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Abstract
Background: Limb ischemic necrosis is mainly attributed to peripheral arterial disease (PAD). Reducing
oxidative stress and promoting damaged skeletal muscle regeneration may be bene�t for ischemic limb
treatment. Proanthocyanidins (PC) is a powerful antioxidant and free radical scavenger, but little is
known about its role and related molecular mechanism in limb ischemic injury. The current study was
undertaken to explore its role in the damaged skeletal muscle regeneration both in vitro and vivo, and
whether MicroRNAs (miRNAs) involved in this process.

Methods: The potential effects of PC on the damaged muscle regeneration were explored in human
skeletal muscle satellite cells (HSKMSCs) under hypoxic-ischemic condition and in mice limb ischemia
model, then, aberrant expression of miRNAs in ischemic skeletal muscles were determined by microarray
analysis, and regulatory mechanism of the speci�c miRNA on HSKMSCs myogenic differentiation was
further investigated by gain and loss of functional experiments. Additionally, the direct target gene was
examined by luciferase reporter assay.

Results: In mice limb ischemia model, our results revealed that PC reduced oxidative stress level,
signi�cantly promoted ischemic limb damaged muscle regeneration and motor function recovery, then,
aberrant expression of miRNAs in ischemic skeletal muscles were determined by microarray analysis,
combine with the results of the RT-qPCR, the miR-133b-3p was proved to be the speci�c miRNA. In vitro,
our results revealed that PC induced the overexpression of miR-133b to activate the p38-MAPK signal
pathway and increased the myogenic differentiation-related molecules expression, which eventually
promoted myotubes formation. Furthermore, MKP1 was con�rmed a direct target gene of miR-133b.

Conclusion: Our results suggest that PC display skeletal muscle protective properties that are mediated
by miR-133b /MKP1/ p38-MAPK signal axis, offering a novel therapeutic opportunity for limb ischemic
injury.

Background
Peripheral arterial disease (PAD) is a vascular disease that derives and develops from atherosclerosis (1),
it is often accompanied by diabetes and coronary artery (2) disease .Critical limb ischemia (CLI) is the
most widespread and severe clinical disorder of PAD, which cause progressive complications, such as
intermittent claudication, gangrene and foot ulceration, eventually leading to morbidity and mortality (3) .
Reduced blood supply inevitably leads to skeletal muscle damage. Then, even if the blood supply of the
limb can be recovered by standard surgical treatment effectively (4), tissue damage will still be
exacerbated by ischemia-reperfusion and ischemic necrosis reoccurrence (5). Oxidative stress is one of
crucial determinants contributes to limb ischemia, in addition, ischemic injury of the limb lead to reactive
oxygen species (ROS) and in�ammation increased, aggravate tissue damage (5, 6) and hinder the muscle
repair and regeneration (7). 
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In response to these damage, skeletal muscle satellite cells (SKMSCs), a population of stem cells, are
activated and recruited to participate in muscle repair and regeneration (8-11). During this process,
quiescent satellite cells are activated and differentiated into skeletal muscle cells (12) accompanied with
muscle regulatory factors (MRF) expression, including myogenic differentiation antigen D (MyoD),
myogenic factor 5 (Myf5), myogenin and MRF4 (13-15). Accumulating evidence a�rmed that the
interventions which reduce oxidative stress are bene�cial for muscle regeneration when muscles suffer
from ischemic damage (7, 16, 17). Proanthocyanidins (PC), a bio�avonoid widely distributed in plants,
which are extracted from polyphenol (18, 19), polyphenol has been proved to play strong antioxidant and
scavenge oxygen fee radical effect (20, 21) to protect various organs in ischemia or ischemia-reperfusion
injury (22, 23). Recent research has shown that PC therapy in diabetic mice can effectively reduce the
oxidative stress of skeletal muscle and alleviate the severe endoplasmic reticulum stress under high
glucose condition (24). Other studies also have shown that polyphenol extracts played an important role
to protect ischemic limb (13, 25). Although the bene�cial effects of polyphenol in critical limb ischemia
are promising, the role and related molecular mechanism of PC are still unclear.

MicroRNAs (miRNAs) are endogenous short non-coding RNAs that ful�ll post-transcriptional regulation
cellular functions generally by interaction with the target genes (26), which have been implicated in many
pathophysiological processes of PAD (27). Our previous series of studies have been screened and veri�ed
24 aberrantly expressed miRNAs in the plasma and tissues of arteriosclerosis obliterans (ASO) patients
(28). Among them, the function of miR-4463 in human umbilical vein endothelial cells was investigated in
depth, and we demonstrated that it involved in limb ischemic regulation by inducing oxidative stress (29)
and promote cell apoptosis (30). Recent studies have also con�rmed the key role of miRNAs in regulating
myogenic differentiation (31-33), which may also be achieved by directly or indirectly regulating genes
related to oxidative stress (34), such as myomiRs miR-1/206 and the miR-133a/b. As mentioned above,
Kozakowska et al (35). con�rmed that HMOX1 downregulated miR-1/206 and miR-133a/b to inhibit the
myogenic differentiation. It seems that �nding potential inhibitors and in-depth exploration of its
molecular mechanism may be helpful to provide new therapeutic strategies for protecting damaged
muscle. In summary, we speculated that PC is just such an antioxidant, which exerts an important
protective role in critical limb injury by regulating speci�c miRNA to promote SKMSCs differentiation and
damaged muscle regeneration.

