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Abstract. Human dental pulp stem cells (hDPSCs) present
several advantages, including their ability to be non‑invasively
harvested without ethical concern. The secretome of hDPSCs
can promote the functional recovery of various tissue injuries.
However, the protective effects on hypoxia‑induced skeletal
muscle injury remain to be explored. The present study
demonstrated that C2C12 myoblast coculture with hDPSCs
attenuated CoCl 2 ‑induced hypoxic injury compared with
C2C12 alone. The hDPSC secretome increased cell viability
and differentiation and decreased G2/M cell cycle arrest
under hypoxic conditions. These results were further verified using hDPSC‑conditioned medium (hDPSC‑CM). The
present data revealed that the protective effects of hDPSC‑CM
depend on the concentration ratio of the CM. In terms of the
underlying molecular mechanism, hDPSC‑CM activated the
Wnt/β ‑catenin pathway, which increased the protein levels
of Wnt1, phosphorylated‑glycogen synthase kinase‑3β and
β ‑catenin and the mRNA levels of Wnt target genes. By
contrast, an inhibitor (XAV939) of Wnt/β‑catenin diminished
the protective effects of hDPSC‑CM. Taken together, the
findings of the present study demonstrated that the hDPSC
secretome alleviated the hypoxia‑induced myoblast injury
potentially through regulating the Wnt/β ‑catenin pathway.
These findings may provide new insight into a therapeutic
alternative using the hDPSC secretome in skeletal muscle
hypoxia‑related diseases.
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Introduction
Hypoxia occurs during numerous common phenomena,
including embryogenesis, exposure to high‑altitude areas,
physical exercise and diseases (1,2). Pathological hypoxia can
impair skeletal muscle function, a characteristic that it shares
with chronic hypoxia‑related diseases, such as chronic heart
failure (3), chronic obstructive pulmonary disease (4), type 2
diabetes (5) and obstructive sleep apnea syndrome (6,7).
Hypoxia leads to continuous muscle contraction, which in turn
leads to muscle fatigue and abnormalities in the morphological
structure of muscle cells, which inhibits myogenic differentiation (8‑10). Moreover, several studies have reported that
hypoxia induces the overproduction of reactive oxygen species
(ROS) in skeletal muscle. ROS are a powerful initiator of
cellular oxidative stress and apoptosis, which in turn contribute
to skeletal muscle injury (11,12). Therefore, it is crucial to mitigate hypoxic injury in the repair of damaged muscle fibers,
in order to improve muscle function and resistance to fatigue.
CoCl2, the most commonly used hypoxia mimic, substitutes Fe2+ in prolyl hydroxylases to inhibit its hydroxylation,
resulting in hypoxia‑inducible factor‑1α (HIF‑1α) stabilization (13). Studies have shown that CoCl2‑mimicked hypoxia
inhibits cell proliferation and differentiation and induces
autophagy, apoptosis and myotube atrophy of C2C12 (14‑18).
In general, the cornerstone of treatment for muscle
dysfunction in hypoxia‑related diseases is rehabilitation‑based
exercises (such as small muscle mass and inspiratory muscle
training, optimized nutrition and electrical stimulation) (19‑21).
In addition, in vitro and in vivo results have demonstrated
that certain small‑molecule compounds are effective in alleviating hypoxia‑induced skeletal muscle damage (16,22). In
previous years, mesenchymal stem cell (MSC) therapy has
become an alternative treatment in the field of skeletal muscle
repair (23‑25). MSCs have biological characteristics such as
self‑renewal, multidirectional directional differentiation potential and low immunogenicity, making them highly attractive
in clinical applications for a variety of diseases. Dental pulp
stem cells (DPSCs) are excellent candidates for MSC therapy.
Compared with other MSC tissue sources, such as bone marrow,
adipose tissue and peripheral blood, DPSCs present some
favorable advantages, including their convenient, non‑invasive
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harvesting, induction of less trauma, and the absence of ethical
concerns (26). However, the therapeutic potential of MSCs is
highly dependent on their secretome (27,28). The involved
mechanism of the MSCs secretome includes immunomodulation, angiogenesis, anti‑apoptosis, anti‑oxidative stress and
anti‑inflammatory functions (29). In vitro, cells secrete factors
into the supernatant, also referred to as conditioned medium
(CM). Several studies have demonstrated that MSC‑CM
exerts a marked protective effect against skeletal muscle
dysfunction (30‑32). However, the potential protective effects
of DPSC‑CM against hypoxia‑induced skeletal muscle injury
and the underlying mechanisms remain unclear. In the present
study, human DPSCs were used and their CM was co‑cultured
with murine C2C12 myoblasts rather than human skeletal
muscle cells. Mouse cells are considered as the starting point
for investigating the effects of DPSCs and their CM, which
will subsequently be injected into mice to verify their efficacy
in vivo in a future study, and finally into human subjects. The
mouse cells mirror the biology of human cells well in various
aspects (33). Previous studies (34‑36) have also demonstrated
that human cells and/or their CM have protective effects in
mouse and rat cells. Therefore, C2C12 cells were used in the
present study.
Wnt/β‑catenin signaling plays an important role in satellite
cell self‑renewal, myoblast proliferation, fusion and myofiber
homeostasis in skeletal muscle (37). Skeletal muscle injury
initiates Wnt signaling, thereby activating satellite cells,
promoting cell proliferation and differentiation and repairing
damaged muscle fibers.
The present study sought to investigate whether the
secretome of human (h)DPSCs can alleviate hypoxic injury
in C2C12 myoblasts and determine whether the underlying
mechanism is associated with regulation of the Wnt/β‑catenin
signaling pathway.
Materials and methods
hDPSC isolation and CM preparation. Normal human third
molar teeth (free of caries and/or periodontitis) indicated for
extraction were collected from adults (patient characteristics
are summarized in Table I) at the Shanghai Stomatological
Hospital. The Shanghai Stomatological Hospital Ethics
Association approved the study (approval no. 2019‑003) and
all methods were implemented in accordance with relevant
regulations. All patients provided written informed consent
to participate in the study. Immediately following tooth
extraction, the teeth were placed in cold PBS containing
5% penicillin‑streptomycin (Gibco; Thermo Fisher Scientific,
Inc.) and sent to the lab within 1 h. The tooth surfaces were
washed ten times with PBS and cut on the cementoenamel
junction. The pulp was gently separated from the teeth, cut
into 1 mm3 pieces and then digested in collagenase type I
(Gibco; Thermo Fisher Scientific, Inc.) and dispase (Gibco;
Thermo Fisher Scientific, Inc.) for 45 min to 1 h at 37˚C
with occasional vortexing. Tissues and cells were cultured in
α‑MEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin‑streptomycin at 37˚C in
5% CO2, and the medium was changed every 3 days. All cells
used in the present study had undergone three to five passages.

