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Background and Objectives: This study aims to clarify the systems underlying regulation and regulatory roles of hydro-
gen combined with 5-Aza in the myogenic differentiation of adipose mesenchymal stem cells (ADSCs).
Methods and Results: In this study, ADSCs acted as an in vitro myogenic differentiating mode. First, the Alamar blue 
Staining and mitochondrial tracer technique were used to verify whether hydrogen combined with 5-Aza could promote 
cell proliferation. In addition, this study assessed myogenic differentiating markers (e.g., Myogenin, Mhc and Myod 
protein expressions) based on the Western blotting assay, analysis on cellular morphological characteristics (e.g., 
Myotube number, length, diameter and maturation index), RT-PCR (Myod, Myogenin and Mhc mRNA expression) 
and Immunofluorescence analysis (Desmin, Myosin and β-actin protein expression). Finally, to verify the mechanism 
of myogenic differentiation of hydrogen-bound 5-Aza, we performed bioinformatics analysis and Western blot to detect 
the expression of p-P38 protein. Hydrogen combined with 5-Aza significantly enhanced the proliferation and myogenic 
differentiation of ADSCs in vitro by increasing the number of single-cell mitochondria and upregulating the expression 
of myogenic biomarkers such as Myod, Mhc and myotube formation. The expressions of p-P38 was up-regulated by 
hydrogen combined with 5-Aza. The differentiating ability was suppressed when the cells were cultivated in combina-
tion with SB203580 (p38 MAPK signal pathway inhibitor).
Conclusions: Hydrogen alleviates the cytotoxicity of 5-Aza and synergistically promotes the myogenic differentiation 
capacity of adipose stem cells via the p38 MAPK pathway. Thus, the mentioned results present insights into myogenic 
differentiation and are likely to generate one potential alternative strategy for skeletal muscle related diseases.

Keywords: Hydrogen, 5-Azacitidin (5-Aza), Myogenic differentiation, Adipose-derived mesenchymal stem cells, P38 MAPK 
signaling pathway
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Introduction 

  Skeletal muscle is commonly impaired for various caus-
es (e.g., trauma and sports activities). The tissue exhibits 
self-regenerating capability and the inherent satellite cell 
activity, activating, differentiating and fusing to other sat-
ellite cells for forming myotubes with multinucleation (1). 
Myotubes have the integration of the existed fibers for the 
regeneration. Nevertheless, volumetric muscle loss (VML), 
especially due to tumor removal, degeneration or high-en-
ergy trauma, cannot complete the mentioned cascade since 
fibrosis has more rapid propagation as compared with 
myogenesis (2, 3). There is no feasible treatment option 
for muscle degeneration process and muscle volume loss. 
Therefore, there is an urgent need for a novel treatment 
method with few complications and satisfactory results.
  In recent years, researchers have attempted to use bio-
logical and regenerative medicine approaches to promote 
myogenic differentiation to meet the criteria for biological 
healing. Stem cells are of great interest in tissue engineer-
ing and regeneration due to their excellent regenerative 
potential, immunomodulation and heritability (4, 5). 
Based on the above advantages, stem cells are highly ex-
pected to promote myogenic differentiation. ADSCs are a 
fairly efficient source of adult multipotential stem cells 
and are readily available (6). In addition, existing study 
reported (7) differentiating ability exhibited by ADSCs to 
various lineages including bone (8), cartilage (9), muscle 
(10) and nerve (11). Besides, as suggested by Mizuno et 
al. (12), ADSCs could achieve myogenic differentiation. 
However, studies have shown that only 15% of the stem 
cells harvested from processed adipose aspirates can be 
fully differentiated. In contrast, direct transplantation of 
stem cells into target organs has obvious drawbacks such 
as difficulty in homing to the site of injury, low cell via-
bility, and inefficiency in local differentiation (13). Thus, 
the clinical myogenic differentiation potential of ADSCs 
is limited. At present, researchers try to promote myogenic 
differentiation of stem cells in different ways, such as drug 
induction, physical induction, cell scaffold induction and 
so on. Among them, drugs as a more mainstream way of 
induction, but there are some problems, such as low in-
duction efficiency, obvious inhibition of stem cell self-re-
newal ability and so on (4). Therefore, how to obtain an 
efficient rate of myogenic differentiation of stem cells in 
the repair area is the main challenge in the treatment of 
muscle injury.
  5-Azacitidine (5-Aza) is a DNA methylation inhibitor 
similar to cytidine and is known to promote the upregula-
tion of muscle genes and myogenic differentiation. At 

