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Abstract

Purpose
Cyclosporine A (CsA)-induced cardiac interstitial �brosis and cardiac hypertrophy is a highly known
phenomenon, whereas the basic mechanisms of CsA cardiotoxicity are not clear yet. The present study
evaluated the role of the TGF-β/Smad3/miR-29b signaling pathway and CaMKIIδ isoforms gene
expression in cardiac remodeling under sole CsA exposure or in combination with moderate exercises.

Methods
A total of 24 male Wistar rats were divided into three groups as follows: control, cyclosporine (30mg/kg
BW), and cyclosporine-exercise groups.

Results
After 42 days of treatment, the �ndings revealed a signi�cant decline in miR-29 and miR-30b-5p gene
expression, increases in gene expression of Smad3, calcium/calmodulin-dependent protein kinaseIIδ
(CaMKIIδ) isoforms, Matrix Metalloproteins (MMPs), protein expression of TGF-β, heart tissue protein
carbonyl and oxidized LDL (Ox-LDL), as well as plasma LDL and cholesterol levels in CsA treated group in
comparison to the controls. The CsA group, in comparison to the controls, presented histological heart
changes like �brosis, necrosis, hemorrhage, in�ltrated leukocyte, and left ventricular weight/ heart weight.
Moderate exercise and CsA, relatively improved gene expression changes and histological alternation in
comparison to the CsA group.

Conclusion
These �ndings suggested that TGF-β-Smad3-miR-29 and CaMKIIδ isoforms may somehow have a main
contribution to the progression of heart �brosis and hypertrophy due to CsA exposure, which provides
new insight into the pathogenesis and treatment of CsA induced side effects on heart tissue.

Introduction
Cyclosporine A is a potent immunosuppressant and has a signi�cant impact on transplant medicine [1].
Along with the well-documented signi�cant therapeutic potential of CsA, there has been a large body of
reports revealing that CsA exposure has detrimental adverse effects, the most important of which are
cardiotoxicity and nephrotoxicity [2, 3]. Previous studies reported that chronic administration of CsA
induces several side effects in the heart, such as the development of hypertrophy, hypertension,
disorganization of myocardial �ber with interstitial and perivascular �brosis, and heart cell apoptosis [4,
5]. Another study demonstrated that CsA led to myocardial injury is mediated by the elevation of
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intracellular calcium concentration [6]. Although some measures of the harmful effects of CsA on the
heart have been reported previously, the precise underlying mechanisms that result in the negative
in�uence of CsA on the heart are not clear yet. Previous studies have supposed the hypothesis to clarify
CsA-associated side effects such as oxidative stress (OS), lipid peroxidation, cytochrome P450, and
enhancement in intracellular calcium [2, 4]. Among these hypotheses, OS and free radicals mechanism
most attracted the attention of researchers and is frequently mentioned in the pathogenesis of CsA-
induced deleterious effects [2] Although the role of OS in cardiac abnormalities such as interstitial �brosis
and ventricular hypertrophy following CsA exposure is a well-known phenomenon[4, 7]. the precise
signaling pathways that start by OS following CsA exposure and end to cardiac �brosis and hypertrophy
is not clear still. Siwik and colleagues indicated that, in heart failure, free radical generation led to
activation of latent resident matrix metalloproteinase (MMP) enzymes and decreased their inhibitors’
activity[8]. The MMPs have a fundamental role in the regulation of the extracellular matrix (ECM)
component in normal physiology and pathology. It has been reported that inappropriate activation of
MMPs due to ROS increase is associated with cardiac remodeling [9]. Moreover, cardiac tissue contains
inactive stores of TGF-β, and factors such as MMPs, chronic in�ammatory diseases, and accumulation
of leukocytes in the interstitial space cause the activation of TGF-β from its precursors [10, 11]. Among
these activators, MMPs play an important role in activating TGF-β [10]. By stimulating Smad-dependent
(SD) and Smad-independent cascades, TGF-β regulates an extensive spectrum of cellular responses. The
major sources of cardiac �brosis include �broblasts, vascular cells, and cardiomyocytes, which are
activated in response to TGFs and SD signaling cascades [12]. According to the literature, TGF-β
contributes to the changing tissue structure and causes �brosis by affecting microRNAs [13]. In this
regard, a previous study showed that miR-29 demonstrated down-regulation in several �brosis-related
diseases in rodents as well as in humans[14]. The CaMKII, particularly the CaMKIIδ isoform and miR-30b-
5p are other important molecule is another important molecular mediator that documented
phosphorylates several vital signaling parameters contributing to the initiation of abnormal hypertrophy
and affecting the cardiomyocyte Ca2+ handling [15]. Taken together, the current study intended to
investigate the impact of CsA exposure on the TGF-β/Smad3/miR-29 signaling pathway and also the
CaMKIIδ isoforms that are involved in cardiac �brosis and hypertrophy. The study also provided evidence
regarding the question of whether moderate exercises can decline structural changes in the heart and its
corresponding molecular mechanisms caused by CsA in rats' hearts.