Table I. Donor information.
Age, years
18
25
25

Sex

Recruitment date

Male
Female
Female

30/04/2018
28/04/2018
28/04/2018

hDPSCs from up to three donors were cultured separately and
used to conduct the various assays.
A total of 2x105 cells were seeded in 100‑mm dishes
and, when the hDPSCs had reached 70‑80% confluence, the
medium was removed, the cells were washed three times with
PBS, and the medium was replaced with 10 ml serum‑free
DMEM (Gibco; Thermo Fisher Scientific, Inc.). After 48 h, the
culture medium was centrifuged at 1,000 x g for 3 min at room
temperature; the supernatant was collected and filtered through
a 0.22‑µm filter; subsequently, the CM was concentrated
30‑fold using an ultrafiltration unit with a 10‑kDa molecular
weight cutoff (Ultracel‑10 membrane; EMD Millipore). All
ultrafiltration units were centrifuged at 4,000 x g for 25 min
at 4˚C. Each concentrated CM was diluted 2‑, 5‑ and 10‑fold,
and the unconcentrated medium was 1‑fold. The CM was
stored at ‑80˚C until further use (Fig. 1A). Serum‑free DMEM
without hDPSCs was used as control CM, and it was incubated, collected and stored in a similar manner.
Cell culture and treatment. The murine myoblast cell
line C2C12 was cultured in DMEM with 10% FBS and
1% penicillin‑streptomycin (growth medium, GM) at 37˚C
in 5% CO2, and the medium was changed every 2 days. To
introduce myogenic differentiation, the myoblasts were
transferred at 90% confluence to DMEM supplemented with
2% horse serum (Gibco; Thermo Fisher Scientific, Inc.) and
1% penicillin‑streptomycin (differentiation medium, DM),
which was replenished every other day. Hypoxia was induced
in C2C12 cells by employing the widely used hypoxia mimic
200 µM CoCl2 (Sigma‑Aldrich; Merck KGaA), as detailed in
the manufacturer's protocol. C2C12 myoblasts were treated as
follows: Normoxia (N, control medium), hypoxia (H, CoCl2
treatment with control medium), normoxia + CM (N + CM),
and hypoxia + CM (H + CM, CoCl2 treatment with CM).
hDPSCs‑C2C12 coculture system. In a typical experimental
coculture system, as illustrated in Fig. 1A, 2.5x103 C2C12
cells/well were seeded in 6‑well plates and Transwell‑Clear
inserts (3‑µm pore size; Corning, Inc.) covered with 5x103
hDPSCs/well were placed in another well. After 24 h of
cell attachment, the Transwell was assembled with hDPSCs
and wells containing C2C12. For C2C12 differentiation,
C2C12 cells were first seeded in 6‑well plates at a density of
4x105 cells/well in GM, and when the C2C12 cells reached
90% confluence, the GM was replaced with DM for 2 days to
initiate differentiation. The hDPSCs‑C2C12 cells were further
incubated for 2, 4 and 6 days in the same coculture experiments.
The hDPSCs‑C2C12 cells were treated as follows: Normoxia
group (N), hypoxia group (H), normoxia + coculture group
(N + Co) and hypoxia + coculture group (H + Co).
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Figure 1. hDPSCs alleviate hypoxia‑induced injury of C2C12 myoblasts in the coculture model. (A) Establishing the hDPSCs‑C2C12 coculture system and
preparing the hDPSC‑CM. Upper: The indirect coculture system with hDPSCs and C2C12 myoblasts was established. C2C12 and cultured hDPSCs were
seeded in 6‑well plates and Transwell‑Clear inserts, respectively, to study the paracrine effects. Lower: The hDPSC growth medium was replaced with
serum‑free medium, after which time it was collected and concentrated using an ultrafiltration unit (48 h) and then added to regular medium after diluting to
different concentrations. (B) Optical micrographs of C2C12 cell morphology and quantity change at 24‑72 h. Scale bar, 200 µm. (C) Cell proliferation was
assessed through Ki‑67 immunofluorescence staining and (E) statistical analysis of the Ki‑67 (green)‑positive rate. Scale bar, 100 µm. (D) Cell cycle distribution was monitored using flow cytometry. (F) Statistical analysis of the cell cycle in C2C12 myoblasts. ##P<0.01 and ###P<0.001 vs. N, **P<0.01 vs. H. hDPSCs,
human dental pulp stem cells; DAPI, 4',6‑diamidino‑2‑phenylindole; PI, propidium iodide; N, normoxia; H, hypoxia; Co, coculture.