present, 5-Aza is the most commonly used chemical agent 
to induce the myogenic differentiation of stem cells. 
However, according to some reports, 5-Aza has carcino-
genic and toxic effects on cells. Therefore, the ability to 
enable ADSCs to obtain efficient myogenic differentiation 
without reducing cell activity is a major challenge in the 
treatment of muscle injury.
  Hydrogen (H2), one kind of endogenous gas, was sug-
gested to be one vital energy origin and to critically impact 
physiologically-related regulating process (14). Hydrogen 
molecules can enter tissue as well as performing anti-in-
flammation-related, antioxidant and anti-apoptotic effects 
(15). It is noteworthy that H2 exhibits great efficacy and 
safety to cases clinically (16). For example, Aoki et al 
found that hydrogen reduced the blood lactic acid level 
of male football players (17) and improved the decline of 
muscle function caused by exercise. H2 can also reduce ex-
ercise-induced muscle injury and delayed muscle atrophy, 
but has no effect on peripheral neutrophil count and neu-
trophil dynamics and function (18). In the mouse hin-
dlimb Istroke R injury model, H2 inhalation significantly 
reduced the infarct area and tissue structure loss area, al-
leviated muscle injury, and enhanced functional recovery 
(19). Then, whether hydrogen can alleviate the cytotox-
icity of 5-Aza and thus enhance myogenic differentiation 
of stem cells still needs further investigation.
  As indicated from the existing research, ERK1/2, 
NF-kB, Notch and Wnt signal pathways are capable of 
regulating the forming and reconstructing processes of 
general skeletal muscle (20-23). Moreover, the p38 MAPK 
class refers to the signal transducing elements that can fa-
cilitate the muscle differentiation in vitro, impact the in 
vivo growth and repair of skeletal muscle, and directly af-
fect the myogenic transcribing elements pertaining to the 
Myod family (24, 25). The p38 MAPK not only functions 
as a muscle-specific gene switch, but is also a regulator 
of muscle damage and a key factor in maintaining muscle 
homeostasis (26). Therefore, whether H2 combined with 
5-Aza regulates the biological effects of adipose stem cells 
through the p38 MAPK signaling pathway remains to be 
further demonstrated.
  The hypothesis of this study is that H2 combined with 
5-Aza enhances myogenic differentiation of adipose mes-
enchymal stem cells via the p38 MAPK signaling pathway. 
To test this hypothesis, we evaluated the effect of hydro-
gen combined with 5-Aza on adipose stem cell myogenic 
differentiation and its molecular mechanism by molecular 
biology and reverse transcription polymerase.
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Materials and Methods

Materials
  Five healthy 2-week-old male rats (Animal Experiment 
Center of Yangzhou University, Yangzhou, China), adi-
pose stem cells (isolated from primary cells), DMEM me-
dium (Hyclone, USA), 10% Fetal bovine serum (FBS) 
(Hyclone, USA), H2 incubator includes hydrogen concen-
tration (70%), oxygen concentration (21%), carbon dioxide 
concentration (5%) and nitrogen concentration (4%) 
(Wuxi Puhe Bio-pharmaceutical Technology Co., A001, 
Wuxi, China), 10 μmol/l 5-azacytidine (5-Aza) (27), 5 uM 
SB203580 (Beyotime S1863, Shanghai, China), 3-(4,5-di-
methylthiazol)-2,5-diphenyl-tetrazolium bromide (MTT) 
(Sigma, USA), Dimethyl sulfoxide (DMSO) (Invitrogen, 
USA), Alamar blue kit (Beijing solarbio science and tech-
nology co.,ltd., A7631, Beijing, China), Live-Dead Cell 
Staining Kit (Biovision, K501-100, USA), Mito-tracker 
(Beyotime, C1048, Beijing, China), Reverse transcription 
reagent tool (Thermo, K1622, Shanghai, China), 
SYBRGreen PCR kit (Thermo, F-415XL, Shanghai, China), 
BCA protein assay kit (KGPBCA, Nanjing, China), 
Alizarin red staining kit (Solarbio, G8550, Beijing, China), 
Toluidine blue staining kit (Solarbio, G3661, Beijing, 
China), Oil red O staining kit (Solarbio, G1262, Beijing, 
China), β-actin antibody (Proteintech, 60008-1-lg, USA), 
Myosin antibody (Proteintech, 60229-I-Ig, USA), Desmin 
antibody (Proteintech, 16520-1-AP, USA), Myod (Proteintech, 
USA), Mhc (Bioss, bs-10904R, Beijing, China), p-P38 
(Affinity, USA), GAPDH (Proteintech, USA), Anti-rabbit 
secondary antibody labeled by CY3 (Proteintech, SA00009-2, 
USA), Anti-mouse secondary antibody labeled by CY3 
(Proteintech, SA00009-1, USA), Hoechst (Beyotime, Beijing, 
China), CD45 antibody (BD Biosciences, 555485, USA), 
CD44 antibody (BioLegend, 103011, USA), CD90 anti-
body (BD Biosciences, 555595, USA), CD31 antibody 
(Abcam, ab64543, USA).

Methods
  Extraction and cultivation of ADSCs: All animal ex-
periments were performed under the approval of the 
Institutional Animal Care and Use Committee of 
Yangzhou University (Approval No. DWLL-202112-201). 
Five two weeks old male SD rats were euthanized with 
excessive ether asphyxiation. The rats were routinely dis-
infected by 75% ethyl alcohol, and their blood vessels, fas-
cia and other tissues were removed. The harvested in-
guinal adipose tissue was cut into 1 mm3 pieces and then 
placed into a 15 ml centrifuge tube. 0.1% type I collage-
nase was used to digest tissue for 40∼60 min. After filter 