Materials And Methods
Animal experiments were performed based on national health care and medical research announced by
the National Institutes of Health (NIH Journal, No. 23–25, 1985 revision). Also, the Local Ethics
Committee on Animal Experiments at Mohaghegh Ardabili University in Iran con�rmed this study
(IR.UMA.REC.1400.032).

Twenty-four adult male Wistar rats weighing between 220 ± 20 g were categorized into three groups (each
with 8 rats), namely control, CsA, and CsA + Exercise (CsA-Exe) groups. Rats in the CsA group were treated
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with CsA (30 mg/kg B.W) (Sandimmune®, New Jersey) saluted in tap water once daily via oral gavage
within six weeks

Exercise protocol
The rats in the training group were acquainted with how to work on the treadmill and also the training
protocol for one week. The introductory plan included three sessions of walking and running on a
treadmill at a speed of 5–8 meters/minute with a %0 slope for 5–10 minutes. By modulating the running
speed on the treadmill, the exercise training intensity was controlled, and in order to observe the principle
of gradual increase of load according to the table-1, the intensity and duration of exercise training during
training sessions were added. For each training session, �ve minutes of warm-up at 5m/min and the
same amount of cooling were considered. Neither electric shock nor severe physical prodding was used
in this study. Cyclosporine + exercise rats run on a motorized treadmill with separate Plexiglas lines
(Tehran, Iran), once a day for 6 weeks, according to table-1 [16]Ketamine (10%, 80 mg/kg B.W, IP) and
xylazine (2%, 10 mg/kg B.W IP) were used to anesthetize the rats after 42 days of treatment. The animals
were weighed, the thoracic cavity was opened, and the blood samples were collected directly from the
heart. Then, the obtained blood was mixed with ethylenediaminetetraacetic acid (EDTA) as an
anticoagulant. Centrifugation of blood samples was performed at 4000× g for 20 min within 30 min of
collection. Then, the heart was isolated for analysis as follows: initially, adventitial tissues, fat, and blood
clots were removed from the excised heart; then, the heart was rinsed in ice-cold physiological saline and
weighed. Afterward, an excision of the whole left ventricular wall (with septum) was performed; then, it
was weighted. Then, 100 mg of ventricular tissue was immersed in one ml RiboxEX (total RNA isolation
solution) (GeneALL, Seoul, Korea) and restored at -80°C up to the time of RNA isolation. The other
sections of the ventricles were rinsed using ice-cold physiological saline, followed by drying on �lter
papers, to perform the biochemical analysis. Then, we added an ice-cold extraction buffer (10% wt/vol)
that contained a 50 mM phosphate buffer (pH 7.4), followed by homogenization by Ultra Turrax (T10B,
IKA, Germany). Afterward, centrifugation of the homogenates was performed at 10,000×g at 4°C for 20
minutes. Finally, the supernatant sample was obtained and maintained at -80°C for further investigations.
For analyzing proteins involved in �brosis, the other part of each left ventricular tissue was frozen in
liquid nitrogen and maintained at -80°C for further analyses. Then another part of the heart was �xed
immediately in 10% formalin embedded in para�n and sectioned at 5 µm for histological examinations.