Flow cytometry. After treatment for 24 h, the cells were
harvested and centrifuged at 1,500 x g for 3 min at room
temperature, and the supernatant was discarded. The cells
were fixed in 70% precooled ethanol overnight at 4˚C. The next
day, the cells were centrifuged at 1,500 x g for 3 min at room

temperature and washed thrice with PBS. RNase‑containing PI
solution (BioTime) was then added, and the cells were incubated
for 30 min at 37˚C. Finally, cell cycle analysis was performed
using flow cytometry (ACEA NovoCyte) with NovoExpress
software version 1.4.1 (ACEA NovoCyte) within 24 h.
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Table II. Sequence of primers used for PCR amplification.
Gene

Forward (5'‑3')

Reverse (5'‑3')

18s
GTAACCCGTTGAACCCCATT	CCATCCAATCGGTAGTAGCG
Myogenin
GAGACATCCCCCTATTTCTACCA
GCTCAGTCCGCTCATAGCC
MHC	 GCGAATCGAGGCTCAGAACAA
GTAGTTCCGCCTTCGGTCTTG
Ccna2
AGAAGCTCAAGACTCGACGG
AATGGTGAAGGCAGGCTGTT
Ccnd1
GCGTACCCTGACACCAATCTC	ACTTGAAGTAAGATACGGAGGGC
Tcf7	CCCTCAATGCGTTCATGCTTT	CTTGCGGGCCAGTTCATAGT
Lef1
GCCACCGATGAGATGATCCC	TTGATGTCGGCTAAGTCGCC
Lef1, lymphoid enhancer binding factor 1; Tcf7, transcription factor 7; Ccnd1, cyclin D1; Ccna2, cyclin A2; MHC, myosin heavy chain.

RNA extraction and gene expression analysis using
quantitative PCR. Total RNA was extracted using TRIzol
reagent (Thermo Fisher Scientific, Inc.) after different treatments in each group. A total of 1 µg extracted RNA was
reverse‑transcribed into cDNA using a FastQuant RT kit
(Tiangen Biotech Co., Ltd.) at 42˚C for 15 min and at 95˚C
for 3 min. SuperReal PreMix (Tiangen Biotech Co., Ltd.) was
used for amplification of cDNA to the relative mRNA of genes
in 10 µl of the final volume using a Real‑Time PCR System
(Biometra Biomedizinische Analytik GmbH). The thermocycling conditions were as follows: 95˚C for 15 min, followed
by 40 cycles at 95˚C for 10 sec and at 60˚C for 32 sec. The
results were normalized against the housekeeping gene 18S.
The forwards and reverse primers used are listed in Table II.
The relative mRNA expression was calculated by using
2‑∆∆Cq method (38).
Western blotting. Cultured cells were lysed in RIPA buffer
(Santa Cruz Biotechnology, Inc.) with protease and phosphatase inhibitors. Protein concentration was determined by
the BCA Protein Assay kit (Thermo Fisher Scientific, Inc).
Subsequently, total protein samples were prepared using 2X
SDS loading buffer and equal amounts of protein (30 µg) were
denatured by boiling for 10 min. These samples were loaded into
a 10% SDS‑PAGE gel and transferred onto PVDF membranes
(EMD Millipore). Ponceau (P0012; Beijing Solarbio Science
& Technology Co., Ltd.)‑stained membranes were used for
detection of total protein. The membranes were blocked in
5% non‑fat milk diluted in TBS at room temperature for 1 h,
and then incubated overnight at 4˚C with the following primary
antibodies: Rabbit anti‑β‑catenin (1:1,000, cat. no. 8480; Cell
Signaling Technology, Inc.), mouse anti‑β‑actin (1:5,000, cat.
no. abs830031; Absin Bioscience Inc.), mouse anti‑myosin
heavy chain (MHC; 1:60, cat. no. MF20; Developmental
Studies Hybridoma Bank), mouse anti‑myogenin (cat.
no. sc‑52903), mouse anti‑MyoD (cat. no. sc‑32758),
mouse anti‑Wnt1 (cat. no. sc‑5630), mouse anti‑Wnt4 (cat.
no. sc‑376279), mouse anti‑Wnt7a (cat. no. sc‑365665), mouse
anti‑glycogen synthase kinase (GSK)‑3β (cat. no. sc‑24563),
mouse anti‑phosphorylated (p)‑GSK‑3β (cat. no. sc‑11757) (all
from Santa Cruz Biotechnology, Inc., except where otherwise
indicated, and used at 1:1,000) and mouse anti‑HIF‑1α (1:500,
cat. no. NB100‑105; Novus Biologicals). The membranes
were washed with TBS‑T (0.1% Tween‑20 in TBS) four times

