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A B S T R A C T

The role of myostatin (MSTN) in the regulation of energy homeostasis has been known and that MSTN inhibition
can attenuate the development of diabetes. However, the response of MSTN to exercise in type 1 diabetes
(T1DM) is unknown. This study aimed to investigate the alteration of MSTN following aerobic exercise training
in diabetic rats and its possible interaction with glycosylated hemoglobin (HbA1c) and inflammatory cytokines.
Forty-eight male Wistar rats were divided into non-diabetic untrained, non-diabetic trained, diabetic untrained
and diabetic trained groups. To induce T1DM, rats received an intraperitoneal injection of STZ (60mg·kg−1).
Treadmill exercise was performed for six weeks, five days/week. HbA1c was estimated, MSTN mRNA expression
in skeletal muscle was measured, and plasma MSTN and inflammatory cytokines including interleukin-6 (IL-6),
tumor necrosis factor alpha (TNF-α) and interleukin-1 beta (IL-1β) were determined. Results revealed a sig-
nificant decrease of HbA1c and plasma inflammatory cytokines (IL-6, TNF-α and IL-1β) followed by a significant
decrease of plasma and skeletal muscle MSTN in diabetic trained rats versus non-diabetic untrained and diabetic
untrained rats after the experimental period. Moreover, in diabetic untrained and diabetic trained rats, a sig-
nificantly positive correlation (change versus change) of plasma MSTN with HbA1c and plasma IL-6, TNF-α and
IL-1β was found. In conclusion, this study indicated that aerobic exercise training by a decrease of HbA1c and
plasma IL-6, TNF-α and IL-1β could decrease MSTN levels in plasma and skeletal muscle in T1DM. Furthermore,
the effective influence of exercise may be reflected by changes of MSTN in diabetic rats.

1. Introduction

Type 1 diabetes (T1DM) is caused by a lack of insulin secretion in
the body due to pancreatic β cell damage [1,2]. Exercise training as a
therapeutic strategy reduces the progression of T1DM [1], so that al-
tered secretion of myokines including interleukin-6 (IL-6) and tumor
necrosis factor alpha (TNF-α) may be responsible for the beneficial
effects of exercise training [3]. Myokines are muscle-produced secre-
tory proteins acting as hormones either locally in the muscle or an
endocrine fashion on other organs such as brain, pancreas, liver or
adipose tissue [4]. Myokine named MSTN, or growth/differentiation
factor-8 (GDF-8), is a negative regulator of skeletal muscle mass in
various animal species and humans [5]. Because MSTN greatly influ-
ences skeletal muscle growth and therefore the total volume of meta-
bolically active lean body mass, it can have profound effects on whole
body metabolism [6]. Previous studies have shown the increase of
MSTN levels in patients with type 2 diabetes [7,8] and in streptozotocin
(STZ)-induced T1DM mice [9]. Also, MSTN inhibition in STZ-induced
diabetic mice [2] resulted in an improvement in insulin sensitivity.
These data suggest the role of MSTN in the regulation of energy

homeostasis and that MSTN inhibition can significantly attenuate the
development of diabetes.

