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RO . ABSTRACT

Received: 16 Dec 2019 [YE Myostatin and Myocyte Enhancer Factor 2C (MEF2C) are involved in muscle changes associated

Accepted: 19 Jan 2020 © with bone problems. The aim of the present study was to determine the effect of three therapeutic
Available Online: 01 Jul 2020 methods of exercise, ozone, and stem cells on MEF-2C gene expression and myostatin levels of femoral
¢ muscle tissue in osteoarthritis rats.

This experimental study was done on 63 male rats (mean age of 8-12 weeks and
weight of 250-300 g). They were randomly divided into nine groups: the healthy control and osteoarthri-
tis group and seven intervention groups of osteoarthritis rats, including , saline, exercise, ozone therapy,
MSCs, MSCs+ozone therapy, exercise+ozone therapy, and exercise+MSCs. Osteoarthritis was induced in
rats by surgery. The training program consisted of 30 min of running on a non-slip treadmill at a speed
of 16 m/min. Rats in the MSCs group received 1x106 cells/kg. The ozone was injected into the articular
line of the knee tibiofemoral at a concentration of 20 ug/mL. Tissue levels of myostatin were measured
by enzyme-linked immunosorbent assay kits and MEF2C gene expression was measured by real-time
polymerase chain reaction method.

[FIEMEE Cell+exercise, exercise+ozone, and cell+ozone groups showed a significant increase in MEF2C
gene expression and a significant decrease in myostatin levels compared with the cell, exercise, and ozone
groups (P<0.05). In the exercise+cell group, these changes were greater.

The results showed that the combination of exercise and MSCs with an increase in MEF2C
gene expression and a decrease in myostatin levels, can possibly have beneficial effects on the stimula-
tory and inhibitory factors of interactions between muscle and bone in the osteoarthritis rats, and ulti-
mately reduce the risks of muscle weakness due to osteoarthritis complications.
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Extended Abstract

1. Introduction

steoarthritis is the most common joint dis-

ease that may occur due to several causes,

including age, sex, genetics, bone density,

endocrine disorders, major joint injuries,

excessive pressure on joints caused by ex-

treme jobs or workout routines, congenital
or developmental disorders, previous defects of the joints,
and inflammatory diseases of the joint [1].

The main limitation in the management of patients with
osteoarthritis, which slows down the patient’s recovery, is
the lack of an appropriate treatment method. Methods, such
as exercising and weight loss improve the symptoms, but to
date, no factors have been found to affect the disease pro-
gression [2, 3]. This is also true about non-steroidal anti-
inflammatory drugs, intra-articular hyaluronic injections,
dietary supplements, anterior cruciate ligament repair sur-
gery, and meniscus. Therefore, the lack of intervention to
target the course of the disease has led to a significant in-
crease in knee replacement surgery [2, 4].

The safe, effective, and cheaper treatment that can change
the course of the disease will have a major impact on the
quality of life and health care costs in the future. Due to the
poor repairing ability of chondrocytes, cartilage damages
caused by osteoarthritis and trauma have posed major chal-
lenges in clinical management. In the meantime, stem cell
therapy and cartilage tissue engineering open up new ways
for treating damaged cartilages [5]. Mesenchymal Stem
cells (MSCs) have been considered as a biological thera-
peutic agent for the treatment of inflammatory diseases and
tissue repair. The intra-articular injection of MSCs is effec-
tive in treating osteoarthritis [5, 6]. Stem cells are derived
from various tissues and have the potential to become dif-
ferent tissues [7]. In 2016, Lee et al. showed that MSCs
treatment method can repair damaged cartilages in mice
[5]. Also in 2012, Bowell et al. found that arthritic mice had
more ability to put weigh on the affected foot after mesen-
chymal therapy [8].

