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Abstract

Exercise training prevents the adverse effects of Myocardial Infarction (MI) and Ischemia/Reperfusion (I / R) and it seems that mitochondria have an important role in
exercise-induced cardioprotection. So, the purpose of this study was to investigate the effects of exercise preconditioning with 4 weeks of High-Intensity Exercise Training
(HIIT) on cardiac damage and mitochondrial dynamic proteins as effective factors in cardiac protection following MI. Twenty Male Wistar rats were randomly divided into 4
groups HIIT + MI, MI, HIIT, and Control. Training groups performed 4 weeks (5 days per week) of high-intensity interval training. HIIT protocol consisted of 10*Tmin running
intervals that were separated by 2 min rest. Training intensity varied every week. For induction of myocardial infarction, a subcutaneous injection of isoproterenol was used.
Creatine Kinase (CK) and lactate Dehydrogenase (LDH) were measured in serum and Drp1, and Mfn2 gene expression were measured by the real-time PCR method in the
heart tissue. The results of the present study showed that CK and LDH in MI were significantly higher in HIIT + MI (p < 0.05). myocardial infarction results in a significant
increase in Drp1 gene expression in the Ml and HIIT + MI groups relative to the Control group. The expression of the Drp1 gene was lower in the HIIT + MI group than in
the MI group, but it was not statistically significant. Also, the results demonstrated that Mfn2 was no significant difference between the groups (p > 0.05). It seems that
four weeks of exercise preconditioning with HIIT training reduced injury and necrosis in cardiac tissue and can increase cardio-protection. Also, no significant effect was
observed in reducing Drp1 expression due to HIIT which may indicate the need for a longer training period.
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Introduction

Acute Myocardial Infarction (AMI) occurs due to blockage
of the cardiac vessels due to atherosclerotic plaque rupture,
resulting in a decrease in oxygen and nutrients of the cardiac
cells [1]. Myocardial infarction causes the death of cardiac
cells through calcium overload, the opening of mitochondrial
permeable transition pores (mPTP), and the production of
mitochondrial oxidative stress, which is itself the result of
mitochondrial dysfunction. Therefore, it seems that preventing
the effects of MI and ischemia/reperfusion on mitochondrial
function can be an important strategy for cardiac protection
[2-4]). In fact, Mitochondrial fragmentation is associated
with many diseases [5]. Mitochondria, a dynamic organelle,
maintain their quality through the process of fusion (mixing
of mitochondrial DNA, lipids, proteins, and metabolites)
and fission (selective removal of damaged mitochondria by
mitophagy), and these processes are essential for maintaining
mitochondrial function [2]. Mitochondrial fusion mediating
proteins are Mitofusions 1 and 2 (Mfn1, Mfn2) and Optic atrophy
1 (OPA1). While Dynamin-related peptide 1 (Drp 1) protein
mediates mitochondrial fission through interaction with
Fission protein 1 (Fis1 protein), mitochondrial fission factor
(MFF), and Mitochondrial dynamics proteins of 49 and 51 kDa
(MiD49, Mids1) [6]. During MI, mitochondrial homeostasis is
disrupted, which includes its dynamics. In this regard, Jiang, et
al. 2014 reported that after MI, mitochondrial dynamics change
pathologically, which indicates a decrease in the expression of
fusion proteins and an increase in fission proteins [7]. Various
studies have also shown that Ischemia-reperfusion damage
increases Drpi-dependent mitochondrial fission. However,
more research is still needed on mitochondrial fusion [2,5,8-10].
Impaired mitochondrial fission leads to increased free radical
production, disruption of calcium homeostasis, low Adenosine
Triphosphate (ATP) production decreased energy metabolism,
and overall mitochondrial dysfunction in mammalian cells [11-
13]. Inhibition of Drp1 / Fis1 interaction following MI has been
shown to reduce mitochondrial fragmentation and Reactive
Oxygen Species (ROS) production and improve mitochondrial
membrane potential and mitochondrial integrity [14]. In
vitro and ex vivo studies, inhibition of mitochondrial fission
in myocardial I / R injury, reduced myocardial infarct size,
prevented cardiomyocyte apoptosis, and improved cardiac
function [10]. On the other hand, increased expression of
mitochondrial fusion proteins increases I / R damage resistance,
so that cell death following ischemic injury is reduced.
However, Mfn1 and Mfn2 cell defects in laboratory studies have
reduced membrane potential [15]. Regarding cardiac protection
strategies, epidemiological studies show a strong relationship
between exercise and rescuing patients from MI. These studies
have shown that the onset of ischemia-reperfusion injury (I
/ R) and MI is delayed by exercise. Exercise activity not only
reduces cardiovascular risk factors but also enhances cardiac
protection against ischemia-reperfusion [16]. Exercise by
short-term ischemia exerts its effect as a pre-conditioning
[17-20]. The effect of exercise pre-conditioning is such that
it can provide cardiac protection from one session to a short
time period of exercise training [20-23]. However, the effect of

