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Introduction: Myopathy caused by diabetes can accelerate the disease process in diabetic people.
Myopathy has important indicators in muscle tissue related to regeneration and intracellular
metabolism in skeletal muscles. The current study aimed to evaluate the effect of eight weeks of
resistance training in hypoxia on the content of PAX 7 and PGC-1a proteins in the gastrocnemius
muscle of type 2 diabetic rats.

Methods: This experimental study was conducted on 24 male Wistar rats for six weeks after
induction of type 2 diabetes. Rats were divided into three groups: healthy control (HC), diabetic
control (DC), and hypoxia group (HPX). Resistance training was applied for eight weeks under oxygen
deficiency conditions in the groups of resistance training in hypoxia. The tissue sample was taken
from the biceps muscle after finishing the exercises and evaluated to measure the concentration of
PAX7 and PGC-la proteins. The results were analyzed by one-way analysis of variance at a
significance level a <0.05.

Results: There was a significant difference in PAX7 and PGC-1a proteins between the research
groups (P=0.0001). Induction of diabetes led to a significant decrease in PAX7 compared to the
control group. PGC1-a protein levels also decreased significantly in the diabetes induction group
compared to the control group (P=0.0001). However, exposure to hypoxia did not change the gene
expression values of this variable compared to the diabetic patient group (P=0.451).

Conclusion: Exposure to temporary and passive hypoxia can be considered as a suggested strategy
to improve indicators related to type 2 diabetes in humans.
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Introduction

As the primary site of insulin-stimulated glucose
absorption, skeletal muscles are the primary
driver of insulin resistance in the whole body.
The disruption of muscle tissue renewal, the
largest tissue in the body that controls energy
metabolism, is one of the driving factors of type 2
diabetes. Although insulin resistance in skeletal
muscle is reversible, B-cell destruction is not.
Satellite cells are skeletal muscle stem cells
responsible for muscle tissue renewal. Age-
related slowing of muscle tissue renewal is
associated with disturbances in energy
metabolism. Physiologically, this issue relates to
satellite cell and mitochondrial disruption (1).
Paired Box 7 (Pax7) is one of the well-known and
influential markers in the activation and function

of satellite cells (2). Transcription factors such as
my-5, PAX7, and myogenic differentiation 1
(MyoD1) participate in muscle cell development
after activating satellite cells. First, PAX7 and
MyoD1 are activated in muscle progenitor cells,
and the simultaneous expression of these two
factors is known as an indicator of satellite cell
activation. Then, myogenin is produced in
differentiated cells (2, 3).

As a protein, PAX7 is located upstream of MyoD
and other myogenic indicators, and the decrease
in PAX7 expression leads to the termination of
MyoD expression. Myf5 is also expressed without
PAX?7, but the result is apoptosis of the resulting
myotubes (4). Therefore, PAX7 seems to be a key
regulator of satellite cells and myogenesis
process. Satellite cells differentiate into fat or
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fibrotic tissue when PAX7 is absent (5). This
issue is essential because PAX7 maintains or
increases the pool of satellite cells (the number
of satellite cells) (6). A diet restricting caloric
intake for three weeks also increases PAX7
levels, indicating the relationship between
cellular energy metabolism and the renewal of
satellite cells and muscle tissue (7).

