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Background: Oxidative stress and impaired autophagic flux play important roles in
the development of peripheral artery disease (PAD). SS31 is considered an important
antioxidant peptide and autophagy regulator. We aimed to investigate the role of SS31
in PAD myopathy and its possible mechanism both in vivo and in vitro.

Methods: A hind limb ischemia (HLI) model was established with old C57BL/6 (14-
month-old) mice. Mice in the SS31 group were intraperitoneally injected with SS31
(3 mg/kg) for 4 weeks. We examined skeletal muscle function and histomorphology,
autophagy-related protein levels and reactive oxygen species (ROS) content. For the
in vitro experiments, after C2C12 myotubes were treated with CoCl2, SS31, and
chloroquine (CQ) or rapamycin (RAPA), we measured ROS content, autophagy-related
protein levels and antioxidant enzyme expression.

Results: SS31 treatment effectively enhanced the recovery of skeletal muscle function,
alleviated skeletal muscle injury and suppressed mitochondrial ROS production in
ischemic limbs. SS31 reduced apoptosis and oxidative stress, and SS31 restored
impaired autophagic flux by inhibiting the AKT-mTOR pathway. In vitro studies
showed that SS31 restored autophagic flux and improved oxidative stress in C2C12
cells. Moreover, phosphorylated AKT (p-AKT) and phosphorylated mTOR (p-mTOR)
levels were reduced.

Conclusion: These experiments indicated that SS31 can inhibit oxidative stress by
restoring autophagic flux to reverse hypoxia-induced injury in vivo and in vitro.

Keywords: peripheral artery disease (PAD), Szeto-Schiller peptide, autophagic flux, oxidative stress, AKT-mTOR
pathway

INTRODUCTION

Peripheral artery disease (PAD) is usually considered a lower extremity artery disease caused
by arterial obstruction. The most common cause of PAD is atherosclerosis (1, 2). The most
serious manifestation of PAD is critical limb ischemia (3). The skeletal muscle of PAD patients
shows obvious myopathy, which is characterized by abnormalities in skeletal muscle function and
morphology as well as metabolic defects (4, 5). The development of PAD is closely correlated with
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oxidative stress (6). The interconnection between reactive
oxygen species (ROS) and oxidative stress leads to progressive
dysfunction of the antioxidant defense system, which is closely
related to PAD prognosis (7, 8). It has also been shown that
apoptosis in hind limb ischemic mice is increased (9). Current
therapies for PAD include lifestyle modifications, structured
exercise therapy, pharmacotherapy and revascularization (10).
PAD affects more than 200 million people globally, particularly
people over 65 years old (11).

Autophagy is an essential and evolutionarily conserved
cellular recycling process. Autophagic flux maintains the balance
of the internal environment of cells, tissues and organisms
by degrading damaged organelles and misfolded proteins and
reusing the generated pool of biomolecules (12). Autophagic
flux plays a “double-edged sword” role in cardiovascular disease.
On the one hand, autophagy maintains normal cardiovascular
function by degrading abnormal components in cells. On
the other hand, excessive activation of autophagy underlies
autophagic cell death and loss of cells (13–15). A study reported
blockage of autophagic flux in skeletal muscle of critical limb
ischemia, suggesting that autophagy is probably engaged in the
occurrence and development of PAD (16). Therefore, we propose
that restoration of impaired autophagic flux may be a promising
approach to alleviating ischemic skeletal muscle injury.

The Szeto-Schiller peptide (SS-31) is a cell-permeable
antioxidant peptide that is highly and selectively concentrated
in the mitochondrial inner membrane and that confers
mitochondrial protection by suppressing mitochondrial ROS
production and inhibiting mitochondrial permeability transition
(17–20). The protective effects of SS31 have been reported
in several diseases, such as ischemic brain injury (21), acute
kidney injury (AKI) (22), diabetes mellitus (23) and myocardial
ischemia-reperfusion (IR) injury (24). SS31 has been shown to
prevent IR injury by reducing mitochondrial dysfunction and
oxidative stress (24). Surprisingly, the therapeutic role of peptide
SS31 in PAD has been rarely reported. Therefore, in this study,
we investigated the therapeutic potential of SS31 in the treatment
of hind limb ischemia (HLI) and its mechanism of action.