exercise pre-conditioning also depends on the model, volume,
and especially the intensity of exercise and ischemia caused
by exercise. In this regard, Luan, et al. 2019. Reached results
in studying the beneficial effects of different types of exercise
on 26 types of chronic diseases such as cardiovascular disease.
According to the results of High-Intensity Interval Training
(HIIT) compared to other exercises, it significantly improves
cardiac function [24,25].

Exercise seems to activate protein kinases such as
Calmodulin Kinase (CaMKs), AMPK, Mitogen-activated
protein kinase p38 (p38MAPK), and Extracellular signal-
Regulated Kinase (ERK) by increasing ROS, free phosphates,
calcium ion levels, Adenosine Diphosphate (ADP), Adenosine
Monophosphate (AMP) which resulting in mitochondrial
dynamic regulation [26]. However, the exact cellular molecular
mechanism of cardiac protection of exercise activity, especially
High-intensity interval training, is still unclear. One of the
protective pathways of the heart against ischemia seems to be
to protect mitochondrial function, and the role of exercise pre-
conditioning in this mechanism is worth studying [10]. Given
the important role of changes in the structure and function
of mitochondria that cause damage and death of cardiac cells
during MI and I / R and also a positive effect of exercise training
on genes and proteins associated with mitochondrial dynamics
[27], the question and hypothesis arise whether a short-term
period of 4 weeks of high-intensity interval training can
reduce the damage caused by MI by having a positive effect on
mitochondrial fission and fusion factors?

Materials and methods
Experimental design and treatment schedule

The present study is an experimental study that was
performed with a post-test design to measure the main
variables of the study (Drpi, Mfn2 expression, infarct size).
Before the start of the research period, the research plan
was presented to the ethics committee of the Sports Sciences
Research Institute, and the ethics license was received with
the code (IR.SSRC.REC.1400.017). After that, 24 adult male
rats aged 16 weeks - 20 weeks with a weight range of 240 -
320 g were prepared as a sample from the Laboratory Animal
Center of the Pasteur Institute and were transferred to the
animal laboratory of the Faculty of Sports Sciences of Shahid
Rajaei Teacher Training University. In the laboratory pet
house according to the instructions of the Iranian Association
for the Protection of Laboratory Animals and in standard
conditions (temperature 22 + 2 °C, relative humidity 55%) was
maintained, and with the dark cycle of light 12:12, free access
to water and food (pellets produced by Behparvar Company)
and kept in clean cages with 3 rats in each cage. After a week
of adaptation to the environment to familiarize the rats with
the training environment (Iranian treadmill, made by Iranian
Danesh Salar Company), rats ran on the treadmill for one week,
every day with an intensity of 5 - 10 meters per minute for 10
to 15 minutes.

After the adjustment period, rats were randomly divided
into four equal groups training (HIIT) (N = 6), training and
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myocardial infarction group (HIIT + MI) (N = 6), control and
myocardial infarction group (MI) (N = 6) and Control group (N
= 6). All research steps are summarized in Table 1.

