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ABSTRACT

Received: 11 Mar 2020 [¥5E Detraining may affect cardiovascular adaptations. The present study aimed to investigate the ef-

Accepted: 15 Aug 2020 i fect of a detraining period followed by resistance training on immunohistochemical expression of ATP-
Available Online:01Apr2021 :  sensitive potassium channels and mitochondrial biogenesis of heart tissue in male rats.
: The present study was experimental. Thirty male Wistar rats were randomly di-
vided into four groups (control, control-detraining, resistance training, and resistance-detraining training).
The control group was sacrificed at the beginning of the study, and the control-detraining group did not
exercise for 11 weeks. The resistance training group performed eight weeks of training. The resistance-
detraining group did not train for three weeks after training. One-way analysis of variance and Tukey’s
post hoc test were used for statistical analysis.
[FIiEIEE The expression of KIR6.2, SUR2a, PGC1a, and TFAM in the heart tissue of the control-detraining
group was significantly lower than those in the resistance training group (P=0.001). Also, they were sig-
nificantly higher in the resistance training group compared to those in the resistance-detraining group

Kewords: (P=0.001). PGCla expression in the resistance-detraining group was higher than in the control-detraining
Resistance training, : group (P=0.001).
Detraining, Potassium : [@TEERT Resistance training increases PGCla and TFAM in the heart tissue of rats by increasing the
channels, Mitochon- expression of KIR6.2 and SUR2a. But lack of exercise reduces the expression of potassium channels and
drial biogenesis * factors that increase mitochondrial biogenesis.
English Version period of detraining [2]. Detraining can be considered a
partial or complete interruption of an exercise program or
1. Introduction a partial or complete loss of exercise benefits in response
to an inadequate exercise stimulus [3]. Some studies have
esistance training is associated with vari- shown that metabolic and functional adaptation of exercise
ous adaptations in the organs of the body programs can be reduced even after short periods of inactiv-
[1]. However, functional adaptation and ity due to illness and vacations [4]. Detraining causes loss
morphology can be reduced after a short of various adaptations, including cardiovascular [3].
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Potassium channels and mitochondrial biogenesis are
among the cardiovascular adaptations affected by exercise
[5, 6]. ATP-sensitive potassium (KATP) channels are ex-
pressed in various tissues such as the heart [7]. In the car-
diovascular system, these channels play a protective role in
metabolic stresses such as hypoxia and ischemia (In these
conditions, the intracellular ATP concentrations decrease).
In the heart, potassium channels reduce the duration of ac-
tion potential and intracellular potassium loss [8].

Suppression of potassium channels inhibits the growth
and development of pathological hypertrophy in the heart.
The activation of KATP channels by reducing cell death
and tissue damage protects the heart [9]. Cardiac myocytes
have two different types of ATP-sensitive potassium chan-
nels. There is a classic type in sarcoma (sarcK ATP) and
another type in the mitochondrial inner membrane (mitoK
ATP) [10]. It seems that exercise can positively affect these
channels. Molecular studies have determined that ATP-
sensitive potassium channels of the membrane surface are
composed of octameric complexes consisting of four pore
subunits (KIR6.2) and four regulatory Sulfonylurea Re-
ceptor (SUR) subunits. Two isoforms of inward-rectifier
potassium channels (KIR) (KIR6.1 and KIR6.2) and three
isoforms of SUR (SUR1, SUR2A, and SUR2B) have been
identified [10]. Some research has shown that aerobic exer-
cise affects SUR and KIR content [11, 12].

In the study of Wang et al., who examined the effect of §
weeks of aerobic exercise in male and female mice, it was
found that exercise increased SUR and KIR6.2 [11]. Brown
et al. also reported an increase in potassium channels after
12 weeks of regular aerobic exercise [ 12]. The other effects
of exercises are not well understood. For example, there are
no clear results for resistance training. Also, the effect of de-
training after exercise on potassium channels is unknown.
However, some studies have shown that the effect of exer-
cise-induced bradycardia (which can be due to the function
of these channels) is reduced by detraining [13, 14]. Junior
et al. found that eight weeks of exercise improved markers
associated with hypertension and cardiac hypertrophy, in-
cluding skeletal a-actin and o/f-MHC ratio, but four weeks
of detraining caused the loss of these adaptations [14].

