Research in Pharmaceutical Sciences, December 2023; 18(6): 696-707
— Received: 04-03-2023
7 Peer Reviewed: 18-05-2023

! Revised: 20-06-2023
J Accepted: 11-09-2023
Published: 23-11-2023

Moderate exercise mitigates cardiac dysfunction and injury induced
by cyclosporine A through activation of the PGI. / PPAR-y signaling
pathway

School of Pharmacy & Pharmaceutical Sciences
Isfahan University of Medical Sciences

Original Article

Khatereh Nourmohammadi'!, Abolfazl Bayrami!, Roya Naderi?*3, Alireza Shirpoor>>*
and Hamid Soraya*

1Department of Biology, Faculty of Science, University of Mohaghegh Ardabili, Ardabil, Iran.
2Department of Physiology, Faculty of Medicine, Urmia University of Medical Sciences, Urmia, Iran.
3Nephrology and Kidney Transplant Research Center, Clinical Research Institute, Urmia University of Medical
Sciences, Urmia, Iran.
“Department of Pharmacology and Toxicology, Faculty of Pharmacy, Urmia University of Medical Sciences,
Urmia, Iran.

Abstract

Background and purpose: The present study investigated the role of the prostaglandin I/peroxisome
proliferator activator receptor (PGI./PPAR) signaling pathway in cardiac cell proliferation, apoptosis, and
systemic hemodynamic variables under cyclosporine A (CsA) exposure alone or combined with moderate exercises.
Experimental approach: Twenty-four male Wistar rats were classified into three groups, namely, control,
CsA, and CsA + exercise.

Findings/Results: After 42 days of treatment, the findings showed a significant enhancement in the expression
of the B-MHC gene, enhancement in protein expression of Bax and caspase-3, and a significant decline in the
protein expression of Bcl-2 expression, as well as increased proliferation intensity in the heart tissue of the
CsA group compared to the control group. Systolic pressure, pulse pressure, mean arterial pressure (MAP),
QT and QRS duration, and T wave amplitude, as well as QTc amount in the CsA group, showed a significant
increase compared to the control group. PPAR-y and PGI, showed no significant changes compared to the
control group. Moderate exercise along with CsA significantly enhanced the protein expression of PPAR-y
and PGL and declined protein expression of Bax, and caspase-3 compared to those in the CsA group. In the
CsA + exercise group, systolic pressure, MAP, and Ty showed a significant decrease compared to the CsA
group. Moderate exercises along CsA improved heart cell proliferation intensity and significantly reduced
B-MHC gene expression compared to the CsA group.

Conclusions and implications: The results showed moderate exercise alleviated CsA-induced heart tissue
apoptosis and proliferation with the corresponding activation of the PGL.,/PPAR-y pathway.
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INTRODUCTION clinical administration (2,3). Pathological

left ventricular abnormalities, including

Cyclosporine A (CsA) is considered the
backbone of immunosuppressive drugs and its
application revolutionized the management of
allotransplants and improved tissue survival in
the early stages of transplantation (1). Despite
this vital role of CsA in preventing transplanted
organ rejection and increasing its survival, CsA
chronic application is associated with
hazardous side effects in various organs
particularly in cardiac that limit its
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cardiomyocyte apoptosis (4-7), hypertension
(8,9), and differentiation (6) have been reported
by previous studies. In addition, enhanced
systolic and diastolic blood pressure, and mean
arterial pressure following exposure to CsA
were also previously reported (8,10).
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Furthermore, CsA has already been reported
to cause changes in myocardial size, shape, and
organization (11). Moreover, some studies
considered apoptosis to be responsible for the
pathogenesis of myocardial changes (12).
Although previous studies have identified
different aspects of CsA-induced -cardiac
anomalies, to our knowledge, no evidence has
been provided about the particular effect of
CsA on the heart's structure and function as a
molecular mediator. Nonetheless, studies have
shown that peroxisome proliferator-activated
receptors (PPARs) contribute to cell
proliferation, differentiation, and apoptosis
(13). PPAR belongs to the superfamily of
ligand-activated transcription factor nuclear
receptors and includes three isoforms, such as
PPAR-a, PPAR-B/5, and PPAR-y (13). PPARs
govern the expression of key molecules
involved in the regulation of complex pathways
of mammalian cells’ metabolism, as a tumor
suppressor gene (13). PPAR-y is the most
widely investigated subtype among three PPAR
subtypes to date, performing significant
maintenance through all various species that it
is cloned (14). There is evidence that PPAR-y
regulates the expression of several genes
associated with carcinogenesis (14). PPAR-y
ligands induce stunting growth apoptosis and
differentiation in a variety of transformed cells.
The PPAR-y ligand has multiple prostanoids,
including prostaglandin (PGI2) (14). It has been
documented that a single bout of exercise, as
well as an endurance training program,
increased the concentration of the PGl
metabolite, in urine, blood, or the interstitial
fluid of muscles (15). The expression of the
myosin heavy chain isoforms gene (MHCs) is
another major mediating factor that has a
considerable effect on cardiac functions. The
isoforms o and B-MHC are documented as
significant molecules involved in the
contractile function as well as the energy
expenditure in the heart. Shifting gene
expression of these isoforms has been identified
as a harmful molecular shift in heart failure and
has been detected in pathological conditions
such as hypertrophy induced by volume
overload, diabetes, and hormonal changes
(15,16). The isoforms a and B-MHC play a
fundamental role in the gene expression
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transition in the initiation and development of
heart abnormalities and heart failure (16).
Hence, the current research intended to assess
the possible adverse impacts of chronic CsA
ingestion on the heart tissue of male rats, in
terms of functional, histological, and molecular
levels 42 days after treatment. In the current
study, digital wave analyses were used for
evaluating hemodynamic variables. In addition,
it tried to investigate whether moderate aerobic
exercises can sedate the structural alternations
of the heart and molecular changes
abnormalities and its corresponding molecular
mediators (PGI2/PPAR-y pathway and MHC
isoforms gene expression alteration) induced by
chronic CsA exposure in rats' hearts.