Biochemical assays
Colorimetric and enzymatic techniques were used to measure plasma total cholesterol (TC) and
triglycerides (TGs). Moreover, using the direct technique and appropriate kits (Biosystem, Barcellona,
Spain), the level of plasma LDL and HDL was determined. The quantitative sandwich enzyme
immunoassay technique using a commercial rat protein carbonyl and Ox-LDL Elisa kit (Cusabio, China)
was used to measure protein carbonyl and oxidized LDL(Ox-LDL) in heart tissue homogenates.
Noteworthy, this step was performed based on the guideline published by the producer. The overall level
of protein was evaluated in heart homogenate by a Bradford assay kit (Bradford 1976).
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Quantitative real-time PCR
Total RNA was extracted using an extraction kit (Gene All, South Korea), according to the manufacturers’
protocol. The real-time quanti�cation of the target genes was performed as described previously in our
earlier study [17]. Reverse transcriptase (RT) was displayed using Hyperscript™ Reverse Transcriptase
(Gene All, South Korea). For real time-PCR, the cDNA was synthesized by an ampli�cation reagent kit
(Amplicon, Denmark) using the XP-Cycler instrument (TCXPD, Bioer, USA). The relative expression of
CaMKIIδ isoforms δ1, δ2, and δ3 of CaMKIIδ, and Smad3, miR-30b-5p, miR-29, as well as MMP2 and 9
isoforms mRNA, were normalized to the amount of β-actin in the same cDNA sample using the standard
curve technique. The 5  and 3  primer sequences (forward and reverse) of the mentioned genes were
designed via the Gene Bank (http://blast.ncbi.nlm.gov/Blast.cgi) to amplify the cDNA. This procedure
showed gene-speci�city of the primers. Meanwhile, all primers were evaluated and con�rmed using the
Gene Runner software (Table-2). Moreover, the relative quantitative levels of target genes were determined
using the 2-(ΔΔCt) technique. Afterward, the levels were normalized to β-actin as a housekeeping gene.
The results were expressed as the fold difference to the relevant controls.

Western blotting
Western immunoblotting was used to determine the level of TGF-β in the left ventricular tissue. Brie�y, the
tissue was rinsed once with phosphate buffer and lysed using lysis buffer containing 500 µL Tris-Hcl,
0.003gr EDTA, 0.08gr NaCl, 0.025gr Sodium Deoxycholate, 0.01gr SDS, 1 tablet Protease inhibitor
cocktail, and 10 µl Triton (Np40) 1%. Following 30 min of ice incubation, the total cell lysates were
centrifuged at 15,000 g for 20 min at 4º C. Then, the supernatant was collected and maintained at 80º C
for further investigations. The protein concentration of the supernatant was evaluated by the BSA
method. Equal amounts of proteins were loaded in all wells following being mixed with a 2X sample
loading buffer. The proteins were separated in 10% SDS-gels and then transferred to a polyvinylidene
�uoride (PVDF) membrane. A primary and an HRD-labeled secondary antibody were used to incubate the
membrane. After one hour of incubation in the shaker, the membranes were bathed in wash buffer and
rinsed for at least 3×5 min. afterward, incubation of the membranes was performed using the enhanced
chemiluminescence (ECL, Amersham) reagents in a dark room. Then, the membranes were exposed to an
X-ray �lm and visualization of the chemiluminescence of the binding using a visualizing device. The
Image J software (IJ 1.46r version, NIH, USA) was used to evaluate the bands' intensity; then, it was
normalized to the bands of the internal control (beta-actin).

Histological changes
To evaluate overall histological changes, following the tissue processing stage, 5-micron heart tissue
sections embedded in serial para�n were cut and stained with hematoxylin and eosin (H&E) and
examined under a light microscope. The sections were stained using Masson trichrome to evaluate the
heart tissue �brosis. Noteworthy, this stage was performed based on guidelines published by the
manufacturer (Asiapajohesh, Amol, Iran). Image pro insight software (co name) was used to score the
tissue �brosis intensity. Analysis of slides was performed using a light microscope (Olympus, BH2,
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Japan), equipped with a Sony on-board camera (Zeiss, Cyber-Shot, Japan). The �gures were compiled by
Adobe Photoshop, CS10 (Adobe System Inc., Mountain View, CA, USA).

