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Thioredoxin (Trx) is a hydrogen acceptor of ribonucleotide reductase and
a regulator of some enzymes and receptors. It has been previously shown
that significantly elevated levels of Trx expression are associated with the
osteogenic differentiation of bone marrow mesenchymal stem cells
(BMSCs), but it is not clear how Trx regulates the effects of hydrogen per-
oxide (H,O,) on myogenic differentiation of BMSCs. Here, we report that
rat BMSCs treated with a high dose (150 um) of H,O, exhibited a signifi-
cant reduction in viability, cell cycling, and superoxide dismutase and glu-
tathione peroxidase levels, and an increase in reactive oxygen species and
malondialdehyde levels, which was accompanied by reductions in protein
kinase B activation and forkhead Box OIl, myogenic differentiation 1 and
myogenin expression during myogenic differentiation. Furthermore, treat-
ment with recombinant human Trx significantly mitigated the effects of
H,0, on the myogenic differentiation of BMSCs, and this was abrogated
by cotreatment with wortmannin [a specific phosphatidylinositol 3-kinase
inhibitor]. In summary, our results suggest that treatment with recombi-
nant human Trx mitigates H,O,-induced oxidative stress and may promote
myogenic differentiation of rat BMSCs by enhancing phosphatidylinositol
3-kinase/protein kinase B/forkhead Box O1 signaling.

Bone marrow mesenchymal stem cells (BMSCs) have
multiple differentiation potentials, which are depen-
dent on the cell environment. Previous studies have
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shown that BMSCs can differentiate into muscle cells
in a given condition, which is positively regulated by
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AKT, protein kinase B; BMSC, bone marrow mesenchymal stem cell; DMEM, Dulbecco’s modified Eagle's medium; FoxO1, forkhead

Box O1; GSH-PX, glutathione peroxidase; H,O,, hydrogen peroxide; MDA, malondialdehyde; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2-
H-tetrazolium bromide; MyoD1, myogenic differentiation 1; OM, third passage of BMSCs was cultured in myogenic differentiation medium;
P3, third passage of BMSCs; PI3K, phosphatidylinositol 3-kinase; rhTrx, recombinant human thioredoxin; ROS, reactive oxygen species;
SEM, standard error of the mean; SOD, superoxide dismutase; TBST, Tris-buffered saline Tween 20; TRX, thioredoxin; Wor, wortmannin.
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1 (MyoD1) and myogenin [1,2]. During the process of
aging, aberrant oxidative stress can result in the perox-
idation of muscular tissues, leading to their atrophy
[3]. Furthermore, aberrant oxidative stress can induce
high levels of reactive oxygen species (ROS) produc-
tion and inhibit the proliferation and osteogenic differ-
entiation of BMSCs [4]. However, it remains unclear
how ROS affects the myogenic differentiation of
BMSCs.

Thioredoxin (Trx) is an evolutionarily and highly
conserved protein that is expressed widely in prokary-
otic and eukaryotic cells. Furthermore, Trx is a hydro-
gen acceptor of ribonucleotide reductase and a
regulator of some enzymes and receptors. Previous stud-
ies have shown that recombinant human Trx (rhTrx)
can protect cardiomyocytes from hypoxic injury
through its antioxidant and anti-inflammatory activity
[5]. Treatment with rhTrx inhibits foam cell formation
[6] and reverses aging-related hypertension [7]. A previ-
ous study indicated that significantly elevated levels of
Trx expression are associated with the osteogenic differ-
entiation of BMSCs, suggesting that Trx may positively
promote the osteogenic differentiation of BMSCs [8].
However, there is no information on whether Trx can
modulate the myogenic differentiation of BMSCs and
how Trx regulates the hydrogen peroxide (H,05)-modu-
lated myogenic differentiation of BMSCs and their
myogenic transcription factor expression.

This study used rat BMSCs as a model to test the
effect of rhTrx on H,O,-modulated myogenic differen-
tiation and explore the potential mechanisms. Further-
more, this study aimed to develop an effective method
for enhancing BMSC myogenic differentiation, which
may provide an experimental basis for the BMSC-
based treatment of sarcopenia.