MATERIALS AND METHODS
Animals
Twenty-four male Wistar rats were

purchased from the animal house of Urmia
University of Medical Sciences. All animal
experiments were conducted after confirmation
of the first local ethics committee on animal
experiments at the Mohaghegh Ardabili
University in Iran, based on the principles
of laboratory animal care (Ethic No.
IR.UMA.REC.1400.032).

Chemical and kits

CsA was purchased from Sandimmune®,
New Jersey, USA. A special kit for total RNA
extraction was purchased from Gene All South
Korea, Cat no 305-101. A universal cDNA

synthesis kit  for  synthesizing  the
complementary DNA was prepared from
Ampligon Co, Denmark. The
chemiluminescence  detection kit  was

purchased from ECL; Thermo Scientific,
Illinois, USA. The anti-proliferating cell
nuclear antibody (PCNA) antibody was
purchased from Dako Denmark A/S, Denmark.
The protease inhibitor cocktail kit was prepared
from Sigma-Aldrich S8820, USA.

Study design

Twenty-four male Wistar rats (220 + 20 g)
were randomly categorized into three groups
(n 8) including control, CsA, and CsA-
exercise groups. Rats in the CsA group were
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treated with CsA (30 mg/kg body weight)
solute in tap water once daily via intragastric
gavage for six weeks (17). Rats in the training
group were acquainted with how to work on the
treadmill and also the training protocol for a
week according to Table 1. The severity of rats'
exercise was controlled using a treadmill
following their running speed and observing the
principle of gradual increase of the load
according to Table 1 (18). After 42 days
of treatment, the animals were weighed
and then anesthetized with a mixture of
ketamine (10%, 80 mgkg BW, ip) and
xylazine (2%, 10 mg/kg BW, ip) for further
processing.

Blood pressure and electrocardiography

Systemic hemodynamic variables and
electrocardiogram were determined by the
digital waveform contour analyzing method
directly recording from the carotid artery using
a physiograph (NARCO, Bio-system, USA).
The detail of the procedure was previously
described in our recently published article (19).
Data or recorded digital volume pulses were
investigated by Pawerlab Software
(ADInstruments, Australia).

Tissue sampling
After blood pressure recording (only in

PNO90 pups), the thoracic cavity was opened and

Table 1. Exercise protocol in the training groups.

the heart was removed. Then, the left ventricle
and septal muscle bands were excised from the
heart, and part of the left ventricular tissue was
fixed in 10% formalin embedded in paraftin
and sectioned at 4.5 pum for histological
examination. The other part of the left ventricle
tissue was kept at -70 °C.

Primer design and real-time polymerase chain
reaction

A special kit was used to extract the total
RNA following the protocol published by the
manufacturer. A spectrophotometer at the
absorbance of 260-280 nm was used to confirm
the concentration of RNA; then, it was assessed
using a combination of tris-acetic-
ethylenediaminetetraacetic =~ acid  (EDTA)
(TAE)-agarose gel electrophoresis. A universal
complementary DNA (cDNA) synthesis kit was
used to synthesize the cDNA from the total
RNA extracts, which was performed according
to the manufacturer’s instructions. The gene
runner software was used to investigate the
specific primers (shown in Table 2) of the target
genes and the hypoxanthine guanine
phosphoribosyl transferase gene, as a
housekeeping gene (20). The 242 technique
was used to assess the relative quantitative
expressions of the genes. The data were
expressed as the fold difference to the
reference gene.

Week Speed (m/min) Training duration (min)
Acquaintance 5-8 5-10

First 9 15

Second 12 20

Third 15 25

Fourth 18 30

Fifth 18 30

Sixth 18 30

Table 2. Primer sequences for each of the genes in the studied groups.

Gene Sequence (5°-3") Annealing temperature (°C)
Forward: AGAGTGACAGGATGACGGAT
o-MHC 62.2
Reverse: TCTTGCCGTTTTCAGTTTCG
Forward: GCCAAGAGCCGTGACATTG
B-MHC 63.5
Reverse: GGCTTCACAGGCATCCTTAG
Forward: CTCCTCAGACCGCTTTTCCC
HPRT 65

Reverse: TAATCACGACGCTGGGACTG

MHC, Myosin heavy chain; HPRT, hypoxanthine guanine phosphoribosyl transferase



Western blot

The western immunoblotting was conducted
according to the previously mentioned protocol
(21). In short, homogenization of the cardiac
tissue was performed in the RIPA lysis buffer
and the protease inhibitor cocktail to extract the
proteins. The total protein content of the heart
was measured using the bovine serum albumin
(BSA) method. Afterward, dilatation of protein
samples was performed in loading buffer and
heated at 95 °C for 5 min and separated by
electrophoresis on appropriate sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) for each protein at 120 V. Next,
all proteins were transferred to a polyvinylidene
fluoride (PVDF) membrane at 100 V for 1-2 h.
Then, 5% non-fat milk buffer was used
(overnight) to incubate the PVDF membranes
to block the endogenous peroxidases. The
membrane was then rinsed with buffered tris
saline (pH 7.2) and incubated for 2 h at 4 °C
with anti-PCNA and anti-antibodies. After
removing unbound antibodies by rinsing buffer,
the membranes were incubated with the
horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature.
Afterward, an enhanced chemiluminescence
detection kit was used to visualize the blots.
Eventually, an Arash Teb Pishro (ATP)
enhanced laser densitometer (Tehran, Iran) was
used to analyze protein intensities. The
antibodies dilution for Bax, Bcl-2, caspase-3,
PGI2, and PPAR were 1:1000, 1:1000, 1:1000,
1:1000, and 1:1500, respectively.

Immunohistochemical staining for the PCNA
protein

The tissue sections were de-paraffinized in
xylene (2 changes) and rehydrated by declining
degrees of ethanol (90%, 80%, 70%, 50%) for
immunohistochemical staining. After
rehydration, 10 mM sodium citrate buffer was
used to perform the antigen retrieval process
was performed in (pH 7.2). Also, a peroxidase-
blocking solution (0.03% hydrogen peroxide-
containing sodium acid; for 5 min) was used to
block the endogenous peroxidase. Afterward,
the slides were incubated overnight using the
monoclonal anti-PCNA antibody as a primary
antibody (at 4 °C). A sufficient amount of
streptavidin-HRP for 20 min was used to
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incubate the sections. Positive reaction sites for
the target proteins were visualized by
incubating diaminobenzidine sections.
Hematoxylin staining dye was employed to
counterstain the slides before permanent
mounting. A light microscope (Olympus, BH2,
Japan), equipped with a SONY onboard camera
(Zeiss, Cyber-Shot, Japan), was used to
examine the slides. Adobe Photoshop CS10
(Adobe System Inc., Mountain View, CA,
USA) was used to compile the captured figures.
The software analyses for pixel-based intensity
were evaluated using image pro-insight
software (version 9.00).