Data analysis
The Kolmogorov–Smirnov test was used to evaluate the normality of data. The one-way ANOVA and
Tukey’s post hoc test were used to perform inter-group comparisons. The �ndings are described using the
mean ± S.E.M. Statistical signi�cance was considered when the p-value p < 0.05.

Results

Effects of CsA on cardiac hypertrophy
The left ventricular weight/heart weight(L.V.W/H.W) ratio, as an indicator of heart hypertrophy, were
0.713 ± 0.012, 0.791 ± 0.027, and 0.537 ± 0.024 in control, CsA, and CsA + Exe groups respectively. The
L.V.W/H.W in the CsA group indicated a signi�cant enhancement in comparison to the controls (p < 
0.002). In the CsA group, L.V.W/H.W was signi�cantly higher than in the CsA + Exe group (p < 0.03).
Meanwhile, the CsA + Exe group and controls were not signi�cantly different (0.08).

Biochemical �ndings
The results indicated that six weeks of CsA exposure led to a signi�cant elevation of heart tissue protein
carbonyl and OxLDL levels than controls (0.05). The levels of protein carbonyl and OxLDL signi�cantly
declined in the CsA + Ex group compared to the CsA group (0.05). Meanwhile, the levels of carbonyl and
OxLDL were signi�cantly higher compared to controls still (0.05) (�g-1).

Lipid pro�le
Table 3 shows plasma lipid pro�les separated by the study group, following 42 days of receiving the
intervention. In comparison to the controls, the cholesterol and LDL concentrations in plasma showed
signi�cant increases in CsA-treated rats (0.03). Exercise treatment and CsA resulted in a signi�cant
decline in the cholesterol level in comparison to rats that received sole CsA (0.03). However, compared to
controls, the LDL was signi�cantly higher (p < 05). The amount of triglyceride and HDL in the plasma of
animals presented no signi�cant difference among animals of various groups. LDL/HDL ratio presented
signi�cant increases in the Cyc group in comparison to the controls (p < 0.05). The LDL/HDL ratio
showed no signi�cant difference between animals in Cyc and Cyc + Exe groups.

Gene expression of CaMKIIδ isoforms, MMP2, MMP9, Smad3, miR-30b-5p and miR29 in heart tissue

Figure 2 shows the treatment with CsA on the gene expression alteration of CaMKIIδ isoforms involving
Cardiac hypertrophy. CsA exposure signi�cantly increased the expression of left ventricular CaMKIIδ
isoforms (δ1, δ2, and δ3) compared to the control group (0.001). Exe, along with CsA, signi�cantly
decreased the gene expression of all isoforms (1, 2, and 3) compared to the CsA (0.001). miR-29 and miR-
30b-5p gene expression indicated a signi�cant decline in the cyclosporine group than the controls,
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whereas there were signi�cantly enhanced in the CsA + Exe group than the cyclosporine group (p < 0.05)
(Fig. 3). The heart tissue MMP2 and MMP9 mRNA levels signi�cantly increased in the CsA treated group
than in the controls (p < 0.05). Meanwhile, the CsA + Exe and control groups were not signi�cantly
different (�gure-4).

The Smad3 mRNA gene expression showed a signi�cant increase in the CsA group compared to the
control group. Concerning Smad3 mRNA expression, the CsA + Exe group and the controls were not
signi�cantly different (Fig. 5).

Protein expression of TGF-β in heart tissue
Figure 6 shows the treatment with CsA on the protein expression alteration of TGF-β involved in the
�brosis signaling pathway. CsA administration signi�cantly enhanced the TGF-β protein expression in
comparison to the controls (0.05). The CsA + Exe group and control group were not signi�cantly different.

Histological changes
Figures 7 and 8 display the histological examination of the hearts. As demonstrated in Fig. 7, H&E
staining showed normal heart tissue in the control group. CsA treatment revealed several
histopathological changes, such as edema, necrosis, in�ammation, and hemorrhage in the CsA group.
Exercise along with CsA administration mitigates the histological changes in the heart tissue in
comparison to the CsA group. Figure 8 displays microscopic �brosis intensity analyzed by Image pro
insight software; according to the results, CsA administration revealed a signi�cant enhancement in the
intensity of �brosis in comparison to the controls. Exercise with CsA exposure reduced �brosis intensity
compared to the CsA group.