Another important adaptation resulting from exercise is
an increase in mitochondrial size and density. Peroxisome
Poliferator-activated receptor Gamma Coactivator 1-alpha
(PGClo) plays an essential role in this regard [ 15]. PGCla
is expressed in the heart and skeletal muscles to provide
energy in response to exercise [16] and plays an essential
role in regulating mitochondrial biogenesis [ 17]. Increased
PGClua stimulates transcription of the nuclear respiratory
factor and leads to increased expression of mitochondrial
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transcription factor A (TFAM) and other mitochondrial
subunits of the electron transport chain. TFAM is the tar-
get gene for Nuclear Respiratory Factor 1 (NRF1), which
plays a vital role in coordinating interactions between mito-
chondria and the nucleus [17]. This gene is a mitochondrial
transcription factor that is a key activator in transcription
[17]. Limited studies have shown that aerobic and resis-
tance exercise increases PGCla in skeletal muscle and
heart muscles [18, 19].

Increased TFAM in skeletal muscle due to aerobic ex-
ercise has also been reported [20]. The available findings
show that mitochondrial adaptations in skeletal muscle
decrease by detraining after aerobic training and resistance
training [21, 22]. However, no specific results have been
reported on the effects of detraining on mitochondrial bio-
genesis factors (PGCla and TFAM) in cardiac cells.

Cardiovascular adaptation seems to be proportionate with
exercise characteristics such as intensity and duration of ex-
ercise, so inactivity and detraining may weaken the heart
and cardiovascular system. This problem becomes more
apparent in more prepared people. Therefore, considering
the importance of potassium channels and mitochondrial
biogenesis factors during training and detraining, as well as
research limitations in this field, this study aimed to investi-
gate the effect of a detraining period after resistance train-
ing on immunohistochemical expression of ATP-sensitive
potassium channels and mitochondrial biogenesis of heart
tissue in male rats.

2. Materials and Methods

This study was experimental with a control group. Thirty
male Wistar rats (according to previous sources) [12, 18]
were purchased at the age of five weeks and transferred to
the place of keeping laboratory animals at the Department
of Sports Physiology, Mazandaran University, Mazan-
daran Province, Iran. Then, they were randomly divided
into four groups (control group, control-detraining group,
the resistance-training group and, the resistance training-
detraining group).

The control group at the beginning of the investigation
was killed, and the control-detraining group was placed in
cages with free access to water and food and did not engage
in exercise. The duration of the inactivity in the control-
detraining group lasted three weeks longer than the control
group. The resistance-training group and the resistance
training-detraining group performed the resistance training
protocol according to Table 1 during the research. The resis-
tance-detraining group lacked any training for three weeks
after completing the training period. At the end of the study,
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the rats were first anesthetized and, then, using surgical in-
struments, their heart tissue was extracted and immediately
placed in formalin fluid.

The groups were briefly treated as follows:

- Control group: They were killed at the beginning of the
investigation.

- Resistance-training group: They were performed eight
weeks of resistance training and killed after eight weeks.

- Resistance training-detraining group: They were per-
formed eight weeks of resistance training and then de-
trained for three weeks and then were killed.

- Control -detraining group: They did not do any activities
during the research (11 weeks) and were killed after that.

In the Scott strength training, to condition the rats, they
wore the vest for 20 minutes every day with the help of the
researcher. Also, in the first week, they were stood on both
feet three sets of 10 in the Scott position with the help of
the researcher. In the second week, to familiarize the sub-
jects, they were placed on a squat machine made by Mirdar
and Sadoughi (2018) and performed three sets of 10 squats
every day without weights. To stimulate the movement, a
gentle electric shock was induced on the bottom of the de-
vice and the sole of the subject’s foot.

The training period of rats was eight weeks, which was
performed in sets of 10. The intensity of training in the first
three weeks, the end of the fourth week, and the end of the
eighth week of the training protocol was at most one maxi-
mum repetition (1RM) of the subjects. Then, according to
Table 1, the protocol was implemented in two 4-week pe-
riods. The weight moved by the subjects was determined
by taking into account the weight of the vest, the lever of
the measuring device, and the strength and intensity of the
exercise. Apart from the main activity time, 5 minutes were
provided for a warm-up and 5 minutes for cooling down.
The Scott movement was started after wearing the vest with
the researcher’s help.