MATERIALS AND METHODS

Hind Limb Ischemia and Dosage
Regimen
Forty C57BL/6 mice (male, 27–33 g, 14 months old) were
purchased from the Animal Center of Chongqing Medical
University and randomly assigned to two groups [the normal
saline (NS) group and SS31 group]. After anesthesia with
intraperitoneal injection of 2% pentobarbital (45 mg/kg), the
mice were placed flat on a plastic sheet with tape. A single
researcher revealed the left femoral artery and dissected the left
femoral vein and nerve. Ligation and excision were performed
on the proximal and distal ends of the left femoral artery of the
mice in the HLI group. The ratio of blood perfusion between the
operative side and the control side was recorded, and the model
was considered to be successfully established when the reduction
in blood flow on the operative side was ≥70% (comparison with

blood flow on the control side). The blood flow was evaluated by
moorLDI2-HIR (Moor Instruments, United Kingdom). The right
limbs of the mice were subjected to a sham operation.

One week after surgery, the mice in the SS31 group were
intraperitoneally injected with SS31 (3 mg/kg) once per day for
4 weeks. The mice in the NS group was intraperitoneally injected
with the same dose of NS. The following groups were established,
the right limb of the NS group was selected as sham + NS group
(NS group-right limb), and the left limb of the NS group was
selected as HLI + NS group (NS group-left limb). The right limb
of the SS31 group was selected as sham + SS31 group (SS31 group-
right limb) and the left limb of the SS31 group was selected as
HLI + SS31 group (SS31 group-left limb). The mice were killed
24 h after the last dose of SS31 or NS was administered, and the
gastrocnemius was collected. All procedures were authorized by
the Animal Care Committee of Chongqing Medical University.

Grip Strength
Grip strength of the mice was measured by the use of a grip
force meter on the 7th, 14th, 21th, 28th, and 35th days after
surgery. The mice were placed on the measuring device, the
animals grasped the barbed wire tube with all limbs and pulled
in parallel to the instrument until the mouse lost its grip. Three
trials were performed with 1 min of rest between trials. The
average of the three measurements was calculated as the grip
strength of the mouse.

Exhaustive Exercise
Exhaustive exercise was tested on the 7th, 14th, 21th, 28th, and
35th days after surgery to assess skeletal muscle function. At
a speed of 8 m/min for 2 min, the speed of a running track
increased by 2 m/s every 2 min until the mice could not run, or
were driven back to the rest area within 2 s after being driven onto
the track. The time and total distance were recorded.

Gastrocnemius Index
The gastrocnemius index was calculated as the gastrocnemius
weight (mg)/body weight (g).

Hematoxylin and Eosin Staining
Gastrocnemius samples of each group were collected, fixed
with 10% formaldehyde overnight, and then embedded in
paraffin. The gastrocnemius were stained with hematoxylin and
eosin (HE). The sections were observed using an inverted
microscope. All images were observed and captured under
× 400 magnification.

Immunofluorescence
Tissue sections were fixed with 4% paraformaldehyde (PFA),
permeabilized with 0.3% Triton X-100 for 30 min. Sections were
washed three times with PBS, blocked with 10% normal goat
serum and incubation with the following primary antibodies
at 4◦C overnight: anti-LC3II (Cell Signaling Technology,
United States) and anti-LAMP1 (Santa Cruz Biotechnology,
United States). The next day, they were incubated with Goat anti-
Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa
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Fluor 594 (Thermo Fisher, United States) and IFKine Green
Donkey Anti-Mouse IgG (Abbkine, China) for 1 h at 37◦C, and
treated with DAPI for 10 min. The sections were viewed by an
inverted microscope.

Cell Culture and Establishment of the
Hypoxia Model
C2C12 myoblasts were purchased from Zhongqiao Biotech
and cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin in a constant-temperature incubator at
37◦C with 5% CO2. Experiments were performed with 2% horse
serum (HS), which induces cell differentiation and fusion.