Another treatment recommended for osteoarthritis is
ozone therapy. This method is used for therapeutic purposes
in various body structures, especially in chronic diseases,
such as rheumatism and osteoarthritis [9, 10]. Several stud-
ies have been conducted on the use of intra-articular ozone
in the treatment of osteoarthritis [9, 11-13]. Because osteo-
arthritis is a progressive and chronic destructive disease
and causes many disabilities in a person, regular exercise
is an integral part of treating knee osteoarthritis [ 14]. Regu-
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lar exercise at an appropriate intensity is useful to prevent
muscle loss and resistance to daily activities. It also leads
to pain management and the prevention of a limited range
of motions in the joint [15]. However, water exercises are
preferred for osteoarthritis patients because of their unique
characteristics, such as floating [16].

Numerous studies have examined the effect of exercise on
knee osteoarthritis [17-19]. On the other hand, studies have
reported that in some patients, the knee pain is associated
with joint instability, muscular dystrophy, and the inability
of the patient [20]. Another study reported that the degree
of disability in a patient with osteoarthritis may be associ-
ated with weakness, erosion, or muscle damage in involved
parts [21]. Therefore, considering that one of the goals of
treatment of these patients is to reduce pain, maintain joint
mobility, and minimize disability, examining $trategies for
strengthening, growing, rebuilding, and the mechanisms in-
volved in repairing damaged or atrophied muscles in knee os-
teoarthritis can help for better understanding of the problem.
Cellular studies have reported that factors, such as myostatin
and myocyte enhancer factor 2C (MEF2C) play a role in
muscle changes associated with bone diseases [22].

Myostatin has been reported to negatively regulate mus-
cle mass, and MEF2C is an important factor that interacts
with myogenic regulatory factors. Mice without MEF2C
in osteocytes showed a decrease in sclerostin levels [22].
Therefore, given that MSCs and ozone therapy are relative-
ly new treatment methods that appear to be effective in the
interactions between muscle tissue and bone metabolism,
no research has yet been done on the effect of these meth-
ods on the regulatory and inhibitory factors affecting the
interactions between muscle tissue and bone metabolism in
osteoarthritis patients with regular aerobic exercise. Thus,
in this study, we investigated the effect of three treatment
methods of exercise, ozone, and stem cells on myostatin
levels and MEF2C gene expression in an arthritic mouse
model to find a useful and appropriate solution to improve
the physical performance of people with osteoarthritis.

2. Materials and Methods

The present experimental study was conducted on male Wis-
tar rats aged 8-12 weeks with an average weight of 250-300
g. The sample size was determined 63 rats using the software
GxPower V. 3.1.9.2, the effect size of 0.55, alpha of 0.05,
and power of 0.8. The rats were randomly divided into nine
groups of 7, including two healthy control and unhealthy os-
teoarthritis groups, and seven intervention groups of osteo-
arthritis rats, including saline (saline injection to control the
possible effects of injection in the research), exercise, ozone
therapy, MSCs, MSCst+ozone therapy, exercise+ozone
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therapy, and exercise+tMSCs. The subjects were kept in an
environment with an ambient temperature of 22.2°C and a
humidity of 55.5% and were freely fed and watered.

Research protocol
How osteoarthritis was induced

According to Malfait et al. surgery method (2015), osteoar-
thritis was induced in the rats [23]. The rats were anesthetized
with ketamine and xylene. After modifying the right knee, a
one-centimeter incision was made to make the knee joint ap-
pear and then, immediately opened with lateral displacement
of the patella and patellar ligaments. A longitudinal cut was
made by cutting the medial parapatellar. The lateral transfer
of patella and patellar ligaments was done by forceps and
then, an incomplete incision was made in the internal cruci-
ate ligament without damage to the articular cartilage and
other ligaments. Finally, the joint capsule with 6 absorbable
stitches and the skin with 6 silk stitches were closed.

Exercise program

One month after the surgery, a week was spent getting ac-
quainted with the research environment and the conveyor
belt. For this purpose, the rats were active on the treadmill
for 3 days a week, 10 min each session at a speed of 16 m/
min, Vo2max of about 60%-70%, and a slope of 0%. By
observing the overload principle, the main training pro-
gram in the first week was changed into 50 min training in
the eighth week. Also, 5 min of running at a speed of 8 m/
min was included before and after the training for warming
up and cooling down the animals. During the exercise, the
control group only stood on the treadmill and the device
was not turned on.