On the other hand, studies have shown that the
disorder in the metabolism of fats, caused by the
reduction of mitochondrial function, is
considered one of the essential possible factors
in the occurrence of type 2 diabetes (8). PGC-1a
protein is one of the most important regulators
of mitochondrial biogenesis, which is
significantly reduced in type 2 diabetes patients
(9). Increasing PGC-1a significantly improves the
metabolism of fat and sugars and increases
mitochondrial function. A common signaling
pathway between increased PGC-1a
phosphorylation and  decreased insulin
resistance appears to be AMPK, MAPK, and SIRT1
(1). On the other hand, PGC-la increases
significantly under the influence of physical
activity, which can lead to improved insulin
resistance and mitochondrial function (10). Less
attention has been paid to the regeneration and
metabolism of muscle tissue in type 2 diabetes in
exercise physiology. In recent years, sports
activities and exercises have been mentioned as
factors to control diabetes. For example, some
evidence shows that physical activity is
influential in preventing and treating type 2
diabetes (5, 11). A ten-week resistance activity
program has been shown to reduce fasting
glucose and insulin resistance in people with
diabetes. Therefore, exercise can be non-
pharmacological in controlling type 2 diabetes
(12). On the other hand, exposure to hypoxia
without physical activity led to the improvement
of indicators related to type 2 diabetes, including
the improvement of insulin sensitivity (13). The
mortality rate due to heart disease at an altitude
above 1500 meters among diabetic men and
women is lower than people living in lower areas
(14). Some studies have revealed that hypoxia
activates  satellite cells and increases
mitochondrial biogenesis (15). There are few
studies regarding the combination of these two
factors. For example, four weeks of aerobic
exercise on a treadmill and exposure to hypoxia
during the day (separate from exercise) improve
glucose and fat metabolism in people with type 2
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diabetes, which is significantly more than the
group. The control and exercise groups were
normoxic (6). However, the mechanisms of such
an effect are still not well understood. These
mechanisms appear to involve the activation of
satellite cells and mitochondrial biogenesis, so
the present study examines the effect of
resistance training in hypoxia conditions on
indicators of these two variables, namely, the
degree of satellite cell activation and
mitochondrial biogenesis in Wistar rats.

Materials & Methods

Samples

The current research population consisted of
male rats from which the samples were
randomly selected. An experimental design with
a control group included more than 24 rats aged
about six weeks and an approximate weight of
180g. Then, they were transferred to the sports
physiology laboratory. A week was spent in the
laboratory  under  completely  standard
conditions to get acquainted with the
environment, and one week was spent adapting
to the environment. Next, the samples were
divided into three groups, each containing eight
samples, and all four samples were placed in a
polycarbonate cage. The groups included the
health control group, the diabetic control group,
and the hypoxia group. Two groups were induced
with diabetes and hypoxia using a high-fat diet
and streptozocin (STZ) injection. The induction
of diabetes lasted for about three weeks. The
laboratory environment had a temperature of
22+2°C, the humidity level was 45 to 55%, and
the samples were asleep for 12 hours and awake
for 12 hours.

Inducing Diabetes in Rats

The samples were first given a high-fat diet
containing 59% fat for three weeks to induce
diabetes in the DC and HPX groups. About 59%
fat, 14% protein, and 27% carbohydrates were
freely available to the samples during these three
weeks, leading to metabolic disorders and insulin
resistance in mice. At the end of 3 weeks, 35mg
of streptozocin per kilogram of the weight of the
samples was injected intraperitoneally. Samples
with fasting blood sugar above 300 mg/dL were
identified as subjects one week after the
induction of diabetes. Two diabetic control
groups were used to control the results: those
who only became diabetic and healthy control
groups who were not subjected to any changes.
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Hypoxia was applied in the hypoxia groups, and
the resistance training group used normobaric
hypoxia conditions with an oxygen level of
14.4%, equivalent to an altitude of 3000 meters,
consistently in all the weeks of the research.

Sampling and Measuring Variables

The samples were first anesthetized according to
ethical standards 48 hours after the last training
session, and their tissues were taken after
dissection of their gastrocnemius muscle tissue
to measure PAX 7 and PGC-la protein
concentrations. The plantar muscle tissue was
washed in physiological serum and frozen by
liquid nitrogen at -80°C until the experimental
protocol was performed. Specific amounts of
soleus muscle tissue were homogenized in
Phosphate-buffered saline (PBS) solution as an
antiprotease to extract PAX 7 and PGC-la
proteins. The homogenized tissue was
centrifuged with a force of 5000g for 5 minutes
at 4°C, and the resulting supernatant was
evaluated by the ELISA kit of the Chinese
American company Cusabio with the catalog
number CSB-EL018425RA.