Evidence indicates the beneficial effects of regular exercise training
on MSTN levels in insulin-resistant [10,11] and dysglycaemia [3] in
human and animal studies. Hittle et al. 2010 found decreased muscle
and plasma MSTN protein levels with aerobic exercise and its re-
lationship with insulin resistance in men [10]. In another study, Bueno
et al. 2011 demonstrated the changes in MSTN mRNA expression in
obese insulin-resistant rats subjected to exercise [11]. Furthermore,
Hjorth et al. 2016 showed reduced MSTN mRNA expression in the
skeletal muscle after acute and long-term physical activity, MSTN cor-
relation with physical activity and dysglycaemia and its effect on en-
ergy metabolism in human skeletal muscle cells [4]. However, the re-
sponse of MSTN to exercise in T1DM is not clearly understood. In two
recent studies, decreased MSTN mRNA expression [12] and MSTN
protein [13] in STZ-induced diabetic rats was found following aerobic
exercise training. Notably, the genesis and progression of diabetes occur
due to the activation of inflammatory factors, such as inflammatory
cytokines [14]. Elevations in markers of inflammatory have been
identified in T1DM [1]. Inflammatory cytokine IL-6 is elevated in T1DM
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patients, so that increased this cytokine has an important role in the
progression and development of cardiovascular complications [15].
Moreover, TNF-α is a cytokine involved in systemic inflammation and
results in acute phase reaction [16]. TNF-α level plays the main role in
T1DM [17]. TNF-α is a key pro-inflammatory cytokine with widespread
metabolic effects and directly regulate the production of several car-
diovascular risk factors [18]. The growing body of evidence shows that
interleukine-1 beta (IL-1β) as a pro-inflammatory cytokine plays a key
role in the development of diabetes and its cardiovascular complica-
tions and IL-1β blockade can be a potential pharmacological approach
to treat diabetes [19]. In addition, inflammation negatively affects
skeletal muscle health, as observed by the positive correlation of in-
flammatory factors with muscle wasting [1]. Exercise therapy, rather
than drug treatment, has been recommended to combat hyperglycemia
[20]. Exercise also elicits anti-inflammatory effects and by decreased
inflammation associated with T1DM development [1], so that the re-
ductions in inflammatory cytokines such as IL-6, TNF-α and IL-1β in
diabetic rats have been demonstrated following exercise training in-
tervention [14,20,21]. Given the limited studies about MSTN response
to exercise in T1DM, the correlation of exercise-induced MSTN with
inflammatory cytokines and the importance of IL-6, TNF-α and IL-1β in
T1DM, this is the first study to investigate the alteration of MSTN fol-
lowing aerobic exercise training in STZ-induced diabetic rats and its
possible interaction with glycosylated hemoglobin (HbA1c) and in-
flammatory cytokines including IL-6, TNF-α and IL-1β.

2. Materials and methods

Mature male Wistar rats (ten-week-old, 250–280 g) were obtained
Pasteur Institute, Tehran, Iran and were kept in a room with a 12-hour
light-dark cycle under standardized conditions of temperature
(24 ± 2 °C) and humidity (26 ± 2%). Animals had free access to
water and pellet rodent diet. The experiment was approved by the
Ethical Committee of Shahid Beheshti University of Iran and followed
according to the guidelines for the care and use of laboratory animals.
Forty-eight animals were divided randomly into four groups (n=12
per group): non-diabetic untrained, non-diabetic trained, diabetic un-
trained and diabetic trained.

Experimental diabetes was induced by intraperitoneal (i.p.) injec-
tion of 60mg·kg−1 STZ (Sigma, Saint-Louis, MO, USA) dissolved in
0.1 mol/l sodium citrate buffer (pH 4.5) to destroy pancreatic beta cells
as a T1DM model [22]. Aspiration was performed before i.p. injection
to ensure that the needle tip is at the desired location during this blind
procedure. Notably, no material (urine, blood, or digesta) was aspirated
the needle. Forty- eight hours after STZ injection [23], the diabetic state
was confirmed by elevation of blood glucose to> 250mg·dl−1 as de-
termined by the glucose oxidase method [23]. Blood samples were
collected from a cut at the tip of the animal’s tail. Moreover, blood
glucose levels were measured weekly to ensure that the animals stayed
in a hyperglycemic state through all experiments. The rats weighed
weekly, and food and water intake were evaluated daily. Diabetic rats
showed other symptoms of T1DM such as increased food intake
(polyphagia), water intake (polydipsia) and urination (polyuria), and
weight loss.