CoCl2 is widely used throughout the world to simulate
hypoxia. Ischemic myotubes were generated by incubating them
in serum-free DMEM supplemented with 250 µM CoCl2 for 24 h.

Cell Experimentation Groups
To investigate the relationship between SS31 (Qiang Yao
Biological Company, China, with 99.14% purity) and
autophagy in hypoxic myotubes. Rapamycin (RAPA)
and chloroquine (CQ) were administered to stimulate
and inhibit autophagy, respectively. Myotubes were randomly
allocated into the following groups: the normoxic myotube
group, hypoxic myotube group, hypoxic myotube + RAPA
(15 nM) group, hypoxic myotube + SS31 (150 nM) + RAPA
group, hypoxic myotube + CQ (8 µM) group, and hypoxic
myotube + SS31 + CQ group.

Transmission Electron Microscopy
After administration of the indicated treatment, myotubes
were collected, loaded into centrifuge tubes and centrifuged at
1,500 rpm for 10 min, and then, the supernatant was aspirated.
The cells and gastrocnemius samples were fixed with 2.5%
glutaraldehyde for 18–20 h. After being rinsed, dehydrated
and embedded, the samples were prepared under a dissecting
microscope. Sections (1 µm) were prepared and then observed by
transmission electron microscopy (TEM) (Hitachi-7700, Japan).
Images were acquired, and five fields of view were randomly
selected from each group for observation.

Preparation of Mitochondria
Mitochondria were extracted from gastrocnemius muscle and
myotubes according to the instructions of a tissue mitochondria
isolation kit (Beyotime, C3606) and cell mitochondria isolation
kit (Beyotime, C3601). The isolated mitochondria were added to
mitochondrial isolation buffer for further detection.

The Detection of Reactive Oxygen
Species
The levels of ROS in the gastrocnemius and cells were measured
using a ROS assay kit (Nanjing Jiancheng Biotech, China)
according to the manufacturer’s instructions. After incubation
with diluted dichlorodihydrofluorescein-diacetate (DCFH-DA)
for 30 min, mitochondria of the gastrocnemius muscle and
myotubes were detected with a Varioskan LUX Multimode
Reader (Thermo Fisher, United States). BCA method was used to

detect the concentration of isolated mitochondrial protein, which
was used to standardize mitochondrial ROS. C2C12 cells were
cultured in 6-well plates. Myotubes were resuspended in lysis
buffer containing 10 µM DCFH-DA in serum-free medium for
30 min at 37◦C and then washed twice with PBS. A fluorescence
microscope (Olympus BX53, Olympus, Japan) was utilized to
record the fluorescence intensity of intracellular ROS. ImageJ was
used to estimate the average fluorescence intensity.

Western Blot Assay
Tissue and cellular protein samples were prepared using
RIPA lysis buffer. The following antibodies were used:
anti-LC3 (Bimake, China), anti-SQSTM1/P62 (Proteintech,
China), anti-Beclin1 (Proteintech, China), anti-ATG5
(Wanleibio, China), anti-Bax (Servicebio, China), anti-BCL2
(Proteintech, China), anti-cleaved caspase-3 (Proteintech,
China), GAPDH (Proteintech, China), anti-mTOR (Cell
Signaling Technology, United States), anti-mTOR Ser(P)2448
(Cell Signaling Technology, United States), anti-AKT (Cell
Signaling Technology, United States), and anti-p-AKT (Cell
Signaling Technology, United States). The total isolated protein
was separated by SDS-polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore, United States), and the membranes were incubated
overnight with a primary antibody at 4◦C. The membranes
were supplemented with secondary antibodies conjugated to
horseradish peroxidase and subsequently detected with an
enhanced chemiluminescent substrate (Millipore) and visualized
via a Versa Doc imaging system (Bio-Rad, United States).