Statistical Methods
The Shapiro-Wilk test was used to determine the
normality of data distribution. A one-way

analysis of variance was used to measure the
difference between groups. Bonferroni's post hoc
test was used to compare the differences
between groups. The significance level was 5%.
SPSS version 21 software was used for data
analysis, and 2021 software was used to prepare
graphs.

Results

The data analysis showed that the PAX7 protein
concentration in the research groups was
significantly different (P=0.0001). Bonferroni's
post hoc test was used to compare the origin of
the difference between the groups (Figure 1).
The results indicated that the concentration of
PAX7 protein in the muscle tissue of the diabetic
control group and hypoxia group decreased
significantly compared to the control group
(Figure 1). However, no difference was observed
between the two diabetic control groups and the
hypoxia group (P=0.171). In addition, the data
analysis showed that the concentration of PGC1-
a protein in the muscle tissue of the research
groups was significantly different (P=0.0001), so
the amount of PGC1-a protein was reduced in the
diabetic group. Exposure to hypoxia did not
cause a significant change in its concentration
(P=0.439).

Table 1. One-way analysis of variance results for two variables PAX7 and PGC1-a

varible sum of squares average of squares df F p Value
PAX7 610.298 152.572 2 31.145 0.0001
PGC1-a 461.284 131.145 2 44.179 0.0001
PGC-1a PAX7
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Figure 1. Comparison of PGC1-a and PAX7 protein concentrations in the calf muscle of samples in different research groups

(*) Significant difference with healthy control group at 0.05 level

Discussion
This research showed that type 2 diabetes with
the HFD-STZ method in rats led to a decrease in
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the content of PAX 7 protein in the quadrilateral
muscle of rats. At the same time, exposure to
hypoxia could partially compensate for this
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decrease. Diabetes mellitus is one of the most
common metabolic diseases worldwide,
resulting in hyperglycemia due to decreased
insulin secretion, insulin action, or both.
Different studies have shown that type 1 and type
2 diabetes cause muscle myopathy with other
mechanisms and activate its mechanisms (15).
The function and ability of stem cells in diabetic
conditions were weakened in several tissues,
including skeletal muscle tissue, and diabetes
mellitus causes atrophy (Kamei, 2004). Fiber
type transitions from oxidative to glycolytic (16)
and energy metabolism is disrupted in skeletal
muscles (17, 18). These changes lead to skeletal
muscle dysfunction, such as muscle weakness
and exercise intolerance (19). Previous studies
have shown that diabetes impairs the function of
satellite cells. Satellite cells derived from STZ-
induced diabetic mice cannot form myotubes and
consequently show poor regeneration in skeletal
muscle after cardiotoxin-induced muscle damage
(17). Diabetic Akita mice also showed impaired
muscle regeneration following damage caused by
weak macrophage infiltration and satellite cell
recruitment to degenerative muscle fibers
(Krause, 2013). In addition, the expression of
MyoD and myogenin transcription factors
decreased in soleus muscle from STZ-induced
diabetic rats (Fujimaki, 2017). The findings of the
present study confirmed these results. In
contrast, exposure to hypoxia increased the
mRNA levels of several satellite cell markers in
young men, including MyoD and Mrf4 mRNA
levels, after exposure to hypoxia (14% FiO2).
However, this response is not sufficient for
hypoxia-induced muscle hypertrophy. Although
the short-term anabolic response to hypoxia is
not significantly increased, the trend of increased
expression of several myogenic markers
suggests that hypoxic conditions may lead to the
activation and differentiation of satellite cells
such as PAX 7 (20). Myogenesis may be mediated
by the secretion of inflammatory markers
interleukin-6, interleukin-8, and TNF-a in
skeletal muscle and immune cells (21). Factors
such as IL-6 and TNF-q, as well as mRNA levels of
CD 68 and CD 197, both markers of
macrophages/neutrophils, increase after
exposure to hypoxia more than the same
conditions performed in normoxia. CD68 and
CD197 also  regulate skeletal muscle
regeneration, which may involve activating
satellite cells (21). Therefore, resistance training
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in hypoxia can increase PAX 7 protein and other
muscle regeneration indicators in diabetic
people through other mechanisms.
Inflammation-induced by activation of the IL-
6/STAT3 pathway may lead to the activation,
proliferation, and differentiation of satellite cells,
as measured by concomitant increases in MyoD
and Mrf4 mRNA levels (21). In addition, the IL-
6/STAT3 pathway may also help repair exercise-
induced muscle tissue damage by recruiting
lymphocytes, monocytes, and neutrophils,
thereby promoting myogenesis (Tierney, 2014).
Finally, HIF-la stabilization and nuclear
translocation under acute hypoxic conditions in
vitro was associated with increased STAT3
protein expression in human primary muscle
cells, underscoring the importance of this
pathway in adaptation to hypoxic conditions in
skeletal muscle (21). In practice, the results
emphasized the importance of a moderate and
well-controlled inflammatory response to induce
myogenic adaptations after exposure to hypoxic
conditions.

