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The Effect of Regular Treadmill Exercise on Heart
Histopathological Changes and Biochemical Alterations
in Cardiac Ischemia-Reperfusion Injury in Rat
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SUMMARY : Restoring blood flow to ischemic heart muscle can induce more damage to myocardium. The purpose of this study was
to evaluate effects of regular increasing long-term aerobic exercise on cardiac Ischemia/Reperfusion (I/R) injury inhiatpuFRmyse, 40
male Wistar rats were randomly allocated in 4 equal groups including: control, I/R, I/R with two weeks of aerobic exetfsajigmeight
weeks of regular increasing aerobic exercise groups. Aerobic exercise was performed 5 times per week on treadmill &2peeabiron Tor
10-30 min with the slope of 5 degrees. For induction of I/R injury, left descending coronary artery was clamped for 3@afiier teod flow
was restored for 2 h. Blood samples were collected for measurement of serum cardiac biomarkers including: creatine kikas8MB (C
lactate dehydrogenase (LDH), cardiac troponin | (cTnl) and tumor necrosis factor alphe))(TRifally, all animals were euthanized for
histopathological examination and assessment of myocardial antioxidant status. Aerobic exercise significantly decrea$éd,th®IEK-
c¢Tnl and TNFe serum levels, which were increased following I/R injury and significantly increased the cardiac levels of SOD, CAT and GPx,
which were reduced in these animals, as well as significantly decreased MDA level (P<0.05). Microscopically, aerobicigniiczseys
alleviated myocardial degenerative and necrotic changes and significantly decreased the number of apoptotic cells (EkOv85,indrieased
due to I/R injury. The results showed regular increasing long term aerobic exercise protects the cardiac muscle of ngt¥/Roilguiy.
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INTRODUCTION

Myocardial ischemia, resulting from the occlusion ofttributed to the excessive production of free radicals which
major coronary arteries, is a leading cause of myocardi@dmage lysosomal membranes and activate previously inactive
infarction (MI) (Ferdinandet al, 2007). Following an acute enzymes. This cascade ultimately disrupts cellular integrity,
MI, immediate reperfusion of the injured myocardium ideading to the loosening and breaking of hydrogen bondswithin
considered the most effective intervention to reduce infarcell membranes. Consequently, the detachment of membrane-
size and severity while improving clinical outcomesound enzymes impairs cellular function. Moreover, DNA
(Foadoddiniet al, 2014). However, the process of restoringlamage caused by free radicals results in cell death via both
blood flow to ischemic heart tissue can paradoxically causg@optosis and necrosis (Van Dgkal, 2009). Although the
further myocardial damage, a phenomenon referred to esact mechanisms underlying I/R injury remain incompletely
myocardial reperfusion injury. This paradox underscores thmderstood, one major factor is the focal amplification of
complex relationship between ischemic tissue survival aridflammatory cells during reperfusion. These cells release large
the additional damage caused by reperfusion itself (Foadoddipiantities of reactive oxygen species (ROS), including
et al, 2011). Ischemia-reperfusion (I/R) injury has beesuperoxide anions and hydrogen peroxide, as well as
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inflammatory cytokines and enzymes such as myeloperoxidase studies have comprehensively examined the protective
and proteases. This exacerbates membrane destructieffects of short-term versus long-term aerobic exercise on
intracellular component leakage, and mitochondriahyocardial I/R injury. This study aims to address this gap by
permeability. Increased mitochondrial permeability leads ttomparing the impacts of short-term and long-term aerobic
membrane potential loss, reduced ATP production, arekercise on myocardial I/R injury. The investigation focuses
mitochondrial swelling, ultimately triggering cellular damagen serum biomarkers indicative of myocardial damage and
(Gottlieb, 2003). The resulting oxidative stress induces DNgorresponding histopathological changes to assess the
damage, protein oxidation, lipid peroxidation, and apoptosggotective effects of aerobic exercise regimens.

(Moenset al., 2005). Given the global prevalence of coronary

artery disease and the myocardial damage associated withMRTERIAL AND METHOD

injury, identifying effective strategies to protect the heart from

this phenomenon is critically important. Researchers have All research protocols were approved by the
explored various pharmaceutical and exercise-bas&bmmittee on the Rights of Laboratory Animals, and ethical
interventions to minimize oxidative stress and mitigatetandards for laboratory animal care and use were strictly
myocardial damage caused by I/R (Bezzerides & Rosenzweigllowed.

