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ABSTRACT

¢ [NIEE This study aims to investigate the effect of spinal nerve ligation (SNL) after a period of combined
Received: 08 Feb 2022 ¢ training on the expression of some genes that are involved in the calcium flow in the plantaris muscle of
Accepted: 29 May 2022 male Wistar rats.
Available Online:010ct 2022 L=l S EIEELE A total of 16 adult male Wistar rats were randomly divided into 2 groups, namely

the control-SNL (n=8) and combined training-SNL (n=8). The animals in the training group participated in a
training program for 6 weeks. After this period, the protocol of spinal SNL was performed on the research
groups for 4 weeks. Finally, the rats were dissected and the plantaris muscle was removed. Real-time poly-
merase chain reaction was used to measure the mRNA expression of STIM1, ORAI1, and MG29 genes.

TS In the combined training-SNL group, an increase in the expression of STIM1 (P=0.01), ORAI1

Key words: (P=0.002), and MG29 (P=0.02) was observed when compared to the control-SNL group.

Exercise training, [@TEIERT The results of the present study showed that SNL reduces the expression of STIM1, ORAI1,
Ligation, STIM1, ¢ and MG29 in the plantaris muscle. Meanwhile, combined training before SNL has a compensatory effect
ORAI1, MG29 ©inthis regard.
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Introduction

uscle atrophy can be related to some physi-
cal injuries. Decreased muscle function is
one of the most important factors related
to decreased mobility which affects the
quality of life (QoL). Although the mechanisms involved
in muscle atrophy are not fully understood, it is believed
that disruption of intracellular calcium homeostasis can
play a role in the development of muscle function [1]. At
the beginning of muscle contraction, calcium is released
from the sarcoplasmic reticulum into the cytosol through
ryanodine and dihydropyridine receptors, and at the end
of the contraction, calcium is returned to the sarcoplasmic
reticulum. During each phase of contraction, a fraction of
calcium is released through the membrane calcium pump.
Accordingly, maintaining the functional levels of calcium
inside the sarcoplasmic reticulum and the influx of calci-
um-regulated by the cytosol across the plasma membrane
is important for the function of muscle fibers in differ-
ent stages of growth and response to stressful situations.
Store-operated calcium entry (SOCE) is a mechanism for
the entry of extracellular calcium into the cell in response
to calcium released from intracellular stores [2] and plays
an important role in controlling calcium homeostasis [3].
Many studies have related the role of SOCE to growth,
proliferation, and apoptotic processes in many cells. In
situations where the need for calcium increases, SOCE
acts as a passageway for calcium entry to adapt to the in-
creased need for calcium-dependent processes in muscle
fibers [1]. Research evidence shows that calcium signal-
ing pathways in skeletal muscles are dependent on incom-
ing calcium and SOCE is important to maintain calcium
to prevent muscle weakness and provide calcium needed
to modulate the expression of muscle-specific genes [4].

Several proteins are involved in the coordination of
SOCE. Stromal interaction molecule 1 (STIM1) is a cal-
cium sensor located in the sarcoplasmic reticulum. It has
been shown that mice lacking STIM1 have weak muscles
and both tetanic and stimulated forces are reduced in the
state of fatigue [4]. STIM1 protein is involved in control-
ling the entry of calcium ions into cells when calcium lev-
els are low, especially through calcium release-activated
calcium channel protein 1 (CRAC). The flow of calcium
ions through CRAC causes intracellular signals that play
an important role in many cellular functions, such as con-
trolling gene activity, cell growth, and division, as well as
immune function [5]. When calcium levels in the endo-
plasmic reticulum are low, changes occur in the cell that
enables STIMI to bind to the protein ORAI1 (calcium
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conductor in the T muscle system) in the cell membrane.
ORAI1 protein, which is part of CRAC, creates a hole in
the cell membrane through which calcium ions can flow
[6]. Also, the mitsugumin 29 (MG29) protein, which is
a structural protein, seems to be expressed exclusively
in skeletal muscle (in the transverse tubes and terminal
cisterna in the sarcoplasmic reticulum) and is involved
in calcium influx [7]. MG29 protein is a muscle-specific
member of the synaptophysin family, which is involved
in controlling the maturation and development of trans-
verse tubule structure and maintaining intracellular cal-
cium signals in skeletal muscle. Genetic destruction of
MG29 leads to incomplete formation of transverse tube
network in skeletal muscles [8]. In addition, mice lack-
ing the MG29 gene show abnormal performance in skel-
etal muscles, such as low contractile force and impaired
SOCE. In chronic muscle-wasting diseases or disorders,
such as atrophy and sarcopenia, mice lacking the MG29
gene are more prone to fatigue [9].