for 6 min each and then incubated with horseradish peroxidase‑conjugated secondary antibodies (1:10,000; cat. no. 7076
for anti‑mouse IgG, cat. no. 7074 for anti‑rabbit IgG, both from
Cell Signaling Technology, Inc.) for 1.5 h at room temperature. After four washes for 6 min with TBS‑T, the blots were
visualized using an enhanced chemiluminescent substrate kit
(ECL Advance; Thermo Fisher Scientific, Inc.). The bands
were detected with Amersham Imager 600 (GE Healthcare)
and then quantified using the ImageJ program version 1.50i
(National Institute of Health).
Immunofluorescence staining. C2C12 cells were seeded in
24‑well plates at 2x104/well. After treatment, the medium was
carefully removed and the cells were washed twice with PBS.
The cells were then fixed in precooled 4% paraformaldehyde
for 15 min at room temperature. Then, the cells were permeabilized in the presence of PBS with 0.25% Triton X‑100 for
15 min and blocked with 5% BSA at room temperature for
1 h. The cells were incubated overnight at 4˚C with mouse
anti‑MHC (1:500; cat. no. MAB4470, R&D Systems, Inc.),
rabbit anti‑Ki‑67 (1:1,000; cat. no. MA5‑14520, Thermo Fisher
Scientific, Inc.), or HIF‑1α in 2.5% BSA. The cells were then
washed three times in PBS with 0.1% Tween-20 (PBST)
and stained for 1 h at room temperature with anti‑mouse
FITC‑conjugated secondary antibody (1:1,000, cat. no. F‑2761,
Thermo Fisher Scientific, Inc.) in 2.5% BSA. After washing
five times with PBST, the cells were counterstained with
4',6‑diamidino‑2‑phenylindole (1:10,000) at room temperature for 10 min. The cells were viewed under a fluorescence
microscope (Leica Microsystems, Inc.) and assessed for
myogenesis by measuring the number of MHC‑positive nuclei
in the myotubes in 3‑5 randomly selected fields to quantify the
differentiation index.
Schematic production. The diagrams, including co‑culture
model and molecular mechanism, were created using the
software available at BioRender (https://app.biorender.com/).
Statistical analysis. All data were processed using GraphPad
Prism 5 (GraphPad Software, Inc.) and ImageJ software
version 1.50i (National Institute of Health), and the measurement data were analyzed as the mean ± standard deviation
using one‑way analysis of variance and Tukey's multiple
comparison post hoc test with SPSS Statistical 22.0 software
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(IBM, Corp.). P<0.05 was considered to indicate a statistically
significant difference. All assays were repeated three times
independently.
Results
hDPSCs exert cytoprotective effects by enhancing C2C12
viability under hypoxic conditions in a coculture model. To
investigate whether the secretome of hDPSCs was effective,
an indirect coculture system of hDPSCs and C2C12 was
performed (Fig. 1A). After treatment for 24‑72 h, hypoxia
in the other groups progressively induced a decline in cell
viability in a time‑dependent manner, compared with the
control group. Hypoxia induction caused an increase in
the characteristic cellular extensions and surface area in
myoblasts, revealing the stressed state of the cells. After 24 h,
there was no apparent difference between the groups under
the microscope, whereas the number of cells in the hDPSC
coculture group was visibly increased compared with that in
the hypoxia group after 48‑72 h (Fig. 1B). Furthermore, Ki‑67
staining revealed that the rate of cell proliferation significantly
increased from 3.1±0.5 to 4.8±0.7% after hDPSC coculture in
hypoxic cells (Fig. 1C and E). In addition, the cell cycle distribution indicated that hDPSCs blocked the G2/M phase arrest
caused by hypoxia (Fig. 1D and F). Thus, hDPSCs in coculture
with C2C12 were shown to ameliorate hypoxia‑related injury
of the skeletal muscle myoblasts through paracrine effects.
hDPSC‑CM attenuates hypoxia‑induced injury of C2C12
myoblasts in a HIF‑1α‑independent manner. As MSCs secrete
protein or growth factors in their medium, whether hDPSC‑CM
was beneficial to hypoxia‑exposed C2C12 myoblasts was
next investigated. In this study, different fold‑increases of
hDPSC‑CM were used for treatment. Compared with the
hypoxia group, it was observed that 5‑, 8‑ and 10‑fold CM
achieved obvious effects after 48 h (Fig. 2A). After cell counting,
it was found that, compared with the hypoxia group, there was
no significant difference for the use of 2‑fold CM, while there
were significant differences for the use of 5‑, 8‑ and 10‑fold
CM. There was no significant difference among the 5‑, 8‑ and
10‑fold CM groups (Fig. 2C). Therefore, 5X hDPSC‑CM was
selected for the subsequent experiments. The proliferation of
cells was also improved in the H + CM group compared with
that of cells in the hypoxia group (Fig. 2B and E). Furthermore,
whether the effect of hDPSC‑CM was associated with changes
in HIF‑1α was tested. The results demonstrated that hypoxia
increased the expression of HIF‑1α in the nucleus, but there
was no significant difference in the effect of hDPSC‑CM on
HIF‑1α compared with that in the H group (Fig. 2D and F).
The results suggested that hDPSC‑CM markedly improved the