Handgrip strength training was performed similar to the
Scott training and with the handgrip machine. However, in
the handgrip training, the subjects weightlessly hung from
the machine in 3 sets of 10 in the first two weeks of ac-
quaintance. The handgrip exercise was performed by pull
up using weights attached to the subjects’ tails with the re-
searcher’s support from the end of the tail without any help
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or force from the researcher. The subjects were separated
from the machine and had an active rest between training
sets. Apart from the main activity time, the subjects had 5
minutes to warm up and 5 minutes to cool down on the
device with the researcher’s help [23].

Also, 1RM was calculated according to the displaced
weight and the number of repetitions according to the For-
mula 1.

Formula (1):
A= (number of repetitions x 2) - 100
as aresult:

IRM=A/100 x displaced weight

After removing the desired tissue, it was fixed with 10%
formalin Bowen solution. The use of this fixative during
the tissue preparation process leads to better staining re-
sults. Then, to dehydrate the tissue, the sample was placed
in 70%, 80%, and 90% and then absolute alcohol. In the
molding stage, the paraffin-impregnated sample was placed
in a mold filled with molten paraffin. While freezing the
paraffin, the left sample inside was ready for cross-section.
The sample was cut with a thickness of 5 to 10 u by mi-
crotome.

The sample was washed with PBS in 3 $teps and incubat-
ed in citrate buffer (pH: 9.1) for 20 minutes at 70°C. To re-
cover the antigen, 2 N hydrochloric acid was poured on the
samples for 30 minutes. The cells were then washed with
PBS. Also, 0.3% Triton was used for 30 minutes to perme-
ate the cell membranes and then washed with Phosphate-
Buffered Saline (PBS). Then, 10% goat serum was added
as additional background dye for 30 minutes to block the
secondary antibody reaction. The samples were then trans-
ferred from the incubator to a dark room, and after four
washes, DAPI was added to them. They were immediately
removed, and PBS was poured on the samples. In the last
step, the sample was observed by Labomed TCM400 fluo-
rescent microscope.

Also, we used Kir6.2: Sc-390104 laboratory kit (Santa
Cruz Biotechnology, Inc., USA), SUR2: MBS8242984
(MyBioSource, USA), PGC1: ab54481 (Abcam, UK), and
TFAM: LS-B9989 (LifeSpan, BioSciences, USA) .
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In the present study, the Shapiro-Wilk test was used to in-
vestigate the normality of data distribution. One-way analy-
sis of variance and Tukey’s post hoc test were also used to
examine the research variables. All investigations were per-
formed at the significance level of a >0.05 using Prism 5.0.

3. Results

The analysis of variance showed significant differences
between the groups in terms of expression of KIR6.2, SU-
R2a, PGCla, and TFAM in the heart tissue of male rats
(P=0.001). Tukey post hoc test also showed the expression
of KIR6.2, SUR2a, PGCla, and TFAM was significantly
increased in control-detraining (P=0.001), resistance train-
ing (P=0.001), and resistance-detraining (P=0.001) groups
compared to the control group.

Also, in the resistance training group compared to the
control-detraining group, the increased expression of
KIR6.2, SUR2a, PGClo, and TFAM (P=0.001), and in
the resistance-detraining group compared to the resistance
training group (P=0.001), the decreased expression was re-
ported. Regarding the expression of KIR6.2, SUR2a, and
TFAM, no significant difference was observed between
the control-detraining group and the resistance-detraining
group (P>0.05) (Figure 1, 2, 3 & 4). However, PGCla
expression was higher in the resistance-detraining group

compared to the control-detraining group (P=0.001)
4. Discussion

This study aimed to evaluate the effect of a detraining pe-
riod after resistance training on the expression of KIR6.2,
SUR2a, TFAM, and PGCla in the heart tissue of young
male rats. The results showed that resistance training had
a significant effect on potassium channels. Accordingly,
the resistance training group had high levels of KIR6.2
and SUR2a. And the resistance-detraining group, control-

Table 1. Strength training protocol
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detraining group, and control group were in the next ranks
in terms of KIR6.2 and SUR2a expression.

No clear results were found on the effect of resistance
training on these proteins. But research by Wang et al.
showed that regular endurance training significantly in-
creases SUR myocytes and KIR content [11]. Brown et
al. reported that KIR protein increased by 58% and SUR by
75% in the exercise group [12]. Research by Kralovich et
al. also showed that intermittent exercise increases SUR2a
in the heart tissue of mice with heart failure [24].