Sports activity can improve sports and muscle perfor-
mance by creating different physiological adaptations
[10]. It is also presented as an effective intervention in re-
ducing the loss of muscle mass and function [2]. The abil-
ity of muscle fibers to respond to external stimuli is con-
sidered muscle variability. Various intracellular changes,
such as changes in metabolites, hypoxia, mechanical
stress, and free intracellular calcium are involved in
these changes. It has been shown that calcium cell cycle
changes with muscle activity are the most abundant and
potential secondary messengers in skeletal muscles [11].
Intracellular calcium plays an important role in muscle
fibers to produce force, maintaining the cell’s energy sup-
ply, regulating the expression of muscle-specific genes,
and the process of apoptosis [12]. It has been shown that
aerobic exercises improve the movement of calcium in
skeletal muscles and are associated with the improvement
of sports activity and skeletal muscle performance. In this
regard, it has been stated that sports activity increases the
levels of proteins involved in the release and uptake of
calcium in the sarcoplasmic reticulum [13]. In addition,
an increase in dihydropyridine gene and protein expres-
sion has been observed in response to muscle activity
[14]. Based on this, understanding the mechanisms in-
volved in muscle atrophy and the role of genes involved
in calcium flow is important for the development of new
treatment methods to deal with conditions and diseases,
such as muscular dystrophy and atrophy caused by inac-
tivity. Accordingly, the present study aims to investigate
the effect of reduced physical activity after a combined
training period on the expression of STIM1, ORAIl, and
MG?29 genes in the plantaris muscle of male Wistar rats.
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Materials and Methods

In this experimental study, a total of 16 adult male Wis-
tar rats in the weight range of 250420 g were selected. To
get familiar with the environment of the animal house, the
rats were kept in the animal laboratory at a temperature
of 2244°C under a 12/12 h dark-light cycle and were fed
with special food and water. Throughout the research, the
mice were moved and manipulated by two individuals,
and all the processes of the present research were carried
out following all the ethical principles of working with
animals.

Animal samples were randomly divided into two
groups. The groups were divided as follows: 1) Control
group-spinal nerve ligation (SNL) (8 rats), 2) Combined
training group—SNL (8 rats). At the beginning of the re-
search, the animals of the combined exercise-SNL group
participated in the exercise program (combined resistance
and endurance exercise) for 6 weeks. The animals of the
control-combined-SNL group did not perform any sports
activities during this period. Subsequently, the SNL proto-
col was implemented for 4 weeks in both research groups.
In the end, the mice were dissected and tissue samples
were taken to perform cellular and molecular tests.

The combined training program in this research was per-
formed as follows: The animals of the training group per-
formed a combination of endurance and resistance train-
ing. At the beginning and before the start of the endurance
training program, the animals walked for 5 days a week
for 10 to 15 min at a speed of 10 m/min on the treadmill
for rodents. For endurance training in the present study,
moderate training intensity (60% to 70% of maximum
oxygen consumption) was used. Thus, the animals of the
training group were subjected to endurance training on
the treadmill for 6 weeks and 3 sessions every week. The
speed and duration of training increased gradually (Table
1). To achieve the obtained adaptations to a uniform state,
all training variables were kept constant in the final week
(sixth week) [15].

Resistance training was in the form of climbing a lad-
der for rodents with weights. In the familiarization phase
with resistance training, the mice were introduced to how
to climb the ladder for 10 to 15 min daily for 3 days. The
main exercise was performed with target weights con-
nected to the mouse’s tail through the cylinder and the
mouse climbed the ladder in this state. This exercise was
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performed for six weeks by climbing a 1-m ladder with
weights at an 85-degree incline. Training sessions were
held twice in the morning (at 9:00), in the evening (at
14:00), and once every 3 days. The rats performed 3 sets
of 5 repetitions in each session. The rest interval between
sets was 2 min while it was 1 min between repetitions.
When necessary, electric shock (0.2-0.3 mA) was used to
stimulate the rats to climb the ladder. To increase the load,
in the first week, 50% of the body weight of the mice
was used and the load was gradually increased during the
training program.