Real-Time PCR
Total RNA from the gastrocnemius and myotube samples was
extracted with TRIzol reagent (TaKaRa, Japan), and then, cDNA
was obtained by reverse transcription using a PrimeScript
RT reagent kit (TaKaRa, Japan). Then, cDNA was used to
determine the mRNA expression levels. PCR was performed
using SYBR Premix Ex Taq (TaKaRa, Japan) with SOD1-, SOD2-,
CAT-, and GAPDH-specific primers. The following primer
pairs were used: SOD1, 5′-CCAGTGCAGGACCTCATTTT-3′
(forward) and 5′-TTGTTTCTCATGGACCACCA-3′ (reverse);
SOD2, 5′-CCGAGGAGAAGTACCACGAG-3′ (forward) and
5′-FCTTGATAGCCTCCAGCAAC-3′ (reverse); CAT, 5′-
ACATGGTCTGGGACTTCTGG-3′ (forward) and 5′-CAAGT
TTTTGATGCCCTGGT-3′ (reverse); and GAPDH, 5′-GGTT
GTCTCCTGCGACTTCA-3′ (forward) and 5′-TGGTCCAGG
GTTTCTTACTCC-3′ (reverse).

Statistical Analysis
SPSS 25.0 and GraphPad Prism 8 were adopted to evaluate all
data, which are presented as the means ± SD. Kolmogorov–
Smirnov test was used to determine the normality of the
distribution of continuous variables. One-way ANOVA and
a two-sample t-test were performed to compare normally
distributed variables. The Mann–Whitney U test was used for
the comparison of skewed variables. The data are presented
as the means ± SD. A p-value < 0.05 was considered
statistically significant.
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RESULTS

SS31 Restored Skeletal Muscle Function
in Hind Limb Ischemia Mice
To determine whether SS31 affects the muscle function of mice
with HLI, skeletal muscle function was examined after ischemic
injury with or without SS-31 administration. The gastrocnemius
index decreased after HLI was induced in mice (Figure 1A), but
SS31 treatment gradually led to recovery of the gastrocnemius
index of the ischemic limb. In the grip strength test, the
grip strengths of the NS group mice were significantly lower
than those of the SS31 group mice on day 35 (Figure 1B).
Moreover, the duration of exhaustive exercise was substantially
reduced in the NS group at day 35, compared to that of the
SS31 group (Figure 1C), which was consistent with the results
of the grip strength test. These results suggested that SS31

administration can enhance the recovery of strength and function
of ischemic limbs.

SS31 Alleviated Injury of Ischemic
Skeletal Muscle
Hematoxylin and eosin staining showed that skeletal muscle
tissue of the HLI + NS group mice showed vast adipocyte
infiltration, high levels of interstitial edema, smaller cross-
sectional areas, and wider intermuscular spaces (Figures 1D–F).
However, SS31 markedly reversed these changes. The fiber
numbers decreased after HLI, but SS31 treatment gradually led
to the recovery of fiber numbers in mice with HLI. We counted
the number of fibers with ImageJ software and found that
SS31 treatment significantly increased the number of ischemic
skeletal muscle fibers.

FIGURE 1 | SS31 improves skeletal muscle function in HLI mouse model. (A) Gastrocnemius index. (B) Grip strength test. (C) Duration of exhaustive exercise in
minutes. (D–F) Skeletal muscle of the four groups was stained with HE (magnification of ×400). ImageJ was used to measure the fiber number and cross-sectional
area of the gastrocnemius fibers. (G) TEM indicated that mitochondria were swollen and the Z-lines disorganized in HLI mice; however, SS31 treatment partially
reversed these changes (red arrowheads indicate damaged mitochondria) (magnification of ×30,000). n = 3–6. ∗p < 0.05, ∗∗p < 0.01.
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Furthermore, with TEM, we found mitochondrial swells
and Z-line disorders in the skeletal muscle after HLI
injury (Figure 1G), but this damage was markedly reduced
after SS31 treatment.

SS31 Reversed the Promotion of
Apoptosis and Impairment of Autophagic
Flux Induced by Hind Limb Ischemia
After HLI, skeletal muscle tissues show an increased apoptosis
rate. The results of apoptosis-related protein expression
demonstrated that the expression of cleaved caspase3 (C-
caspase3) and Bax (proapoptotic proteins) in skeletal muscle
tissue in the HLI + NS group was upregulated compared with
that in the sham + NS group, with the most profound difference
in C-caspase3 in skeletal muscle. The expression of pro-apoptotic
proteins was reduced in the sham + SS31 group compared to
the sham + NS group, but the difference did not reach the
significance (Figures 2A,B). The level of Bcl-2 (an antiapoptotic
protein) was remarkably reduced in the HLI + NS group. SS31
greatly reduced the cell apoptosis rate that had been increased
by HLI. These findings indicated that the SS31 peptide protects
skeletal muscle from apoptosis.