V peak test

2/ hours after the adjustment period and 48 hours before
the start of the training period, the endurance capacity test and
V peak estimation were performed based on the protocols used
in previous studies. For measuring the V peak, rats first warmed
up at a low speed of 10 meters per minute. Then, the experiment
started by running rats at a speed of 15 meters per minute
for two minutes. The treadmill speed was then automatically
increased by 0.03 m / s (every 1.8 to 2 m / s) every two minutes
until the rats were no longer able to continue running on the
treadmill [28,29]. Exhaustion time was determined by mild
shock. When rats struck the shock device twice at the end of the
treadmill in 30 seconds or showed reflection and stood upright
on their feet, they were considered exhausted [30]. This test
was performed 24 hours after the end of the training period,
to testify to the effect of training on the aerobic fitness of rats.

Training protocol

The training period, which lasted for 4 weeks, included: 5
consecutive days of HIIT training per week. Each session was
warmed up for 5 minutes at a speed of 10 meters per minute,
followed by 10 intervals of 1 minute of running on a treadmill.

In the first week, the intensity of rat exercise in training
intervals was 85% V peak, in the second week, the intensity
was 90% V peak, in the third week, the intensity was 95% V
peak, and finally, in the fourth week, rats ran 100% V peak
on the treadmill. Rats rested for 2 minutes between training
intervals and cooled for 5 minutes at a speed of 6 m / min at the
end of each training session. Training intensity was designed
based on the amount of V peak. The Control group and the
control group did not exercise on the treadmill during the
training period. However, they were placed on the immobile
treadmill to provide the same condition for all rats (Table 2).

Table 1: Research protocol.

Method of induction of myocardial infarction

Forty-eight hours after the V peak estimation test at the
end of the training period, Isoproterenol (ISP) was prepared
in a normal saline solution. This substance was injected
subcutaneously (150 mg/kg body weight) on two consecutive
days 24 hours apart to induce myocardial infarction [31,32] in
MI and HIIT + MI groups. The use of this substance in animal
models, especially rats, is one of the common methods for
causing myocardial infarction. The Control group was injected
to control the effect of the placebo injection.

Biopsy

Forty-eight hours after the second isoproterenol injection,
rats were deeply anesthetized by intraperitoneal injection
of Ketamine (100 mg/kg body weight) and Xylazine (10 mg/
kg body weight), and the animal’s chest was dissected. Blood
samples were taken directly from rat hearts and collected in
Falcon tubes. After blood sampling from the heart, cardiectomy
(removal of the heart from the body) was performed under
sterile conditions. The isolated cardiac tissue was washed with
Phosphate-Buffered Saline (PBS) and part of the cardiac tissue
was placed in containers containing 4% formalin solution for
staining. And part was placed in containers containing 20%
RNAlater solution for gene expression and transferred to the
laboratory for further experiments. Blood taken from the heart
was poured into a CBC tube containing the EDTA anticoagulant
type K2 (the tubes were gently shaken to completely dissolve
the material in the blood) to collect serum. The serum of blood
samples was isolated by SIGMA 2 - 15PK centrifugation at 3100
rpm and 15 °C for 15 minutes to measure cardiac injury markers.
Tissue samples were then stored in the freezer at minus 70 and
blood samples at minus 20 until further testing.

Confirmation of infarction

To stabilize cardiac tissue injury, blood levels of CK and LDH
(markers indicating cardiomyocyte necrosis) were measured
by using the standard enzymatic method of the German
Societies for Clinical Chemistry (DGKC) ((CK: lot 1661120),

Trainin
m Familiarization and V peak test V peak test and Ml induction m

1-week adaptation

1-week adaptation to the exercise

MI to the environment environment rest test of rest
(treadmill)
1-week adaptation
Control 1-week adaptation to the exercise 24 hours Vpeak 48hours
to the environment environment rest test of rest
(treadmill)
1-week adaptation
I 1-week adaptation to the exercise 24 hours  Vpeak 48 hours
to the environment environment rest test of rest
(treadmill)
1-week adaptation
HIT + MI 1-week adaptation to the exercise 24 hours Vpeak 48hours
to the environment environment rest test of rest
(treadmill)