Data analysis

The data analysis was displayed using SPSS
(version 23.0; IBM Corp, Chicago, USA).
One-way ANOVA and Tukey’s post hoc tests
were used to make inter-group comparisons.
The data were presented as mean = SEM.
P-values < 0.05 indicated significant differences.

RESULTS

Hemodynamic variable changes

Figure 1 shows the basic characteristics of
the systemic hemodynamic variable obtained
by contour analysis of the digital volume pulse
among the different groups of studies. No
significant differences were observed between
the data obtained from various heart rate
assessment groups. Systolic blood pressure and
pulse pressure revealed a significant
enhancement in the CsA-treated group
compared to controls (P < 0.03). In the exercise
group, systole pressure and pulse pressure were
significantly lower than that in the CsA-Exe
group (P < 0.029). Diastole pressure, mean
arterial, and dicrotic pressure showed no
significant differences among the study groups.

Electrocardiographic variable alteration

Electrocardiographic variable changes are
shown in Fig. 2. The QT and QRS complex
duration showed a significant enhancement in
the CsA and CsA-Exe groups compared to the
control groups. As can be seen in Fig. 2, in the
CsA-Exe group, the duration of QT and QRS
showed no significant changes compared to the
CsA group.
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Fig. 1. The effect of chronic administration of CsA (30 mg/kg/day for 6 weeks, gavage) and CsA along with moderate
exercise on the HR, SBP, DBP, MAP, PP, and DP in male rats (n = 8). Systemic hemodynamic variables were determined
by the digital waveform contour analyzing method directly recording from the carotid artery. Data are given as mean +
SEM. *P < 0.05 Indicates significant differences compared to the control and *P < 0.05 versus the CsA group. CsA,
Cyclosporine A; Exe, exercise; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean

arterial pressure; PP, pulse pressure; DP, dicrotic pressure.

A

0.12 ~

0.1

0.08

0.06

T wave (mv)

0.04

0.02

0

Control CsA + Exe

C

QRS

QTc (ms)

b,

CsA CsA + Exe

QT

Fig. 2. Comparisons of electrocardiogram parameters including (A) T wave, (B) OTc, and (C) QRS and QT between the
CsA administration group (30 mg/kg/day for 6 weeks, gavage) and CsA along with moderate exercise group in the male
rats (n = 8). Data are presented as mean £ SEM. *P < (0.05 and **P < 0.01 indicates significant differences compared to
the control and #P < 0.05 versus the CsA group. CsA, Cyclosporine A; Exe, exercise.

The T wave amplitude increased
significantly in the CsA group compared to the
control. In the CsA-Exe group, T wave
amplitude revealed a significant decrease in
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comparison with the CsA group. However, it
was still significantly more than the controls.
The QTc of CsA and CsA-Exe rats were
significantly higher than controls.



Protein expression of PGI,, PPAR-y, Bax,
Bcl-2, and caspase-3 in cardiac tissue

Protein expression of Bax, Bcl-2, caspase-3,
PGl, and PPAR-y in cardiac tissue was
examined by western blot, and the findings are
provided in Figs. 3 and 4. CsA exposure caused
a significant increase in Bax and cleaved
caspase-3 protein expression and a decline in
Bcl-2 expression in the cardiac tissue of rats
compared with the respective control groups.
Bax and cleaved caspase-3 protein expression
revealed no significant difference between
CsA-Exe and controls (Fig. 3). In the CsA-Exe
group, a significant enhancement in the
expression of Bcl-2 was observed in the left
ventricle of rats compared to the CsA group.

Bax Bl 2
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Protein expression (fold change)
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However, in the CsA-Exe group, the expression
of Bcl-2 was still significantly lower compared
to the control group (Fig. 3). The Bax/Bcl-2
ratio revealed also a significant enhancement in
the CsA group in the heart of male rats
compared to controls. Moderate exercise along
with CsA significantly lowered the Bax/Bcl-2
ratio compared to the CsA (Fig. 3). However,
the Bax/Bcl-2 ratio in the CsA-Exe group is still
significantly higher than the control group.
Western blot analysis indicated that PPAR-y
and PGI: protein expression revealed no
significant changes in the CsA group compared
to control, whereas they significantly enhanced
in the CsA-Exe group compared to the CsA and
controls (Fig. 4).
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Caspase-3

Fig. 3. The influence of CsA exposure and CsA along with moderate exercise on the protein levels of Bax, Bcl-2, Bax/Bcl-2
ratio, and caspase-3 in the male rats' heart tissue. CsA induced apoptosis in rats cardiomyocytes. The expression of Bax, Bcl-2,
and cleaved caspase-3 was examined by western blot. Data are presented as mean = SEM. **P < 0.01 Indicates significant
differences compared to the control and *P < 0.05 and #P < 0.01 versus the CsA group. CsA, Cyclosporine A; Exe, exercise.
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Fig. 4. The influence of CsA administration and CsA along with moderate exercise on the PGI, and PPAR-y protein expression
levels, detected by western blot, in the heart tissue of male rats (n = 8). Data are expressed as mean + SEM. *P < 0.05 and
**#P < (.01 indicate significant differences compared to the control and *P < 0.05 and *P < 0.01 versus the CsA group. CsA,
Cyclosporine A; Exe, exercise; PG, prostaglandin I,; PPAR-y, peroxisome proliferator activator receptor.
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mRNA expression of MHC isoforms (o and f)
in the cardiac ventricle

Administration of CSA  significantly
increased the expression of B-MHC mRNA in
the left ventricular of the rats when compared
with the control group. There was no significant
difference in the expression of f-MHC mRNA
between the Csa-Exe group and the control
groups. The expression of a-MHC mRNA
showed no significant changes among the
various groups (Fig. 5).