In this study, after inducing muscle ischemia models in vitro and in vivo, the effects of PC on ischemia
injury muscle regeneration and SKMSCs differentiation were investigated. Then, muscle tissue treated
with PC in hind limb ischemic mice was obtained, miRNAs pro�le of which was determined to screen
altered miRNAs, combined with the results of RT-qPCR, the miR-133b was proved to be the speci�c miRNA
which most obvious changed. The relationships between the signal pathways mediated by miR-133b
with myogenic differentiation associated molecules and the underlying mechanisms were further
explored.

Methods
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Animal experiment and limb ischemia model

Thirty-two C57BL/6 mice (male; 22-25g,10-12weeks) were divided into four groups randomly. Mice were
anesthetized by intra-peritoneal administration of 1% pentobarbital sodium (10 ml/kg). As showed in
Supplementary Fig. 1A, unilateral hind limb ischemia was induced by 4 different surgical approaches as
follows. Model1: Double ligation of the proximal and distal end of femoral artery (36), Model2: single
ligation of the distal end of femoral artery (37), Model3: single ligation of the femoral artery between the
super�cial circum�ex iliac artery and profunda femoral artery, Model4: combined the ligation sites of
model2 and model3. The latter two models are new approaches. Four groups mice were observed from
days 0 to 21. To investigate the effect of PC on limb ischemia mice, thirty-six mice, speci�cation as
mentioned above, were selected and divided into three groups randomly after limb ischemia by model1,
they were treated via intraperitoneal injection daily from days 0 to 21 with H2O or PC (1 mg/kg or 20
mg/kg) (Sigma-aldrich, St. Louis, MO, USA). Postcava plasma and gastrocnemius were collected at days
7 and 21. Mice shown in this paper were purchased from Tengxin Biotechnology Research Laboratory
(Chongqing, China). Animal experiment approved by the Laboratory Animal Welfare and Animal Ethics
Committee of Southwest Medical University. The study conforms to the Guide for the Care and Use of
Laboratory Animals published by the Sichuan Institutes of Health and was performed after institutional
approval. Surgical approaches, detection and specimen collection standards were conducted according
to the method reported in the classic literature (37).

Laser doppler perfusion imaging

Blood perfusion were scanned by the laser Doppler (Moor Instrumets, UK) at preoperative, postoperative
30 min, days 7, 14 and 21. The paws are taken as the regions of interest (ROI) to assessed for
quanti�cation of perfusion (Perfusion ratio = ischemic/ non-ischemic paw × 100%) (37).

Limb motor function assessment

The foot movement of mice were investigated by score system as follows (16, 38): 4, unrestricted
movement; 3, use of complete foot but toe movement restricted; 2, use of the sole but no toes �exion (toe
damage); 1, use of the leg (food damage); 0, drag foot limping (foot necrosis).

Histological and immuno�uorescence analysis

Gastrocnemius was �xed with 4% paraformaldehyde. Tissues were embedded in para�n and stained
with hematoxylin and eosin (HE) for observation by microscope (Olympus, Japan). The central nuclei
�bers (regenerating �bers) was counted in total muscle �bers of cross-sectional areas (4 samples/group)
under microscope (16). Tissues immuno�uorescent staining was performed as described previously (39).
Quanti�cation the number of myogenin+ cells per �eld in 5 random areas of different samples of each
group were counted (40). The primary antibody: anti- myogenin (Santa Cruz, USA). Images were obtained
using laser scanning confocal microscope (Leica, Wetzlar, Germany). Images analyses and
quanti�cations were performed using ImageJ software (Version 3.2).
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Oxidative stress measurement

Oxidative stress levels in postcava plasma and ischemia gastrocnemius were evaluated through
Malondialdehyde (MDA) level by thiobarbituric acid reactive substances (TBARS) kit (ENZO, Farmingdale,
NY, USA). According to the manufacturer’s instructions, the absorbance of TBARS were measured at 532
nm using microplate reader (Thermo Fisher, Waltham, MA, USA). ROS production in cells were evaluated
through Reactive Oxygen Species Assay Kit (Beyotime, China). Brie�y, 2,7-dichloro�uorescein diacetate
(DCFH-DA) was added to the cells and incubated at 37℃ for 20 min, DCFH-DA �uorescence was
analyzed by �ow cytometer (BD FACSVerse, BD Biosciences Pharmingen) and detected by laser scanning
confocal microscope (Leica, Wetzlar, Germany).

Microarray analysis

The RNA from mice ischemia gastrocnemius samples were labeled by miRCURY™ Hy3™/Hy5™ Power
labeling kit (Exiqon, Vedbaek, Denmark). After stopping the labeling procedure, according to array
instruction, the miRCURYTM LNA Array (v.19.0) (Exiqon) was used to hybridize the labeled samples. Then
the Axon GenePix 4000B microarray scanner (Axon Instruments, CA) were used to scan the slides.
GenePix pro V7.0 software (Axon) was used to read the raw intensity of the image. MiRNA data were
obtained by Median Normalization Method.

Cell culture and vitro ischemia

Primary human skeletal muscle satellite cells (HSKMSCs) were purchased from ScienCell Research
Laboratories (Carlsbad, CA, USA). The complete medium (ScienCell) contain 5% fetal bovine serum (FBS),
1% HSKMSC growth factor, 1% penicillin and streptomycin. Logarithmic second to fourth generation cells
were used in this study. Hypoxic-ischemic condition (1% FBS, 1% O2) were used to construct cell models
cells. Cells were �rst incubated in normal condition (5% FBS, 21% O2), when the adherent cell density was
70%, cells were treated with different concentrations of PC or saline for 3 or 5 days under hypoxic-
ischemic condition to analysis. The medium was refreshed every 2 days.   