Materials and methods

Materials and reagents

Male Sprague Dawley rats were obtained from the Animal
Experimental Center of The Second Affiliated Hospital of
Harbin Medical University. The other specific reagents
included Dulbecco’s modified Eagle’s medium (DMEM)/F12
medium (HyClone, Logan, UT, USA); FBS (Biological
Industries, Beit Haemek, Israel); horse serum, SDS/PAGE
gel preparation and ROS test kits (Beyotime Biotechnology,
Shanghai, China); basic fibroblast growth factor (bFGF;
PeproTech, Rocky Hill, NJ, USA); superoxide dismutase
(SOD) and malondialdehyde (MDA) test kits and glu-
tathione peroxidase (GSH-PX; Nanjing Institute of Bioengi-
neering, Nanjing, China); cell cycle detection and
supersensitive  ECL luminescent kits (HaiGene, Harbin,
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China); monoclonal antibodies against CD44, CD90, CD29,
CD105, CD31 or CD34 and goat anti-(rabbit IgG-Cy3)
serum (Absin, Shanghai, China); rhTrx (R&D Systems, Min-
neapolis, MN, USA); antibodies against MyoD1 and myo-
genin (Abcam, Cambridge, UK); antibodies against protein
kinase B (AKT), phospho-AKT, forkhead Box O1 (FoxOl1)
and wortmannin (Wor; Cell Signaling Technology, Danvers,
MA, USA); goat anti-(mouse IgG-fluorescein 5-isothio-
cyanate) serum and goat anti-[mouse (H + L)/horseradish
peroxidase] serum (Zhongsu Jingiao, Beijing, China); and
dexamethasone (Solarbio, Beijing, China).

The myogenic differentiation induction medium was
DMEM/Ham’s F12 containing 2% horse serum, 1% glu-
tamine, 1 ng-mL~' basic fibroblast growth factor and
0.4 pg-mL ™" dexamethasone without antibiotics [9].

Materials and methods
Cell culture

Male Sprague Dawley rats (3—4 weeks old) were sacrificed,
and the periosteum and muscle tissues were dissected. Their
bone medullary cavity was repeatedly washed with
DMEM/F12 medium containing 10% FBS, and the flow-
through cell suspension was centrifuged. The pelleted cells
were cultured in the differentiation medium at 37 °C with
5% CO, for 48 h and exposed to fresh medium. One day
later, when the cells reached 80% confluence, these cells
were passaged with fresh medium every 3 days up to the
third generation for the experiments. The cell culture med-
ium was changed at 48 h postpassage. The animal experi-
ments were approved by the Ethics Committee of The
Second Affiliated Hospital of Harbin Medical University.

Immunofluorescent analysis of BMSCs

BMSCs at the third passage were fixed with 4%
paraformaldehyde for 15 min and blocked with 5% BSA in
Tris-buffered saline Tween 20 (TBST). These cells were
probed with primary antibodies (1 : 100) against CD44,
CD90, CD29, CD105, CD31 and CD34 overnight at 4 °C,
and bound antibodies were detected with the Cy3-conju-
gated goat anti-(rabbit 1gG) serum (1 : 400) and fluorescein
S-isothiocyanate-conjugated goat anti-(mouse IgG) serum
(1 : 100), followed by nuclear staining with 4’,6-diamidino-
2-phenylindole. The negative control cells were treated with
PBS to replace the primary antibody, and the fluorescent
signals of cells were observed under a fluorescent micro-
scope (Nikon Eclipse Ti, Nikon, Japan).

Grouping and treatment

BMSCs were cultured in DMEM/F12 or treated with rhTrx
and/or 150 um H,0O, or together with 0.5 pm Wor in the
differentiation medium for 24 h (Table 1).
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After being washed with the culture medium, the cells
were continually cultured in the same medium for 48 h to
detect the oxidative stress, cell cycle and protein expression.
The remaining cells were continually cultured for 14 days
to detect the MyoD1, myogenin and caspase-3 expression.