to remove nondigested tissue, filtrate was collected and 
seed into tissue culture plastic in culture medium with 
10% fetal bovine serum. The incubation was conducted at 
37℃ with a volume fraction of 5% CO2, and the liquid 
was altered after 24 h, 48 h and 72 h. Under the cell con-
centration of 80%, 0.25% trypsin-EDTA was employed for 
digestion and subculture. The 3rd generation cells were 
employed for the immunocytochemical identification and 
subsequent tests.
  Bioinformatics analysis: Data retrieved was performed 
in the GEO database by search the key words “Hydrogen”. 
And finally GSE62434 was obtained to analyze the ex-
pression of fibroblasts cultured in hydrogen. Fibroblasts 
were divided into groups according to whether they were 
cultured or not. The differentially expressed genes were 
obtained by GEO2R online tool. KEGG enrichment analy-
sis was performed based on the differentially expressed 
genes in the DAVID online website. GSEA enrichment 
analysis of differentially expressed genes was subsequently 
performed using GSEA software.
  Identification of ADSCs: ADSCs were cultured and 
then identified when 90% of the cells were covered. The 
cells were digested by trypsin at ambient temperature for 
10 min, and it was collected after being centrifuged. 
Subsequently, the cells were washed with PBS and then 
prepared into 1×105/ml cell number suspension. 100 μl 
of 1×105 cell suspension was added with 10 μl of fluo-
rescently labeled phenotypic antibody (CD45, CD44, 
CD90 and CD31) respectively for incubation. After the 
washing process, the expressions of CD45, CD44, CD90 
and CD31 surface antigens were detected by performing 
the flow cytometry.
  Identifying process for three-line differentiation of 
ADSCs: The multilineage differentiating potentials of 
ADSCs were characterized by osteogenic, adipogenic, and 
chondrogenic differentiation. Briefly, according to 5×104 
cells/cm2 cell density, cells received the collecting and in-
oculating processes inside the orifice plate. The cells re-
ceived the culturing process with 5% CO2 at 37℃. Under 
the cell confluence of 90%, The cells were cultured in os-
teogenic, adipogenic and chondrogenic differentiation me-
dia and identified and analyzed by alizarin red (Solarbio, 
G8550, Beijing, China), oil red O (Solarbio, G1262, 
Beijing, China), toluidine blue staining (Solarbio, G3661, 
Beijing, China). Stained areas were observed under a fluo-
rescence microscope (OLYMPUS, IX71).
  Groups and cell proliferation of ADSCs: The cells 
were seeded in 96-well plates (Thermo Scientific, USA) at 
1×104/well in 100 μl of DMEM with FBS. The groups 
(control, H2, 5-Aza and H2＋5-Aza) were tested at days 1, 
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2 and 3. Furthermore, the control and 5-Aza groups were 
incubated in a conventional cell incubator (5% CO2, 95% 
air) and the H2 and H2＋5-Aza groups were incubated in 
a hydrogen incubator (70% hydrogen, 21% oxygen, 5% 
CO2, 4% nitrogen). The cell proliferation ability of H2 and 
5-Aza was compared by MTT and Alamar blue staining 
respectively. Cells were stained with MTT (20 μl; 5 
mg/ml) for 4 h at 37℃. Dimethyl sulfoxide was added to 
samples and incubated for 30 min at 37℃. The absorb-
ance was measured using a microplate reader (Thermo 
MK3 type) at 492 nM.
  Cell samples were taken, and 10 μl Alamar blue stain-
ing was introduced to 100 μl cell suspension at 1- and 
3-day induction time. Incubating in an incubator away 
from light for 6 h, and detecting with microplate reader 
with a wavelength of 600 nm. The diluted AM/PI kit 
(Biovision, K501-100, USA) was added and incubated for 
30 min before washing. Observed by means of fluorescence 
microscope (OLYMPUS, IX71). Red and green denote 
dead cells and live cells, respectively. With ImageJ soft-
ware (National Institutes of Health, Bethesda), this study 
determined the fluorescence intensity. 
  Effect of hydrogen on mitochondria by mito-tracker 
green fluorescent staining: To investigating the influ-
ence exerted by H2 for mitochondria. First, ADSCs re-
ceived the inoculating process on confocal petri dishes and 
the culturing process inside normal medium for 12 h. 
Next, the cells received the seven-day incubation with con-
trol, H2, 5-Aza, H2＋5-Aza. Then, the medium received the 
removal and rinsing process by applying PBS, and then 
it was incubated with the mito-tracker (1：5,000∼1：
50,000) at 37℃ for 15∼45 min. Lastly, under a Laster 
confocal fluorescence microscope, the observation of cells 
was conducted.
  Immunofluorescence detecting process of the ex-
pressions of Desmin, Myosin and β-actin in cells: 
After incubation with control, H2, 5-Aza, H2＋5-Aza for 7 
days, ADSCs were fixed in 4% paraformaldehyde for 15 
min. Then, 0.1% Triton was used for stabilization at am-
bient temperature for 15 min. The cells were sealed with 
5% FBS for 15 min under the temperature of the ambient. 
Subsequently, the cells were incubated by using primary 
antibody at 4℃ throughout the night. After washing, it 
was incubated at 37℃ for 1 h by using secondary 
antibody. Hochest received the incubating process under 
ambient temperature and the isolating process away from 
light for 15 min. Lastly, with the use of a fluorescence mi-
croscope (OLYMPUS, IX71), the samples were observed.
  Real-time PCR analysis of Myod, Mhc and Myogenin: 
Under the p38 MAPK signal pathway inhibitor (SB203580), 

