC3 in control group and ES treatment group; scale bar: 50 pm.
(D) Quantitative analysis of the autophagic flux in B-panel (n = 5 in each group; ***P < 0.001, ****P < 0.0001 by two-tailed unpaired Student’s t test). (E)
Immunofluorescence staining for LC3B, Pax7 and DAPI in muscle with stroke-related sarcopenia from control and NMES-treated rats; scale bar: 100 pm. (F) Western
Blot analysis of autophagic activation in the MuSCs treated with autophagy inhibitors chloroquine (CQ, 40 pM) or bafilomycin Al (BafAl, 1.5 pM) under control and
ES conditions. (G) Immunofluorescence staining of MuSCs after myotube differentiation for three days with CQ or BafAl under control and ES conditions; MyHC
(green) and DAPI (blue) for myotube; scale bar: 200 um (magnification zones, scale bar: 50 pm). (H) Quantitative analysis of immunofluorescence intensity for MyHC
of the G-panel (three random filed in each group; ****P < 0.0001 by two-way ANOVA, followed by Tukey’s multiple comparisons test). (I) Inmunofluorescence
staining of MuSCs after myotube differentiation for three days infected with scramble or shAtg7 lentivirus in control group and ES treatment group; MyHC (green)
and DAPI (blue) for myotube; scale bar: 200 pm (magnification zones, scale bar: 50 ym). (J) Quantitative analysis of immunofluorescence intensity for MyHC of the E-
Eanel (three random filed in each group; ****P < 0.0001 by two-way ANOVA, followed by Tukey’s multiple comparisons test).
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Fig. 7. AMPK phosphorylation of ULK1 was required for ES-induced autophagy and myogenic differentiation. (A) Western Blot analysis of ULK1 activation in
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from control and NMES-treated rats; scale bar: 50 pm. (C) MuSCs were treated under control and ES conditions (5V treated for 30min). Immunoprecipitation (IP) was
performed with PRKAA antibody or pre-immune IgG. Inmunoblotting (IB) was carried out to detect PRKAA and ULK1. (D) Western Blot analysis of AMPK-ULK1/
autophagic activation in MuSCs treated with ULK1 inhibitor SBI-0206965 (SBI, 1 pM) or agonist BL-918 (15 pM) in control group and ES treatment group. (E)
Immunofluorescence staining of MuSCs after myotube differentiation for three days with SBI or BL in control group and ES treatment group; MyHC (green) and DAPI
(blue) for myotube; scale bar: 200 pm (magnification zones, scale bar: 50 pm). Quantitative analysis of immunofluorescence intensity for MyHC of the E-panel (three
random filed in each group; *P < 0.05, ****P < 0.0001 by two-way ANOVA, followed by Tukey’s multiple comparisons test). (F) Western Blot analysis of AMPK-
ULK1/autophagic activation in rats using lentivirus vector-mediated shRNA (LV-PrkaalshRNA, LV-Atg7shRNA and LV-Ulk1shRNA) in control group and NMES
treatment group. (G) Immunofluorescence staining of MuSCs after myotube differentiation for three days infected with scramble or shUIk1 lentivirus in control group
and ES treatment group; MyHC (green) and DAPI (blue) for myotube; scale bar: 200 pm (magnification zones, scale bar: 50 ym). Quantitative analysis of immu-
nofluorescence intensity for MyHC of the G-panel (three random filed in each group; ****P < 0.0001 by two-way ANOVA, followed by Tukey’s multiple comparisons
test). (H) Western Blot analysis of AMPK-ULK1-autophagy activation in MuSCs with an PRKAA agonist AICAR (15 uM) or/and ULK1 inhibitor SBI (1 pM) in control
group and ES treatment group. (I) Immunofluorescence staining of MuSCs after myotube differentiation for three days with AICAR or/and SBI under control and ES
conditions; MyHC (green) and DAPI (blue) for myotube; scale bar: 200 pm (magnification zones, scale bar: 50 pm). Quantitative analysis of immunofluorescence

intensity for MyHC of the E-panel (three random filed in each group; ****P < 0.0001 by two-way ANOVA, followed by Tukey’s multiple comparisons test).
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differentiation.