Treadmill exercise was performed for six weeks, five days/week
[14]. The animals tolerated the training well and were able to increase
running distance and intensity according to the training protocol

throughout the study. Initially, non-diabetic trained and diabetic
trained rats were familiarized with a treadmill running at low speeds
(10m/min) for 10min/day for five consecutive days. Training was
started at 12m/min for 15min on a 5% grade. After that, the speed and
duration were increased progressively over the six weeks, until the
animals were running 20m/min for 40min for last week (Table 1).
Non-diabetic untrained and diabetic untrained animals remained se-
dentary (no exercise on the treadmill) in their cages for the duration of
the 6-week training program [14]. Forty-eight hours after the last ex-
ercise training session (to minimize the acute effects of the exercise),
the rats were anesthetized with pentobarbital sodium (100mg/kg body
weight, i.p.) and plasma samples (at least 5ml) were taken by an in-
tracardiac puncture from fasting rats. Then blood samples were cen-
trifuged at 3000 rpm for 10min at 4 °C, and plasma was stored at
−80 °C.

Plasma glucose was determined using a rat glucose kit (Pars
Azmoon, Tehran, Iran), with intra-assay coefficient variation (InteraCV)
of 6.9%, respectively. Plasma insulin levels were analyzed by a rat in-
sulin ELISA kit (Mercodia, Uppsala, Sweden), with InteraCV of 6.4%,
respectively. HbA1c was estimated by the method of Nayak and
Pattabiraman (1981) [24]. Plasma levels of IL-6, TNF-α and IL-1β were
determined by enzyme-linked immunosorbent assay (ELISA), by a
DuoSet kit (Quantikine, R&D Systems, Minneapolis, MN, USA) ac-
cording to the manufacturer’s instructions. InteraCV of IL-6, TNF-α and
IL-1β was 5.7%, 6.1%, 5.9%, respectively.

Plasma MSTN was assessed using a rat MSTN ELISA kit (Biospes,
Chongqing, China), with InteraCV of 6,3%, respectively.

MSTN is expressed almost exclusively in skeletal muscle [5].
Moreover, the soleus muscle (type 1; slow-twitch) is mitochondria-rich
and mostly utilizes oxidative metabolism for energy generation during
aerobic exercises such as swimming and treadmill [25]. For these rea-
sons, in the present study, the soleus muscle was chosen for RNA ex-
traction. Rats were anesthetized with pentobarbital sodium (80mg/kg
body weight, i.p.) and the soleus muscle tissues were collected for RNA
extraction using TRIzol. Reverse transcription (RT) was performed on
total RNA (500 ng) and the cDNA products were used as a template for
quantitative real-time PCR (qRT-PCR) (Rotor-Gene 6000 real-time PCR
Detector, Corbett Life Science, Australia). SYBR green was used as a
fluorescent label, and primers specificity was tested by applying the
melting curve cycle. MSTN mRNA level was normalized to hypox-
anthine phosphoribosyltransferase 1 (HPRT1) expression [26]. qRT-
PCR conditions were as follows: 95 °C pre-denaturation for 5min, 95 °C
denaturation for 30 s, 60 °C annealing for 30 s, 72 °C elongation for 30 s,
40 cycles, followed by final denaturation at 95 °C for 15 s and final
elongation at 60 °C for 1min HPRT1 was used as an internal control.
Reactions were performed in triplicate.

Primer sequences for MSTN Forward: 5′-TACCACGGAAACAATCATTACCAT-3′
Reverse: 5′-TGCCATCCGCTTGCATT-3′

Primers sequences for HPRT1 Forward: 5′-GCGAAAGTGGAAAAGCCAAGT-3′
Reverse: 5′-GCCACATCAACAGGACTCTTGTAG-3′

Before the experimental period, two groups were compared using
independent sample t-test. After the experimental period, group com-
parisons were assessed by two-way analysis of variance (ANOVA) and
Tukey post hoc test. Correlation analyses (change versus change) were
also performed using the Pearson product-moment correlation coeffi-
cient. Significance was accepted at P≤ 0.05. All data are reported as
means ± SEM. All analyses were done using SPSS V16.0 (SPSS,

Table 1
Exercise training protocol on the treadmill.

Familiarization week 1 week 2 week 3 week 4 week 5 week 6

Speed (m/min) 10 12 12 16 16 20 20
Duration (min) 10 15 20 25 30 35 40
Grade (%) 0 5 5 5 5 5 5
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Chicago, IL, USA). G*Power software version 3 (Universität Kiel,
Germany) was used to calculate sample size and power.