Expression of the B-MHC mRNA/ a-MHC
mRNA  ratio revealed a  significant
enhancement in the CsA group in comparison
with the control group. In the CsA-Exe group,
the ratio between Bp-MHC mRNA expression
and o-MHC mRNA expression revealed a
significant decline relative to the CsA group.

Histological changes

Figure 6 displays nuclear cell proliferation
intensity analyzed by Image-Pro Insight
software. According to the results, using CsA
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Fig. 5. Effect of CsA administration and CsA along with
moderate exercise on the mRNA expression levels of
MHC isoforms and MHC-B/MHC-a ratio, quantified
using real-time-polymerase chain reaction, in the heart
tissue of male rats (n = 8). Data represent mean + SEM.
**P < 0.01 Indicates significant differences compared to
the control and *P < 0.01 and *#P < 0.001 versus the
CsA group. CsA, Cyclosporine A; Exe, exercise; MHC,
myosin heavy chain.
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Fig. 6. (A) Immunohistochemical staining of PCNA in a section of male rats' cardiac tissues. An up-regulated expression
of PCNA protein was represented with increased PCNA™ cells (arrowhead) versus PCNA- (arrows) in the section from
the cyclosporine group (25 um). A significant reduction in the PCNA expression in the CsA + Exe group compared to
the cyclosporine group (25 um) and (B) pixel-based intensity analysis for brown reaction (representing PCNA) in 1270
pm x 1270 pum of tissue in different groups, (C) mean percentages of PCNA+ cells per 1 mm? of tissue in different groups;
data are presented as mean + SEM. **P <0.01 and ***P < 0.001 indicates significant differences compared to the control
and *P < 0.01 versus the CsA group. CsA, Cyclosporine A; Exe, exercise; PCNA, anti-proliferating cell nuclear antibody.
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DISCUSSION

Giving the importance of CsA in
autoimmune disease and organ transplantation,
researchers are trying to reduce the side effects
of CsA. For this purpose, in recent years,
approaches such as the administration of
antioxidants (11,22), adjuvant drugs (23,24),
and regular exercise (25,26), are used to reduce
the side effects of CsA, but the agreeable
achievement has not yet been yielded due to its
complex pathological mechanism. The results
of the current study showed that administration
of CsA led to some abnormalities in
electrocardiogram including a widening of
QRS and QT duration, and increased T-wave
amplitude as well as QTc. Similar to our
findings, previous reports have demonstrated
that chronic CsA administration induced signs
of myocardial ischemia, which was evidenced
by QTc prolongation and increased T-wave
amplitude (27). As well as, enhancement in QT
and T peak trend intervals found in CsA-treated
male rats associated with enhanced propensity
to left ventricular ischemia, delayed ventricular
repolarization, and arrhythmogenesis (27). In
addition, the QT interval as an indicator of
ventricular  electrical ~ depolarization and
repolarization was significantly prolonged in
rats exposed to CsA, suggesting that CsA
causes a slower rate of ventricular
depolarization and repolarization. In the current
study, the digital waveform contour analysis
was recorded directly from the carotid and
analyzed.  Accordingly, CsA  exposure
significantly increased systolic pressure, and
pulse pressure, with no changes in heart rate,
diastolic pressure, mean arterial pressure, as
well as dicrotic pressure. Studies from different
researchers reported ambiguous results about
the effect of CsA administration on blood
pressure variables. In contrast to our study,
some researchers indicated that CsA exposure
in animal and human studies led to a significant
enhancement in systolic, diastolic, and mean
arterial pressure (8,28). Similar to our results, a
study by Kingma et al. showed that daily
treatment of CsA for three weeks failed to
significantly alter mean arterial and diastolic
pressures (9,29). In another study, CsA
exposure did not affect blood pressure variables
(30). The controversy among different studies
and our results may be due to age, gender,
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dosage, administration duration, and technical
differences in the method of blood pressure
measurement. Previous studies used tail-cuff in
animal studies and brachial artery-cuff methods
in human studies to obtain blood pressure-
related variables (31,32), but we took advantage
of the digital counter analysis of hemodynamic
variables using carotid arterial cannulation.
Even though we know using this method is
aggressive, but obtained results are more
informative and reliable than results collected
by the traditional methods such as tail-cuff
methods. We monitored the apoptotic signals
associated with CsA, such as an increase of Bax
and cleaved caspase-3, and a decrease in Bcl-2,
as well as an increase in Bax/Bcl-2 ratio. These
apoptosis signals present in CsA-treated rats
were reversed by moderate exercise. These data
are consistent with previous studies indicating
that CsA, induced apoptosis in cardiomyocytes
(4,6), and regulating exercise can prevent the
activation of the Bax and caspase-3, which
contributes to the apoptosis cascade (33). In the
exercise group, along with apoptotic signal
expression suppression, the endogenous PGl
and PPAR-y protein expression showed a
significant increase. The association between
training such as regulated exercise or marathon
runs and an increase in systemic PGI is very
well established by previous studies (15,34).
Our previous study and others proved that
CsA's deleterious side effect is mediated by
oxidative stress and inflammatory reaction
(1,35,36). Since oxidative stress and ROS
generation are  well-known  apoptotic
stimulator, on the other hand, it has been
reported that PGI2 possesses ROS scavenging
potential, with acknowledging previous studies,
we suppose that protection against apoptosis
through the inhibition of ROS generation is one
of the protective mechanism of moderate
exercise that can be mediated by PGIl: (37).
Moreover, studies also reported that inhibition
of ROS by PGIl: is mainly because of the
enhanced activity of catalase and superoxide
dismutase enzymes; induced by augmentation
of cellular PGI2 (38). Furthermore, the growing
body of evidence indicated that regular exercise
can improve myocardial oxidative metabolism,
ventricular function, coronary circulation (39),
and immune function (26), as well as, enhance
antioxidant enzyme activity (25). Another
mechanism by which PGl shows its anti-
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apoptotic effects is in part the activation of
PPAR-y as a nuclear receptor by PGL.
Antioxidant and anti-apoptotic effects of
PPAR-y and its agonists have been reported in
previous works (40). PPAR-y can regulate
apoptosis and inhibit the proliferation of
endothelial cells, which is an important
contributing factor to heart failure (41).
Overexpression of PPAR-y was also evidenced
to  inhibit  proliferation,  myofibroblast
transformation, and extracellular matrix
overproduction in cardiac fibroblast in response
to chronic pressure overload myocardium and
angiotensin II (42-44). Moreover, numerous
studies  indicated that activation of
inflammatory  signalling  pathways and
overexpression of inflammatory factors led to
failed hypertrophied myocardium (45,46). It is
established that the PPAR family particularly
PPAR-y possesses the potential capacity to
decline inflammation caused by their trans-
repressive impact on the pro-inflammatory
transcriptional ~ factors’  expression  (47).
Furthermore, PPAR-y has anti-fibrotic and anti-
hypertrophic effects on the ventricular tissue.
According to the findings, PPAR activation can
suppress collagen (types I and III) expression,
inhibit angiotensin-converting enzyme-induced
fibrosis, and suppress endothelin-1 and nuclear
factor kappa B function. However, PPAR-y also
regulates the ability to infiltrate T cells by
reducing the release of fibrosis-promoting
factors. Some studies have also shown that
activation of PPAR-y induces the insulin-like
growth factor-1/phosphoinositide 3-kinases
survival pathway under hemodynamic stress,
enhances the expression of Bcl-2, and
downregulates the expression of Bax protein
(48-50). Interestingly, current study results
showed that co-administration of moderate
exercise training and CsA activates the PGI2 /
PPAR-y and reduced significantly cell
proliferation and apoptotic signal alteration in
the ventricular of rats. To our knowledge, this
is the first in vivo study to show that moderate
exercise is not only a non-expensive and but
also easy way to reduce CsA-induced serious
side effects in heart tissue. Another point of
interest in the findings of the current study is
that CsA administration significantly increased
ventricular p-MHC mRNA expression and
B-MHC / o-MHC ratio with no change in
a-MHC mRNA expression. It has been
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previously reported that up-regulation of
B-MHC mRNA expression caused heart failure
in adult rats (51,52). Furthermore, previous
observations indicated that ischemic and dilated
cardiomyopathies are associated with the
increased expression of f-MHC (53). Similarly,
increased B-MHC mRNA expression could
provide an early and good predictor of
ventricular dysfunction and decompensated
heart failure (53). This study showed that
exercise, when used in combination with CsA,
reduced ventricular expression of B-MHC
mRNA and B-MHC / a-MHC ratio in rats. CsA
consumption impairs the cellular energy
balance as well as ATP generation and
availability for cells. In the case of heart tissue,
heart tissue's daily ATP intake is fivefold more
than its mass (54). The daily high ATP intake
by heart tissue is necessary for the maintenance
of cellular ionic homeostasis and rhythmic
contraction (54). A great part of this ATP is
consumed by MHC isoforms to form strong
cross-bridges with actin for the production of
the power stroke. In contrast to o-MHC,
B-MHC has a lower ATPase function and lower
actin filament contractile velocity (55). Hence,
the transition of gene expression from o to
B-MHC isoform causes compensatory/adaptive
alternation in cases where the ATP level is
insufficient, and it is rooted in the association
between a greater economic force generation
than a isoforms (56). Overall, a shift to a low
ATPase function myosin isoform is defined as
an enhancement in the economy of the
contraction process. Nevertheless, this shift at
the same moment implies that the contraction
process is slowed down and chronic CsA
treatment has restricted the spectrum for
adaptation of contractile performance (57).