Transfection

miR-133b mimic (50 nmol/L) (sequence: UUUGGUCCCCUUCAACCAGCUA ) and negative control miR-133b
mimic NC (50 nmol/L) (sequence: UUUGUACUACACAAAAGUACUG), miR-133b inhibitor (100 nmol/L)
(sequence: UAGCUGGUUGAAGGGGACCAAA) and miR-133b inhibitor NC (100 nmol/L) (sequence:
CAGUACUUUUGUGUAGUACAA), si-MKP1 (si-h-DUSP1_103) (sequence: GGACTAATCGAGTCAAGCT) were
all purchased from RiboBio Co., Ltd. (Guangzhou, China). After transfection for 12h, the medium was
refreshed and HSKMSCs were incubated under hypoxic-ischemic condition for 3 days to analysis.

RNA extraction and real-time qPCR

Total RNA was extracted by Trizol (ABI, USA). According to the miScript II RT Kit (QIAGEN, Duesseldorf,
Germany) technical instruction, 500 ng RNA was reverse transcribed to cDNA. To quantitative analysis of
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RNA expression levels. cDNA, used as a template, complexed with primers (QIAGEN) for RT-qPCR by
miScript SYBR Green PCR Kit (QIAGEN), then performed using ABI StepOne Plus PCR system (ABI, USA).
SnRU6 (U6) was used as reference genes, and data analysis were conducted using the 2−ΔΔCt method.

Western blot

Total protein from gastrocnemius and HSKMSCs were extracted by lysing with RIPA buffer, protein was
separated on SDS-PAGE gels and transferred (Bio-Rad, USA) on polyvinylidene di�uoride membranes
(Millipore, Billerica, USA). Membranes were blocked with nonfat milk and subsequently incubated with
primary antibody at 4°C overnight, then membranes were incubated with second antibody for 1 h at 37˚C.
Tubulin was used as loading control. The primary antibodies: anti-MKP1(, Abcam, UK), anti-MyoD (Santa
Cruz, USA), anti-myogenin (Santa Cruz, USA), anti-MHC (Abcam, UK), anti-p38-MAPK Cell Signaling
Technology, USA), anti-p-p38-MAPK Cell Signaling Technology, USA), anti-Pax7 (A�nity, USA). Second
antibody: horseradish peroxidase–conjugated anti-mouse IgG or anti-rabbit IgG (Beyotime, China).
Images were acquired by Fusion solo 4 (Vilber Lourmat Sté, Paris, France) and quantitative analysis was
performed using FusionCapt Advance Solo 4 software.

Immuno�uorescence staining

HSKMSCs were �xed with 4% paraformaldehyde for 15 min, then treated with 0.2% Triton X-100 for 10
min. Cells were blocked with 10% goat serum subsequently incubated with primary antibody at 4˚C
overnight. Then, cells were incubated with secondary antibody at 37 ˚C for 1h. The nuclei were stained
using DAPI at 37 ˚C for 10 min. Images were obtained using laser scanning confocal microscope (Leica,
Wetzlar, Germany). Quanti�cation the number of myogenin+ cells per �eld in 5 random areas of different
samples of each group were counted (40). Fusion indices were calculated based on MHC+ cells presented
in panel. Fusion index was counted as the percentage of total nuclei present in multinucleated myotubes.
The primary antibodies: anti-myogenin (Santa Cruz, USA), anti-MHC (Abcam, UK). Images analyses and
quanti�cations were performed using ImageJ software (Version 3.2).

Bioinformatic analyses

As showed in Supplementary Fig 2, the miRNA target genes were predicted by �nding the common
intersection between Target Scan and miRanda. Then, functional classi�cation of the target genes was
performed using gene Ontology (GO) analysis and signal pathways were analyzed using KEGG pathway.
Finally, predicting the target protein-protein interactions encoded by the target genes and excluding
unrelated proteins were carried out by the STRING database. 

Luciferase reporter assay

Human wild type MKP1 3 '- UTR and mutant MKP1 3 '- UTR were subcloned into psiCHECK 2 vector to
acquire the recombinant plasmid. Her 293T cells were cultured in a 96-well plate until density reached 50-
70%. Cells were co-transfected with wild-type MKP1 3 '-UTR plasmids or mutant MKP1 3 '-UTR plasmids
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and miR-133b mimic or miR-133b mimic NC. The medium was refreshed after 6h. Cells were collected
after 48 hours, according to manufacturer’ instruction, Promega Dual-Luciferase system were used to
record the Fire�y luciferase value and Renilla luciferase value.  

Statistical analysis

Experiments were conducted at least in triplicate. Data were analysed using SPSS version 23.0 software
and GraphPad Prism version 7.0. Comparison between two groups were analyzed by Independent sample
t-test. Multiple comparisons were analyzed by One-way ANOVA. Pairwise comparison was analyzed by
LSD test. Data are expressed as the mean ± SEM, P < 0.05 was considered to statistically signi�cant
difference.

Results
model1 was the longest ischemia duration and simplest operation among the fourmodels

The mice unilateral limb ischemia model, which mimics critical limb ischemia in humans, was induced in
mice and treated with four different surgical methods (Supplementary Fig 1a). After limb ischemia
surgery, four groups mice were observed from days 0 to 21.

Limb ischemia inevitably affects motor function, as shown in Supplementary Fig 1b, we found that the
motor function recovery of model2 and model3 were signi�cantly faster than model1 and model4 at day
14 and basically returned to normal.