The use of cell therapy for the treatment of stroke has garnered
significant interest in the field of regenerative medicine over the past 25
years [65], and involves the utilization of cells or cellular materials with
therapeutic effects in animal models of stroke. However, most estab-
lished therapies focus on repairing neurological damage caused by
stroke but continue to face numerous challenges [66]. Moreover, few
cell therapy options are available for the treatment of stroke-related
sarcopenia. At present, cell therapy strategies using MuSCs have been
conducted in small animals [16]. However, MuSCs treatment has only
been studied in muscle diseases combined with open trauma [16,17].
Therefore, further research is required to explore the application of
direct MuSCs injection in vivo for the treatment of muscle degeneration.
Moreover, this study employed inhibitors and shRNA techniques in
conjunction with ES treatment in vitro to emulate NMES treatment in
vivo, thereby facilitating the identification of its underlying mechanisms.
Overall, to the best of our knowledge, this study is the first to demon-
strate that NMES treatment can alleviate stroke-related sarcopenia in
rats by promoting muscle regeneration via MuSCs autophagy.

AMPK, a critical regulator of growth, reprogramming metabolism,
cell polarity, and autophagy, serves as a multifunctional factor in
various pathophysiological conditions [32-34]. Previous studies have
shown that in situ ES of muscles increases AMPK phosphorylation and
activity in animal models [37]. PRKAA also stimulates autophagy via
mTOR and ULK1 [35,36]. In addition to its role in regulating cell death,
autophagy also plays a crucial role in muscle regeneration and has been
shown to influence the fate of MuSCs [67]. Some studies have explored
the effects of autophagy on muscle differentiation and regeneration and
have, ultimately, suggested that autophagy promotes myogenic differ-
entiation and regeneration [68-70]. Currently, we revealed that ES
treatment activates PRKAA during myogenic differentiation and induces
autophagy through ULK1, rather than mTOR. Specifically, we observed
enhanced Ser317 phosphorylation of ULK1 following ES treatment. This
PRKAA-dependent phosphorylation of Ser317 has been linked to an
increase in ULK1 activity [35,36,71]. However, no significant alter-
ations in mTOR phosphorylation at Ser2448 were observed following ES
treatment (Fig. S6A), suggesting that mTOR does not contribute to
ES-induced autophagy. Consistently, the phosphorylation level of ULK1
at Ser757, regulated by mTOR and associated with reduced ULK1 ac-
tivity, was not significantly altered following ES treatment (Fig. S6B).
Additionally, co-immunoprecipitation results revealed that AMPK and
ULK1 interact during ES treatment. By using a ULK1 inhibitor, shRNA,
and agonist, we demonstrated that AMPK-ULK1 is essential for the
initiation of ES-induced autophagy and myogenic differentiation in
MuSCs.

Finally, we concluded that NMES treatment could restore muscle
function, increase muscle mass and promote muscle regeneration in
stroke-related sarcopenia by activating MuSCs autophagy via AMPK-
ULK1 autophagy axis. In addition, our findings demonstrated that
NMES could accelerate muscle function repair process and significantly
improve myogenic activity and muscle regeneration in stroke-related
sarcopenia rats. Moreover, we utilized ES treatment on primary rat
MusSCs in vitro and investigated the underlying mechanisms. indicating
that ES treatment promoted muscle regeneration. Furthermore, after
interfering with inhibitors and shRNA, results showed that ES-associated
muscle differentiation occur via MuSCs autophagy, revealing that ES
treatment faithfully mimics the myogenic activity and muscle regener-
ation in vitro. Additionally, we found that the activation of AMPK-ULK-
autophagy by NMES treatment was verified in vivo. These findings
revealed that NMES treatment significantly restores muscle function,
promotes muscle regeneration, and increases muscle mass in vivo.

5. Conclusion

The present results provided insight into the pathological mechanism
of NMES treatment alleviating stroke-related sarcopenia. The
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underlying mechanisms potentially provided novel therapeutic strategy
for clinical treatment. NMES combined with MuSCs treatment can
improve patient prognosis and quality of survival in the future. How-
ever, the in vivo mechanism was not confirmed by using genetic models
due to poor development of Cre-loxP system in rats. Disputation still
remains, considering that primary MuSCs cultured in vitro are markedly
different from in vivo and that using ES-induced myogenic differentia-
tion to dissect biology of NMES-induced muscle regeneration may result
in discrepancies. Our experimental design utilizing primary MuSCs
cultured in vitro instead of use of genetic models for mechanistic in-
vestigations did not compromise the accuracy of our conclusions for the
following reasons. On the one hand, we observed that NMES treatment
activated key proteins on the autophagy axis in vivo. On the other hand,
we used shRNA technique to specifically knock down each gene in pri-
mary MuSCs in vitro and reproduce phenotypes achieved by ES treat-
ment and or inhibitors. These complementary approaches conclusively
establish that NMES intervention ameliorates stroke-related sarcopenia
through AMPK-ULK1-autophagy axis-mediated enhancement of
myogenic differentiation.
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