To investigate the effects of SS31 on autophagy in mice
with HLI, we evaluated the expression levels of autophagy-
related markers LC3 II, P62, Beclin1, and ATG5 by Western
blot analysis (Figures 2C–E). Compared to the sham + NS
group, there was no significant decrease in the levels of LC3II,
P62 in the sham + SS31 group, while the level of Beclin1
was significantly reduced in the sham + SS31 group. The data
indicated that the protein expression levels of LC3II, P62, and
Beclin1 were significantly increased in HLI mice, but SS31
treatment remarkably decreased the levels of these autophagy-
related markers. Furthermore, the expression level of ATG5 in
SS31-treated HLI mice was significantly higher than that in HLI
mice without SS31 treatment. In comparison with the sham + NS
group, the expression level of ATG5 was statistically elevated
in the sham + SS31 group. Double immunofluorescence (IF)
staining analysis was used to detect the LC3II and the lysosomal-
associated membrane protein 1 (LAMP-1) (Figure 2F). We
observed the colocalization of LC3II and LAMP1 was increased
in HLI mice. However, colocalization of LC3II and LAMP1
was reduced in hindlimb ischemic mice after SS31 intervention.
These data indicated that SS31 can restore impaired autophagic
flux in HLI mice.

SS31 Attenuated Oxidative Stress in the
Hind Limbs of Ischemic Mice
We isolated mitochondria from skeletal muscle at first, and
then tested the level of mitochondrial ROS in this study.
mitochondrial ROS production was considerably increased in
the HLI + NS group compared to the sham + NS group
(Figure 3A). SS31 significantly decreased mitochondrial ROS
levels in mice with HLI compared with those in the HLI + NS
group. However, there were no significant differences in the
content of mitochondrial ROS between the sham + SS31 group
and the sham + NS group. Furthermore, to validate the effect of

SS31 on oxidative stress in the skeletal muscle of HLI mice, we
measured the mRNA of the three antioxidant enzymes (SOD1,
SOD2, and CAT) (Figure 3B). Compared with that of the
sham + NS group, the mRNA expression of SOD1 and SOD2
was remarkably decreased in the HLI + NS group, and the
mRNA expression of CAT in the HLI + NS group was less
than that in the sham + NS group, although the difference did
not reach statistical significance. Compared with that in the
HLI + NS group, the mRNA levels of SOD1, SOD2, and CAT in
the HLI + SS31 group were significantly upregulated. Compared
with the sham + NS group, the mRNA levels of CAT and SOD1
were enhanced in the sham + SS31 group, their differences
did not reach statistical significance, while the mRNA level of
SOD2 was slightly reduced. The results suggest that SS31 can
alleviate oxidative damage caused by ischemia by promoting the
expression of antioxidant enzymes.

SS31 Inhibited the AKT-mTOR Pathway
in Hind Limb Ischemia Mice
To assess the impact of SS31 on the AKT-mTOR pathway in HLI
mice. Western blotting was performed to detect the expression
of phosphorylated AKT (p-AKT) and phosphorylated mTOR (p-
mTOR) in HLI mice (Figures 3C–E). The immunoblot analysis
indicated that the expression levels of p-AKT and p-mTOR were
higher in the HLI group than in the control group. These levels
decreased significantly after SS31 treatment. As compared to the
sham + NS group, the levels of p-AKT and p-mTOR were slightly
decreased in the sham + SS31 group.