To investigate the recovery of blood perfusion, the blood perfusion was measured by Laser Doppler
perfusion imaging (Supplementary Fig 1c). The result showed the blood perfusion percentage of model1
was signi�cantly lower than model2 and model3 at the days 0, 14 and 21, but there was no signi�cant
difference between model1 and model4, the result indicated that the recovery of blood perfusion of
model1 and model4 were slower than model2 and model3.

The satellite cells are activated to differentiate and fuse into myotube to promote skeletal muscle
regeneration when suffered from ischemic damage. Regenerated skeletal muscle presents as central
nuclear �bers, while mature skeletal muscle presents as eccentric nuclear �bers. The result showed the
regenerated muscle �bers ratio of model1 was signi�cantly higher than model2 and model3 at days 7
and 21. No signi�cantly difference was found between model1 and model4 (Supplementary Fig 1d).

Our result indicated that model1 and model4 had were longest ischemia duration. Compared with
model4, model1 may be a better choice due to its simple operation. Taken together, model1 was used in
subsequent experimental studies.

PC protect ischemic damaged skeletal muscle by reducing the oxidative stress and promoting
regeneration
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As shown in Fig. 1a, the unilateral limb ischemia mice were performed by model1 method. After surgery,
mice were treated with H2O, 20 mg/kg PC or 1 mg/kg PC, respectively. The results showed that the
recovery of limb motor function in each group was time-dependent, and returned to normal at day 21. And
20 mg/kg PC were signi�cantly faster than that in H2O and 1 mg/kg PC (Fig. 1b). Analysis of tissue
regeneration in ischemic gastrocnemius at days 7 and 21 revealed that 20 mg/kg PC treated mice
contained a higher number of regenerating myo�bers than that in H2O and 1 mg/kg PC (Fig. 1c).
However, there were no evidently difference between H2O group and 1 mg/kg PC group neither in motor
function recovery nor in muscle regeneration. In order to further evaluate the muscle regeneration, the
expression of myogenin was been detected by immuno�uorescence analysis. Compared with saline, the
number of myogenin positive cells in 20 mg/kg PC group were signi�cantly increased at day 7 (Fig. 1d).
To investigate whether these changes were due to differences in oxidative stress, the MDA levels were
further detected both in plasma and in ischemia muscles at days 7 and 21 (Fig. 1e). Compared with H2O,
20 mg/kg PC induction resulted in signi�cantly lower MDA levels both in plasma and ischemic muscle at
day 7. Compared with 1 mg/kg PC, 20 mg/kg PC induction resulted in signi�cantly lower MDA plasma
levels at day 7. Meanwhile, no signi�cantly difference was found among three groups at day 21.

These results suggested that different concentrations of PC cause different effects on ischemic muscle,
that is, 20 mg/kg PC can protect ischemia-induced muscle damage, which may be achieved by resisting
oxidative stress and promoting ischemic muscle regeneration, H2O and 1 mg/kg PC have no such effect.
Considering the regeneration of ischemic muscle was most obvious at day 7, so unilateral limb ischemia
mice treated with 20 mg/kg PC for 7 days were chosen in the following study.  

PC promote HSKMSCs myogenic differentiation in vitro under hypoxic-ischemic condition

To investigate the functional role of PC in HSKMSCs myogenic differentiation under hypoxic-ischemic
condition, we �rst incubated HSKMSCs in media with saline or different concentrations of PC (5, 10, 15,
20 ug/ml) for 24h. As shown in Fig. 2a, with PC concentration increased above 5 ug/ml, cell status of
HSKMSCs got poor, which suggested that PC concentration no more than 5 ug/ml may be suitable
induction concentration.

Quiescent satellite cells express the transcription factor Pax7, to evaluate the effect PC on satellite cell at
baseline, we treated the cells with saline, 2.5 ug/ml PC or 5 ug/ml PC for 3 and 5 days in the normal
condition, and then detected the expression of Pax7 by western blot (Fig. 2b) and immuno�uorescence
(Fig. 2c). The results showed that there was no signi�cant difference in the expression of Pax7 among
three groups.

When SKMSCs were subjected to hypoxic-ischemic condition, cells are activated to induced cell fusion
and multinucleated myotubes formation. Cells were treated with saline, 2.5 ug/ml PC or 5 ug/ml PC for 3
and 5 days. The results showed that in the normal condition, there were none myotubes been
investigated. While in hypoxic-ischemic condition, myotubes were presented in three groups, but the
degree of differentiation was inconsistent: when the differentiated cells been investigated using
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microscope (Fig. 2d), compared with the saline group, the PC group induced more myotubes, whether the
concentration of PC is 2.5 ug/ml or 5 ug/ml. Then, we analyzed the myotubes formation by
immuno�uorescence analysis (Fig. 2e). Compared with saline, the number of multinucleated myotubes in
PC group were signi�cantly increased. Meanwhile, no signi�cantly difference was found between 2.5
ug/ml PC and 5 ug/ml PC. And the number of myotubes at day 5 was more than that at day 3. Moreover,
myogenin, a marker indicative myogenic differentiation, was found mainly located in the nucleus, while
MHC was mainly located in the cytoplasm (Fig. 2e). 

Taken together, these data suggest that PC promote myogenic differentiation of HSKMSCs under
hypoxic-ischemic condition.