Two-way ANOVA: Power (1-β)= 0.98, α=0.05, Effect size
(f)= 0.7, Number of group= 4, Repetations= 2; Therefore, Total
sample size= 48

Pearson correlation: Power (1-β)= 0.92, α=0.05, Effect size
(f)= 1.5; Therefore, Sample size for each group= 12

3. Results

In STZ-induced diabetic rats, polydipsia and polyuria increased
significantly compared with non-diabetic rats. Food intake:
16.49 ± 2.14 g/day versus 31.53 ± 2.3 g/day, P=0.027; Water in-
take: 128.23 ± 9.15ml versus 34.84 ± 5.31ml, P=0.036; Urine
volume: 115.38 ± 7.2ml versus 14.61 ± 2.12ml, P=0.018. In all
experimental period, the food and water intake in diabetic untrained
and diabetic trained rats were significantly higher than that of non-
diabetic rats. Exercise training had no significant effect on mean daily
food and water intake in diabetic untrained and diabetic trained rats
(Table 2).

There was no significant difference in body weight between non-
diabetic untrained and non-diabetic trained rats. Body weight of STZ-
induced diabetic rats was significantly decreased after the injection.
Exercise training caused a significant reduction in body weight of dia-
betic rats (from week 5 to week 6). Body weight reduction in diabetic
trained rats was significantly higher than in diabetic untrained rats.
Body weight of diabetic rats (trained and untrained) was significantly

lower than non-diabetic rats (Fig. 1). Dry soleus muscle weight of non-
diabetic rats was similar. This variable in diabetic trained and diabetic
untrained rats was significantly lower than those in non-diabetic rats.
Moreover, dry soleus muscle weight in diabetic trained rats was sig-
nificantly higher than those in diabetic untrained rats (Table 2).

Exercise training did not change plasma levels of glucose and insulin
and HbA1c in non-diabetic rats. Exercise training significantly im-
proved glycemic profile in diabetic rats. Plasma glucose and HbA1c
significantly decreased, and plasma insulin significantly increased in
diabetic trained rats versus diabetic untrained rats. A significant in-
crease in plasma glucose and HbA1c and a significant decrease in
plasma insulin were found in diabetic untrained and diabetic trained
rats versus non-diabetic rats (Table 2).

In non-diabetic rats, plasma levels of IL-6, TNF-α and IL-1β were
similar, but a significant increase of plasma IL-6, TNF-α and IL-1β was
found in diabetic untrained and diabetic trained rats versus non-dia-
betic rats. Moreover, plasma IL-6, TNF-α and IL-1β significantly de-
creased in diabetic trained rats versus diabetic untrained rats (Table 2).

Exercise training did not influence plasma MSTN in non-diabetic
rats. Plasma MSTN in diabetic rats (untrained and trained) was sig-
nificantly higher than that found in non-diabetic rats. In diabetic
trained rats, plasma MSTN significantly decreased versus diabetic un-
trained rats (Table 2).

In both groups of diabetic rats, MSTN mRNA levels in soleus muscle
tissue were significantly higher than non-diabetic rats. Diabetic trained

Fig. 1. Body weight during the experimental period. Values are means ± SEM
(n=12 rats per group). *P < 0.001 versus non-diabetic untrained rats,
†P < 0.001 versus non-diabetic trained rats, §P < 0.001, versus diabetic un-
trained rats.

Fig. 2. MSTN mRNA levels in soleus muscle tissue after the experimental
period. MSTN mRNA levels were analyzed by real-time PCR in soleus muscle
tissue. Results expressed as relative activity in diabetic compared with non-
diabetic rats. Each bar represents the means ± SEM. The number of groups: 4
and n= 12 rats per group. *P < 0.05, **P < 0.001 versus non-diabetic un-
trained rats, †P < 0.05, ††P < 0.001 versus non-diabetic trained rats,
§P < 0.05, versus diabetic untrained rats.

Table 2
Polyphagia, polydipsia, skeletal muscle weight and metabolic parameters of rats after the experimental period.