CONCLUSION

Our work launched some precious points on
the mechanism underlying CsA-induced
cardiotoxicity and the protective effects of
moderate exercise as follows. First, exposure to

CsA led to heart tissue apoptosis and
proliferation  concurrent with  systemic
hemodynamic  variable  alteration and

abnormality in the electrocardiogram. The
second point is that CsA exposure altered the
expression of genes that contribute to the
regulation of contractility or hypertrophy



indicated by increased B-MHC mRNA
expression and increased B-MHC / a-MHC
ratio. Thirdly, it was found that moderate
aerobic exercise concurrent with CsA masked
heart tissue proliferation and apoptosis by
activation of the PGI2 / PPAR-y signaling
pathway, the pathway that was established as an
anti-apoptotic and anti-proliferative pathway.
The fourth point we established is that moderate
aerobic exercise eliminated MHC gene
expression transition, systemic hemodynamic
variable, and abnormality in electrocardiogram
induced by CsA. Nevertheless, future studies
should investigate the details of the subjects.
Those researches may disclose easy ways for
developing therapies with high therapeutic
benefits and low side effects of CsA.

Acknowledgments

This paper was extracted from a Ph.D. thesis
in Physiology from the University of
Mohaghegh Ardabili, Ardabil, Iran.

Conflict of interest statements
The authors declared no conflicts of interest
in this study.

Authors’ contributions

K. Nourmohammadi contributed to
conceptualization, methodology, and software;
A. Bayrami contributed to data curation,
preparation and writing the original draft;
R. Naderi contributed to visualization and
investigation; A. Shirpoor supervised the study;
H. Soraya conceived and designed the

experiments. The finalized article was
approved by all authors.
REFERENCE

1. Rezzani R, Rodella LF, Bonomini F, Tengattini S,
Bianchi R, Reiter RJ. Beneficial effects of melatonin
in protecting against cyclosporine A-induced
cardiotoxicity are receptor mediated. J Pineal Res.
2006;41(3):288-295.

DOI: 10.1111/5.1600-079X.2006.00368.x.

2. Selcoki Y, Uz E, Bayrak R, Sahin S, Kaya A, Uz B,
et al. The protective effect of erdosteine against
cyclosporine A-induced cardiotoxicity in rats.
Toxicology. 2007;239(1-2):53-59.

DOI: 10.1016/j.t0x.2007.06.096.

3. Patocka J, Nepovimova E, Kuca K, Wu W.
Cyclosporine A: Chemistry and toxicity-a review.
Curr Med Chem. 2021;28(20):3925-3934.