SS31 Improved Hypoxia-Induced
Blockage of Autophagic Flux in C2C12
Myotubes
To explore the autophagy process induced by SS31, we treated
hypoxic myotubes with CQ, RAPA, and SS31. Compared with
those in the myotube group, a higher LC3 II ratio and a higher
level of P62 were found in cells under hypoxic conditions.
Intracellular autophagy-related marker levels with or without
SS31 treatment were detected. Hypoxia-induced changes in LC3
II and P62 expression were reversed by the autophagy activator
RAPA (Figures 4A,B). This situation was more obvious after
the SS31 intervention. CQ greatly exacerbated the increase in
hypoxia-induced LC3 II and P62 expression. The LC3 II level
increased after SS31 treatment. In contrast, the level of P62 was
decreased (Figures 4C,D).

As observed through TEM, after hypoxia, the ultrastructure
of myotubes was injured; for example, the outer mitochondrial
compartment was swollen, the endoplasmic reticulum was
dilated, and autophagosomes were found in the cytoplasm
(Figure 4E). In the hypoxic myotube + RAPA + SS31 group,
the number of autolysosomes was further increased, the damage
was less extensive than in the hypoxic myotube + RAPA
group. Compared with the hypoxic myotube + CQ group, the
hypoxic myotube + CQ + SS31 group exhibited a decrease
in the number of autophagosomes and a decrease in the
number of damaged mitochondria. These results indicated that
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FIGURE 2 | SS31 inhibits apoptosis and restores autophagic flux in HLI mouse model. (A,B) The expression levels of apoptosis-related proteins were detected by
WB. GAPDH was used as a control. (C–E) Immunoblot analysis showing the protein levels of LC3 II, P62, Beclin1, and ATG5. Western blot results were analyzed for
LC3 II expression and normalized to GAPDH expression, P62 normalized to GAPDH, Beclin1 normalized to GAPDH, and ATG5 normalized to GAPDH. (F) LC3II (red)
and LAMP1 (green) were detected by immunofluorescence. Nuclei are labeled with DAPI (blue) (magnification of ×400). n = 3. ∗p < 0.05, ∗∗p < 0.01.
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FIGURE 3 | SS31 alleviates oxidative stress and inhibits AKT-mTOR pathway in HLI mouse model. (A) A reactive oxygen species assay kit was used to quantify
mitochondrial ROS production. (B) The relative mRNA levels of SOD1, SOD2, and CAT were determined by RT-qPCR. (C–E) The protein levels of phosphorylated
AKT and mTOR in HLI mice were determined. The data were standardized on the basis of the GAPDH level, n = 3–4. ∗p < 0.05, ∗∗p < 0.01.

SS31 improves autophagic flux and promotes autophagosome
clearance in myotubes following hypoxic injury.

SS31 Alleviated Hypoxia-Induced
Oxidative Stress in C2C12 Myotubes
Evidence has suggested that a regulatory interaction exists
between autophagy and oxidative stress (Figures 5A–G). To
elucidate the relationship between autophagy and oxidative stress
in PAD, we measured the ROS content and mRNA expression
levels of three antioxidant enzymes. In contrast to its effect
on hypoxic myotubes, CQ markedly increased ROS levels and
decreased the expression levels of SOD1, SOD2, and CAT.
Compared with the hypoxic myotube + CQ group, in the hypoxic
myotube + SS31 + CQ group, ROS contents were reduced,
and the levels of the three antioxidant enzymes SOD1, SOD2,
and CAT were significantly increased. Compared with its effect
on hypoxic myotubes, RAPA increased the levels of the three
antioxidant enzymes, but the difference did not reach statistical
significance, and a decrease in ROS levels was observed in the

hypoxic myotube + RAPA group. Compared with those in the
hypoxic myotube + RAPA group, the ROS levels decreased
and the mRNA levels of SOD2 and CAT were increased more
significantly in the hypoxic myotube + SS31 + RAPA group.
Interestingly, the mRNA expression level of SOD1 was slightly
downregulated in the hypoxic myotube + SS31 + RAPA group.