proliferation and viability of C2C12, but this protective effect
appeared to be unrelated to the level of HIF‑1α.
hDPSCs improve hypoxia‑induced injury of myogenic
differentiation in a cell coculture model. To assess whether
hDPSCs affected the physiological function of myoblasts,
C2C12 cells were induced to differentiate for 2 days under
normoxic conditions followed by hypoxic treatment for 2,
4 and 6 days. Myogenin and MHC are specific middle and
late differentiation markers during the process of myoblast
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fusion to form myotubes (39). The myotubes stained positive
for MHC by immunofluorescence. These results demonstrated
that the H group significantly inhibited C2C12 differentiation,
myotube rupture and atrophy (Fig. 3A). The data demonstrated
that the H + Co group stimulated the myogenesis of C2C12
after 2 days, with a 2.8‑fold increase in the index of differentiation compared with the H group, whereas there were no
significant differences observed between the N and the N + Co
groups (Fig. 3D). Furthermore, hDPSCs induced an increase
in myogenin mRNA expression and relative protein levels that
were 1.66‑ and 3.3‑fold higher after 2 days of differentiation,
respectively, compared with the H group (Fig. 3B, E and F).
Analysis of the terminal differentiation marker MHC revealed
that its mRNA expression and relative protein level were 2.02‑
and 2.7‑fold higher, respectively, in the H + Co group compared
with the H group (Fig. 3C, E and G). These results suggest
that hDPSCs protected myotubes against hypoxia-induced
injury by restoring myogenic differentiation and myotube
morphology. However, it was also observed that the protective
effect of coculture gradually weakened after 4‑6 days and was
not significantly different with or without hDPSCs. This may
be an experimental limitation of coculture in the study, as both
C2C12 and the hDPSCs were subjected to hypoxic conditions
over a long period of time. Damaged hDPSCs may lead to
an attenuation of protection due to their decreased paracrine
function, even though they continue to achieve significant
results in the first 2 days of treatment.
hDPSC‑CM ameliorates hypoxia‑induced injury of myogenic
differentiation. Whether hDPSC‑CM was beneficial to
myogenic differentiation was next investigated. In the present
study, different folds of hDPSC‑CM were selected for treatment
(1‑, 2‑, 5‑ and 10‑). As shown in Fig. 4A‑C, hypoxia decreased
the relative expression of myogenic differentiation genes (MyoD,
myogenin and MHC) for 48 h, whereas a moderate concentration
of hDPSC‑CM reversed the inhibition of myogenic differentiation genes under hypoxia, particularly 2X hDPSC‑CM. The
protein level of MyoD was inconsistent with mRNA expression. Compared with other groups, the relative protein level of
MyoD in the normoxia group was significantly downregulated
(Fig. 4D and F). The authors considered this result to be partly
due to the temporal expression pattern during myogenesis.
MyoD is an early expressed gene, while myogenin and MHC are
expressed in the middle and late stages. Moreover, it was also
possible that MyoD is regulated by post‑transcriptional modifications (40). However, analysis of myogenin and MHC after
48 h revealed that their relative protein levels were upregulated
in H + 2X hDPSC‑CM compared with the hypoxia group, but
1X, 5X and 10X hDPSC‑CM was not associated with a significant change (Fig. 4E, G and H). These results demonstrated that
treatment with hDPSC‑CM at a moderate concentration was
capable of attenuating the inhibition of myogenic differentiation, thereby protecting cells and myotubes.
hDPS C‑ CM mediates Wnt/ β ‑ catenin sign aling in
hypoxia‑treated C2C12 myoblasts. Wnt/β‑catenin signaling
has been shown to be involved in hypoxia‑induced cell
injury (41,42). To further explore the mechanisms of myoblast
damage and the potential protective role of hDPSC‑CM
against hypoxia, the protein levels of total GSK‑3β, p‑GSK‑3β
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Figure 2. hDPSC‑CM improves the hypoxia‑induced decrease in the proliferation and viability of C2C12 cells in a HIF‑1α‑independent manner. (A) Optical
micrographs of C2C12 cell morphology and quantity change for 48 h. Scale bar, 200 µm. (B) Cell proliferation was assessed through Ki‑67 immunofluorescence staining. Scale bar, 100 µm. (C) The number of cells per field were counted at a magnification of x100. (D) After 24 h of hypoxia treatment and
immunofluorescence staining of HIF‑1α (green) translocation to the nucleus, the cytoplasm was stained with tubulin (red) and the cell nuclei with DAPI (blue).
Scale bar, 50 µm. (E) Cell proliferation was assessed via statistical analysis of the Ki‑67‑positive rate. (F) Nucleoprotein expression of HIF‑1α was detected
using western blotting. #P<0.05 and ###P<0.001 vs. N, *P<0.05 and ***P<0.001 vs. H. HIF, hypoxia inducible factor; hDPSCs, human dental pulp stem cells; CM,
conditioned media; N, normoxia; H, hypoxia; DAPI, 4',6‑diamidino‑2‑phenylindole.