Stem cells preparation and injection

MSCs were extracted from the bone marrow of healthy
Wistar male rats after being anesthetized with ketamine and
xylazine. Isolated MSCs were incubated for 24 h in Dul-
becco’s Modified Eagle’s Medium (DMEM) environment
with 20% Fetal Bovine Serum (FBS) for the cell adhesion
process. Every 3 days, the cultivations were changed from
the flask environment to separate the non-stick cells and
MSCs reached 90% purity after 3-4 times passaging and
were selected for injection. Rats in the MSCs group re-
ceived 1x106 cells/kg by intra-articular injection of MSCs
injected into the right knee joint of them.
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Ozone therapy

Ozone was made from grade B medical oxygen by the
OZOMED 01 device. It was produced by a low-intensity
electric discharge, and its concentration was measured us-
ing ultraviolet light at 254 nm. Ozone was injected once
a week for 3 weeks, 21 days after osteoarthritis was first
induced in the rats, in the knee’s tibiofemoral joint line, at a
concentration of 20 pg/mL.

Sampling and measuring research variables

At the end of the research procedure, all animals with
completely similar conditions and following 12-14 h of
fasting and 48 h after the last training session and injec-
tions (to eliminate the acute effects of exercise and other
interventions) were anesthetized by intramuscular injection
of ketamine and xylazine and then, were killed. After open-
ing the abdominal cavity, the muscle tissue was carefully
separated and frozen after rinsing with distilled water. All
frozen muscle tissues were homogenized in protease buffer
in liquid nitrogen after being completely grinding followed
by centrifugation for 20 min at 12000 rpm and 4°C. The so-
lution was frozen at -80°C to be used for chemical analysis.

The measurement of the myostatin tissue levels of the
thigh muscle was done with an Enzyme-Linked Immuno-
sorbent Assay (ELISA) kit made by Lsbio Co. according to
the manufacturer’s instructions. Gene expression analysis
in the muscle tissue was measured by real-time Polymerase
Chain Reaction (PCR) method and after quantifying, gene
expression values were analyzed using 2-AACt formula.
Initially, the muscle samples were homogenized with a
homogenizer in the phosphate buffer (pH 7.0) at 4°C. All
RNAs were extracted from the muscle tissue of all rats ac-
cording to the manufacturer’s protocol (Qiagen, Germany).

The spectrophotometric method with light absorption
property at 260 nm was used to estimate the quantity and
quality of the extracted RNAs. After extracting RNA with
purity and high concentration from all animals, the steps of
cDNA synthesis were performed according to the manufac-
turer’s protocol (Fermentas, USA). Then, the synthesized
cDNA was used to perform the reverse transcription reac-
tion. First, all designed primers for the MEF2C gene were
examined, and the expression of genes was investigated
using real-time quantitative PCR. The expression of the de-
sired genes was performed by real-time PCR method and by
RT-gPCR kits (Ampligon, Denmark) in 40 cycles. Table 1
presents the sequence of primers used.

Data were expressed using MeantStandard Deviation,
and the Shapiro-Wilk test was used to determine whether
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Table 1. Specifications of the primers used to match the Myocyte Enhancer Factor 2C (MEF2C) gene

Forward Primer

Gene 5.3

Reverse Primer

5.3 Annealing Temperature

MEF2C ATCTCTCCCTGCCTTCTACTC

CTCCCATCGTAGGAACTGC 60°C

the data distribution was normal. Also, to investigate the
significant changes in variables between different groups,
One-way Analysis of Variance (ANOVA) was used and
when a significant statistical difference was observed,
Tukey’s range test was used. All statistical analyses were
performed using GraphPad prism V. 8 software at a signifi-
cance level of P<0.05.

3. Results

The results of one-way ANOVA showed that there was
a difference between different expression levels of the
MEF2C gene in femoral muscle between different groups
(P<0.0001; F=56.11) (Table 2).