PC induce the expression of myogenic marker genes both in vivo and in vitro

After being induced by PC in vivo and in vitro, some myogenic differentiation marker proteins are
examined. At same time, studies have showed that p38-MAPK signaling pathway may involve in
myogenic differentiation (41), so the expression of p38-MAPK and p-p38-MAPK was been investigated. In
the ischemia gastrocnemius of mice, Western blot results showed that the protein level of MyoD and p-
p38-MAPK in PC-treated were remarkably increased compared to that in H2O-treated, but without an
effect on p38-MAPK. (Fig. 3a). 

Consistent with the result in vivo, we also got similar results in vitro, two dosage of PC all improved the
expression of myogenic related protein, such as MyoD, myogenin and MHC (Fig. 3b). Moreover, the
protein expression in 2.5 ug/ml PC was more obvious than that in 5 ug/ml and increased over time.
Taken together, we choose 2.5 ug/ml PC treatment in the following study. 

To further investigate whether PC also involves oxidative stress in addition to affecting myogenic
differentiation, the ROS levels were further detected in HSKMSCs under hypoxic-ischemic condition at
days 1, 3 and 5 (Fig. 3c, 3d). The results showed that elevated ROS level was induced by hypoxic-
ischemic condition. Compared with saline, two dosage of PC induction all resulted in signi�cantly lower
ROS levels. Compared with 2.5 ug/ml PC, 5 ug/ml PC induction resulted in lower ROS levels relatively
(Fig. 3c, d).

PC induced the expression of miR-133b to promote myogenic differentiation through p38-MAPK pathway
under hypoxic-ischemic condition

To investigate whether miRNAs are involved in PC mediated myogenic differentiation when limbs suffer
from ischemic injury. Unilateral limb ischemia mice were treated with 20 mg/kg PC and H2O for 7 days,
ischemic gastrocnemius was collected to detect the signi�cant differentially expressed miRNAs using
microarray analysis, eight signi�cant differentially expressed genes were analyzed by clustering analysis
(Fig. 4a). Combine with the results of the RT-qPCR, the miR-133b-3p of mice was signi�cant elevated and
its gene sequence was consistent with the miR-133b of human. And they sharply increased both in vivo
and vitro with PC treatment (Fig. 4b).  
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We further transfected HSKMSCs with miR-133b mimic, inhibitor or negative control, then followed by
hypoxic-ischemic treatment for 3 days to determine the protein expression. The results showed that
upregulation of miR-133b remarkably improved the expression of MHC, MyoD, myogenin and p-p38
MAPK compared to miR-133b mimic NC. Correspondingly, downregulated miR-133b inhibited the
expression of these proteins and partially reversed the effect of PC on these proteins (Fig. 4c, 4d).

We further analyzed the myogenic differentiation in HSKMSCs by immuno�uorescence analysis. As
shown in Fig. 4e, after transfection with miR-133b mimic, the number of multinucleated myotubes was
signi�cantly increased compared with transfection with miR-133b mimic NC. On the contrary, after
downregulated miR-133b, the number of multinucleated myotubes was remarkably inhibited.

These results suggested that miR-133b induced by PC, was involved in myogenic differentiation by
regulating myogenic associated gene through p38-MAPK pathway.

MiR-133b directly targets MKP1 in HSKMSCs

miRNAs posttranscriptionally inhibit the translation of target genes, to investigate which target genes are
involved in miRNAs mediated myogenic differentiation when ischemic limbs treated with PC.
Bioinformatic analyses were used to predict miRNA target (Supplementary Fig 2). The result shown that
MKP1 may be a candidate target gene for miR-133b, the next experiment was to con�rm it. Firstly, the
expression of MKP1 were obviously attenuated in vivo and in vitro with PC treatment (Fig. 5a). Then,
upregulated miR-133b obviously inhibited the MKP1, as expected, inhibition of MKP1 was indeed
reversed by downregulated miR-133b (Fig. 5b). These data suggest that regulation of miR-133b altered
MKP1 protein expression in HSKMSCs.

Secondly, As shown in Fig. 5c, silencing of MKP1 facilitated the p-p38-MAPK and promoted the
expression of MHC, MyoD, myogenin. We further both silencing of MKP1 and inhibit miR-133b in
HSKMSCs, the results showed that silencing of MKP1 had the ability to block the miR-133b inhibitor
mediated inactivated myogenic related genes.

To analyzed whether miR-133b directly targets MKP1, As shown in Fig. 5d, the predicted interactions
between miR-133b and its target sites in the MKP1 3′-UTR showed that good base pairing with the seed
region. We next used Luciferase reporter assay to investigated whether miR-133b directly bind to the 3′-
UTR seed sequence of MKP1 mRNA. Compared to NC, the results showed that upregulation of miR-133b
remarkably inhibited the luciferase reporter activity. In addition, upregulation of miR-133b suppressed the
reporter activity were reversed by the mutations, which eliminated the predicted binding site with MKP1 in
the MKP1 3′-UTR.

Brie�y, the results suggested that miR-133b negatively regulate MKP1 expression by directly target it.

Discussion
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With the increasing population and proportion of PAD patients, limb ischemic injury has become one of
the main factors causing limb disability (42). The standard therapies, such as traditional surgery or
endovascular intervention, are not particularly effective or appropriate (43), new therapeutic options need
to be continuously explored. Regenerative medicine and in particular skeletal muscle satellite cell-based
therapy (44), has shown some early promise. Our study revealed that PC reduced the oxidative stress
level, promoted myogenic differentiation of HSKMSCs and renovated the damaged muscle �bers, thereby
promoting the motor function recovery. Then, the microarray analysis identi�ed altered miR-133b
expression in ischemic muscle treated with PC. And veri�ed that by up-regulating miR-133b, PC activates
the p38-MAPK signal and myogenic differentiation-related molecules, which eventually promote
HSKMSCs differentiation and myotubes formation, thereby exerting an important protective effect.
Research on the mechanism further con�rmed that MKP1 is a direct target gene of miR-133b. To our
knowledge, this is the �rst report that PC induce the SKMSCs myogenic differentiation by regulating miR-
133b/MKP1/p38-MAPK signal axis, to promote ischemic damaged skeletal muscle regeneration.