Cell viability

To evaluate the potential cytotoxicity of H,O,, we cultured
BMSCs (1 x 10* cells per well) in 96-well plates and trea-
ted them in triplicate with different doses (50, 100, 150, 200
or 400 pm) of H,O, for 24 h. During the last 4 h of cul-
ture, the cells were exposed to 20 pL (5 gL™") 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT) solution, the resulting formazan in the individual
wells was dissolved in 100 L. DMSO, and the absorbance
was measured at 490 nm using a microplate reader. Further
experiments were performed by treating cells in triplicate
with 150 um H,O, and/or rhTrx and Wor for 24 h, and
changing to the differentiation medium for 48 h to deter-
mine the cell viability in each group by MTT assay.

Determination of oxidative stress

BMSCs (I x 10* cells per well) were cultured in 96-well
plates and treated in triplicate with the reagents described
earlier. The levels of intracellular ROS, MDA and GSH-PX,
and SOD activity in individual groups of cells were deter-
mined, according to the manufacturer’s instructions. The
experimental and control cells were simultaneously tested.
In brief, the levels of intracellular ROS were determined
using the DFCH-DA solution provided in the kit and mea-
sured using a fluorescence microplate reader at 488 nm. The
levels of intracellular GSH-PX were determined using a
microplate reader at 412 nm. The levels of intracellular

Table 1. The experimental groups and treatments.

Group Medium Treatment

P3 DMEM/F12 No

oM Myogenic No
differentiation
medium

OM + rhTrx Myogenic 2 ug-L=" rhTrx
differentiation
medium

OM + H,0, Myogenic 150 um H,0,
differentiation
medium

OM + rhTrx + H,0, Myogenic 2 ug-L™!
differentiation rhTrx + 150 pm
medium H,0,

OM + rhTrx + H,0, + Wor  Myogenic 2 ug-L™!
differentiation rhTrx + 150 pm
medium H,0, + 0.5 pm

Wor
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MDA in the individual groups of cell homogenates were
quantified using the provided specific reagents in a micro-
plate reader at 532 nm. The level of SOD activity of cells in
the individual wells of cells was examined by SOD inhibition
assay.

Analysis of cell cycling

Individual groups of cells were harvested, washed twice
with ice-cold PBS and fixed in 75% EtOH at 4 °C over-
night. The cells were stained with propidium iodide staining
buffer, which contained 1 mg-mL~' RNase A, for 30 min
in the dark. After being washed gently with ice-cold PBS,
the cells were analyzed by flow cytometry. The data were
analyzed using the wmoprFIT software (Verity Software
House, Topsham, ME, USA).

Immunofluorescent analysis of MyoD1 and myogenin
expression

After the 14-day differentiation, the individual groups of
cells were fixed with 4% paraformaldehyde and permeabi-
lized with 1% Triton X-100, followed by blocking with 2%
BSA in TBST. The cells were probed with primary antibod-
ies (1 :100) against MyoD1 or myogenin at 4 °C over-
night. After being washed with TBST, the bound
antibodies were detected using the fluorescent secondary
antibody (1 : 200) for 1 h in the dark and nuclear stained
with 4',6-diamidino-2-phenylindole. The fluorescent signals
were photographed using a fluorescence microscope and
analyzed by the 1MAGES software (Rawak Software, Inc.
Stuttgart, Germany).

Western blot

These individual groups of cells were harvested, lysed in
immunoprecipitation assay buffer and centrifuged. The
protein concentrations in these individual samples were
determined by bicinchoninic acid assay. The cell lysates
(20 pg per lane) were separated by SDS/PAGE on 10%
gels and transferred onto nitrocellulose membranes. The
membranes were blocked with 5% skimmed dry milk in
TBST, probed with the indicated primary antibody
(1 : 1000) at 4 °C overnight and detected with the horse-
radish peroxidase-conjugated secondary antibody. After
being washed with TBST, the immunocomplex was visual-
ized using the enhanced chemiluminescent reagents and
analyzed by IMAGEJ software.

Statistical analysis

The data are expressed as mean =+ standard error of the
mean (SEM) because all data were normally distributed.
The difference among groups was evaluated by one-way
ANOVA and post hoc Bonferroni test, and the differ-
ence between groups was analyzed by Dunnett’s T3 and

FEBS Open Bio 10 (2020) 835-846 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 837



Thioredoxin and BMSC myogenic differentiation

least significant difference test using the spss 24.0
software (International Business Machines Corporation
(IBM), Armonk, NY, USA). A two-tailed P-value <0.05
was considered statistically significant.