Non-diabetic untrained Non-diabetic trained Diabetic untrained Diabetic trained

Food intake (g/day) 17.11 ± 4.32 16.82 ± 5.06 32.21 ± 8.09** †† 31.93 ± 6.57** ††

Water intake (ml/day) 34.71 ± 5.4 35.6 ± 4.52 130.14 ± 6.38** †† 128.91 ± 5.86** ††

Dry soleus muscle weight (g) 0.36 ± 0.03 0.38 ± 0.04 0.21 ± 0.02** †† 0.28 ± 0.03* † §

Glucose (mg/dl) 82.05 ± 6.21 77.89 ± 5.32 486.51 ± 17.16** †† 435.85 ± 15.71** †† §§

Insulin (ng/ml) 0.58 ± 0.04 0.65 ± 0.05 0.17 ± 0.02** †† 0.24 ± 0.02** †† §

HbA1c (%) 4.14 ± 0.16 3.85 ± 0.11 11.78 ± 0.3** †† 9.81 ± 0.2** †† §§

IL-6 (pg/ml) 11.49 ± 0.33 10.83 ± 0.3 15.38 ± 0.52** †† 13.11 ± 0.23** †† §

TNF-α (pg/ml) 173.25 ± 9.53 174.33 ± 8.18 197.91 ± 8.72** †† 181.91 ± 7.24* † §

IL-1β (pg/ml) 142.63 ± 6.15 148.79 ± 5.47 201.04 ± 7.61** †† 161.8 ± 6.23** †† §§

MSTN (ng/ml) 44.2 ± 4.08 46.16 ± 3.24 68.41 ± 4.52** †† 51.25 ± 4.69** †† §

Values are means ± SEM (n=12 rats per group). *P < 0.05,**P < 0.001 versus non-diabetic untrained rats, †P < 0.05,††P < 0.001 versus non-diabetic trained
rats, §P < 0.05, §§p < 0.001 versus diabetic untrained rats. HbA1c: glycosylated hemoglobin, IL-6: interleukin-6, IL-1β: interleukin-1 beta, TNF-α: tumor necrosis
factor alpha, MSTN: myostatin.
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rats showed significantly lower MSTN mRNA levels in soleus muscle
tissue than diabetic untrained rats; in contrast, this variable did not
differ between non-diabetic untrained and non-diabetic trained rats
(Fig. 2).

No significant correlation of plasma MSTN with HbA1c (Fig. 3A, B)
and plasma levels of IL-6 (Fig. 4A, B), TNF-α (Fig. 5A, B) and IL-1β
(Fig. 6A, B) was found in non-diabetic untrained and non-diabetic
trained rats. In diabetic untrained and diabetic trained rats, there was a
significantly positive correlation between plasma MSTN and HbA1c
(Fig. 3C, D). Furthermore, a significantly positive correlation of plasma
MSTN with plasma levels of IL-6 (Fig. 4C, D), TNF-α (Fig. 5C, D) and IL-
1β (Fig. 6C, D) was found in diabetic untrained and diabetic trained
rats.

4. Discussion

Our results showed that the levels of MSTN in plasma and skeletal
muscle of STZ-induced diabetic rats increased compared with non-
diabetic rats. This finding is in agreement of Chen et al. 2009 who re-
ported increased MSTN mRNA expression in skeletal muscle of STZ-
induced diabetic mice, suggesting that up-regulation of MSTN expres-
sion contributes to muscle atrophy in insulin deficiency [9]. In the
present study, increased plasma MSTN in diabetic rats may be due to
increased MSTN expression in skeletal muscle, so that MSTN pre-
dominantly express by skeletal muscle and skeletal muscle MSTN can

contribute to circulating MSTN.
The current study also demonstrated that aerobic exercise training