There were no clear results on detraining effects after
an exercise on potassium channels, but some studies had
shown that the effect of chronic exercise bradycardia was
reversed when rats were detrained for two weeks [13].
Consistent regulation of ATP-sensitive potassium channel
expression in response to exercise can be an essential adap-
tation element [25]. In this regard, Kane et al. reported that
the elimination of ATP-sensitive channels during exercise
leads to heart failure [26]. Zingman et al. reported that an
exercise-induced increase in ATP channel expression in-
creases the action’s speed and magnitude and shortens the
action potential in response to heart rate acceleration [25].
Recent studies using Kir6.2-deficient mice have shown that
disruption of KATP channel activity leads to activation of
calcineurin-dependent pathways, which in turn increases
the nuclear accumulation of hypertrophic transcription fac-
tors MEF2 and NF-AT [27, 28].

Exercise activates SUR2a gene transcription through the
c-Jun / NH2 kinase terminal signal cascade pathway [25].
Although the precise definition of the mechanism underly-
ing KATP channel re-regulation by exercise requires fur-
ther study, some studies have shown that increased ABCC9
transcription increases SUR2A production and increases
the expression of KATP functional channels in response to
short-term exposure to exercise [25]. In the case of KIR6.2,
its activity in Vascular Smooth Muscle (VSM) can be mod-
ulated by PKC (inhibition) and PKA (activation) signaling

Factor Week Intensity Set Repetition Rest Time Number of Days per Week
First 60% 2 10 90 seconds 3
Second 60% 2 10 90 seconds 3
Third 60% 3 10 90 seconds 3
Fourth 60% 3 10 90 seconds 3
uarterly of
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Figure 1. Expression of KIR6.2 in different groups

~P=0.001 Comparison of resistance training-detraining with

control; -:P=0.001 Comparison of resistance training with
control; *:P=0.001 Comparison of control-detraining with
control; +:P=0.001 Comparison of resistance training - de-
training with control-detraining; #:P=0.001 Comparison with
resistance training; @:P=0.001 Comparison of resistance
training-detraining with control-detraining.

pathways and metabolic stress such as hypoxia and isch-
emia [29].

The significant point is the declining trend in potassium
channel expression after detraining. In this study, there
was no significant difference between the control-detrain-
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Figure 3. Expression of PGCla in different groups

~:P=0.001 Comparison of resistance training-detraining with
control; -:P=0.001 Comparison of resistance training with con-
trol; *:P=0.001 Comparison of control-detraining with control;
+:P=0.001 Comparison of resistance training - detraining with
control-detraining; #:P=0.001 = Comparison with resistance
training; @:P0.001 Comparison of resistance training-detrain-
ing with control-detraining.
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Figure 2. Expression of SUR2a in different groups

~:P=0.001 Comparison of resistance training-detraining with

control; -:P=0.001 Comparison of resistance training with
control; *:P=0.001 Comparison of control-detraining with
control; +:P=0.001 Comparison of resistance training -detrain-
ing with control-detraining; #:P=0.001 Comparison with re-
sistance training; @:0.001 Comparison of resistance training-
detraining with control-detraining

ing group and the resistance-detraining group in terms of
KIR6.2 and SUR2a expression. In other words, trained
rats can lose cardiac KIR6.2 and SUR2a levels in the short
term if left detrained and approach control-detraining con-
ditions. Considering that shear stress is one of the factors
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Figure 4. Expression of TFAM in different groups

~:P=0.001 Comparison of resistance training-detraining with
control; -:P=0.001 Comparison of resistance training with
control; *:P=0.001 Comparison of control-detraining with
control; +:P:0.001 Comparison of resistance training-detrain-
ing with control-detraining; #:P=0.001 Comparison with resis-
tance training; @:P=0.001 Comparison of resistance training-
detraining with control-detraining.
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that increase the expression of potassium channels [30] and
is affected by exercise and detraining [31], one reason for
the decrease in the expression of these channels can be at-
tributed to the reduction of shear stress. On the other hand,
increasing or decreasing potassium channels also affect mi-
tochondrial biogenesis factors such as PGCla [32].

Our results showed that resistance training increases the
expression of PGCla. However, detraining after resistance
training reduces it. Baghadam et al., in the study of the ef-
fect of resistance training on irisin and expression of PGCla
PGCloa gene in the heart muscle of diabetic rats, showed that
resistance training causes a significant increase in PGCla
[19]. Shabani et al. investigated the effect of eight weeks of
aerobic exercise on the expression of PGCla and VEGF in
the heart muscle of healthy male mice and did not report a
significant change in PGCla [ 18]. PGCla has two isoforms,
alpha and beta, and by activating a group of transport agents,
it increases mitochondrial biogenesis and is activated by acti-
vating factors [19]. Kang et al. reported that PGCla expres-
sion plays an essential role in preventing skeletal muscle at-
rophy and indicates an increase in mitochondrial biogenesis
and a decrease in oxidative damage [33].