Results

Isolation and characterization of rat BIMISCs

Primary rat BMSCs were isolated and cultured for 72 h.
The adherent cells presented a fibroblast-like morphol-
ogy (Fig. 1A). After the induction of myogenic differen-
tiation for three passages, these cells had a uniform
morphology, with a spiral and fencelike arrangement
(Fig. 1B). Immunofluorescent staining indicated that
these cells were negative for CD31 and CD34 expression
(Fig. 1C,D), but positive for CD44, CD90, CD29 and
CDI105 expression (Fig. |[E-H). Hence these isolated
cells had the phenotype characteristics of BMSCs.

Treatment with rhTrx mitigates the cytotoxicity
of H,0, in primarily cultured rat BMSCs

To determine the role of H,O, in regulating the myo-
genic differentiation of rat BMSCs, we first determined

PO (40%) P3 (40%)

E
100 ym

CD44 positive (100x)

CD90 positive (100x)

A B C D
% 7 - Gl 100pm 100um 100 ym 100 um

Wadmy 100 pm

G H
100 pm 100 pm
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the cytotoxicity of H,O, against rat BMSCs in vitro.
The primarily cultured BMSCs were treated with
different doses (50-400 um) of H,O, for 24-72 h, and
the cell viability was determined by MTT assay
(Fig. 2A). Treatment with 50 um H,0O, did not signifi-
cantly affect the cell viability in the present experimen-
tal condition. However, treatment with a higher dose
of H,0O, significantly reduced the cell viability
(P <0.05, P<0.001), and the cytotoxic effects of
H,0, on the viability of rat BMSCs were dose and
time dependent. Given that 150 pm H,O, for 24 h sig-
nificantly decreased the viability of BMSCs, this dose
was chosen for the subsequent experiments. Treatment
with 2 pg-L~' rhTrx alone did not affect the viability
of BMSCs, but significantly mitigated the H,O»-de-
creased viability of BMSCs, indicating that rhTrx pro-
tected BMSCs from H,O,-mediated cytotoxicity
(P < 0.05; Fig. 2B). The protective effect of rhTrx was
abrogated by treatment of Wor (P < 0.05).

Cell cycling analysis revealed that culture of BMSCs
in the differentiation medium decreased the percentage
of cells in the G2+S and G2 phases, whereas the treat-
ment with 150 um H>O, significantly increased the fre-
quency of cells in the G2/S phase, but decreased them
in the G2 phase (P < 0.001; Fig. 2C,D). Treatment

CD31 negative (100%) CD34 negative (100%)

CD29 positive (100x) CD105 positive (100x)

Fig. 1. Characterization of BMSCs. Rat BMSCs were isolated and cultured for 3 days (P0), or induced for myogenic differentiation for up to
three passages (P3) and photographed. The expression of CD44, CD90, CD29, CD105, CD31 and CD34 in the differentiated cells was
characterized by indirect immunofluorescence assay using primary monoclonal antibodies against the indicated antigens and fluorescent
secondary antibodies. Negative control cells were treated with PBS to replace the primary antibody. The data are representative images
with the indicated magnifications obtained from three separate experiments. (A) PO BMSCs cultured for 72 h. (B) P3 BMSCs. (C) Negative
CD31 expression in BMSCs. (D) Negative CD34 expression in BMSCs. (E) Positive for CD44 expression in P3 BMSCs. (F) Positive for CD90
expression in P3 BMSCs. (G) Positive for CD29 expression in P3 BMSCs. (H) Positive for CD105 expression in P3 BMSCs. Scale bars:

100 pm.
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with rhTrx alone did not change the percentages of
BMSCs in the G2/S phase, whereas the same treat-
ment significantly increased the frequency of cells in
the G2 phase (P < 0.01). Furthermore, treatment with
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rhTrx significantly mitigated the H,0O,-mediated
changes in the frequency of cells in the G2/S and G2
phases, which were abrogated by treatment with Wor
(P <0.001). Collectively, these data indicated that
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Tk = OM+rhTrx
« [ OM+H,0,
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[ OM+rhTrx+H,0,+Wor
50+
0-
S
0* {(\«(" \ea/(){L &Oq' ’§°
S
& & &‘&
X
& &
N
G2+S
40- kK *kk x
T [ Control
304 * = oM
r—‘ O OM+rhTrx
20 0 OM+H,0,
B3 OM+hTrx+H,0,
10+ B OM+rhTrx+H,0,+Wor
0- T T
(\\‘O\ oé éd. Qa’or)/ &o” Q\O‘
s & & X of»"
& o géd' R
¢ &
& &
N
G2
20- Kk
il [ Control
154 = OM
O OM+rhTrx
10+ 0 OM+H,0;,
B OM+hTrx+H,0,
51 Em OM+rhTrx+H,0,+Wor
o .
I S - A
N S G G
® X @‘x & o
& o ({3 &
X &
&
N &
™

Fig. 2. The treatment with rhTrx mitigates the cytotoxicity of H,O, in primarily cultured rat BMSCs. Rat BMSCs were treated in triplicate
with the vehicle control, or with 50-400 pum H,0, for 24-72 h, and the viability was determined by MTT assay. Subsequently, these BMSCs
were treated with the indicated reagents, and the viability of these different groups of cells was determined by MTT assay. Then the cell
cycling in these different groups of cells was analyzed by flow cytometry. The data are representative of the flow cytometry histograms or
are expressed as the mean + SEM of each group of cells obtained from three separate experiments. (A) The dose-dependent effect of
H,0, on the viability of BMSCs. (B) The treatment of rhTx mitigates the H,O,-mediated cytotoxicity against BMSCs. (C, D) The flow

cytometry analysis of cell cycling. *P < 0.05; ***P < 0.001.
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rhTrx protected rat BMSCs against H,O,-mediated
cytotoxicity by enhancing the phosphatidylinositol
3-kinase (PI3K)/AKT signaling to modulate the cell
cycling.

Treatment with rhTrx inhibits H,0,-induced
oxidative stress in rat BMSCs

H,0, can induce oxidative stress. To understand the
role of rhTrx in mitigating the cytotoxicity of H,O,,
we examined the effect of rhTrx on H,Os-induced
oxidative stress in BMSCs. Compared with the OM
group [third passage of BMSCs (P3) was cultured in
myogenic differentiation medium], treatment with
rhTrx alone significantly increased the levels of SOD
activity and GSH-PX in BMSCs (P < 0.01, Fig. 3C;
P < 0.05, Fig. 3D). Furthermore, treatment with H,O,
significantly increased the levels of ROS and MDA,
but decreased the SOD and GSH-PX in BMSCs

(P <0.001). In addition, treatment with rhTrx
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significantly mitigated the levels of H,O,-increased
ROS and MDA, and H,O,-decreased SOD and GSH-
PX in BMSCs (P < 0.05, P <0.001; Fig. 3A-D). The
modulatory effects of rhTrx on H,O,-induced oxida-
tive stress were completely abrogated by the cotreat-
ment with Wor in BMSCs. Hence treatment with
rhTrx inhibited the H,O,-induced oxidative stress in
BMSCs.

Treatment with rhTrx enhances AKT activation to
up-regulate FoxO1 expression during the
myogenic differentiation of rat BMSCs

Given that treatment with the PI3K inhibitor of Wor
abrogates the effect of rhTrx on the H,O,-reduced via-
bility of BMSCs, the effect of rhTrx on the AKT acti-
vation and downstream FoxOl1 expression in BMSCs
during the myogenic differentiation was determined by
western blot. Wor treatment, but not another treat-

ment, significantly decreased the Ilevels of AKT
C MDA
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Fig. 3. The treatment with rhTrx inhibits the H,Os-induced oxidative stress in BMSCs. After treatment with the indicated reagents, the
levels of intracellular ROS, MDA and GSH-PX, and SOD activity in the different groups of cells were measured. The data were expressed as
mean + SEM of each group of cells obtained from three separate experiments. (A) The levels of ROS. (B) The levels of MDA. (C) The
levels of SOD activity. (D) The levels of GSH-PX. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. The treatment with rhTrx enhances the AKT activation to up-regulate FoxO1 expression during the myogenic differentiation of rat
BMSCs. The relative levels of AKT expression and phosphorylation, as well as the FoxO1 expression, in the different groups of cells were
determined by western blot. The data are the representative images or are expressed as mean + SEM of each group of cells obtained from

three separate experiments. *P < 0.05; **P < 0.01; ***P < 0.001.