24 hours  Vpeak 48hours

Standi
ancing o,n 24 hours Vpeak 48hours : . Sacrificing rats
the treadmill Ml induction )
rest test of rest and sampling.
off
Standing o.n 24 hours  Vpeak 48 hours Placebo Sacrificing rats
the treadmill . .
off rest test of rest injection and sampling.
4 weeks of 24 hours Vpeak 48 hours . Sacrificing rats
HIIT training rest test of rest and sampling.
4 weeks of 24 hours Vpeak 48 hours . . Sacrificing rats
. Ml induction .
HIIT training rest test of rest and sampling.
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Table 2: Running distance in research groups based on V peak during 4 weeks.

[ oroup | Week1 | Week2 | _Wesk3 | Wesks | Toul |

1851.75
meters

HIT 1741.7 meters 1877 meters

1954.65
meters

1946.5 meters 2049 meters 7614.2

HIT +MI 1749 meters 2057.5 meters 7612.9

Ml Standing on the treadmill off

Control Standing on the treadmill off

(LDH: 1820721), Delta Darman Part, Iran) and activities of
enzymes were expressed in mg/dl and U/l, respectively. All
procedures were performed according to the kit’s instructions.
Hematoxylin-Eosin staining (H&E) was used to evaluate
necrotic damage.

Gene expression

A real-time polymerase chain reaction (RT-PCR method)
was used to measure the gene expression of Mfn2 and Drp1
genes which includes the following steps: 1. primers were
designed and synthesis based on: sequence of DNA from NCBI
(The National Center for Biotechnology Information) database
using the Oligo Analyzer 1.0.2 tool, also, having at least %GC,
PCR product less than 220 pb, appropriate BLAST results and
high specificity of 85% (Takapouzist Co, Iran), 2. Ribonucleic
Acid (RNA) was prepared by homogenization of heart tissue
and extraction with the total RNA extraction kit (Qjiagen,
German, Cat no: 74004), 3. the 260/280 nm absorbance
ratio was used to determine the quality of RNA samples in a
NanoDrop 2000c(r) Spectrophotometer (Thermo Scientific,
Wilmington, DE, EUA), 4. synthesis of complementary DNA
(Thermo Fisher Scientific, USA, Cat no: k-1622) according to
the manufacturer’s guidelines, 5. amplification and detection
by RT-PCR device (Corbbet, Qiagen, German) by Rotor-Gene
6000. SYBR® Green RT-PCR Master Mix (Parstous, Iran) by
a thermal program as follows: One cycle at 94 °C for 10 min,
40 cycles at 95 °C for 15 s, 55 °C for 30 s, 72 °C for 45 s and
72 °C for 5 min. Glyceraldehyde-3-phosphate dehydrogenase
was used as a housekeeping gene for mRNA analysis. Table
3 demonstrates the primer sequences. The logarithmic fold
change (Log FC) was used to normalize fold changes and
analyze gene expression data.

Statistical analysis

In this study, descriptive statistics were used to determine
the mean and standard deviation. Shapiro-Wilk test was used
to determine the normality of the data and one-way variance
analysis and post hoc Bonferroni test were used to determine
the differences between the groups. The significance level
was considered p < 0.05. All data were also analyzed by SPSS
software version 23.

Results

After staining, the samples were investigated using a light
microscope with a magnification of x 40 (Figure 1). Severe
(Figure 1A) and moderate (Figure 1B) MI were observed in two
groups of MI and HIIT + MI, respectively.

Based on the results of the ANOVA test, there was no

significant difference between the groups in weight (p = 0.71, F
= 0.42) and V peak (p = 0.90, F = 0.16) at the beginning of the
training period (p > 0.05). The characteristics of rats (weight
and V peak) before and after training are given in Table 4.

The results of the ANOVA test about the levels of blood CK
and LDH showed that there was a significant difference between
the study groups (F values were 26.50 and 34.15, respectively)
and p < 0.001. Also, based on the results of the post hoc test, CK
and LDH levels in HIIT + MI and MI groups were significantly
different from the Control group and HIIT group (p < 0.05).
CK and LDH levels in the HIIT + MI group were significantly
reduced compared to the MI group (p < 0.05) (Figures 2 and 3).