the cells were collected after being inducted with control, 
H2, 5-Aza, H2＋5-Aza for 7 days. Overall RNA was ex-
tracted from the cells under the transfection with the 
Trizol extraction tool in accordance with the guidelines of 
the producer. According to the guidelines of the producer, 
cDNA received the synthesis based on reversely tran-
scribing process with the first strand cDNA synthesis tool. 
Primers for reverse transcription PCR received the design-
ing and synthesizing processes with Primer Premier 5.0 
software (Shanghai Biotechnology, China) based on in-
ternal reference of housekeeper gene GAPDH. After PCR 
amplification, the results were automatically analyzed by 
using the fluorescence quantitative PCR tool in the real 
time, the baseline and threshold were regulated in accord-
ance with the negative control to determine the Ct value 
of the respective specimen, as well as whether the Ct value 
was effective based on the fusion curve. For the export, the 
2−ΔΔCt approach inside gene expressing state differences 
of control and the concentration groups is: ΔCt=Ct gene
－Ct inside. Subsequently the control group ΔCt re-
member was obtained for ΔCt contrast, ΔCt contrast 
average was achieved, in which the respective group of Δ
Ct minus ΔCt contrast average, calculated by ΔΔCt val-
ue, i.e., the ΔΔCt=ΔCt sample-ΔCt contrast, next, the 
respective group 2−ΔΔCt value was calculated, which in-
dicated the comparative expressions of genes.
  Observation and analysis of myotube: To investigate 
the effect of H2 combined with 5-Aza on the myogenic dif-
ferentiation system of ADSCs, the authors introduced the 
SB203580 (5 uM) to the culture medium (DMEM). Under 
the p38 MAPK signal pathway inhibitor (SB203580), cells 
were collected after being inducted with control, H2, 
5-Aza, H2＋5-Aza for 7 days. First, ADSCs received the 
inoculating process on 24-well plates under a density of 
8000 cells/cm for 12 h. Subsequently, the cells were fur-
ther cultured at a concentration of 70% H2, and the me-
dium received the renewal every two days. Myotube for-
mation in ADSCs regulated by H2 combined with 5-Aza 
was measured by immunofluorescence staining. ImageJ 
software was used to obtain the index maturation of my-
otube (National Institutes of Health, Bethesda, USA). 
  Western blotting assay: ADSCs were placed in 3.5 cm 
culture dishes with or without SB203580 and cultured 
with control, H2, 5-Aza and H2＋5-Aza for 7 days. Next, 
cell mass was washed three times with PBS, lysed for 30 
min in ice-cold RIPA lysis buffer, and then its protein was 
quantified. According to the number of samples, the au-
thors introduced the 200 μl BCA working solution 
(KGPBCA) in samples, and determined the absorbance at 
562 nm. After being denaturalized, the protein was admin-
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istrated with polyacrylamide gel and then transferred to 
the methanol-activated PVDF membrane. After being 
blocked, the primary antibody was incubated at 4℃  
throughout the night: Myod (Proteintech, 1：1,000∼1： 

6,000), Mhc (Bioss, bs-10904R, 1：500), p-P38 (Affinity, 
1：500∼1：2,000), GAPDH (Proteintech, 1：5,000). The 
PVDF membrane was introduced into rabbit secondary 
antibody or rat secondary antibody (ZSGB-BIO, 1：5,000) 
solution under the dilution with 1∶5,000 HRP-labeled 
solution and was incubated at 37℃ under L h slow 
oscillation. By employing ECL luminescent solution 
(Beijing Dingguo ECL-0011), the imprints were devel-
oped, and by adopting Image J (NIH, Bethesda, USA), the 
immunoreaction bands received the quantification. 

Statistical analyses
  All experiments were performed in triplicate. For the 
data recording and the statistical analyses, SPSS 24.0 soft-
ware in terms of Windows (SPSS Inc., Chicago, IL, USA) 
was used. The information has the expression to be the 
mean±standard deviation (SD) pertaining to a range of 
measuring processes. The authors performed student’s t 
testing process for comparing one individual experi-
ment-related mean with the control mean. p＜0.05 ex-
hibited statistical significance.

Results

Bioinformatics analysis results
  According the GEO2R online tool, a total of 576 differ-
entially expressed genes was obtained, of which 267 were 
upregulated differentially expressed genes and 199 were 
downregulated differentially expressed genes (Fig. 1A and 
1B). KEGG enrichment analysis and GSEA enrichment 
analysis of the differentially expressed genes showed that 
the differentially expressed genes were mainly enriched in 
p38, MAPK signaling pathway, mitochondria related path-
ways (Fig. 1C∼F).

The evaluation of ADSCs
  ADSCs were identified by flow cytometry: ADSCs 
have no specific surface antigens. Accordingly, the analy-
sis of multiple surface antigens simultaneously to de-
termine the characteristics of adipose stem cells. By flow 
cytometry, the ADSCs surface markers was tested. We ex-
amined the expression of CD31, CD44, CD45 and CD90 
in ADSCs. Flow cytometry results showed that 1.6% ex-
pressed CD31, 95.2% expressed CD44, 1.1% expressed 
CD45, and 97.4% expressed CD90 (Fig. 1G). CD44 
(95.2%) and CD90 (97.4%) express stem cells. The low ex-

pressions of CD31 (1.6%) and CD45 (1.1%) excluded epi-
dermal cells and vascular endothelial cells, respectively. 
This characteristic meet the criteria stated by the 
International Society for Cellular Therapy (ISCT) for 
MSC.
  ADSCs were identified by three-line differentiation: 
The multilineage differentiating potentials of ADSCs were 
characterized through the osteogenic, adipogenic and 
chondrogenic differentiation. Alizarin red staining under 
the induction by ADSCs osteogenesis are presented in Fig. 
1H (a), demonstrating the appearance of considerable os-
teoblasts when the induction was achieved. Fig. 1H (b) 
shows the staining process of oil red O when the adipo-
genic induction was achieved, and the stained cells were 
observed as well. Fig. 1H (c) shows the staining of tolui-
dine blue when the chondroblast induction was achieved, 
and many chondrocytes were stained. In brief, the men-
tioned cell could achieve a three-line differentiation, 
which demonstrated that it acts as a rat ADSCs.