expression, relative to that in the control BMSCs
(Fig. 4). In comparison with that in the control with-
out the induction of myogenic differentiation (P3),
the induction of myogenic differentiation significantly
increased the relative levels of AKT phosphorylation
and FoxOl expression (P < 0.05), and treatment with
rhTrx further increased the relative levels of AKT
phosphorylation and FoxOl expression in BMSCs
(P < 0.05). Furthermore, treatment with H,O, signifi-
cantly decreased AKT phosphorylation and FoxOl

FEBS Open Bio 10 (2020) 835-846 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

expression, whereas treatment with rhTrx partially
rescued the H,O,-decreased AKT phosphorylation
and FoxOl1 expression in BMSCs. Finally, treatment
with Wor completely blocked the AKT phosphoryla-
tion and further enhanced the H,O,-decreased
FoxO1 expression in BMSCs, even with the presence
of rhTx. Thus, rhTrx partially rescued the H,O,-in-
hibited AKT activation and downstream FoxOl
expression in BMSCs during the myogenic differenti-
ation.
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Fig. 5. The treatment with rhTrx partially rescues the H,O,-inhibited myogenic differentiation in rat BMSCs. The relative levels of MyoD1
and myogenin expression in the different groups of cells were determined by immunofluorescence and western blot. The data are the
representative images or are expressed as mean + SEM of each group of cells obtained from three separate experiments. (A)
Immunofluorescence analysis (original magnification: x200, scale bars: 50 um). (B) Western blot analysis. ***P < 0.001.
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induced AKT activation and FoxO1, MyoD1 and myogenin expression, whereas treatment with rhTrx significantly mitigated or abrogated the
H,0,-induced oxidative stress and enhanced the PI3K/AKT/FoxO1 signaling to promote MyoD1 and myogenin expression, leading to

myogenic differentiation of rat BMSCs.

Treatment with rhTrx mitigates the H,0,-
inhibited myogenic differentiation of rat BIVISCs

MyoDI1 and myogenin are important transcription fac-
tors for the myogenic differentiation of BMSCs.
Accordingly, the effect of H,O, and/or rhTrx on the
levels of MyoD1 and myogenin expression in BMSCs
after myogenic differentiation for 14 days was exam-
ined. Immunofluorescent analysis indicated that
MyoD1 and myogenin were positively expressed in
BMSCs (Fig. 5A). Compared with the control OM
group, treatment with rhTrx significantly increased the
relative levels of MyoD1 and myogenin expression
(P < 0.05), whereas treatment with H,O, significantly
decreased the levels of MyoDI1 and myogenin expres-
sion in BMSCs (P < 0.01; Fig. 5B). In addition, treat-
ment with rhTrx partially rescued the H,O,-decreased
MyoD1 and myogenin expression in BMSCs, which

FEBS Open Bio 10 (2020) 835-846 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

were abrogated by Wor treatment (P < 0.01 for both).
Therefore, treatment with rhTrx significantly mitigated
the H,O,-inhibited myogenic differentiation in rat
BMSC:s in vitro.

Discussion

BMSCs are characterized by the expression of CD44,
CD90, CD29 and CDI105, but not the expression of
CD31, CD34 and CD45 [10,11]. In this study, rat
BMSCs were isolated, and BMSCs displayed with a
typical morphology and were positive for CD44,
CD90, CD29 and CDI105 expression, but negative for
CD31 and CD34 expression. Because BMSCs can dif-
ferentiate into multiple types of cells, depending on the
differentiation conditions, and have potent immunoin-
hibitory activity, BMSCs have been tested for
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treatment of several diseases, including type 1 diabetes,
inflammatory bowel disease, rheumatoid arthritis and
other diseases [12—14]. Furthermore, BMSCs have also
been tested for intervention of musculoskeletal dis-
eases, which are the main causes of morbidity [15,16].