Based on the results of data analysis, the expression of the
Drp1 gene in cardiac tissue after 4 weeks of HIIT and induction
of infarction was significantly different between groups (p =
000, F = 17.71) (p < 0.05). According to the Bonferroni test,
Drp1 had a significant increase in MI and HIIT + MI groups
compared to the Control group (p < 0.001). Also, the increase
in the expression of this gene was significant in the MI group
compared to the HIIT group (p < 0.001). Drp1 gene expression
was increased in the MI group compared to HIIT + MI but this
increase was not significant (p > 0.05) (Figure 4).

The results of One-way ANOVA in relation to Mfn2 gene
levels did not show a significant difference between the groups
(p = 0.19, F = 1.74) (Figure 5).

Table 3: Sequence of the primers used in the real-time method in the present study.
Forward primer- 5- GCAGCCGTAGTCCTCAAAGA-3'
Reverse primer- 5-CTCCACCTTTTGAAGCCAGG -3’
Forward primer- 5- AGTCGGTTGGAAGTCACTGT -3’
Reverse primer- 5- TGTACTCGGGCTGAAAGGAG -3’

Drp1

Mfn2

Figure 1: Necrosis in the cardiac tissue in (A) HIIT+MI group, (B) Ml group, (C) HIT
group, and (D) Control group. (x 40 magnification).

Table 4: Mean * SD of weight, V peak, rats before and after training.

HIIT + MI HIIT Mi Control
pre-test 276.83 £18.99 265+27.73 279.25+23.34 285.75+25.70
Post-test 327.17 +22.55 303.5+42.77 306.63 +28.17 337.8 +52.26
pre-test 41.15+2.46 4098+3.10 41.11+1.29 40.18+1.55
Post-test  50.57+3.18 53.15+297 41.01+1.58 40.2+8.32

Variable

weight

V peak
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Figure 2: Mean + SD of blood lactate dehydrogenase levels in research groups.

*Significance compared to the Control group, #significance compared to HIIT
group, @significance compared to HIIT + MI group.
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Figure 3: Mean t SD of blood Creatine kinase levels in research groups.

*Significance compared to the Control group, #significance compared to HIIT
group, @significance compared to HIIT + MI group.
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Figure 4: Mean t SD of Gene Expression of Drp1 in research groups. * Significant

compared to Control group, #significant compared to HIIT group.
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Figure 5: Mean + SD gene expression of Mfn2 in research groups.

Discussion

The number of cardiac protection strategies is increasing,
and all of these strategies try to reduce the amount of tissue
damage following ischemia caused by changes in myocardial
blood flow and the loss of fewer cardiac cells. The major
protection strategies studied includeischemic pre-conditioning,
ischemic post-conditioning, heat stress, oxidative stress, and
certain drug interventions [33]. However, different methods
have been identified to achieve cardiac protection against I /
R damage, However, several studies have concluded that one
of the best most effective, and tolerable approaches to achieve
cardiac protection against IR cardiac damage is regular exercise
training [33,34]. Therefore, this study aimed to investigate the
effect of exercise preconditioning with 4 weeks of HIIT training
on cardiac damage and mitochondrial dynamic proteins as
effective factors of exercise in cardiac protection following
MI. As you can see in Figure 1, the pathological results of this
study showed that induction of myocardial infarction with
isoproterenol, a beta-adrenoceptor agonist, led to necrosis
of heart tissue. This injury was very severe in the MI group.
Moderate necrosis was observed in the HIIT + MI group.
This finding was in line with the results of studies such as
Ghanimati, et al. 2020 [30] and Shukla, et al. 2015 [32]. An
increase in blood markers of tissue injury (creatine kinase and
lactate dehydrogenase) was also observed in the MI and HIIT
+ MI groups in this study, which indicates the severity of MI
damage. LDH is a blood indicator of cardiac tissue injury that
is secreted with a delay and peaks two to three days after MI.
While creatine kinase is secreted immediately after MI [32].
In our study, sampling was performed 48 hours after the last
isoproterenol injection. The high level of these factors in the
MI group compared to the other groups was in line with the
pathology results. Also, low blood levels of these factors in the
HIIT + MI group compared to the MI group show the effect
of cardiac protection of exercise, which has been reported
in previous studies [25,30,35]. In various studies, increasing
glycolytic flow, improving nitric oxide signals, increasing
the production of Heat Shock Proteins (HSPs), increasing
the function of sarcolemma or mitochondrial ATP-sensitive
potassium channels, increasing the antioxidant capacity of
cytosol, reducing ROS, altering synthesis and mitochondrial
phenotypes are some of the cellular mechanisms reported
by exercise-induced cardiac protection [16,27]. Studies also
point to the role of Akt, PGCia activation, and mitochondrial
biogenesis due to exercise activity in reducing heart damage
[36].