Biocompatibility evaluation of hydrogen
  The optimal concentration of hydrogen: Whether H2 
could promote cell viability and proliferation was eval-
uated by MTT assay (Fig. 2F). After being cultured with 
H2 at different concentrations (20%, 50%, 70%), ADSCs 
showed different cell viability and proliferation. On day 
1, no significant difference was fund between the four 
groups (Control, 20%H2, 50%H2, 70%H2) (p＞0.05). As 
compared with other three groups, cells displayed a re-
markably high proliferation in 70%H2 group (p＜0.01) on 
day 2 and 3. Subsequent experiments were performed at 
70% concentration of H2.
  Assessment of cell proliferation by hydrogen: First, 
we evaluated whether H2 could promote cell viability and 
proliferation by MTT and Alamar blue Staining (Fig. 2A
∼E). In H2 group, when cultivated for 1 and 3 days, the 
cells were primarily alive (green), while few had death 
(red) (Fig. 2A and 2C). In addition, the cell proliferation 
characteristic received the quantitative analysis of Live- 
Dead Cell Staining. As compared with the 5-Aza group, 
cells displayed a remarkably high proliferation in H2 
group (p＜0.01) on day 1. There was no significant differ-
ence between the other three groups (Control, H2, 5-Aza＋
H2) (p＞0.05). On day 3, compared with 5-Aza and 5-Aza＋
H2 groups, H2 group displayed the highest expression (p＜ 

0.01). Compared with the 5-Aza group, the survival rate 
of cells in the 5-Aza＋H2 group was still higher (p＜0.01). 
  Furthermore, the cell proliferation behavior was quanti-
tatively analyzed by Alamar blue assay. On day 1, the cell 
viability in H2 group was significantly higher than other 
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Fig. 1. (A) Volcanic map of cells cultured in hydrogen shows differentially expressed genes. (B) KEGG enrichment pathway analysis. (C) 
Analysis of differential gene expression in MAPK signaling pathway, GSEA enrichment analysis. (D) Enrichment analysis of MAPK signal 
pathway. (E) Enrichment analysis of p38-MAPK signal pathway. (F) Mitochondrial functional enrichment analysis. (G, H) Identifification 
of adipose-derived stem cells (ADSCs). (G) Flow cytometry analysis results and expression of cell surface CD markers of ADSCs at passage 
3. The x-axis is the fluorescence intensity, and the y-axis is the cell number (H). ADSCs was positive for Alizarin red (a), Oil Red O 
(b), and Toluidine blue staining (c) after induced differentiation.

groups (5-Aza, 5-Aza＋H2) (p＜0.01). And, compared with 
the control group, only the H2 group showed high pro-
liferation (p＜0.05). Interestingly, compared with the 

5-Aza group, the 5-Aza＋H2 group also showed sig-
nificantly higher proliferation (p＜0.01). On day 3, the cell 
viability in H2, 5-Aza and 5-Aza＋H2 groups maintained 
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Fig. 2. (A∼C) ADSCs viability evaluation after cultured with different differentiation medium for 1 to 3 days. (A) Live-Dead cell staining 
analysis and Alamar blue staining on 1 and 3 days. (B) Fluorescence quantitative analysis of cell proliferation. (C) Proportion analysis of 
Live-Dead cells. (D, E) Cell viability was assessed by MTT. (F) Selection of the optimum concentration of hydrogen. (G, H) The analysis 
of mitochondrial staining. (G) Fluorescent staining of mitochondria by Mito-tracker. (H) Quantitative analysis of fluorescence intensity of 
single cell mitochondria. All experiments were performed in triplicate (*p＜0.05, **p＜0.01).
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the same trend as day 1 (Fig. 2B). Based on MTT analysis 
(Fig. 2D and 2E), compared with the 5-Aza group, the H2 
group significantly promoted cell proliferation in the first 
three days (p＜0.01). At the same time, compared to the 
5-Aza group, the 5-Aza＋H2 group also increased cell pro-
liferation (p＜0.05). As demonstrated by all the mentioned 
results, H2 remarkably enhanced the ADSCs proliferation. 
  Mito-tracker green fluorescent staining: The green 
mito-tracker staining was performed for explaining the ef-
fect of H2 on the mitochondria function of ADSCs (Fig. 
2G and 2H). Obviously, compared with the other three 
groups, H2 group expressed significant single-cell mi-
tochondrial fluorescence intensity (p＜0.01). Compared 
with the control group, the intensity of green fluorescence 
was significantly decreased in the 5-Aza group (p＜0.01), 
and the fluorescence expression of single-cell mitochon-
dria was also significantly increased in the 5-Aza＋H2 
group compared with the 5-Aza group (p＜0.01).