DOLI: 10.2174/0929867327666201006153202.

705

10.

12.

13.

14.

15.

Exercises, cyclosporine, and heart abnormality

ChiJ, Zhu Y, Fu Y, Liu Y, Zhang X, Han L, et al.
Cyclosporin A induces apoptosis in H9c2
cardiomyoblast cells through calcium-sensing
receptor-mediated activation of the ERK MAPK and
p38 MAPK pathways. Mol Cell Biochem.
2012;367(1-2):227-236.

DOI: 10.1007/s11010-012-1336-5.

Zhu XD, Chi JY, Liang HH, Huangfu LT, Guo ZD,
Zou H, e al. MicroRNA-377 mediates
cardiomyocyte apoptosis induced by cyclosporin A.
Can J Cardiol. 2016;32(10):1249-1259.

DOI: 10.1016/j.cjca.2015.11.012.

Geng L, Wang XT, Yu J, Yang YL. Antagonism of
cortistatin against cyclosporine-induced apoptosis in
rat myocardial cells and its effect on myocardial
apoptosis gene expression. Eur Rev Med Pharmacol
Sci. 2018;22(10):3207-3213.

DOI: 10.26355/eurrev_201805_15082.

Nejad SS, Khori V, Nejad SS, Alizadeh A, Shahini N.
Direct acute effects of cyclosporine on recording of
extracellular field potentials of atrioventricular node,
isolated from rabbit, during experimental atrial
fibrillation. Res Pharm Sci. 2012;7(5):2.

Hashemi SR, Arab HA, Seifi B, Muhammadnejad S.
A comparison effects of l-citrulline and l-arginine
against cyclosporine-induced blood pressure and
biochemical changes in the rats. Hipertens Riesgo
Vasc. 2021;38(4):170-177.

DOI: 10.1016/j.hipert.2021.08.002.

Marienhagen K, Lehner F, Klempnauer J, Hecker H,
Borlak J. Treatment of cyclosporine induced
hypertension: results from a long-term observational
study using different antihypertensive medications.
Vascul Pharmacol. 2019;115:69-83.

DOI: 10.1016/j.vph.2018.06.012.

Helmy MM, Helmy MW, El-Mas MM. Upregulation
of cystathionine-y-lyase/hydrogen sulfide pathway
underlies the celecoxib counteraction of the
cyclosporine-induced hypertension and renal insult in
rats. FASEB J. 2018;32:562-569.

DOI: 10.1096/fasebj.2018.32.1 supplement.562.9.

.Ozkan G, Ulusoy S, Alkanat M, Orem A, Akcan B,

Ersoz S, et al. Antiapoptotic and antioxidant effects
of GSPE in preventing cyclosporine A-induced
cardiotoxicity. Ren Fail. 2012;34(4):460-466.

DOI: 10.3109/0886022X.2012.656563.

Rezzani R, Rodella LF, Fraschini F, Gasco MR,
Demartini G, Musicanti C, et al. Melatonin delivery
in solid lipid nanoparticles: prevention of
cyclosporine A induced cardiac damage. J Pineal Res.
2009;46(3):255-261.

DOI: 10.1111/j.1600-079X.2008.00651 x.

Muzio G, Barrera G, Pizzimenti S. Peroxisome
proliferator-activated  receptors (PPARs) and
oxidative stress in physiological conditions and in
cancer. Antioxidants. 2021;10(11):1734,1-19.

DOI: 10.3390/antiox10111734.

Theocharis S, Margeli A, Vielh P, Kouraklis G.
Peroxisome proliferator-activated receptor-y ligands
as cell-cycle modulators. Cancer Treat Rev.
2004;30(6):545-554.

DOI: 10.1016/j.ctrv.2004.04.004.

Zoladz JA, Majerczak J, Duda K, Chiopicki S.
Endurance training increases exercise-induced
prostacyclin release in young, healthy men—



Nourmohammadi et al. / RPS2023; 18(6): 696-707

16.

17.

18.

19.

20.

21.

22.

23.

24

25.

26.

. Mesripour

relationship with VOjmax. Pharmacol Rep. 2010;
62(3):494-502.

DOLI: 10.1016/S1734-1140(10)70305-4.

Shirpoor A, Zerehpoosh M, Khadem Ansari MH,
Kheradmand F, Rasmi Y. Ginger extract mitigates
ethanol-induced changes of alpha and beta-myosin
heavy chain isoforms gene expression and oxidative
stress in the heart of male Wistar rats. DNA Repair.
2017;57:45-49.

DOI: 10.1016/j.dnarep.2017.06.023.

Koh ES, Kim S, Kim M, Hong YA, Shin SJ, Park
CW, et al. D-Pinitol alleviates cyclosporine A-
induced renal tubulointerstitial fibrosis via activating
Sirtl and Nrf; antioxidant pathways. Int J Mol Med.
2018;41(4):1826-1834.

DOLI: 10.3892/ijmm.2018.3408.

Hoydal MA, Wisleftf U, Kemi OJ, Ellingsen O.
Running speed and maximal oxygen uptake in rats
and mice: practical implications for exercise training.
Eur J Prev Cardiol. 2007;14(6):753-760.

DOI: 10.1097/HJR.0b013e3281eacefl.

Shirpoor A, Heshmatian B, Tofighi A, Eliasabad SN,
Kheradmand F, Zerehpoosh M. Nandrolone
administration with or without strenuous exercise
increases cardiac fatal genes overexpression,
calcium/calmodulin-dependent protein kinaseiidelta,
and monoamine oxidase activities and enhances
blood pressure in adult Wistar rats. Gene.
2019;697:131-137.

DOI: 10.1016/j.gene.2019.02.053.

Kawasaki H, Mocarski ES, Kosugi I, Tsutsui Y.
Cyclosporine inhibits mouse cytomegalovirus
infection via a cyclophilin-dependent pathway
specifically in neural stem/progenitor cells. J Virol.
2007;81(17):9013-9023.

DOLI: 10.1128/jvi.00261-07.