Animal models are useful for both studying the pathology of limb ischemia injury and testing therapeutic
strategies in vivo, several animal models of unilateral hindlimb ischemia have been used to simulate
clinical PAD (45, 46). Although most of the models are generally induced by blocking the blood supply to
the hind limbs, the speci�c method is still slightly different. A relatively common model is to double
ligation of the proximal and distal end of rodent femoral artery, whereas Limbourg (37) established
another hind limb ischemia model by ligating the distal end of mice femoral artery separately. As for
these PAD models, the degree of limb ischemia, the time to blood �ow recovery, and the effect on muscle
cell regeneration may be different, but there are few related compare studies in the literatures. To identify
a relatively suitable and stable animal model of critical limb injury, we compared four different mouse
limb ischemia models, the model1 method followed by Cou�nhal (36) and model2 method followed by
Limbourg (37), methods of model3 and model4 were new approaches. The results showed after the
operation, both blood �ow and motor function in the four models gradually recovered in a time-dependent
manner. Among them, model1 and model4 recovered more slowly than model2 and model3 in the
designated time, no signi�cant differences were found between model1 and model4. The regenerated
muscle �bers ratio of model1 and model4 were obviously higher than model2 and model3, which
suggested that model1 and model4 induce more muscle cell regeneration. It appears that the above four
models may induce different degrees of limb ischemia in mice, the pathophysiological conditions
induced by model1 and model4 were more suitable for the current experimental conditions because of
longer lasting ischemic time and longer treatment time window. Compared with model4, Model1 may be
a better choice due to its ease to operation.

Proanthocyanidins (PC), a bio�avonoid widely distributed in plants, is widely derived from polyphenol
extracts of grape seeds, tea leaves, propolis. polyphenol extracts have been proved that play strong
antioxidant stress (47), cardiovascular protection (22), metabolic regulation (48), anticancer (49) and
other effects. Polyphenol extracts, have attracted increasing attention for their protective role in lower
limb ischemia. Its function is mainly obtained by effectively promoting the activation of SKMSCs and
regeneration of ischemic skeletal muscle (50). Recent studies con�rmed that PC protected various organs
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from ischemia or ischemia-reperfusion injury by improving the energy metabolism and reducing oxidative
stress injury, thereby reducing the cell apoptosis (5). Nevertheless, the bene�ts of PC in critical limb
ischemia, especially its speci�c molecular mechanism, needs further exploration.

After PC treated the mice model subjected to unilateral limb ischemia, it resulted in faster recovery of
motor function, decreased MDA level of plasma and gastrocnemius, and also inhibited the level of ROS in
HSKMSCs. Through direct or indirect methods in vitro and in vivo, the results proved that PC reduced ROS
level under hypoxic-ischemic condition. Some studies showed that oxygen free radicals generated after
muscle injury, which will lead to tissue necrosis and cell apoptosis, thus hindering the repair of injury
muscle (7, 16). It seems that preventing excessive oxidative stress is bene�cial for muscle regeneration.
Kozakowska et al. (35) found that HMOX1 (an antioxidant defense enzyme) can reduce the production of
MyoD by downregulating the expression of mir-1/206 and mir-133a/b, thus inhibiting the differentiation
of myoblast cells. we speculated that PC promotes ischemic limb function recovery at least in part
associated with reducing oxidative stress. In addition to this, our study also con�rmed that PC increases
the number of central nuclei myo�bers, indicating that PC may promote muscle regeneration, in order to
further explore it in vitro, we investigated the functional role of PC in HSKMSCs myogenic differentiation
under hypoxic-ischemic condition, and found PC obviously increased the number of multinucleated
myotubes. After limb ischemia, skeletal muscle satellite cells are activated, some cells proliferate
massively through symmetric division, thus entering the process of cell differentiation, while, others are
added to the satellite cell pool in a resting state through asymmetric division (41, 51). Activated skeletal
muscle satellite cells proliferate and differentiate into muscle cells to promote muscle regeneration
accompanied with a series of proteins being activated. MRFs family are regarded as markers of
myogenic differentiation, composed of four muscle-speci�c transcription factors: MyoD, Myf5, myogenin
and MRF4 (52). Myf5 and MyoD have similar functions, which can regulate early myogenic
differentiation and determine the formation of muscle (14). MyoD is a key myogenic transcription factor
in muscle regeneration (53, 54), mainly regulates some muscle speci�c genes, such as myosin heavy
chain (MHC) and myogenin. Myogenin and MRF4 play a decisive role in the formation of multinucleated
cells and myotube. The expression of MHC gene marks the �nal stage of myogenic differentiation. Based
on this, we tested whether PC affects the expression of these muscle differentiation-related proteins both
in ischemic muscle tissue and in hypoxic-ischemic HSKMSCs. The results veri�ed PC evidently promoted
the upregulated expression of MyoD, myogenin as well as MHC. The above data clearly con�rm that PC
exerts an important protective role in ischemic damaged muscle. By inhibiting oxidative stress, it
promotes muscle satellite cell differentiation and myotube formation, and ultimately promotes muscle
regeneration and injury repair. However, in this process, the molecular mechanism of skeletal muscle cell
regeneration mediated by PC is unclear.