Based on the findings of the present study, myocardial
infarction led to a significant increase in Drp1 gene expression
in the MI and HIIT + MI groups compared to the Control group,
which has been observed in other studies [15,37]. Although
the expression of the Drp1 gene in the HIIT + MI group was
lower than the MI group, it was not significant. Accumulation
of intracellular calcium during severe myocardial ischemia
appears to activate calcineurin, which dephosphorylates Drp1
in Ser637 and increases fission [1]. On the other hand, it has
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been suggested that exercise promotes improved mitochondrial
function by improving biogenesis, fission, fusion, and
mitophagy, formation of new mitochondria, and identification
and removal of damaged and dysfunctional mitochondria [38].
In this regard, Jiang, et al. 2014 showed a decrease in Drpi
after eight weeks of aerobic interval training on a treadmill
[7]. Decreased Drpi1 has also been observed after 5 days of
treadmill running training [39]. However, running a marathon
(24 hours) resulted in higher Drp1 activity in young athletes
[40]. Some studies did not find any change in Drp1 levels due
to exercise [41,42]. In our study, Drpi1 did not change in the
HIIT group compared to the Control group. However, exercise
through protein kinase A and AMPK appears to increase Drp1
phosphorylation in Ser637, inhibit the interaction between
Drp1-Fis1, and inhibit Drp1 phosphorylation in Ser616 thereby
reducing mitochondrial fission [43,44]). Also, according to
the results of this study, despite the increase in Mfn2 in the
HIIT and HIIT + MI groups, this increase was not significant
compared to the Control group. The MI group did not show a
significant difference compared to the Control group. Increases
in Mfn1 and Fis1 proteins have been reported in the muscles of
healthy young individuals following intensity interval training
[45]. Also, an increase in mitochondrial fusion proteins was
observed in rats after 7 days of chronic muscle contraction
3 hours a day at 10 Hz (endurance training model). 7 days of
muscle denervation reduced the levels of this protein [46].
However, some animal studies on the effect of exercise on
fusion proteins [7,22,39,41,42,47] have reported different
results such as reduction and no change, which seem to be
different results depending a lot on the intensity and duration
of the training protocol. Taken together, these findings suggest
that exercise positively regulates fission and fusion processes,
and that type of activity plays an important role in the
mitochondrial dynamic response [26,48]. Also, a decrease in
the size of myocardial infarction has been shown by increasing
the expression of Mfni / 2 and decreasing Drp1 due to exercise
training [37]. PGC1a also regulates the translation of Mfn1 and
Mfn2 based on the findings of laboratory studies [38]. The
effect of four weeks of exercise training on PGC1a increase has
already been reported, although we did not measure this factor
[22,49].

Conclusion

Although extrapolation of findings from experimental
animals to humans should be done cautiously, the results of
the present study suggest that exercise preconditioning with
HIIT even for short term (4 weeks) reduced injury and necrosis
in cardiac tissue. further research is needed to show regular
exercise especially HIIT can increase cardio-protection by
improvement of mitochondrial dynamic. It also seems that a
longer period of exercise training is needed to prove the effect
of mitochondrial dynamics on cardiac protection.
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