Zhou YC, LiuJY, LiJ, Zhang J, Xu YQ, Zhang HW,
et al. ITonizing radiation promotes migration and
invasion of cancer cells through transforming growth
factor-beta-mediated epithelial-mesenchymal
transition. Int J Radiat Oncol Biol Phys.
2011;81(5):1530-1537.

DOI: 10.1016/j.ijrobp.2011.06.1956.

Rezzani R, Giugno L, Buffoli B, Bonomini F, Bianchi
R. The protective effect of caffeic acid phenethyl
ester against cyclosporine A-induced cardiotoxicity
in rats. Toxicology. 2005;212(2-3):155-164.

DOI: 10.1016/j.t0x.2005.04.020.

Mahmoud NM, Elshazly SM, Rezq S. Geraniol
protects against cyclosporine A-induced renal injury
in rats: role of Wnt/B-catenin and PPARy signaling
pathways. Life Sci. 2022;291:120259.

DOI: 10.1016/5.1£5.2021.120259.

A, Golbidi M, Hajhashemi V.
Dextromethorphan improved cyclosporine-induced
depression in mice model of despair. Res Pharm Sci.
2020;15(5):447-453.

DOI: 10.4103/1735-5362.297847.

Hung W, Fang SH, Wu CL, Ko MH, Liu TH, Chang
CK. Regular endurance exercise prevents
cyclosporine A-induced oxidative stress in mouse
skeletal muscles. Sci Spo. 2013;28(5):295-299.

DOI: 10.1016/j.scisp0.2013.02.008.

Ko MH, Chang CK, Wu CL, Hou YC, Hong W, Fang
SH. The interactive effect of exercise and

706

27.

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

immunosuppressant cyclosporin A on immune
function in mice. J Sports Sci. 2010;28(9):967-973.
DOI: 10.1080/02640414.2010.481306.

El-Bassossy HM, Banjar ZM, El-Mas MM. The
inflammatory state provokes sexual dimorphism in
left ventricular and electrocardiographic effects of
chronic  cyclosporine in rats. Sci  Rep.
2017;7(1):42457,1-9.

DOI: 10.1038/srep42457.

Kutkuhn B, Hollenbeck M, Heering P, Koch M,
Voiculescu A, Reinhard T, et al. Development of
insulin resistance and elevated blood pressure during
therapy with cyclosporine A. Blood Press.
1997;6(1):13-17.

DOI: 10.3109/08037059709086440.

Kingma I, Harmsen E, ter Keurs HE, Benediktsson H,
Paul LC. Cyclosporine-associated reduction in
systolic myocardial function in the rat. Int J Cardiol.
1991;31(1):15-22.

DOI: 10.1016/0167-5273(91)90262-N

Galvdo De Lima JJ, Colombo FMC, Lopes HF,
Riccio GMG, Krieger EM. Lack of effect of a single
oral dose of cyclosporine on systemic blood pressure
and on forearm blood flow and vascular resistance in
humans. Am J Hypertens. 1998;11(11):1371-1375.
DOI: 10.1016/S0895-7061(98)00156-3.

. Takeda Y, Miyamori I, Wu P, Yoneda T, Furukawa

K, Takeda R. Effects of an endothelin receptor
antagonist in rats with cyclosporine-induced
hypertension. Hypertension. 1995;26(6):932-936.
DOI: 10.1161/01.HYP.26.6.932.

Hammoud SH, Omar AG, Eid AA, El-Mas MM.
CYP4A/CYP2C modulation of the interaction of
calcium channel blockers with cyclosporine on
EDHF-mediated renal vasodilations in rats. Toxicol
Appl Pharmacol. 2017;334:110-119.

DOI: 10.1016/j.taap.2017.09.007.

Aminzadeh A. Protective effect of tropisetron on high
glucose induced apoptosis and oxidative stress in
PC12 cells: roles of JNK, P38 MAPKs, and
mitochondria  pathway. Metab Brain  Dis.
2017;32(3):819-826.

DOI: 10.1007/s11011-017-9976-5.

Ronni-Sivula H, Malm H, Ylikorkala O, Viinikka L.
Marathon run stimulates more prostacyclin than
thromboxane synthesis and differently in men and
women. Prostaglandins. 1993;46(1):75-79.

DOI: 10.1016/0090-6980(93)90064-E.

Ghazipour AM, Shirpoor A, Ghiasi R, Pourheydar B,
Khalaji N, Naderi R. Cyclosporine A induces
testicular injury via mitochondrial apoptotic pathway
by regulation of mir-34a and sirt-1 in male rats: the
rescue effect of curcumin. Chem Biol Interact.
2020;327:109180,1-42.

DOI: 10.1016/.cbi.2020.109180.

Jalilian F, Moieni-Arya M, Hosseinzadeh L,
Shokoohinia Y. Oxypeucedanin and isoimperatorin
extracted from Prangos ferulacea (L.) Lindl protect
PC12 pheochromocytoma cells from oxidative stress
and apoptosis induced by doxorubicin. Res Pharm
Sci. 2022;17(1):12-21.

DOI: 10.4103/1735-5362.329922.

Hsu YH, Chen CH, Hou CC, Sue YM, Cheng CY,
Cheng TH, et al. Prostacyclin protects renal tubular
cells from gentamicin-induced apoptosis via a



PPARa-dependent
2008;73(5):578-587.
DOI: 10.1038/sj.ki.5002704.

Inoue I, Goto SI, Matsunaga T, Nakajima T, Awata

T, Hokari S, et al. The ligands/activators for

peroxisome  proliferator-activated  receptor a

(PPAR0) and PPARY increase Cu?*, Zn?**-superoxide

dismutase and decrease p22phox message

expressions in primary endothelial cells. Metabolism.
2001;50(1):3-11.

DOI: 10.1053/meta.2001.19415.

39. Stelen T, Shi M, Wohlwend M, Hoydal MA, Bathen
TF, Ellingsen @, et al. Effect of exercise training on
cardiac metabolism in rats with heart failure. Scand
Cardiovasc J. 2020;54(2):84-91.

DOI: 10.1080/14017431.2019.1658893.

40.Zhu C, Huang S, Yuan Y, Ding G, Chen R, Liu B, et

al. Mitochondrial dysfunction mediates aldosterone-

induced podocyte damage: a therapeutic target of

PPARy. Am J Pathol. 2011;178(5):2020-2031.