The SNL model is a method that is widely used to study
the mechanisms of neuropathic pain and the effect of drugs
and behaviors related to pain. To create an SNL model, the
rats were first anesthetized with sodium pentobarbital (60 mg
per kg of body weight; intraperitoneally), and then their fifth
lumbar spinal nerve was ligated and tightly tied according to
the method of Kim and Chung (1992) [17]. The duration of
the spinal cord ligation protocol was 4 weeks. In this method,
after ensuring that the animal is anesthetized, the interver-
tebral muscles at the level of the fourth lumbar and second
sacral vertebrac were separated and the transverse append-
age of the sixth lumbar vertebra was removed. Then, the fifth
lumbar nerve on the left side of the spinal cord was separated
from the adjacent nerves with special delicacy and firmly
tied using special thread silk (made in Japan), exactly at the
distal end to ensure disruption of all fibers. This method was
performed with great precision to prevent damage to the
fourth lumbar nerve.

After 4 weeks of ligation, the rats were anesthetized
and immediately weighed. Then, under completely ster-
ile conditions using a surgical blade, the plantaris muscle
was extracted by cutting the proximal and distal tendons
and weighed with a laboratory scale (accuracy 0.0001;
AND GR model made in Japan), immediately frozen in
liquid nitrogen, and kept in the freezer until the cell-mo-
lecular tests.

About 50 mg of plantaris muscle tissue was homoge-
nized in QIAzol lysis reagent at a ratio of 1: 10 to extract
total RNA. To remove the protein components, the prod-
uct was centrifuged at 12000 g for 10 min at 4°C and then
mixed with chloroform at a ratio of 0.5: 1 and shaken vig-
orously for 15 s. The product was centrifuged at 4°C, 15
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min, and 12000 g, and the mineral and aqueous fractions
were separated. Then, the part containing RNA was re-
moved and mixed with isopropanol at a ratio of 0.5: 1 and
left for 10 min at room temperature and then centrifuged
at 12000 g for 10 min at 4°C. Next, the pellet contain-
ing RNA was washed in ethanol and dissolved in 20 pL
of RNAS-free water. Also, the RNA concentration was
measured (using the Eppendorf device, Germany) and the
ratio of 260 to 280 between 1.8 and 2 was defined as the
optimal purity. cDNA synthesis was done using 1 pg of
RNA and using the cDNA synthesis kit to make fermen-
tate and Mulv reverse transcriptase enzyme.

The measurement of the expression levels of the desired
genes in the present study was done by quantitative real-
time-PCR method using the Primix cyber green II (USA
Applied Biosystems). The reaction mixture was in a fi-
nal volume of 20 pL and each reaction was performed in
duplicate. Primers were designed based on the informa-
tion of genes in the NCBI gene bank and by Macrogen
Inc. Seoul, Korea. The sequence of primers used in the
research is reported in Table 2. In addition, GAPDH was
used as a control gene. The temperature program used in
the real time-PCR included 95°C for 10 min, 95°C for 15
s, and 60°C for 1 min (repetition of 40 cycles). The ex-
pression level of the desired genes was also measured by
the CTAA-2 method.

Descriptive statistics were used to describe the data
and inferential statistics were used to test the research
hypotheses. In the inferential statistics section, the Kol-
mogorov-Smirnov and Levene tests were used to check
the normality of the data along with the homogeneity of
the variances. After verifying these assumptions, to deter-
mine the significance of the difference in gene expression,
an independent t-test was used at a significance level of 0.
05 using the SPSS software, version 20.

Results

The results of the independent t test showed a significant
effect of the exercise factor on the ST/M1 gene expression
levels in the plantaris muscle in the combined exercise-
SNL group compared to the control group-SNL (P=0.01).
Accordingly, performing a combined training period be-
fore the SNL leads to an increase in STIM1 gene expres-
sion in the plantaris muscle (Figure 1).
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Also, a significant effect of the training factor on ORAII
gene expression levels in the plantaris muscle was observed
in the combined exercise-SNL group compared to the con-
trol group-SNL (P=0.002). Therefore, performing a com-
bined training session before SNL leads to an increase in
ORAII gene expression in the plantaris muscle (Figure 2).