Myogenic differentiating effect of hydrogen 
  Immunofluorescence detecting process of the ex-
pressions of Desmin, Myosin and β-actin in cells: To 
investigate the effect of H2 combined with 5-Aza on myo-
genic differentiation at the myoblast stage, ADSCs were 
employed as an in vitro model of myogenic differentiation. 
The cells were respectively cultured with 5-Aza, H2, H2＋

5-Aza for 7 days. Fig. 3A shows the results of immuno-
fluorescence staining assay after incubation for 7 days. 
The immunofluorescence results showed that remarkably 
higher immunofluorescence expressing states of β-actin 
and desmin in the H2 group and 5-Aza group than in the 
control (p＜0.01). In addition, compared with the control 
group, the H2 group showed increased myosin expression 
(p＜0.05). Additionally, the expressing states of all test an-
tibody were remarkably higher in the H2＋5-Aza group 
than in the H2 group (p＜0.01). It is noteworthy that the 
expressing states of the β-actin in 5-Aza and H2 group 
were found, whereas noticeable difference was identified 
between the two groups (p＜0.01). Additionally, the ex-
pressing states of Mhc antibody were remarkably higher 
in the H2＋5-Aza group than in the other group (5-Aza 
and H2 groups) (p＜0.05). 
  Observation and analysis of myotube: Mhc protein 
immunofluorescence staining assay was studied to observe 
the morphology of myotubes formed in ADSCs. Fig. 3B 
shows the results of immunofluorescence staining assay af-
ter 7 days of incubation. The number, length, diameter 
and maturation index of myotubes were quantified by 
morphological analysis. Myotube maturation was quanti-
fied by measuring the ratio of the number of cells with 

more than 2 nuclei to the total number of cells (matura-
tion index). The remaining three groups (5-Aza, H2 and 
5-Aza＋H2) showed statistically significant differences in 
myotube number, length, diameter and maturation index 
compared to Control (p＜0.01). Notably, the 5-Aza＋H2 
group exhibited the best myotube number, length, diame-
ter and maturation index compared to the 5-Aza and H2 
groups (p＜0.05) (Fig. 3B a∼d). After the introduction of 
the p38 MAPK signaling pathway inhibitor (SB203580), 
the number, length, diameter and maturation index of my-
otubes were lower in the 5-Aza, H2 and 5-Aza＋H2 groups 
(Fig. 3B e∼h).
  Real-time PCR analysis of Myod, Mhc and Myogenin: 
We further investigated the effect of the H2 combined with 
5-Aza on myogenic genes expression of ADSCs in vitro. 
Myod, Myogenin and Mhc, the early and late markers of 
myogenesis, were used to determine the myogenic differ-
entiation at mRNA level (Fig. 3C). After being cultured 
for 7 days, the quantitative RT-PCR results showed re-
markably higher mRNA expressing states of MyoD, 
Myogenin and Mhc in the H2＋5-Aza＋SB203580 group 
than other four group (p＜0.01). However, compared with 
the SB203580 group, the expression of MyoD, Myogenin 
and Mhc genes was significantly higher in the H2 group 
(p＜0.01). No noticeable difference was identified in 
MyoD, Myogenin and Mhc RNA expressions among the 
H2＋SB203580 and 5-Aza＋SB203580 groups (p＞0.05). As 
impacted by SB203580, the expressions of MyoD, 
Myogenin and Mhc of the inhibitor groups was also a lit-
tle less than control group (p＜0.05). 
  Western blotting assay of Myod, Mhc and Myogenin: 
In addition, under the expressing states of Myogenin and 
Myod (early myogenic marker) and the differentiated my-
otube marker myosin heavy chain (Mhc), we conducted 
the western blotting assay for assessing myogenic differ-
entiation (Fig. 4A b∼d). As revealed from the results of 
the western blotting assay, remarkably higher stripe ex-
pressing states of Myod, Mhc and Myogenin were found 
in the H2 group, 5-Aza group and 5-Aza＋H2 group as 
compared with those in the control (p＜0.01). The protein 
expression status of Myod, Myogenin and Mhc was sig-
nificantly higher in the H2＋5-Aza group than in the H2 
and 5-Aza groups (p＜0.01).

Effect of hydrogen combined with 5-Aza on the 
phosphorylation of p38 in myogenic differentiation
  According to the mentioned results, H2 combined with 
5-Aza significantly improves the proliferation and myo-
genic differentiation of ADSCs, whereas the molecular 
system was unclear. Through the analysis of bioinfor-
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Fig. 3. (A) β-actin, Myosin and 
Desmin expression (Immunofluore-
scence staining). Molecular expression 
levels of (a) β-actin, (b) Myosin and 
(c) Desmin. (B) Observation and 
analysis of myotube. Immunofluore-
scence staining of Mhc protein (red) 
in ADSCs on day 7 in myogenic dif-
ferentiation medium; Quantitative 
analysis of Myotube number (a), 
Myotube length (b), Myotube diame-
ter (c), Myotube maturation index 
(myotubes with≥2nuclei) (d), Com-
parison of the number of myotubes 
between the groups (e), Comparison 
of myotube length between groups 
(f), Comparison of myotube diameter 
between groups (g), and comparison 
of myotube maturation index bet-
ween groups (h). (C) Myod, Mhc and 
Myogenin expression (RT-PCR). All 
experiments were performed in trip-
licate (*p＜0.05, **p＜0.01).
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Fig. 4. (A) Myod, Mhc, Myogenin and p-P38 and expression (Western blot). (B) Molecular mechanism analysis of myogenic differentiation. 
(B) Western blot analysis of p38 MAPK pathway related proteins in ADSCs on day 7 after incubation with inductor in inhibitor added 
myogenic differentiation medium; Quantitative gray level based on the Western blot bands for p-P38, Mhc and Myod proteins expression; 
All experiments were performed in triplicate (*p＜0.05, **p＜0.01).
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matics and literature reports, it is known that p38 MAPK 
was indicated to participate in a range of biological proc-
esses of myogenic differentiation. Accordingly, We as-
sessed whether phosphorylation levels of p38 MAPK are 
influenced by H2 combined with 5-Aza regulation during 
myogenic differentiation. ADSCs were incubated in 
DMEM for 7 days. According to Fig. 4A, the level of 
p-P38 in the 5-Aza and H2 cotreatment group was sig-
nificantly greater than that in the control (p＜0.01), which 
indicated an enhancement in the active form of p38 that 
promotes differentiation. This result suggests that 5-Aza 
and H2 cotreatment during myogenic differentiation could 
improve p38 activity. It is noteworthy that the levels of 
p-P38 in the 5-Aza and H2 single-treatment groups also 
significantly increased compared with those in the control, 
which indicated that either 5-Aza or H2 treatment during 
myogenic differentiation increases p38 activity.