(S9) and β ‑catenin were detected between 6 and 24 h. As
shown in Fig. 5A‑C, the relative protein levels of p‑GSK‑3β
(S9) and β‑catenin in the hypoxia group were lower compared
with those in the normoxia group for 12 and 24 h, but there

were no significant differences at 6 h. In the presence of
hDPSC‑CM, the H + CM group exhibited upregulated levels
of p‑GSK‑3β (S9) and β‑catenin. In addition, hypoxia inhibited the downstream target genes of Wnt/β‑catenin, including
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Figure 3. hDPSCs improve hypoxia‑induced inhibition of myogenic differentiation in the coculture model. (A) Two days after hypoxia treatment, the formation
of myotubes and cell nuclei was assessed using immunofluorescence staining with MHC (red) and DAPI (blue), respectively. Scale bar, 200 µm. (B and C) The
mRNA expression of (B) myogenin and (C) MHC was assessed using quantitative PCR. Data are presented as the fold‑change of the normoxia group at 2 days.
(D) The differentiation index is presented as the ratio of MHC‑positive nuclei to total nuclei. (E) Protein expression of myogenin and MHC was assessed
using western blotting. Semiquantitative analysis of the expression ratio of (F) myogenin/β ‑actin and (G) MHC/β ‑actin. ##P<0.01 and ###P<0.001 vs. N,
*
P<0.05, **P<0.01 and ***P<0.001 vs. H. hDPSCs, human dental pulp stem cells; CM, conditioned media; DAPI, 4',6‑diamidino‑2‑phenylindole; N, normoxia;
H, hypoxia; Co, coculture; MHC, myosin heavy chain.

lymphoid enhancer binding factor 1 (Lef1), transcription
factor 7 (Tcf7), cyclin D1 (Ccnd1) and cyclin A2 (Ccna2). After
hDPSC‑CM treatment, the expression of target genes was
restored under hypoxic conditions (Fig. 5D‑G). Furthermore,
due to the possible involvement of the Wnt/β‑catenin pathway
in the therapeutic effect of hDPSC‑CM, the protein levels of
Wnt ligands that mediate Wnt signaling activation in C2C12

myoblasts were analyzed. These ligands included Wnt1,
Wnt4 and Wnt7a. It was observed that Wnt1 was decreased
by hypoxia and then recovered after hDPSC‑CM treatment,
whereas there was no statistically significant difference in
Wnt4 and Wnt7a (Fig. 5H‑K). The present results suggested
that hDPSC‑CM alleviated C2C12 myoblast injury at least
partly through activation of Wnt1/β‑catenin signaling.
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Figure 4. Appropriate concentration of hDPSC‑CM improves the inhibition of myogenic differentiation. mRNA expression of (A) MyoD, (B) myogenin
and (C) MHC. Protein levels of (D) MyoD, (E) myogenin and MHC during the differentiation process. Semiquantitative analysis of the expression ratios of
(F) MyoD/β‑actin, (G) myogenin/β‑actin and (H) MHC/β‑actin. #P<0.05 and ###P<0.001 vs. N, *P<0.05 and ***P<0.001 vs. H. hDPSCs, human dental pulp stem
cells; CM, conditioned media; DAPI, 4',6‑diamidino‑2‑phenylindole; N, normoxia; H, hypoxia; MHC, myosin heavy chain.

The protective effect of hDPSC‑CM is blocked by inhibition
of Wnt/β ‑catenin signaling. To further support the present
results on the protective role of the Wnt/β‑catenin pathway in
hDPSC‑CM, XAV939 (20 µM) was used a specific inhibitor
of Wnt/β ‑catenin that promotes the phosphorylation and
degradation of β‑catenin. The results revealed that XAV939
induced a decrease in both the differentiation indices and
the Ki‑67‑positive rate compared with the H + CM group
(Fig. 6A‑D). Moreover, the inhibitor XAV939 induced a reduction in the expression of myogenin and MHC compared with
the H + CM group (Fig. 6E and F).
Discussion
The present study revealed that hDPSCs attenuated
hypoxia‑induced myoblast injury by improving viability and
myogenic differentiation. It was demonstrated that hDPSCs
activated the Wnt1/GSK‑3β/β ‑catenin signaling pathway by
paracrine factors, which was at least partly responsible for
these protective effects.