MiRNAs are involved in post-transcriptional regulation of gene expression and have been implicated in
PAD (28, 55) and critical limb injury, which have been con�rmed by our pool term and others studies.
Therefore, we hypothesized that speci�c miRNAs are also involved in the molecular mechanism of PC
protecting hind limb ischemia injury. In order to validate it, we screened the aberrantly expressed miRNAs
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in ischemic muscle tissue treated with PC or H2O using microarray and ascertained miR-133b is involved
in this pathophysiologic process of CLI in vivo. The miR-133a /b family belong to myogenic miRNAs (33),
which have been described closely related to myogenic differentiation. In C2C12 cells, miR-133 promoted
the expression of serum response factor (SRF) to participate in the repair of injury skeletal muscle (56,
57). Similarly, our study revealed that PC upregulated the expression of miR-133b to promote skeletal
muscle repair and cell regeneration. Next, we explored the effects of regulating miR-133b on myogenic
differentiation-related molecules. The result showed that up-regulating miR-133b activates these proteins,
and inhibiting miR-133b has the opposite effect and can also diminished the effect of PC on HSKMSCs.
Some studies have shown that p38-MAPK signaling pathway involved in the proliferation and
differentiation of skeletal satellite cells (41, 58, 59). The inhibition of p38-MAPK suppresses the myogenic
differentiation in satellite cells (41, 58). We also detected the increased expression of p38-MAPK whether
in ischemic limb tissue or in hypoxic-ischemic SKMSCs treated with PC, and up-regulated miR-133b
obviously activated p38-MAPK signal, vice versa. Together, after muscle ischemic injury, PC induced miR-
133b expression and activated downstream p38-MAPK signal to promote muscle regeneration.

The miRNAs may guide ribosome binding to the 3′-UTR of the target genes and posttranscriptionally
suppress the translation of the target genes. Here we con�rmed that sphatmitogen-activated protein
kinase phoase 1 (MKP1) was directly regulated by miR-133b and it was a direct target gene. It was
reported that atherosclerosis could be decreased due to chronic de�ciency of MKP1, via mechanisms
including macrophage migration impaired and extracellular signal-regulated kinase signaling defective
(60). Recent study revealed that inhibit MKP1 can promote the expression of Mef2c to activate Notch
signaling pathway, thus protecting the injury skeletal muscle (61). In this study, we con�rmed PC reduced
the expression of MKP1 in vivo and vitro, then miR-133b directly targeted MKP1 and negatively regulated
its expression. To further elaborate on the mechanism of miR-133b targeted MKP1 to promote cell
differentiation, we inhibited MKP1 and found it not only promoted myogenic differentiation but also
activated p38-MAPK signal on HSKMSCs. Taken together, these data suggested that after limb ischemic
injury, PC activated miR-133b to promote the myogenic differentiation of HSKMSCs by directly targeting
and regulating MKP1 and its downstream p38-MAPK signaling pathway.

In summary, our data partly account for the potential molecular mechanism of PC therapy in PAD
associated critical limb injury, which gives us a better understanding of the relationship between the
regulated miR-133b expression and the myogenic differentiation of HSKMSCs under hypoxic-ischemic
condition. Efforts should now be made to further investigate the therapeutic potential of PC and/or pre-
miR-133b for the treatment of PAD.

Conclusion
In conclusion, our data demonstrate that PC could reduce the oxidant stress and promote ischemic
skeletal muscle regeneration, thereby promoting the motor function recovery. Mechanistically, PC activate
HSKMSCs to promote the myogenic differentiation via miR-133b/MKP1/MAPK signal axis, thus
promoting ischemic skeletal muscle regeneration and repairing the damaged skeletal muscles.



Page 14/28

Abbreviations
PAD: peripheral arterial disease; PC: Proanthocyanidins; miRNAs: MicroRNAs; HSKMSCs: human skeletal
muscle satellite cells; CLI: critical limb ischemia; ROS: reactive oxygen species; SKMSCs: skeletal muscle
satellite cells; MRF: muscle regulatory factors: MyoD: myogenic differentiation antigen D; Myf5:
myogenic factor 5; MHC: myosin heavy chain; MDA: Malondialdehyde; TBARS: thiobarbituric acid
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Figure 1

PC protected ischemic skeletal muscle by reducing the oxidative stress and promoting regeneration in
unilateral limb ischemia mice. Unilateral limb ischemia mice were treated with H2O, 1 mg/kg PC and 20
mg/kg PC from days 0 to 21: a mice unilateral limb ischemia with different treatments and assessments;
b motor function scores of treatment mice were evaluated at before and days 0, 7, 14, and 21 post-
surgery; c hematoxylin and eosin–stained with ischemic gastrocnemius from treatment mice at days 7
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and 21 (scale bar: 200 μm). The regenerating myo�bers at higher magni�cation are showed in insets,
characterized by central nucleus location (scale bar: 40 μm). Histogram represents the quanti�cation of
the percentage of regenerating �bers (central nuclei �bers/total muscle �bers of cross-sectional areas). d
Sections of ischemic gastrocnemius from saline or 20 mg/kg PC groups at day 7 post-surgery were
stained for myogenin (red) and DAPI (blue) (scale bar: 100 μm). Histogram represents the quanti�cation
of myogenin+ cells per �eld in 5 random areas of different samples. e We measured the MDA levels of
plasma and ischemic gastrocnemiusmice in treatment mice at days 7 and 21. Data were expressed as
mean ± SEM (n = 12). 20 mg/kg PC vs H2O: *, P<0.05; **, P<0.01. 20 mg/kg PC vs 1 mg/kg PC: #, P<0.05;
##, P<0.01; ###, P<0.001.
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Figure 2