Myogenic differentiation promoted by hydrogen in 
combination with 5-Aza is disrupted by 
pharmacological inhibition of p38
  H2 combined with 5-Aza improved p-P38 in ADSCs. 
The mentioned effect, however, was abolished by the pres-
ence of specific concentrations of SB203580 (5 nM), a 
pharmacological inhibitor of p38 that has been established 
and applied extensively. For a broader analysis of the var-
iations in protein, the Western blotting assay was con-
ducted on Myod and Mhc proteins after 7 days of in-
cubation in DMEM with or without SB203580. In addi-
tion, the protein expression of Myod was significantly in-
creased in the remaining three groups (5-Aza＋SB203580, 
H2＋SB203580 and 5-Aza＋H2＋SB203580) compared to 
the SB203580 group (p＜0.01). The protein expression of 
Mhc was significantly increased in 5-Aza＋SB203580 and 
5-Aza＋H2＋SB203580 groups compared to SB203580 
group (p＜0.01). The protein expression of Mhc was in-
creased in H2＋SB203580 groups compared to SB203580 
group (p＜0.05). Compared to the rest of the experimental 
groups (5-Aza＋SB203580 and H2＋SB203580), the 5-Aza
＋H2＋SB203580 group exhibited the highest protein ex-
pression of Myod and Mhc (p＜0.01). Subsequently, the 
protein expression of signaling pathway during the myo-
blast differentiation was detected. The level of p-P38 was 
significantly decreased after the introduction of the in-
hibitor compared to the control group (p＜0.01). 
Compared to the SB203580 group, p-P38 was significantly 
more highly expressed in the other three groups (p＜0.01) 
(i.e. H2＋SB203580, 5-Aza＋SB203580 and H2＋5-Aza＋
SB203580). In addition, the following three groups (H2, 
5-Aza and H2＋5-Aza) showed significantly higher ex-

pression of P-p38 compared to the three groups after the 
addition of inhibitors respectively (p＜0.01). For this rea-
son, SB203580 prevents muscle fusion, whereas three 
group except for SB203580 could still promote myogenic 
differentiation. In brief, the combination of H2 and 5-Aza 
can activate the p38 MAPK signalling pathway by increas-
ing the levels of p-P38 protein to promote myogenic differ-
entiation of ADSCs. 