Discussion
According to the literature, chronic CsA exposure causes alternations in the heart, but the mechanism by
which CsA induces heart abnormality has not been documented in detail yet. Some studies reported that
the pathogenesis of CsA-induced cardiotoxicity is mediated by OS [3, 18, 19]. Our �nding showed that the
CsA administration led to signi�cant increases in the serum lipids like total cholesterol, LDL, LDL/HDL
ratio, heart tissue OX-LDL, and protein carbonyl. The increased level of LDL is a very well-accepted
independent risk factor for cardiovascular diseases (CVDs) [20]. It is reported that the risk for the cardiac
disease increases three-fold by LDL due to its composition and size[21]. The small size of LDL help it
easily penetrates the arterial walls, and larger counterparts of LDL make it more readily for oxidation[22].
In addition, due to the high a�nity of LDL for proteoglycans, LDL residence is prolonged in
subendothelial space [22]. Trapped LDL then undergoes oxidation and forms OxLDL[22]. In agreement
with the current study, previous work by Selcoki et al. showed that CsA exposure caused an increase in
Ox-LDL, protein carbonyl, and activities of Superoxide dismutase (SOD), catalase, and glutathione
peroxidase (GSH-Px) [4]. However, a growing body of evidence indicates that CsA enhances OS and
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results in alternations in myocardial size, shape, and structure [3]. Besides well-known damage due to OS
and free radicals, such as DNA damage and cell membrane destruction, it has been implicated that OS
and free radicals activate MMPs, the substances that play a key role in several physiological and
pathological processes in the cardiovascular system [23]. In the present study, we showed that CsA
exposure signi�cantly enhanced MMP2 and MMP9 mRNA expression in the heart tissue of rats. A
previous study by Razzani et al. indicated that CsA administration caused upregulation of MMP2
mediated by ROS in the heart tissue of rats, whereas contrary to our work, MMP9 level remained
unchanged [19]. Matrix metalloproteins are a family of enzymes that are able to degrade the extracellular
matrix and they have a major contribution to balancing the degradation and accumulation of the
extracellular matrix, thereby affecting the size and shape of the heart cavity and its function[8]. Among
the MMPs family, it has been established that gelatinases, including MMP2 and MMP9 have an
important role in some CVDs such as atherosclerosis, stroke, heart failure, and aneurysm [24]. The vital
role of MMP2 and MMP9 in CVDs is evidenced by two different experimentally studies that indicated
genetic ablation of MMP2 and MMP9 resulted in preventing cardiac rupture [25]. and reduced infarct size
following acute myocardial infarction [26]. Based on these �ndings, the regulation of MMPs may
contribute to pathological changes, including interstitial heart �brosis, which is assumed to be a target for
CsA, resulting in functional cardiac disorders. Another study indicated that MMP2 contributes to �brillar
collagen degradation and its level were shown that increase in arterial hypertension, and perivascular
�brosis with an accumulation of Type IV interstitial collagen [27, 28]. MMP2 belongs to the metal-
dependent enzymes family categorized in interstitial collagenase (MMP1), and gelatinase (MMP2 and
MMP9)[28]. Interestingly, the �ndings of the present study demonstrated histological alterations
following CsA treatment supported by signi�cant �brosis, in�ltrated leukocytes, hemorrhage, an increase
in the number of PMNs, and necrosis.