Previous studies have demonstrated pathological
hypoxia‑induced skeletal muscle myoblast injury, including the
inhibition of viability and differentiation (43-45). Regarding
viability, CoCl2 produced changes typical of cell death, such
as characteristic cell extension, increased volume, chromatin
condensation and G2/M phase cell cycle arrest, ultimately
leading to reduced proliferation (13). Regarding myogenic
differentiation, hypoxia, by degrading early and intermediate
markers, such as MyoD and myogenin, prevented terminal
differentiation (46). In the present study, following exposure to
hypoxia, myoblasts exhibited a decrease in viability, arrest at
the G2/M phase and inhibition of myogenin and MHC expression, which was in agreement with the aforementioned reports
on skeletal muscle hypoxic injury.
MSCs and their derivatives are known to positively affect
skeletal myogenesis and repair injury. In particular, fibroblast
growth factor, hepatocyte growth factor, insulin‑like growth
factor, vascular endothelial growth factor and members of the
Wnt family are involved in differentiation (29,47,48). Therefore,
the indirect coculture system was first adopted. Upon observing
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Figure 5. Wnt/β ‑catenin signaling pathway is involved in hypoxia‑induced C2C12 myoblast injury and is activated by hDPSC‑CM. (A) Expression of
β ‑catenin, p‑GSK‑3β (S9) and total GSK‑3β was detected using western blotting for 6, 12 and 24 h. Semiquantitative analysis of the expression ratios of
(B) β‑catenin/β‑actin and (C) p‑GSK‑3β/GSK‑3β. The levels of the downstream effectors of β‑catenin‑related mRNAs, including (D) Lef1, (E) Tcf7, (F) Ccnd1
and (G) Ccna2, were assessed using quantitative PCR. (H) Expression of Wnt signaling ligands, including Wnt1, Wnt4 and Wnt7a. Semiquantitative analysis of
the expression ratio of (I) Wnt1/β‑actin, (J) Wnt4/β-actin and (K) Wnt7a/β-actin. #P<0.05, ##P<0.01 and ###P<0.001 vs. N, *P<0.05 and ***P<0.001 vs. H. hDPSCs,
human dental pulp stem cells; CM, conditioned media; p‑GSK, phosphorylated‑glycogen synthase kinase; Lef1, lymphoid enhancer binding factor 1; Tcf7,
transcription factor 7; Ccnd1, cyclin D1; Ccna2, cyclin A2; N, normoxia; H, hypoxia.

a beneficial effect, it was hypothesized that these secretions
were present in the CM, and the results were then verified with
hDPSC‑CM. In previous applications of MSC‑CM, however,
most studies (49-52) did not compare the different concentrations of CM. Nagata et al (53) demonstrated that MSC‑CM
enhanced tissue regeneration and repair, depending on the

concentration ratio of CM. However, different cells and tissues
may have different sensitivities to different CM concentrations. In the present study, it was demonstrated that different
hDPSC‑CM concentrations produced different effects. In the
process of myoblast proliferation, an ~5‑fold concentration of
CM is considered to have a significant effect; however, such
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Figure 6. The protective effect of hDPSC‑CM was blocked by using XAV939. (A) Cell proliferation was assessed through Ki‑67 immunofluorescence staining.
Scale bar, 100 µm. (B) Statistical analysis of the Ki‑67‑positive rate (%). (C) The differentiation index was presented as the ratio between MHC‑positive
nuclei and the total number of nuclei. (D) Two days after hypoxia treatment, the formation of myotubes and cell nuclei was assessed via immunofluorescence
staining with MHC (red) and DAPI (blue), respectively. Scale bar, 200 µm. The mRNA expression of (E) myogenin and (F) MHC was detected using
quantitative PCR. ###P<0.001 vs. N, *P<0.05 vs. H. &P<0.05 and &&P<0.01 vs. H + CM. hDPSCs, human dental pulp stem cells; CM, conditioned media; DAPI,
4',6‑diamidino‑2‑phenylindole; N, normoxia; H, hypoxia; MHC, myosin heavy chain.

a high concentration does not appear to be required during
myoblast differentiation. In the present experiment, a protective effect was achieved using only an ~2‑fold concentration
during differentiation. This difference was considered to be
caused by the differing demand for paracrine substances
during the repair processes of proliferation and differentiation.
Convincing evidence was presented herein that hDPSCs exert
beneficial effects on myoblast hypoxic injury. However, there
were several limitations to the present study. Primary DPSCs
and their CM were derived from humans, while the C2C12
myoblasts were from murine lines. Therefore, interactions