PC promoted HSKMSCs myogenic differentiation in vitro under hypoxic-ischemic condition. a Cells were
incubated in media treated with saline or different concentrations PC (5, 10, 15, 20 μg/ml) for 24h under
hypoxic-ischemic condition. HSKMSCs were treated with saline or PC (2.5 or 5 μg/ml) for 3 and 5 days
under normal condition, expression of Pax7 was determined using b Western blot and c
immuno�uorescence staining for Pax7 (red), and DAPI (blue) in HSKMSCs (scale bar: 100 μm). Then,
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cells were incubated in media treated with saline or PC (2.5 or 5 μg/ml) for 3 and 5 days under normal or
hypoxic-ischemic condition: d myotubes formation were observed by microscope. Red arrows indicate
myotubes (scale bar: 100 μm); e immuno�uorescence staining for myogenin (green), MHC (green) and
DAPI (blue) in HSKMSCs (scale bar: 100 μm). Histogram represents the quanti�cation of the number of
myogenin+ cells per �eld in 5 random areas of different samples of each group. Fusion indices were
calculated based on MHC+ cells presented in panel. Fusion index is counted as the percentage of total
nuclei present in multinucleated myotubes. The protein expression levels were normalized to tubulin.
Data were expressed as mean ± SEM. *, P<0.05; **, P<0.01
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Figure 3

PC improved the expression of myogenic marker genes both in vivo and vitro. a After unilateral limb
ischemia mice were treated with 20 mg/kg PC or H2O for 7 days in vivo. Ischemic gastrocnemius was
collected at day 7, expression of MyoD, p38-MAPK, p-p38-MAPK was determined using Western blot. b
After HSKMSCs were treated with saline or PC (2.5 or 5 μg/ml) for 3 and 5 days under hypoxic-ischemic
condition in vitro, expression of MHC, MyoD, myogenin were determined using Western blot. c After
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HSKMSCs were treated with saline or PC (2.5 or 5 μg/ml) for 1, 3 and 5 days under hypoxic-ischemic
condition, the ROS levels were determined using �ow cytometry, and d laser scanning confocal
microscope at day 3 (scale bar: 100 μm). All the relative protein levels of p-p38-MAPK expression were
quanti�ed as the ratio of the level of p-p38-MAPK to the p38-MAPK. The other protein expression levels
were normalized to GAPDH or tubulin. Data were expressed as mean ± SEM. *, P<0.05; **, P<0.01

Figure 4
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PC induced the expression of miR-133b under hypoxic-ischemic condition to promote myogenic
differentiation by activating p38-MAPK signal pathway. After unilateral limb mice treated with 20 mg/kg
PC or H2O for 7 days: a gastrocnemius was collected to investigate by miRNA pro�le. Heat map diagram
is shown through clustering the differentially expressed miRNAs. Detailed methods and complete raw
data level of the microarray results were deposited in the Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo/) and can be accessed through the accession number GSE146772. b
miR-133b-3p expression of mice gastrocnemius was analyzed by RT-qPCR. While miR-133b expression of
HSKMSCs was analyzed by RT-qPCR. miRNA levels were normalized to U6. After transfection with miR-
133b mimic NC, miR-133b mimic, miR-133b inhibitor NC, miR-133b inhibitor, then followed by hypoxic-
ischemic treatment for 3 days: c, d expression of MHC, MyoD, myogenin, p38-MAPK, p-p38-MAPK were
determined using Western blot and e immuno�uorescence staining for myogenin (green) and DAPI (blue)
in HSKMSCs were analysis and quanti�cation was analyzed as mentioned above. All the relative protein
levels of p-p38-MAPK expression were quanti�ed as the ratio of the level of p-p38-MAPK to the p38-
MAPK. The other protein expression levels were normalized to tubulin. Data were expressed as mean ±
SEM. *, P<0.05; **, P<0.01; #, P<0.05
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Figure 5

MiR-133b directly targets MKP1 and negatively regulated its expression. a expression of MKP1 in
ischemic gastrocnemius treated as mentioned above was determined using Western blot. Expression of
MKP1 in HSKMSCs treated as mentioned above was determined using Western blot. After transfection
with miR-133b mimic NC, miR-133b mimic miR-133b inhibitor NC, miR-133b inhibitor, or MKP1 siRNA,
then followed by hypoxic-ischemic treatment for 3 days: b Expression of MKP1 and c Expression of MHC,
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MyoD, myogenin, MKP1, p38-MAPK, p-p38-MAPK in HSKMSCs were determined using Western blot. d
Predicted binding sites of miR-133b within the MKP1 3′-UTR-wt and MKP1 3′-UTR-mu are shown. Relative
activity of rluc/�uc was analyzed as mentioned above. All the relative protein levels of p-p38-MAPK
expression were quanti�ed as the ratio of the level of p-p38-MAPK to the p38-MAPK. The other protein
expression levels were normalized to tubulin. Data were expressed as mean ± SEM. *, P<0.05; **, P<0.01;
#, P<0.05; ##, P<0.01

Figure 6

The mechanism of ischemic skeletal muscle regeneration promoted by PC.
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