The results of the Tukey post-hoc test also showed that
there was a significant difference between the mean ex-
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pression of the MEF2C gene in femoral muscle in rats
with  osteoarthritis compared with MSCs+exercise,
exerciset+ozone, and MSCs+ozone groups (P<0.05) (Figure
1). The results of the Tukey test also showed that there was
a significant difference between the mean muscle-building
effect of myostatin in rats with osteoarthritis compared with
other groups (P<0.05) (Figure 2). The MSCs + Exercise,
exercisetozone, and MSCs+ozone groups showed a signifi-
cant reduction in myostatin levels of femoral muscle com-
pared with the MSCs, exercise, and ozone groups (P <0.05).
Significantly, the reduction in myostatin levels of femoral
muscle was higher in treated rats with a combination of
MSCs+exercise than in other groups (P<0.05) (Figure 2).

Table 2. Results of One-way Analysis of Variance (ANOVA) for MEF2C gene expression and femoral muscle myostatin levels

Statistics Groups MeantSD F df P
Healthy control 0.08148+0.0104
Unhealthy osteoarthritis 0.002774+0.0009081
Saline 0.002368+0.0007969
Ozone therapy 0.006176+0.0005154
'\Qigfecsgi';e MSCs 0.0079760.001037 56.11 8.36 >0.0001
Exercise 0.00843+0.000927
MSCs+ozone therapy 0.02492+0.01217
Exercise+ozone therapy 0.03284+0.01424
Exercise+MSCs 0.05371+0.01179
Healthy control 35.90+3.773
Unhealthy osteoarthritis 60.48+4.773
Saline 60.42+3.230
Ozone therapy 52.12+4.539
“{'J;’fﬁ?gﬂs'fﬂzis MSCs 52.17+4.111 29.66 8.36 >0.0001
Exercise 50.13+4.759
MSCs+ozone Therapy 40.05+3.087
Exercise+ozone therapy 40.46+3.644
Exercise+MSCs 38.35+3.174

MSCs: Mesenchymal Stem Cells
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Figure 1. Comparison of the mean mRNA expression levels
of the Myocyte Enhancer Factor 2C (MEF2C) gene in muscle
identified by real-time polymerase chain reaction (PCR) in the
healthy control, unhealthy osteoarthritis, saline, ozone therapy,
Mesenchymal Stem Cells (MSCs), exercise, MSCs + Ozone,
ozone+exercise, MSCs + Exercise groups.

There was a significant difference in the mean mRNA levels
for the MEF-2C gene expression in the groups marked with
(****P<0.0001; ***P=0.0001; **P>0.0001; *P<0.05; ns: not
significant).

4. Discussion

In this study, we evaluated the effectiveness of three thera-
peutic methods, including exercise, ozone, and stem cells,
and their combination on myostatin levels and the expres-
sion of the MEF2C gene in the femoral muscle of arthritic
rats. Our results showed that the expression of the MEF2C
gene in the femoral muscle of the arthritic rat model de-
creased, whereas the levels of muscle myostatin increased.
MEF2C is an important factor that interacts with myogenic
regulatory factors, such as MyoD and Myf5. This interac-
tion synergistically activates muscle-specific genes and
biogenic differentiation. Decreased MEF2C in mice is
associated with decreased sclerostin levels in osteocytes.
Sclerostin is a blood factor produced by osteocytes and acts
as an inhibitor of the Wnt signaling pathway that increases
bone formation.

These findings suggest that the MEF2C-Sclerostin signal-
ing pathway regulates the interaction between muscle and
bone through Sclerostin [22]. In contrast, one of the mech-
anisms that can regulate muscle volume and strength is
myostatin messaging. Myostatin is a member of the Trans-
forming growth factor-beta (Tgf-p) family, specifically ex-
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Figure 2. Comparison of the mean myostatin levels in the
muscle identified by the Enzyme-Linked Immunosorbent
Assay (ELISA) method in the healthy control, unhealthy os-
teoarthritis, saline, ozone therapy, Mesenchymal Stem Cells
(MSCs), exercise, MSCs + Ozone, Ozone + Exercise, MSCs
+ Exercise groups. There was a significant difference in
mean expression levels of myostatin in groups marked with
(****P<0.0001; ***P=0.0001; **P>0.0001; *P<0.05; ns: not

significant).

pressed in skeletal muscle. Cellular effects of myostatin by
autocrine and paracrine methods are the main regulators of
skeletal muscle growth; therefore, its activation leads to the
inactivation of the hypertrophic pathway and increasing its
expression resulting in muscle atrophy.