Given that oxidative stress can affect the myogenic
differentiation of BMSCs and Trx is a potent antioxi-
dant, we investigated the role of rhTrx in regulating
the H,O,-modulated myogenic differentiation of rat
BMSC:s in vitro. In this study, we found that treatment
with a higher dose (150 um) of H,O, significantly
reduced the viability of BMSCs in a dose- and time-
dependent manner, and this was accompanied by
inhibiting cell cycling. Furthermore, treatment with
H,0, also significantly increased the levels of ROS
and MDA, but decreased the SOD activity and GSH-
PX levels in BMSCs. These results support the notion
that H,O, induces oxidative stress in rat BMSCs.
Moreover, treatment with H>O, also attenuated the
differentiation medium-induced AKT activation and
downstream FoxOl1, as well as MyoD1 and myogenin
expression in BMSCs. Because both MyoD1 and myo-
genin are important transcription factors for the myo-
genic differentiation of BMSCs [17,18], the significant
decrease in the levels of MyoD1 and myogenin expres-
sion induced by H,O, indicates that oxidative stress
not only affects the survival of BMSCs, but also atten-
uates the myogenic differentiation of rat BMSCs. It is
possible that aberrant oxidative stress may damage the
mitochondria and promote the mitochondrion-depen-
dent apoptosis of BMSCs [19]. These, together with
the inhibition of AKT activation, which is an impor-
tant signaling for cell survival and proliferation,
reduced the cell viability. In addition, the decrease in
FoxOl1, MyoD1 and myogenin expression induced by
H,0, supports the notion that oxidative stress inhibits
the myogenic differentiation of BMSCs and con-
tributes to the pathogenesis of musculoskeletal dys-
function. Hence these findings may provide new
insights into the pathogenesis of musculoskeletal dys-
function-related diseases.

We found that although treatment with rhTrx alone
did not alter the viability of BMSCs, this treatment
enhanced the differentiation condition-mediated AKT
activation and FoxOl1, MyoDI and myogenin expres-
sion in BMSCs during the myogenic differentiation
in vitro. Thus, the PI3K/AKT/FoxOl signaling and
the expression of MyoD1 and myogenin are important
for the myogenic differentiation of BMSCs. It is well
known that MyoD1 and myogenin are critical for the
differentiation of BMSCs into myocytes and can be
incorporated into regenerative muscle fibers [20-22]. In
addition, the PI3K/AKT/FoxOl signaling can

M. Liu et al.

promote the osteogenic differentiation and other
lineages of BMSCs [2,23-26]. To the best of our
knowledge, this is the first report that rhTrx enhances
the PI3K/AKT/FoxOl1 signaling and myogenic differ-
entiation of rat BMSCs.

More importantly, treatment with rhTrx signifi-
cantly mitigated or abrogated the H,O,-reduced cell
viability, the H,O,-induced cell cycle arrest, the oxida-
tive stress and H,O,-decreased AKT activation, and
FoxO1, MyoDI1 and myogenin expression in BMSCs.
Furthermore, treatment with Wor inhibited the PI3K/
AKT signaling and completely abrogated the therapeu-
tic effects of rhTrx in H,O,-exposed BMSCs. This fur-
ther supports that rhTrx enhances AKT activation
during the myogenic differentiation of BMSCs. There-
fore, rhTrx may be valuable for intervention of oxida-
tive stress-related musculoskeletal diseases.

Conclusions

These data indicate that H,O, induces oxidative stress
and reduces the viability of BMSCs by inducing cell
cycle arrest and inhibiting the differentiation-induced
AKT activation and FoxOl, MyoD1 and myogenin
expression. Treatment with rhTrx significantly miti-
gated or abrogated the H,O,-induced oxidative stress
to reduce ROS production, preserve antioxidant and
promote cell cycling, and enhanced the PI3K/AKT/
FoxOl1 signaling to promote MyoD1 and myogenin
expression, leading to myogenic differentiation of rat
BMSCs (Fig. 6). Therefore, these findings may provide
new insights into the pathogenesis of oxidative stress-
related musculoskeletal diseases and aid in the design
of new therapies for the intervention of musculoskele-
tal diseases.
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