decreased the levels of MSTN in plasma and skeletal muscle of diabetic
rats compared with non-diabetic rats. There is limited evidence that
MSTN levels are regulated by exercise training in T1DM [12,13]. A
recent study indicated that 4-week swimming exercise (45min at 9:00
and 17:00 h, five days/week) increased MSTN mRNA expression in the
muscle of STZ-induced diabetic compared with non-diabetic untrained
rats [12]. This result suggests that exercise training can modulate the
increase MSTN expression in muscle skeletal of diabetic rats and in-
dicated that MSTN might be involved in energy homeostasis. We also
found a significantly positive correlation (change versus change) be-
tween plasma MSTN levels and HbA1c in diabetic untrained and dia-
betic trained rats after the experimental period, whereas there was no
significant correlation between plasma MSTN levels with HbA1c in non-
diabetic untrained and non-diabetic trained rats. Reduced plasma
MSTN followed by decreased HbA1c in diabetic trained rats is de-
monstrating that MSTN has been implicated in metabolic adaptation to
physiological stimuli, such as exercise training, which is linked to im-
proved glucose homeostasis [13]. Altered MSTN expression in the
skeletal muscle may be responsible for improved metabolic regulation
and HbA1c after exercise training. The specific mechanism responsible
for the reduction of exercise-induced MSTN in T1DM is not known;
however, MSTN and aerobic exercise have similar mechanisms, so that
both stimulate adenosine monophosphate-activated protein kinase

Fig. 3. Correlation (change versus change) between plasma MSTN and HbA1c in non-diabetic untrained (A), non-diabetic trained (B), diabetic untrained (C) and
diabetic trained rats (D) after the experimental period (n= 12 per group).
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(AMPK) activity leading to enhance glucose uptake and improve insulin
sesitivity [13]. In other words, MSTN may influence insulin sensitivity
through direct effects on glucose uptake independent of its effects on
muscle growth. This raises the possibility that the well-reported
changes in MSTN expression in response to exercise training may
modulate or in some way contribute to the beneficial effects of exercise
via direct effects on skeletal muscle metabolic function as well as via
effects on other tissues [6].

We also found that diabetes induced a decrease of skeletal muscle
weight in diabetic untrained rats compared with non-diabetic rats.
However, exercise training increased skeletal muscle weight in diabetic
rats in comparison to diabetic untrained rats. MSTN is a negative reg-
ulator of skeletal muscle growth [4] such that diabetic trained rats in
which the skeletal muscle MSTN expression is declined display sig-
nificant increases in muscle mass. This finding is inconsistent with
previous data, indicating that by decreasing the MSTN expression in
skeletal muscle of STZ-induced mice, the loss of skeletal muscle and
whole body mass was decreased [2]. Notable, at least part of MSTN
effects on metabolism can be associated with its influence over skeletal
muscle growth and thus on the total amount of metabolically active
lean body tissue [5]. In addition to inhibiting muscle hypertrophy,
MSTN regulates metabolism [6]. MSTN is attributable to insulin sen-
sitivity, and its inhibition can significantly attenuate the progression of
diabetes [4,6]. This may be due to an increased muscle mass or a more
direct effect of MSTN on energy metabolism [4]. Several studies have
indicated negative correlations between MSTN levels in skeletal muscle

and insulin sensitivity in humans [26,27]. Moreover, MSTN inhibition
in STZ-induced diabetic mice improved insulin sensitivity [2]. There-
fore, the maintenance of muscle mass by exercise training, along with
the changes in glucose handling abilities, in diabetic rats may result in
an improvement in HbA1c.

In the current study, plasma levels of cytokines IL-6, TNF-α and IL-
1β were increased in diabetic rats compared with non-diabetic rats.
This finding is in agreement with previous studies [14,20,21], in-
dicating that inflammatory cytokines IL-6, TNF-α and IL-1β increase in
diabetic rats and that the inflammation plays a critical role in the
genesis and progression of diabetes. Increased levels of inflammatory
mediators such as pro-inflammatory cytokines have been indicated in
diabetes to be a consequence and cause of hyperglycemia [14,20,21].
Hyperglycemia in diabetes results in the production of free radicals,
induction of inflammation and reduction of different defense mechan-
isms [14]. The results of the present study also showed a significant
decrease in plasma IL-6, TNF-α and IL-1β in diabetic trained rats
compared with diabetic untrained rats. Inconsistent with our finding,
recent studies suggested that regular exercise training has marked anti-
inflammatory effects on T1DM [14,20,21]. The results regarding the
anti-inflammatory effects of exercise are different, suggesting differ-
ences in the type of exercise, duration of exercise, the intensity of ex-
ercise, endurance capacity and muscle morphology [14]. Regular ex-
ercise is physiologically critical in reducing diabetes-induced
inflammation. The beneficial effects of exercise training are mediated
by control of plasma levels of cytokines such as IL-6, TNF-α and IL-1β