In addition, a significant effect of the exercise factor on
MG29 gene expression levels in the plantaris muscle was
observed in the combined exercise-SNL group compared
to the control group-SNL (P=0.02). Therefore, performing
a combined training period before SNL leads to an increase
in MG29 gene expression in the plantaris muscle (Figure 3).

Discussion

Atrophy of muscle mass occurs in conditions of long-
term non-use of organs. Some physiological (without me-
chanical loading of organs) and pathological conditions
(disturbance in blood supply) lead to atrophy and loss of
muscle mass [18, 19]. In this situation, the decrease in
power production and atrophy can affect the QoL of peo-
ple [20]. Therefore, it is important to discover the mecha-
nisms related to muscle atrophy to prevent and treat this
phenomenon. In the current study, the effect of reduced
physical activity in the form of SNL after a period of
combined training on the expression of genes involved in
calcium flow was evaluated. The results of the research
showed that an increase in the expression of STIM]I,
ORAIl, and MG29 genes was observed in the combined
exercise-SNL group compared to the control group-SNL.
These results show that SNL leads to a decrease in the
expression of these genes in the plantaris muscle, and per-
forming a combined training session before SNL has a
compensatory effect in this regard.

Intracellular calcium ions represent a signaling mediator
that plays an important role in regulating various cellular
processes in muscles. Maintaining calcium homeostasis
is essential for maintaining the structure and function of
skeletal muscles. SOCE, which is activated by the deple-
tion of intracellular calcium stores (helps regulate various
functions in many cell types) is critical for ensuring prop-
er calcium homeostasis in muscle cells and is coordinated
by STIMI and ORAII. The influx of calcium through
SOCE plays an important role in the short-term and long-
term functions of muscles, regulation, and adaptation of
many cellular processes, including muscle contraction,
postnatal growth, phenotype, and plasticity of myofibers.
The loss or mutation of STIM1/ORAII genes and changes
in SOCE are associated with serious consequences for
muscle function. Also, evidence shows that changes in
SOCE can cause changes in intracellular calcium signals
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Table 1. Numerical representation of endurance training protocol

October 2022. Vol 28. Issue 4

Week 15! znd 3rd 4th Sth Gth
Exercise duration (min) 10 20 20 30 30 30
Reel speed (m/min) 10 20 15 15 18 18

Table 2. The sequence of primers used in the present study
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Gene Sequence of Primers NCBI Amplicon Size, Basis Pairs  Melting Point
F: 5’-ccataagac| -3’
ORAI1 gacggaccgacagt NM_001013982. 1 132 82.02
R: 5’-gggaaggtgaggacttaggc-3’
F: 5’-tggagctgccacagtatgag-3’
STIM1 g gtatgag NM_001108496. 2 196 82.02
R: 5’-tgattgtggcgagtcaagag-3’ -
F: 5’-GGAATTCCGCTGGGCTTCATCAAAGTTCTCC-3’
MG29 AB158471.1 196 82.02
R: 5’-CGGGATCCGACTCACCTGAAGGGATAGCC-3’
F: 5’-gtcaggtcatcactatcggcaat-3’
GAPDH gteagst — NM_031144. 3 147 82.02

R: 5’-agaggtctttacggatgtcaacgt-3’

in skeletal muscle, which are involved in the pathogenesis
of various progressive muscle diseases, such as tubular
myopathy, muscular dystrophy, cachexia, and sarcopenia
[21]. It has been reported that new junctions between the
sarcoplasmic reticulum and transverse tubules formed
during exercise, which contain STIM1 and ORAII, act
as calcium entry units. These junctions provide a path
for the rapid recovery of calcium ions from the extracel-
lular space during repetitive muscle activity [22]. The
MG29 protein is involved in controlling the maturation
and expansion of the structure of the transverse tubes
and maintaining intracellular calcium signals in skeletal

STIM1

Internal Medicine Today
Figure 1. STIM1 gene expression changes

*A significant difference between research groups (P<0.05).

Internal Medicine Today

muscle. Genetic destruction of MG29 leads to incomplete
formation of transverse tube network in skeletal muscles.
The amount of MG29 protein decreases significantly in
animal models with muscular dystrophy, and the reduced
expression of MG29 and the disturbed structure of the
transverse tubules have been seen in human samples suf-
fering from muscular dystrophy [8].