Another result was the reduction of PGCl-«
protein in diabetic rats compared to the healthy
control group, as shown in other studies (22).
Some studies have reported that diabetes
impairs mitochondrial function and dynamics. In
contrast, proper mitochondrial function is
essential in regulating metabolic pathways and is
critical for maintaining proper energy balance (8,
15, 24, 25). The oxidative capacity of
mitochondria in the skeletal muscle of insulin-
resistant individuals is significantly lower than
that of healthy individuals, leading to increased
fat accumulation in skeletal muscles (Petersen,
2003). Mitochondrial dysfunction has also been
observed in cultured myocytes from the skeletal
muscle of patients with T2DM (10). These
findings indicated that PGC1-a protein content in
skeletal muscle is reduced under diabetic
conditions (15). These findings are in line with
the results of the present study. However,
exposure to hypoxia alone could not increase the
content of PGC1l-a protein in the muscles of
diabetic rats. Hypoxia in the environment
created in the present study was not enough to
activate  the essential mechanisms of
mitochondrial metabolism activation.
Nevertheless, some studies have shown the effect
of hypoxia in reducing the intracellular PGC1-a
protein concentration and mitochondrial
biogenesis (26). The examined tissues and the
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pathological condition of the samples in these
studies differed from the present study, which is
the most crucial reason for the contradictions in
this field. Hypoxia-inducible factor (HIF-1a) and
its activation due to tissue oxygen deficiency
seem to be the most essential cause of
intracellular responses to hypoxia exposure. The
effect of HIF-1a was different in different tissues
and caused mitochondrial biogenesis to decrease
in most tissues with the increase of glycolytic
processes. However, this effect seemed to be
different in muscle tissues. Muscle tissue was
resistant to hypoxia, and the expression of HIF-
la in skeletal muscles occurred under hypoxia
conditions, which does not decrease the
expression of PGC1-a proteins and downstream
signaling factors in short-term hypoxia with low
degrees (26). Since HIF-1a leads to an increase in
vascular NO, vasodilation in tissues, and renal
erythropoietin (27), the increase in PGC1l-a
protein may be an adaptive response of muscles
to hypoxic conditions independent of HIF-1a.
(26). Overall, exposure to hypoxia equivalent to
passive hypoxia created at an altitude of 3000
meters (14% FiO2) could not significantly
change PGC-1a and PAX7 protein concentrations
in diabetic samples with a high-fat diet. Hypoxia
was applied during resistance activity for the
first time in the country and has not been
observed in previous studies. As a new method of
exercise for diabetics, it helps prevent and slow
down the process of injuries caused by diabetes
and aging, as well as for older adults at risk of
diabetes-related myopathy and sarcopenia.
Considering the slight increase in both variables,
applying this variable with more intensity will
probably lead to its greater effectiveness, so
future studies will clarify more facts. The effect of
the mentioned variables on muscle tissue in
humans and the generalization of the results of
this research to humans should be conducted
with caution. However, exposure to temporary
and passive hypoxia has also been suggested as a
solution to improve type 2 diabetes indices.
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