SS31 Attenuated AKT-mTOR Signaling in
C2C12 Myotubes
To further understand whether the AKT-mTOR signaling
pathway is involved in SS31-induced autophagy in hypoxic
myotubes, we treated hypoxic myotubes with SS31, CQ, and
RAPA and detected the expression levels of p-AKT and p-mTOR
by Western blotting (Figures 6A–F). The results demonstrated
that the levels of p-AKT and p-mTOR in hypoxic myotubes
increased significantly compared with that in the myotube
group. After CQ intervention, the levels of p-AKT and p-mTOR
increased further, and SS31 intervention reversed this change.
In contrast, the levels of p-AKT and p-mTOR decreased
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FIGURE 4 | SS31 activates autophagic flux in C2C12 myotubes. (A,B) RAPA was the intervention for hypoxic myotubes treated with or without SS31. The
expression of autophagy-related proteins LC3 II and P62 were examined. (C,D) CQ was the intervention for hypoxic myotubes with or without SS31 treatment, and
in the lysates, LC3 II and P62 expression was detected by immunoblotting. (E) Autophagy vacuoles were observed via electron microscopy (EM) (magnification of
×20,000). Red arrowheads represent autophagosomes. The data were standardized on the basis of the GAPDH level. n = 3. ∗p < 0.05, ∗∗p < 0.01.

significantly after RAPA treatment, an outcome exacerbated
by SS31 intervention. These results indicated that the AKT-
mTOR signaling pathway is likely engaged in SS31-mediated
autophagy regulation.

DISCUSSION

Peripheral artery disease is often accompanied by skeletal muscle
mitochondrial dysfunction and oxidative stress (25). SS31 has
the advantages of a small molecular weight, stable structure,
fast absorption, weak toxicity, and long half-life (19); therefore,
it is the most recognized small-molecule peptide among many

mitochondrial targeted antioxidants. During all the experiments,
no adverse drug reactions were evident in the mice. A previous
study has shown that SS31 improves skeletal muscle function
by reversing mitochondrial damage and reducing mitochondrial
oxidant production in the context of sarcopenia (26). However,
the application of SS31 to treat PAD is still very rare. In this
study, we demonstrated, for the first time, that SS31 can improve
oxidative stress by restoring autophagic flux to protect the skeletal
muscle of the hind limbs of ischemic mice, while based on our
findings, the basal effect of SS31 seemed to be small.

Our study revealed that the skeletal muscle function of NS-
treated mice and SS31-treated mice recovered starting 21 days
after femoral artery ligation. Although C57BL/6 mice show a
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FIGURE 5 | SS31 attenuates oxidative stress in C2C12 myotubes. (A–C) ROS contents in C2C12 myotubes. (D,E) DCFH-DA staining analysis revealed the
mitochondrial ROS levels. (F,G) The relative mRNA expression levels of SOD1, SOD2, and CAT were detected by RT-qPCR. The data were standardized on the
basis of the GAPDH level, n = 3–5. ∗p < 0.05, ∗∗p < 0.01.

certain degree of resistance to ischemia, a previous study has
shown that an HLI model established with old mice is stable.
Persistent chronic hypoperfusion occurs several weeks after
arterial ligation of these mice (9). HLI induction resulted in the
loss of muscle strength and muscle mass. The SS31 intervention
remarkably accelerated the recovery of skeletal muscle function
and mass that had been lost because of ischemia.

The ischemic limb presents a reduced calf skeletal muscle
area and increased calf muscle fat cell infiltration and greater
fibrosis in patients with PAD (27). These pathophysiological
outcomes also appeared in the HLI mouse models in this

study. SS31 administration markedly reversed these changes. Cell
apoptosis was inhibited and cell proliferation was increased by
SS31 intervention. Calf muscle biopsy samples of patients with
PAD, chronic ischemic skeletal muscle is often characterized by
mitochondrial dysfunction (28), and this dysfunction was found
in our research.

Autophagic flux is a dynamic process of degrading and
recycling autophagosomes. Chenshu found that restoration
of autophagic flux by RAPA intervention during ischemia
can alleviate skeletal muscle injury, indicating that promoting
autophagy has a potentially protective effect on IR in mice (29).
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FIGURE 6 | SS31 suppresses AKT-mTOR pathway in C2C12 myotubes. (A–C) RAPA was used as the intervention in hypoxic myotubes in the presence or absence
of SS31, and the levels of p-AKT and p-mTOR in C2C12 myotubes were detected. (D–F) CQ was used as the intervention in hypoxic myotubes with or without
SS31 treatment. The expression levels of p-AKT and p-mTOR were examined, n = 3. ∗p < 0.05, ∗∗p < 0.01.