As aresult of reducing physical activity (without muscle
loading), the gene and protein expression of TRPC! and
TRPC3 channels decreases in the skeletal muscles of rats,
and with reloading, their expression returns to the initial

ORAIl

Internal Medicine Today
Figure 2. ORAII gene expression changes

*A significant difference between research groups (P<0.05).
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MG29
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Figure 3. MG29 gene expression changes

"A significant difference between research groups (P<0.05)

state. Considering the role of these channels in muscle
growth, the observed changes in TRPC! and TRPC3
may be closely related to the processes of muscle atro-
phy and regeneration [23]. Also, in the investigation of
the functional role and effect of painful nerve damage on
calcium influx stored in sensory nerve cells, axon dam-
age due to SNL increases SOCE and CRAC. However,
when calcium stores were depleted, SOCE was similar in
injured and control neurons, and STIM1 and ORAI1 lev-
els were not altered by SNL. These results show that the
reset of SOCE after nerve ligation is done by the depletion
of calcium stores. Also, suppression of SOCE increases
the excitability of neurons in control conditions as well
as damaged neurons. This is while damaged nerve cells
show special dependence on SOCE to maintain cytoplas-
mic levels and store calcium. This dependence shows the
compensatory role of SOCE after nerve damage [24].

Some researchers have investigated the effect of exercise
on homeostasis and calcium influx. For example, Izadi et al.
(2017) showed that intense intermittent exercise in diabetic
rats improves the inappropriate regulation of RyR2 using a
mechanism that targets the intensity and duration of exercise,
and the type of exercise normalizes or reduces the effect of
the reduction of RyR2 gene expression and its inappropriate
function caused by diabetic cardiomyopathy [25]. In addi-
tion, it has been shown that the expression of cellular calcium
regulatory genes, such as STIM1 and ORAI1, is significantly
reduced by moderate-intensity endurance exercise and im-
proves intracellular calcium signals in liver lymphocytes
[26]. These results are consistent with the present study.
Also, in line with the findings of the present study, Sazvar
et al. (2016), investigating the effect of intense intermittent
exercise on RyR2 calcium channels and calcium pump in
ischemia rats showed that the expression of SERCA2a gene
increased in both exercise and exercise-ischemia groups. It
was found that this increase was significantly higher in the
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exercise-ischemia group, and intense intermittent exercise
increased RyR2 gene expression in both exercise-ischemia
and trained groups which can eliminate abnormal contrac-
tions associated with cardiomyopathy caused by ischemia of
the heart muscle and regulate the flow of calcium in the heart
muscle [27]. In addition, Pecorai et al. (2018) in their study,
titled “the effect of exercise training in the form of repetitive
electrical stimulation in old mice with condensed transverse
tubular myopathy disease,” which leads to the accumulation
of STIM1 and ORAII in an ineffective form showed that ex-
ercise limits the formation of this disease and improves mus-
cle function [28]. In examining the effect of endurance train-
ing on myogenic responses and ion flow caused by muscle
atrophy, the possible increase in hemodynamic stimuli plays
an important role in maintaining the myogenic response and
calcium ion flow from TRPC channels. This explains the
positive effect of endurance training in patients with limb
paralysis because endurance training reduces myogenic
response and calcium ion currents caused by atrophy [29].
Edwards et al. (2010) in the study of the effect of aerobic
training on calcium influx associated with metabolic syn-
drome and coronary atherosclerosis showed that this training
method has a protective effect on calcium influx by reducing
the expression of TRPC1 and STIM1 genes and leads to de-
creased calcium influx associated with metabolic syndrome
and coronary atherosclerosis [30].

Conclusion

According to the results of the present research, it was
found that SNL leads to a decrease in the expression of
STIM1, ORAIl, and MG29 genes in the plantaris mus-
cle, and performing a combined training session before
SNL has a compensatory effect, which is probably one
of the mechanisms related to the beneficial effects of ex-
ercise training on calcium homeostasis. However, more
research is needed to clarify the main mechanisms in this
regard. Performing a combination exercise was one of the
strengths of the present study because this type of exercise
can bring different answers and adaptations compared to
other exercise programs. One of the limitations of the cur-
rent research was the lack of evaluation of genes related
to muscle atrophy.

Ethical Considerations

This study was approved by the ethics committee of Ker-
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