between the two cells may be affected by structural differences of cytokines and proteins due to the different species.
Although numerous soluble factors from humans and mice
may interact, it is not true for all of them and the level of
responsiveness may not be equal to that to cytokines from the
same species. In the present study, C2C12 myoblasts cocultured with human DPSCs achieved good cellular growth under
normoxia, and even better under hypoxia, when compared with
the C2C12 alone groups. The interactions between the two
types of cells appeared to be positive. However, the protective effect may be compromised. Additionally, the present
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Figure 7. Schematic representation of the mechanisms underlying the secretome of hDPSCs in protecting C2C12 myoblasts against hypoxia‑induced injury.
Left: Under normoxic conditions, Wnt ligands are bound to receptors on the cell membrane, followed by the inactivation of GSK‑3β after phosphorylation at
S9 and β‑catenin gradually accumulates and is transferred into the nucleus to promote the transcription of downstream target genes. Middle: Under hypoxic
conditions, the relevant Wnt ligands do not bind to the receptor and β‑catenin is phosphorylated to degrade after binding GSK‑3β, thereby inhibiting cell proliferation and myogenic differentiation. Right: The secretome of the hDPSC‑activated Wnt1/GSK‑3β/β‑catenin signaling pathway is at least partly responsible
for these protective effects under hypoxia. The hDPSC secretome can attenuate hypoxia‑induced myoblast injury by alleviating the inhibition of viability and
promoting myogenic differentiation. GSK, glycogen synthase kinase; hDPSCs, human dental pulp stem cells; HIF, hypoxia inducible factor.

study was unable to mimic the dynamic changes of real tissue
hypoxia. Thus, further studies are warranted to investigate
the effect of hDPSCs on human primary skeletal myoblasts in
hypoxia‑related diseases.
The findings of the present study provide theoretical
support for the exploration of the repair of hypoxic damage
to myoblasts by hDPSCs; however, a deeper understanding of
the underlying mechanism of these findings requires further
investigation. Wnt signaling also plays a crucial role in the
regulation of myogenic differentiation, as Wnt is induced and
promotes myoblast differentiation and myotube fusion (54). Wnt
ligands bind to low‑density lipoprotein‑related protein/frizzled
complexes on the cell membrane and after phosphorylation,
inactivation of GSK‑3β leads to stabilization of β ‑catenin.
This gradually accumulates and is transferred into the nucleus
to promote transcription of downstream specific target genes
(such as Lef1 and Ccnd1), or directly activates MyoD and
upregulates myogenic regulatory factor coactivators (42). The
Wnt signaling pathway is weakly activated in mature skeletal
muscle. However, after injury, satellite cells are activated in the
skeletal muscle, where numerous Wnt ligands (such as Wnt1,
Wnt3a, Wnt4 and Wnt7a/b) are expressed and secreted (37).
Moreover, Leroux et al (48) reported that MSCs, via the
Wnt4 pathway, improved skeletal muscle fiber regeneration

following ischemic injury. Other studies have also demonstrated activation of the Wnt pathway by MSCs (55-57). The
present study found that, in the presence of hDPSC‑CM, the
levels of Wnt/β ‑catenin pathway‑related proteins, including
p‑GSK‑3β and β‑catenin, were upregulated. Furthermore, the
downstream target genes of Wnt/β ‑catenin, including Lef1,
Tcf7, Ccnd1 and Ccna2, were inhibited by hypoxia, whereas
their expression levels were restored after hDPSC‑CM treatment. To confirm these data, in the presence of hDPSC‑CM,
myoblasts were cultured with 20 µM of the Wnt/β ‑catenin
inhibitor XAV939 and the protective effects were blocked.
These results suggest that the protective role of hDPSCs on
C2C12 hypoxia‑induced injury requires the participation of
the Wnt signaling pathway.
Under hypoxic conditions, the Wnt/β‑catenin pathway is
directly or indirectly modulated. A previous study reported
that HIF‑1α blocked the Wnt/β‑catenin signaling pathway by
inhibiting hARD1‑mediated β‑catenin (58). Indeed, increased
expression of HIF‑1α inhibits canonical Wnt signaling during
skeletal muscle repair, as reflected by the increased target
genes of β ‑catenin expression after silencing HIF‑1α (42).
Thus, the present study hypothesized that the paracrine protective effect of hDPSCs through activation of the Wnt/β‑catenin
pathway was related to the prevention of HIF‑1α accumulation.
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However, in the current study, hDPSC‑CM did not decrease
hypoxia‑induced HIF‑1α stabilization.
During the various stages of skeletal muscle repair and
regeneration, correct activation of the Wnt signaling pathways
is crucial. Wnt1 and Wnt4 mainly activate the canonical Wnt
pathway (37). However, Wnt7a did not activate β‑catenin in
myoblasts or muscle myofibers. Indeed, by regulating the PCP
pathway, Wnt7a signaling can be described as a non‑canonical
Wnt pathway (42). C2C12, in which the Wnt1/β‑catenin pathway
was able to enhance myogenic differentiation, indicates one of the
potential roles of canonical Wnt signaling in skeletal muscle (59).
Consistent with reports mentioned above, the present study
demonstrated that hDPSC‑CM activated Wnt1 and β‑catenin
expression and regulated GSK‑3β at S9, leading to its inactivation. Therefore, hDPSC‑CM may restore the Wnt1/β‑catenin
pathway in myoblasts to alleviate hypoxia‑induced injury.
In summary, the findings of the present study suggest
that hDPSCs may alleviate hypoxia‑induced injury in C2C12
myoblasts and the underlying mechanism may be associated
with regulation of the Wnt1/β ‑catenin signaling pathway
(Fig. 7). The next step would be to assess which paracrine
factors of hDPSCs are effective in repairing injured myoblasts,
and determine whether another mechanism could be involved
in vitro or in an animal model.
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