Myostatin inhibits the proliferation and differentiation
of myeloblasts as well as the Akt/mTOR pathway, which
regulates muscle protein synthesis. Myostatin is a negative
regulator of muscle growth, which acts by reducing the reg-
ulation of Akt/mTOR messaging pathways and phosphory-
lation of P70S6K2, rpS63, Akt, and 4E-binding protein in
the interruption of muscle hypertrophy [24]. Myostatin also
regulates the fiber-type composition of skeletal muscle by
regulating the expression of the MEF2 gene [25].

On the other hand, no use of the arthritic joint leads to
muscle weakness, and since the muscles play a signifi-
cant role in protecting the cartilage, it is very important to
strengthen the muscles around the joint. It has shown that
when the muscles and limbs do not move much due to pain,
they become weak and the muscle volume decreases by
about 5% per day. Muscle strength is enhanced by the force
produced inside it and exercise is one of the easiest ways to
strengthen the muscle, by which the muscle can repeatedly
contract and expand [26, 27].

Haddadpour Z, et al. Three Therapeutic Methods of Exercise, Ozone, and Stem Cells on the MEF2C Expression and Myostatin Levels. The Horizon of Medical Sciences. 2020; 26(3):260-275.
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The results of the present study showed that moderate-
intensity exercise on the treadmill increased the expression
of the MEF2C gene and reduced myostatin muscle levels.
Carvalho et al. (2010) stated that inactivity or strenuous
exercise worsens the osteoarthritis. In contrast, regular
exercise programs at the right intensity help in preventing
decreased muscle strength and resistance to daily activities
[15]. Other meta-regulatory studies reported the reduced
mRNA and myostatin protein levels after 6-12 weeks of
exercise after a hypertrophic protocol.

Co-administration of myostatin showed an increase in se-
rum Follicle-Regulating Gene (FLRG) and a decrease in
activin IIb receptor. In addition, inhibition of endogenous
myostatin in mice significantly reduces muscle damage
and increases muscle strength and mass [28]. In a review
article, Marlene Franzen et al. (2017) examined the effect
of exercise on knee osteoarthritis using 44 experiments.
They showed that exercise significantly reduced pain and
improved physical performance immediately after the
treatment. By a review of 13 studies, they showed that ex-
ercise significantly improved quality of life immediately
after treatment; however, it was not significant. Moreover,
12 studies showed a significant reduction in knee pain 2-6
months after exercise [29].

An increase in MEF2 has also been shown after exercise
[30]. Elimination of MEF2C in mice can reduce the ratio
of type I fibers, and MEF2C can respond to several cal-
cium-regulated signals and regulate the fiber-type com-
position of skeletal muscle. MEF2C also uses FOXJ3 as
a downstream target gene, which can reduce type I fiber
ratios by activating transcription by FOXJ3 [31].

In contrast, in the Anderson study, it was shown that
MEF2C is required for the overall growth of the body in
skeletal muscle; however, in assessing the ability of con-
trol mice and mice without MEF2C to perform running
for one week on a training treadmill, no significant differ-
ence was observed [32]. As mentioned earlier, in addition
to exercise therapy, other methods, such as cell therapy
and ozone therapy are also used to treat patients with os-
teoarthritis.