Fig. 4. Correlation (change versus change) between plasma levels of MSTN and IL-6 in non-diabetic untrained (A), non-diabetic trained (B), diabetic untrained (C)
and diabetic trained rats (D) after the experimental period (n= 12 per group).
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[14,20,21]. Therefore, the prescription of exercise by decreased plasma
levels of inflammatory mediators may be an important therapeutic
strategy to control the pathogenesis of T1DM. Furthermore, we found
no significant correlation (change versus change) of plasma MSTN with
plasma levels of IL-6, TNF-α and IL-1β in non-diabetic untrained and
non-diabetic trained rats after the experimental period, whereas there
was a significantly positive correlation between plasma MSTN with
plasma levels of IL-6, TNF-α and IL-1β in diabetic untrained and dia-
betic trained rats. This study is the first suggesting that exercise
training-induced MSTN correlated positively with plasma IL-6, TNF-α
and IL-1β in T1DM, reflecting that a decrease in plasma IL-6, TNF-α and
IL-1β following exercise training may reduce plasma MSTN. In-
flammation negatively affects skeletal muscle health, as observed by the
positive correlation of inflammatory factors with muscle wasting [1]. In
T1DM, muscle wasting essentially results from insulin deficiency; there
are multiple triggers to muscle wasting including inflammatory cyto-
kines, which ultimately activate protein catabolic pathways [28]. IL-6
as a myokine may play a significant role in MSTN-mediated glucose
metabolism [29]. MSTN may also affect glucose uptake indirectly
through its effects on TNF-α expression, which can antagonize the ef-
fects of insulin on glucose uptake [30]. The evidence is demonstrating
that inflammation stimulates muscle wasting and that the infusion of IL-
6, TNF-α and IL-1β into rodents induces muscle wasting, while

neutralization of cytokines by genetic or pharmacological approaches
results in attenuating muscle wasting [19]. In T1DM, aerobic and re-
sistance exercise training can combat muscle wasting by improvement
of blood flow through muscle, improvement of insulin responsiveness
and increase of muscle mass [31]. These data show that in parallel with
the decrease of plasma IL-6, TNF-α and IL-1β, MSTN may result in
improvement of HbA1c in T1DM. Collectively, these data build the
foundation for considering the inhibition of exercise training-induced
myokine by exercise to decrease inflammatory cytokines and improve
HbA1c in T1DM.

There is a limitation to the present study. MSTN, IL-6, TNF-α and IL-
1β levels were determined at one-time point (48 hours after the exercise
training).

In conclusion, the present study indicated that exercise training
effects on MSTN in T1DM and exercise-induced MSTN correlates with
HbA1c and inflammatory cytokines. It appears that aerobic exercise
training by the decrease of HbA1c and plasma levels of IL-6, TNF-α and
IL-1β can reduce plasma MSTN and skeletal muscle MSTN expression in
diabetic rats. Therefore, exercise-induced MSTN may be an efficient
tool for the prevention and treatment of T1DM. Indeed, this study
suggests that MSTN inhibition through exercise could be as a part of
any therapeutic strategy in T1DM as a means to improve HbA1c and
reduce inflammatory cytokines.

Fig. 5. Correlation (change versus change) between plasma levels of MSTN and TNF-α in non-diabetic untrained (A), non-diabetic trained (B), diabetic untrained (C)
and diabetic trained rats (D) after the experimental period (n= 12 per group).
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