In a study by In-Hye Jeong, ischemia induced autophagy in
endothelial cells, and this increase in autophagy contributed
to the regeneration and recovery of injured skeletal muscle
(30). Wensi found that endothelial mTORC1 deletion can
activate autophagy to protect against HLI injury in diabetic mice
(31). Chronic limb ischemia results in progressive and severe
damage to skeletal muscle. Research has shown that insufficient
autophagic flux may be harmful to muscles, inducing conditions
such as colchicine myopathy and Danon disease (32). In the
present study, we also observed insufficient autophagic flux in
the HLI mice, but SS31 treatment reversed these changes. To
further study the relationship between SS31 and autophagic flux,
an autophagy inhibitor (CQ) and inducer (RAPA) were used
for in vitro experiments. The results of the in vitro experiments
supported the aforementioned results. mTOR is activated by

AKT, resulting in increased skeletal muscle protein synthesis (33).
The veracity of this supposition is supported by genetic evidence.
Knocking out mTOR has been shown to lead to progressive
myopathy because skeletal muscle mass and function are affected
(34). These data indicated that SS31 administration contributes
to the recovery of autophagic flux via the AKT-mTOR signaling
pathway in hindlimb ischemic mice.

A recent study showed that oxidative stress was increased
in a model of critical limb ischemia (35). Mitochondrial
ROS play critical roles in the pathogenesis of PAD (6). This
phenomenon was observed in our experiments in this study.
Previous studies have shown that combined SS31-Mito therapy
protected mitochondrial integrity by suppressing oxidative stress
and inflammation after IR injury (36). SC-TK-SS31 intervention
(SS31 prepared by binding to l-serine–modified chitosan through
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a ROS-sensitive thioketal junction) reduced inflammation,
apoptosis and oxidative stress to protect mitochondria in AKI
(37). SS31, as a cellular antioxidant peptide, can reduce oxidative
stress to protect cells from hypoxic injury. Autophagy contributes
to the decrease in oxidative stress in skeletal muscle. Many
studies have shown that impairment of autophagy leads to the
cytoplasmic accumulation of ubiquitinated proteins, resulting in
mitochondrial damage and promoting the production of ROS
(38). Although the initial target of SS31 is mitochondria, it has
also been shown that SS31 can act directly on autophagy (39,
40). We explored the relationship between SS31, autophagy and
oxidative stress. Hypoxia led to profound increases in ROS levels.
CQ increased total and mitochondrial ROS levels in hypoxic
myotubes, and SS31 counteracted these ROS level changes to
some extent and upregulated three antioxidant enzymes. In
addition, RAPA decreased the content of total and mitochondrial
ROS in hypoxic myotubes, and SS31 further reduced these
ROS levels and significantly increased the mRNA level of CAT.
These results indicated that SS31 can reduce oxidative stress by
promoting autophagy. Interestingly, compared with the effect
in the myotube group, hypoxia increased the levels of three
antioxidant enzymes in myotubes, which may have been a result
of our cellular model not fully mimicking the pathophysiological
state of HLI mice.

Our study has advantages. First, our findings revealed that
SS31 can reduce oxidative stress by restoring autophagic flux to
improve skeletal muscle structure and function, and SS31 may
be a new treatment strategy for PAD. Second, we demonstrated,
for the first time, that SS31 may improves the structure and
function of skeletal muscle in hindlimb ischemic mice through
the AKT-mTOR signaling pathway.

CONCLUSION

In conclusion, SS31 could restore skeletal muscle function,
ameliorate skeletal muscle injury, and decrease the apoptosis rate
in hindlimb ischemic mice. Therefore, we hypothesized that SS31
could improve the symptoms of elderly PAD patients. Moreover,
SS31 can inhibit oxidative stress by restoring autophagic flux
and thus reverse hypoxia-induced injury, which may be achieved
through the AKT-mTOR pathway. This study indicated that SS31
can be used as a potential PAD medicine.
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