In the present study, the effect of bone marrow-derived
stem cell injection, as well as ozone therapy on arthritic
rats, was investigated. The results of our study showed
that both cell therapy and ozone therapy increased the
expression of the MEF2C gene and reduced myostatin
levels in the femoral muscle. However, the combina-
tion of these interventions showed significant results, so
that MSCs+exercise, exercisetozone, and MSCs+ozone
caused a significant reduction in myostatin levels and a
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significant increase in femoral muscle MEF-2C gene
expression compared with other groups. These changes
were significantly higher in treated mice with a combina-
tion of MSCs+exercise than in other groups.

In line with our findings, Gibbs et al. (2015) examined
the combined effect of the exercise rehabilitation pro-
gram and intra-articular injection of stromal bone mar-
row transplantation and Platelet-Rich Plasma (PRP) in
patients with knee osteoarthritis. Their findings showed
an improvement in people with osteoarthritis following
this combined treatment [33].

In 2016, Lee et al. also showed that treatment with MSCs
led to the repair of damaged cartilage in mice [5]. Also in
2012, Bevel and et al. studied the distribution of pain in
arthritic mice after injecting MSCs into the affected knee
and observed that the mice were more able to weigh on
the affected leg after mesenchymal therapy [8]. The effect
of stem cells on the treatment of atrophy by inhibiting
myostatin has also been shown [34].

The use of stem cells, such as mesenchymal cells not
only affects the structure of the damaged joint but also
affects the anti-inflammatory and modulating aspects of
the immune system. Stem cells have two important char-
acteristics that distinguish them from other types of cells.
These cells are non-specialized cells, which means that
they do not act as heart muscle cells. They have the power
to revival and regenerate themselves through cell division
and can become specialized-directed cells under labora-
tory conditions. Young et al. showed that MSC uses the
anti-inflammatory mechanism in the clinical treatment of
knee injury that improves cell differentiation [35].

On the other hand, ozone therapy also produces ozone
in the tissues and regenerates damaged tissues and weak
tissues around the joints. Ozone therapy stops pain and
inflammation, improves blood flow, increases nutrients
for tissues, and delivers oxygen to damaged tissues. This
method also improves movement and reduces joint pain.

Kamelia et al. reported the following beneficial effects of
ozone: increased supply of oxygen to the tissues affected
by inflammation and pain, increased blood flow, remov-
ing metabolic wastes in the affected joints, eliminating the
blockage of substances that maintains inflammation and
pain, strengthening the immune system, stimulation of the
mechanisms that improve health in the body resulting in
better joint mobility, and better functioning of the body
system [36].
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In general, the possible mechanisms of action of ozone
therapy are its analgesic, anti-inflammatory, antioxidant
effects (by activating cellular metabolism, reducing pros-
taglandin synthesis) as well as improving the quality
of oxygen delivery to tissues (through anaerobic action,
vasodilation, and stimulation of angiogenesis) [9, 10]. It
has shown that ozone therapy can significantly reduce the
pain by moderating osteoarthritis and improving func-
tional status of the patients. The mechanism, by which
ozone can raise the pain threshold is likely the stimulation
of the analgesic system mediated by endogenous sero-
tonin and opioids [37].

Therefore, our findings showed that the combination
therapy with bone marrow-derived stem cell injections and
moderate-intensity exercise, ozone therapy, and exercise
improved MEF2C gene expression and muscle myostatin
levels and also the effective interaction between muscle and
bone in rats with osteoarthritis. The results showed that this
method is more appropriate than other treatments, such as
cell, ozone, and exercise therapies alone. It should be noted
that the combined treatment using bone marrow-derived
stem cell injections and moderate-intensity exercise has
been more effective than the combination of ozone therapy
and exercise. Although stem cells have restorative, anti-
inflammatory, and immune-modulating properties, their
combination with exercise therapy can be more effective in
reducing disorders caused by osteoarthritis.

5. Conclusion

Overall, our results showed that a combination of exercise
and MSCs by a significant increase in MEF2C gene expres-
sion and a significant decrease in myostatin levels in the
femoral muscle could have beneficial effects on the stimu-
lation and inhibition of the interactions between muscle and
bone in the arthritic rat model. Therefore, it reduces the risk
of muscle wasting and weakness due to osteoarthritis.
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