Studies have shown that physical activity increases
PGCla expression via the beta-adrenergic receptor / cAMP
pathway [34]. Exercise and increased energy demand lead
to increased AMP, calcium concentration of free phosphate
groups, and intracellular reactive oxygen species. This sub-
Strate activates some intracellular signals, including the
calcium-dependent protein calmodulin, AMP-activated
protein kinase (AMPK), and mitogen-activated kinase P38,
which plays an essential role in the upregulation of PGCla
activity, followed by mitochondrial biogenesis [33].

Potassium channel activity is also required to maintain
PGC-1a expression under stress. Suppression of KATP
channel activity disrupts PGCla expression through
the FOXOL1 signaling pathway [32]. Akt may regulate
PGCla gene expression through phosphorylation and
phos-FOXOI1 nuclear release. Previous studies have shown
that disruption of KATP channel activity in neonatal myo-
cytes increases Akt phosphorylation [32]. Also, our results
showed that following the increase in KIR6.2 and SUR2a
after resistance training, the expression of PGC-la in-
creases. The PGC-1a expression also decreases following
detraining and decreased potassium channel expression.

PGC-1a modulates mitochondrial biogenesis by direct
correlation of transcription factors such as Nuclear Re-
spiratory Factor (NRF) and Estrogen Receptor (ERR)
[35]. The binding sites for the NRF-1 monomer and the
NRF-2 heterotrimer (also known as GABP) are found in
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the promoters of most respiratory chain genes. The effect
of overexpression of NRF-1 or NRF-2 in cardiac tissue
has not been evaluated so far. However, overexpression
of NRF-1 in skeletal muscle increased oxidative phos-
phorylation (OXPHOS) genes. PGC-1a physically inter-
acts with both NRF-1 and -2 and stimulates their activity
on mitochondrial genes [36, 37]. Increased PGCla also
stimulates nuclear respiration factor transcription and
leads to increased expression of mitochondrial transcrip-
tion factor (TFAM) and other mitochondrial subunits of
the electron transport chain [17].

The present study showed that resistance training increas-
es TFAM in heart cells of healthy rats. But detraining sig-
nificantly reduced it. Popov et al. investigated the effect of
two months of aerobic exercise on skeletal muscle TFAM
in human samples and reported its significant increase [20].
Islam et al. reported similar results [38].

Interactions between the nuclear genome and mitochon-
dria are mediated in part by encoded nuclear proteins such
as TFAM, TFB1, and TFB2. PGC-1a induces the genes of
these three proteins through the induction and activation of
NRF-1 and NRF-2. TFAM is a high-active transcription
factor group responsible for the replication and transcrip-
tion of mitochondrial DNA. Impairment of TFAM target
specifically in cardiac tissue leads to a significant reduction
in electron transport capacity, spontaneous cardiomyopa-
thy, and heart failure. In contrast, increased TFAM expres-
sion in cardiac tissue protects against heart failure due to
myocardial infarction [39].

Studies have shown that ROS, through binding to mtD-
NA, leads to degradation and reduces its function. Mito-
chondrial transcription factor (TFAM) binds to and covers
the mtDNA and protects against ROS and its degradation
while increasing mitochondrial function [40]. Exercise in-
creases TFAM and increases mitochondrial biogenesis by
increasing PGCla. However, detraining can reverse this
trend [40]. The present study results also showed that de-
training reduced PGCla and TFAM in the heart cells of
healthy rats. It is possible that detraining reduces mitochon-
drial biogenesis by increasing factors such as ROS and de-
creasing PGClo and TFAM.

5. Conclusion

Finally, the results of this study show that resistance train-
ing increases the potassium channels of KIR6.2 and SUR2a
and increases the mitochondrial biogenesis of PGCla, and
TFAM of heart cells. Resistance training is effective in
increasing mitochondrial biogenesis through PGCla and
TFAM by increasing KIR6.2 and SUR2a. However, car-
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diac adaptations resulting from resistance training can be
returned to baseline due to detraining, which reduces the
expression of potassium channels and factors that increase
mitochondrial biogenesis.
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