In this study, we found that CsA exposure caused an increase in protein expression of ventricular TGF-β
and cardiac �brosis in rats. An attracting �nding of the present study is the association between
enhancement in TGF-β and elevation of MMP2 and MMP9 levels in heart tissue. As mentioned in the
introduction, MMP2 and MMP9 cause the activation of TGF-β from its precursors that are stored in heart
tissue[10, 29]. Few studies have indicated that cyclosporine intake resulted in upregulation of TGF-β in rat
and human kidneys and liver [30–32]. Cardiac �brosis has a major role in the pathology of heart disease;
therefore, studies have focused on the molecular mediators involved in cardiac �brosis. Among dozens of
mediators, TGF-β attracted the attention of researchers and is one of the most studied mediators in the
current �eld of study. TGF-β is a member of the superfamily of cytokines that have a major contribution
to multiple developmental and pathological processes, such as �brosis, in�ammation, angiogenesis, and
tumor development [33]. TGFβ promotes �brosis through multiple mechanisms. TGF-β causes cell loss of
tissue through apoptosis. In addition, TGF-β enhances the synthesis of ECM and declines the degradation
of ECM by directly acting on �broblasts and other cell types. Moreover, TGF- β ca transmit different types
of cells to �broblast-type cells that can deposit ECM in the damaged organ[8, 34]. Activated TGF-β
triggers tissue �brosis mainly through Smad signaling pathway and Smad-independent signaling
pathways [35]. In the current study, we evaluated the TGF-β/Smad signaling pathway. In TGF-β/Smad
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pathway, brie�y, activated TGF-β binds to its characteristic combination of type I and type II receptors in
the cell membrane. TGF- β- receptor complex then triggers the creation of a heterotetrameric complex,
which contains type 1 and type II receptor molecules [36]. Then, TGF-β type I receptor phosphorylates
receptor-associated Smad protein, including Smad 2 and Smad 3. Phosphorylated Smad 3, after binding
to co-Smad (Smad 4), translocate into the nucleus, binds to Smad-binding elements in the promoter
regions of target genes, and modulates their transcription activity [36]. In Parallel with the TGF-β protein
expression increase in the current study, Smad 3 mRNA expression showed a signi�cant increase in CsA-
treated rats’ heart tissue. It is reported that Smad 3 activates myo�broblast, stimulates the synthesis of
ECM, integrin expression, and secretion of proteases and anti-proteases [36]. Furthermore, it has also
been reported that Smad 3 stimulates TGF-β expression to augment TGF-β/Smads signaling in positive
feedback [36]. Moreover, a previous study demonstrated that knock-out of Smad 3 prevents �brosis,
apoptosis, and in�ammation in various animal kidney disease models[37, 38]. Other studies also reported
that TGF- β regulates speci�c mi-RNAs that are involved in �brosis. The role of TGF-β in the regulation mi-
RNAs associated with �brosis is evidenced by a study developed by Eva and Rooij [39]. Their study
indicated that TGF- β causes down-regulation of miR-29, which inhibition resulted in the up-expression of
some key ECM proteins and collagen in heart tissue[39]. Interestingly, our study results showed down-
regulation of miR-29 concurrent increased TGF-β protein expression and heart tissue �brosis after CsA
exposure. Another important result of the current study is that CsA treatment cause upregulation of
CaMKIIδ isoforms (δ1, δ2, and δ3) mRNA in the heart tissue. This enzyme has several isoforms that
CaMKIIδ is predominant in the heart[15]. Numerous studies showed that the CaMKIIδ pathway is a well-
known molecular change that can induce hypertrophy and heart failure [40]. Changes in CaMKIIδ gene
expression, specially CaMKIIδ2 and CaMKIIδ3 isoforms, and its dependence on shifts on changes in heart
activity are mentioned in pathological conditions like dilated cardiomyopathy, myocardial infarction,
arrhythmia, and heart failure[40, 41]. Increased expression of CaMKIIδ causes cardiac abnormalities
through various methods[41] Increased expression of CaMKIIδ due to reactive oxygen species changes
the availability of sodium channels, leading to an increase in intracellular sodium and calcium [42].
Increased calcium is transported within the heart muscle to the cell nucleus, activating the local isoform
of the CaMKII nucleus that has a major contribution to activating calcium-dependent transcription genes
involved in cardiac hypertrophy[42, 43]. Recently the role of MicroRNAs (miRNAs) particularly miR-30b-5p
as a member of the miR30 family, in cardiac pathology attracted the attention of researchers. Studies
indicated that miR-30b-5p is one of the regulators of CaMKIIδ in heart tissue[44]. A previous study
showed that CaMKIIδ expression decreases signi�cantly after overexpression of miR-30b-5p[44, 45]. In
addition to the important role of miR-30b-5p in the regulation of CaMKIIδ, studies have also shown miR-
30b-5p as a key regulatory molecule necessary for cardiac hypertrophy[45] Interestingly, our study results
showed a signi�cant decrease in the expression of miR-30b-5p mRNA and increase in the expression of
CaMKIIδ isoforms mRNA parallel with heart hypertrophy and �brosis in the CsA treated group compared
to control group. Moderate exercise reversed gene expression of miR-30b-5p and CaMKIIδ isoforms as
well as improved heart injury compared to the CsA group. CaMKII activity has also been reported to
induce activation of the angiotensin II pathway by a redox-dependent signal pathway[46]. The activation
angiotensin II pathway induces MAPK enzyme activation, which causes apoptosis and heart failure[46].