DOI: 10.1016/j.ajpath.2011.01.029.

Shu J, Huang R, Tian Y, Liu Y, Zhu R, Shi G.

Andrographolide  protects against endothelial

dysfunction and inflammatory response in rats with

coronary heart disease by regulating PPAR and NF-
kB signaling pathways. Ann Palliat Med.
2020;9(4):1965-1975.

DOI: 10.21037/apm-20-960.

42.Hao GH, Niu XL, Gao DF, Wei J, Wang NP.

Agonists at PPAR-gamma suppress angiotensin II-

induced production of plasminogen activator

inhibitor-1 and extracellular matrix in rat cardiac
fibroblasts. Br J Pharmacol. 2008;153(7):1409-1419.

DOI: 10.1038/bjp.2008.21.

Hou X, Zhang Y, Shen YH, Liu T, Song S, Cui L, et

al. PPAR-y activation by rosiglitazone suppresses

angiotensin [I-mediated  proliferation and
phenotypictransition in cardiac fibroblasts via

inhibition of activation of activator protein 1. Eur J

Pharmacol. 2013;715(1-3):196-203.

DOI: 10.1016/j.ejphar.2013.05.021.

44. Gong K, Chen YF, Li P, Lucas JA, Hage FG, Yang

Q, et al. Transforming growth factor-f inhibits

myocardial PPARy expression in pressure overload-

induced cardiac fibrosis and remodeling in mice. J

hypertens. 2011;29(9):1810-1819.

DOI: 10.1097/HJH.0b013e32834a4d03.

Palomer X, Alvarez-Guardia D, Rodriguez-Calvo R,

Coll T, Laguna JC, Davidson MM, et al. TNF-alpha

reduces PGC-1 alpha expression through NF-kappaB

and p38 MAPK leading to increased glucose
oxidation in a human cardiac cell model. Cardiovasc

Res. 2009;81(4):703-712.

DOI: 10.1093/cvr/cvn327.

46. Planavila A, Iglesias R, Giralt M, Villarroya F. Sirtl
acts in association with PPARa to protect the heart
from hypertrophy, metabolic dysregulation, and
inflammation. Cardiovas Res. 2011;90(2):276-284.
DOI: 10.1093/cvr/cvq376.

47.van Bilsen M, van Nieuwenhoven FA. PPARs as
therapeutic targets in cardiovascular disease. Expert
Opin Ther Targets. 2010;14(10):1029-1045.

DOI: 10.1517/14728222.2010.512917.

pathway. Kidney Int.

38.

41.

43.

45.

707

Exercises, cyclosporine, and heart abnormality

48. Irukayama-Tomobe Y, Miyauchi T, Sakai S, Kasuya

Y, Ogata T, Takanashi M, et al. Endothelin-1-induced

cardiac hypertrophy is inhibited by activation of

peroxisome proliferator-activated receptor-o. partly
via blockade of c-Jun NH,-terminal kinase pathway.

Circulation. 2004;109(7):904-910.

DOI: 10.1161/01.CIR.0000112596.06954.00.

el Azzouzi H, Leptidis S, Bourajjaj M, Armand AS,

van der Nagel R, van Bilsen M, et al. Peroxisome

proliferator-activated receptor (PPAR) gene profiling
uncovers insulin-like growth factor-1 as a PPARa

target gene in cardioprotection. J Biol Chem. 2011;

286(16):14598-14607.

DOI: 10.1074/jbc.M111.220525.

50.Kim Y]J, Park KJ, Song JK, Shim TJ, Islam KN, Bae

JW, e a. The PPARy agonist protects

cardiomyocytes from oxidative stress and apoptosis
via thioredoxin overexpression. Biosci Biotech
Bioch. 2012;76(12):2181-2187.

DOI: 10.1271/bbb.120423.

.Reiser PJ, Portman MA, Ning XH, Moravec CS.

Human cardiac myosin heavy chain isoforms in fetal

and failing adult atria and ventricles. Am J Physiol

Heart Circ Physiol. 2001;280(4):H1814-H1820.

DOI: 10.1152/ajpheart.2001.280.4.H1814.

Shahrivar FF, Badavi M, Dianat M, Mard A,

Ahangarpour A, Samarbaf-Zadeh A. Exogenous

apelin changes alpha and beta myosin heavy chain

mRNA expression and improves cardiac function in

PTU-induced hypothyroid rats. Gene.

2016;595(1):25-30.

DOI: 10.1016/j.gene.2016.09.025.

Korashy HM, Al-Suwayeh HA, Maayah ZH, Ansari

MA, Ahmad SF, Bakheet SA. Mitogen-activated

protein kinases pathways mediate the sunitinib-

induced hypertrophy in rat cardiomyocyte H9¢2 cells.

Cardiovasc Toxicol. 2015;15(1):41-51.

DOI: 10.1007/s12012-014-9266-y.

54.Sack MN. Type 2 diabetes, mitochondrial biology
and the heart. J Mol Cell Cardiol. 2009;46(6):
842-849.

DOI: 10.1016/j.yjmec.2009.02.001.

55. Schiaffino S, Rossi AC, Smerdu V, Leinwand LA,
Reggiani C. Developmental myosins: expression
patterns and functional significance. Skelet Muscle.
2015;5:1-14.

DOI: 10.1186/s13395-015-0046-6.

56.Naderi R, Shirpoor A, Samadi M, Nezamimajd F,

Rasmi Y, Bagheri M. Protective effects of tropisetron

on diabetes-induced expression of genes involved in

regulation of contractility, cardiomyopathy and
apoptosis in the left ventricle of rats. J Exp Clin Med.
2022;39(2):376-382.

DOI: 10.52142/omujecm.39.2.13.

Beer ELd, Bottone AE, Rijk MCv, Velden Jvd, Voest

EE. Dexrazoxane pre-treatment protects skinned rat

cardiac trabeculae against delayed doxorubicin-

induced impairment of crossbridge kinetics. Br J

Pharmacol. 2002;135(7):1707-1714.

DOI: 10.1038/sj.bjp.0704621.

49.

5

—

52.

53.

57.