Discussion

  The aim of this study was to investigate the role of H2 
combined with 5-Aza in promoting the proliferation and 
myogenic differentiation of ADSCs, and the signalling 
pathways that may be involved. H2 has been proven to be 
used in multiple biological systems, including those in the 
Cardiovascular, Digestive and Motor System (28). In the 
present study, the H2 and 5-Aza cotreatment can result 
from the following: 1) reinforcing the single-cell mi-
tochondrial number; 2) stimulating the myogenic bio-
marking genes’ expressing state pertaining to Mhc and 
Myod, etc.; 3) promoting p38 phosphorylating process in-
side MAP kinases (MAPK) signaling pathway, by leading 
the promoted myoblast differentiation.
  Over the past few years, uses of H2 have been largely 
anticipated as novel medical treatments (29). H2 has been 
employed in different forms to various disease models, 
and research on its curative effects has progressed rapidly 
(16, 30). In the present study, H2-induced ADSCs were 
confirmed to exhibit a high biocompatibility in vitro based 
on MTT and Live-Dead Cell Staining (Fig. 2). Notably, 
hydrogen both promotes the proliferation of ADSCs and 
reduces the cytotoxicity of 5-Aza, thereby improving cell 
viability. Accordingly, H2 can be significantly ensured to 
promote the myogenic differentiation of ADSCs. 
Mitochondria, one of the vital intracellular organelles, sig-
nificantly impacts various biological processes of eukary-
otic cells (e.g., energy generation, calcium balance, intra-
cellular substance metabolism, reactive oxygen pro-
duction, cell signal transduction and apoptosis (31-33). As 
indicated from the recent advances, adequate mitochon-
drial function in stem cells is essential to maintain pro-
liferation and differentiation abilities (34, 35). Accordingly, 
green mito-tracker staining was adopted to explain the ef-
fect of H2 on the mitochondria of ADSCs. The fluo-
rescence intensity of single cell mitochondria significantly 
increased after H2 induction. For this reason, the pro-
moted proliferation of ADSCs was probably because H2 
could increase the mitochondrial number.
  Myod and Mhc, the early and late markers of myo-
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genesis (36, 37), were used to determine the myogenic dif-
ferentiation at mRNA, protein and myotube formation. In 
the present study, levels of Myod and Mhc both increased 
significantly when H2 induction. Notably, H2 and 5-Aza 
can synergistically promote the myogenic differentiation 
of ADSCs. In ADSCs was evaluated using desmin 
immunofluorescence. Desmin, a muscle-specific member 
of the family of intermediate filaments, is one of the ear-
liest appearing myogenic markers in both skeletal and 
heart muscles (38). Our immunofluorescence results showed 
that Desmin was significantly overexpressed in H2-induced 
ADSCs. Interestingly, in myotubule observation, H2 and 
5-Aza still promoted myotubule maturation under the con-
tinuous action of SB203580 (Fig. 3B). Therefore, this re-
sult indicates that the first is that 5-Aza and H2 can com-
pete with the p38 MAPK signaling pathway to promote 
myobgenic differentiation. The second is that H2 promotes 
myogenic differentiation via the p38 MAPK signaling 
pathway, but not only via the p38 MAPK signaling path-
way (Fig. 3B). It has been reported that the myogenic dif-
ferentiation and myoblast’s myotube formation noticeably 
relied upon cell proliferation (Singh and Dilworth 2013) 
(39). The balance between myoblast proliferation and dif-
ferentiation is important during muscle development (40). 
In the present study, the results of the above cell pro-
liferation and myogenic differentiation show a certain 
correlation. The process of myogenic differentiation into 
myotube formation is often accompanied by changes in 
mitochondrial energy metabolism and ROS production. 
Previous studies have shown that Reactive oxygen species 
(ROS) is essential mediators of muscle differentiation 
(41), and it has long been associated with skeletal muscle 
physiology (42, 43). However, with the accumulation of 
ROS, due to its strong oxidation, it can cause irreversible 
damage to proteins, nucleic acids, sugars, lipids, etc., 
which significantly inhibits cell activity and leads to cell 
apoptosis (44, 45). In the process of myogenic differ-
entiation of stem cells, intracellular ROS level is sig-
nificantly increased, and the expression of apoptotic pro-
teins such as p53 and other genes is also significantly in-
creased, and cell activity is significantly inhibited (46, 47).
  Previous studies have shown that H2 can reduce ROS 
level in radiation-injured mice, reduce liver damage, and 
inhibit radiation-induced apoptosis, thus proving that H2 
can play a protective role on radiation-induced immune 
system injury by eliminating ROS (48). The observation 
that H2 treatment significantly improved the level of 
SH-SY5Y ATP and Δψm in neuroblastoma (49) is an in-
dication that H2 treatment can elevate energy metabolism 
in mitochondria by activating oxidative phosphorylation. 

In conclusion, H2 can promote mitochondrial oxidative 
phosphorylation and maintain ROS dynamic balance to 
effectively protect the cell damage in the differentiation 
stage, and further promote the myogenic differentiation of 
stem cells. However, how mitochondrial function changes 
in the process of H2-induced myogenic differentiation of 
stem cells remains to be studied.
  As revealed from the mentioned results, H2 could re-
markably enhance ADSCs proliferation and myogenic dif-
ferentiation, whereas the molecular system was unclear. 
Here, based on the p38 MAPK classes refer to signal trans-
ducing elements promoting myogenic differentiation in vi-
tro and influencing muscle growing and repairing in vivo, 
whereas only p38 MAPK has a direct effect on myogenic 
transcribing elements of the Myod class (50, 51). And 
through bioinformatics analysis infer H2 was speculated to 
be involved in the p38 MAPK signaling pathway, probably 
affecting myogenic differentiation. During the differ-
entiation, skeletal muscle cell can proliferate, migrate, 
subsequently seed from the cell cycle associated with an 
improvement in p38 MAPK signaling activity and then 
fuse to form multinucleated myotubes (52, 53). To verify 
whether H2 combined with 5-Aza-induced myogenic dif-
ferentiation requires the effect of p38 signaling activity, 
a p38 MAPK kinase inhibitor (SB203580) capable of 
blocking p38 phosphorylation was used in this study. The 
results of Western blotting assay showed that co-treatment 
of H2 and 5-Aza could enhance the phosphorylation proc-
ess of p38 and thus improve myogenic differentiation. 
When inhibitors (SB203580) were added, p-P38 ex-
pressions were significantly reduced. The results indicate 
that co-treatment of H2 and 5-Aza stimulates the p38 
MAPK signaling pathway to promote myogenic differen-
tiation.
  Notably, the 5-Aza＋H2 group still had a synergistic ef-
fect to promote myogenic differentiation of ADSCs. The 
synergistic effect may be explained by the fact: Firstly, H2 
can enhance cell viability by attenuating the cytotoxicity 
of 5-Aza. Myogenic differentiation and myotube formation 
in myogenic cells have been reported to be significantly 
dependent on cell proliferation. Thus, this resulted in a 
higher myogenic differentiation effect. Secondly, we dem-
onstrated by overexpression of p-P38 protein that the 
5-Aza＋H2 group could promote myogenic differentiation 
of ADSCs through the p38 MAPK signalling pathway.
  However, this study is limited as only in vitro experi-
ments were performed. Future studies should therefore 
perform in vivo experiments to confirm these results.
  In conclusions, in brief, this study suggested that H2 can 
promote myogenic differentiation via the p38 MAPK sig-
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naling pathways. H2 also has a synergistic effect with 
5-Aza to promote adipose stem cell proliferation and myo-
genic differentiation. Thus, the mentioned results are like-
ly to elucidate myogenic differentiation and provide a 
high safety and efficacy alternative strategy for muscle 
damage and degeneration.
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