Page 10/23

The activation angiotensin II pathway induces MAPK enzyme activation, which causes apoptosis and
heart failure[46]. The role of CaMKII in cardiac hypertrophy has also been documented by studies that
indicated inhibition of this enzyme has a protective role against heart failure [47]. To our knowledge, it is
only one in vitro study that showed CsA activates CaMKII signaling pathways and increases the rate of
cardiac hypertrophy [48]. Another important topic of the current study is the protective effect of moderate
exercise against OS, gene, and protein expression alteration, and histological changes in heart tissue
induced by CsA exposure in the heart tissue. Current study results showed that moderate exercise
administration mitigated structural heart alternations, plasma dyslipidemia, and gene expression
changes caused by CsA in rats. Large bodies of evidence have indicated that moderate aerobic exercise
can increase the antioxidant activities of enzymes such as SOD, glutathione, (GPX), and glutathione
reductase (GR) as well as reduce free radicals and ultimately improve OS conditions in the body[49, 50]
Hence, if chronic CsA consumption triggers molecular and structural alternations in the heart via OS, as
evidenced by this study and some other studies, the alleviated effects of moderate aerobic exercise on
those alternations can be attributed to antioxidant features of moderate aerobic exercise.

Conclusion
In conclusion, this study launched three signi�cant issues: �rst, the �ndings of the present study
indicated that CsA -induced cardiac �brosis injury, also addressed by the previous studies, maybe in part
be associated with the TGF-β/Smad3/miR-29 signaling pathway. The second issue was that CsA
administration cause up-regulation of fatal genes expression involved cardiac hypertrophy, including
CaMKIIδ1, CaMKIIδ2, and CaMKIIδ3 mRNA in heart tissue of rats that were concurrent by increased L.V.W/
H.W ratio as an indicator of cardiac hypertrophy. The third issue we established is that moderate aerobic
exercise mitigated gene expression alteration and heart structural changes induced by CsA. Our results
can be used to describe a new mechanism underlying that CsA exposure induces in heart tissue and to
the best of our knowledge, this study is the �rst of its type. Nevertheless, further studies are needed to
expand our knowledge regarding the subjects.
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Training duration (min) speed (m/min) Week

5-10 5-8 acquaintance

15 9 �rst

20 12 Second

25 15 third

30 18 fourth

30 18 �fth

30 18 sixth

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

Primer Sequence (5´-3´) AT (ºC)

MMP2 F: GTTATGAGACCCTGAGCCCG  65

R: CCAATCGTGCCTCCATCCTT 

MMP9 F: AAACCTCCAACCTCACGGAC  65

R: TGGCCTTTAGTGTCTCGCTG 

SMAD3 F:AAGTTCTCCAGAGTTAAAAGCGAA  63.5

R: AGCAGGCGCTTCACGAT 

miR-29b F: TCAGGAAGCTGGTTTCATATGGT 62.2

R: CCACCAAGAACACTGATTTCAA

CaMKδ2 F: GGGAGGAGGAGGAAGAAGGA 65

R: TTGTCCGAAAGTAGCTCGCC

CaMKδ3 F: ATCTGGAGGACATCGCCACA 65

R: CGTTTTGCCACGTAGTTGGAG

CaMKδ1 F: TTTAGAGCCAGGTACGGACG 64

R: GTGCCCAGAACATCCCTGAA

R: TAATCACGACGCTGGGACTG

R: GAGGTATTCGCACCAGAGGA

Table-3 serum lipid pro�le changes in different groups
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Parameters

 

Groups

Cholesterol

 

 TG  HDL LDL LDL/HDL

Control 54.025±1.931 64.73±8.5 33.85±1.521 12.47±0.649 0.38±0.04

CsA 69.35±5.619* 75±11.9 33.97±3.350 28.10±1.412* 0.89±0.07*

CsA+Ex 49±3.42† 67.9±8.8 32.038±3.124 24.98±2.775* 0.77±0.02*†

Values are mean ±SE for 8 rats per group.

*Denotes signi�cant difference (p<0.05) compared to the control

† Denotes signi�cant difference (p<0.05) compared to the nandrolone group

Figures

Figure 1

Effect of cyclosporine exposure and moderate exercise on oxidized LDL and protein carbonyl levels in the
heart tissue of rats. Data are given as Mean±SE. Values are signi�cantly different (ap< 0.05 compared to
control and bp < 0.05 compared to cyclosporine group). Con: control; CsA: cyclosporine, Exe: Exercise
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Figure 2

Effect of cyclosporine exposure and moderate exercise on CaMKIIδ, CaMKIIδ, and CaMKIIδ mRNA
expression in the heart tissue of rats. Data are given as Mean±SE. Values are signi�cantly different (ap<
0.05 compared to control and bp < 0.05 compared to cyclosporine group). Con: control; CsA: cyclosporine,
Exe: Exercise
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Figure 3

Effect of cyclosporine exposure and moderate exercise on miR-30b-5p and miR29b mRNA expression in
the heart tissue of rats. Data are given as Mean±SE. Values are signi�cantly different (ap< 0.05 compared
to control and bp < 0.05 compared to cyclosporine group). Con: control; CsA: cyclosporine, Exe: Exercise
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Figure 4

Relative mRNA expression of Matrix MMP2 and MMP9 in the rat heart tissue. Exposure to cyclosporine
increases mRNA expression of MMP2 and MMP9 in the heart tissue of rats when compared with the
control rats. No signi�cant differences were found between the CsA+Exe and CsA groups. Data are given
as Mean±SE. Values are signi�cantly different (ap< 0.05 compared to control and bp < 0.05 compared to
cyclosporine group). Con: control; CsA: cyclosporine, Exe: Exercise
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Figure 5

Effect of cyclosporine exposure and moderate exercise on Smad3 mRNA expression in the heart tissue of
rats. Data are given as Mean±SE. Values are signi�cantly different (ap< 0.05 compared to control and bp
< 0.05 compared to cyclosporine group). Con: control; CsA: cyclosporine, Exe: Exercise
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Figure 6

Relative protein expression of TGF-β in the rat heart tissue. Exposure to cyclosporine increases protein
expression of TGF-β in the heart tissue of rats when compared with the control rats. No signi�cant
differences were found between the CsA+Exe and CsA groups. The upper panel shows protein bands
from a typical record and β-actin as housekeeping controls. Data are mean ±S.E.M. of 8 rats per group.
(ap< 0.05 compared to control and bp < 0.05 compared to cyclosporine group). 
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Figure 7

(A) Longitudinal photomicrograph of the heart tissue: Note intact histological characteristics in the
control group. The section from the cyclosporine group exhibits edema (E), severe in�ammatory cell
in�ltration (Inf. Cell), hemorrhage (H), and necrosis (Arrow Head). Note: decreased edema, hemorrhage,
and necrosis in the exercise-induced group (cyclosporine+exercise) compared to the cyclosporine-treated
group. (B) Semi-quantitative analyses of edema, in�ammation, necrosis, and hemorrhage in different
groups. Note: The patterns for the histomorphometric analyses are prepared in a semi-quantitative
pattern as described in the �gure. All data are presented in Mean±SD, a Vs control, and b Vs cyclosporine. 
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Figure 8

A) Masson trichrome staining for �brosis analysis. Fibrosis in the section from the cyclosporine group is
signi�cantly decreased in the CsA-Exe group. B) Pixel-based intensity analysis for blue
reaction(representing collagen �ber in 2410 µm× 2410 μm of tissue in different groups. 