2011). Among these, regular aerobic exercise has emerged as

a practical and sustainable approach for protecting the he@tudy Design

(Bayatet al, 2012). Regular aerobic exercise is widely

recognized as a key strategy for treating and preventing The study included 40 male Wistar rats, each weighing
cardiovascular diseases, as it reduces their associa® + 25 g and aged approximately 10 weeks. The animals
complications (Ignarret al, 2007). Evidence suggests thatwere procured from the Iran Pasteur Institute and acclimatized
aerobic exercise enhances mitochondrial function by reducita laboratory conditions for one week before the study
ROS levels (Tofighiet al, 2015). Additionally, it has been commenced. All rats were housed under identical conditions,
shown to decrease apoptosis and improve antioxidant capaditgluding a 12-hour light/dark cycle, a temperature ot 21

in patients with chronic heart failure (Linkeal, 2005). While  °C, and unrestricted access to food and water. The rats were
the precise mechanisms through which exercise protects taadomly divided into the following four groups:

heart from I/R injury remain under investigation, numerous

pathways have been proposed. Research indicates that evena Control Group: Rats in this group underwent no
single exercise session can confer myocardial protectiphysical intervention or cardiac manipulatigdR Group:Rats
against I/R injury (Browret al, 2005a). Epidemiological were subjected to ischemia for 30 minutes followed by two
studies in humans have demonstrated that exercise reduoesrs of cardiac reperfusiofiR + Two Weeks of Exercise
mortality associated with myocardial damage by mitigatinGroup: Rats underwent aerobic exercise for the last two weeks
subsequent I/R injury (Brown & Moore, 2007). Laboratoryf an eight-week period, followed by ischemia for 30 minutes
studies on animals have further revealed that regular aerobitd two hours of reperfusioliR + Eight Weeks of Exercise
exercise, such as running or swimming, protects the heart fr@noup: Rats participated in eight weeks of regular, progressive
I/R-induced damage (Powegkal, 2008). For example, Brown aerobic exercise before ischemia for 30 minutes and two hours
et al. (2005b), found that short-term exercise reducedf reperfusion.

myocardial damage in rats subjected to I/R injury. Similarly,

Chiccoet al (2007), reported that a brief five-day exercis&xercise Protocol

regimen reduced infarct size in rats undergoing I/R. While

substantial evidence supports the protective effects of regular ~ Aerobic exercise was performed five times per week
aerobic exercise on the heart, questions remain regarding thre a treadmill with a 5incline. Initially, rats were
optimal exercise model, including intensity, durationacclimatized to the treadmill conditions by being placed in
frequency, and type, for real-world applications. The effectbe equipment for 10 min during the first two sessions. For
of progressively increasing, time-dependent aerobic exercige next three sessions, the rats began light running at speeds
on I/R injury are not yet fully understood. Moreover, to dategf 5-10 m x min. During the first two weeks, the rats ran at

Table |. Pattern of regular aerobic exercise for the studied rats.

Week
Exercise intensity Accustoming  “and 2 3“%and4 5"andd 7"and §
Speed (meterger minute) 5-10 10 15 20 25
Duration (minutes) 10 15 20 25 30
Slope (percent) 5 5 5 5 5
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a speed of 10 mx min for 15 min per session. Over therinsed with cold saline, and homogenized to prepare 10 %
following two weeks, the speed and duration weréssue homogenates in 1.15 % (w/v) potassium chloride (KCI)
progressively increased, reaching 25<imin and 30 min solution. The homogenates were centrifuged at 7000<rpm
per session. This protocol was consistent throughout th® min at 4°C. Malondialdehyde (MDA), an indicator of
study, with each session including a 5-min warm-up andligid peroxidation, was measured in the tissue homogenates
5-min cool down at 5-10 m min ( Table I). The exercise using the thiobarbituric acid reactive substances (TBARS)
regimen was designed and regulated following thmethod, as described by Fraghal (1988). Superoxide
recommendations of the American College of Sportdismutase (SOD), catalase (CAT), and glutathione

Medicine (Thompson, 2010). peroxidase (GPx) activities were assessed using
commercially available kits (NanjingJiancheng
Induction of Injury Bioengineering Institute, China), following the

manufacturer’s instructions. The tissue MDA levels were

To eliminate the acute effects of exercise, ischemiaxpressed as nmol/mg protein, and antioxidant enzyme
reperfusion injury was induced 48 h after the final exercisgtivities were recorded as conventional units per mg protein.
session. Rats were fasted for two hours prior to the
procedure. Anaesthesia was induced via intraperitondapid Peroxidation Assay
injection of ketamine (5 mg/kg, 10 %) and xylazine (5
mg/kg, 2 %). Rats were also heparinized with an Lipid peroxidation was measured colorimetrically
intraperitoneal injection of heparin (1000 1U/kg). Thevia the TBARS method (Frags al, 1988). Briefly, 1.0
surgeries were performed based on the method descrilmeld of heart tissue homogenate was mixed with 2.0 mL of
by Zhanget al. (2018). Briefly, the animals were a reagent containing thiobarbituric acid, trichloroacetic
mechanically ventilated with room air to maintain arteriahcid, and hydrochloric acid (37 % TBA, 0.25 M HCI, and
pH, PCO2, and PO2 within normal physiological ranged5 % TCA) in a 1:1:1 ratio. The mixture was incubated in
After 10 minutes of stabilization, a thoracotomy was boiling water bath for 15 min, cooled, and centrifuged at
performed through the left fifth intercostal space, and tf8500g x 10 min at room temperature. The absorbance of
pericardium was opened. A 6-0 silk suture was placele supernatant was measured at 535 nm, and MDA levels
around the proximal left anterior descending (LAD)vere calculated and expressed as nmol/100 mg tissue.
coronary artery for 2-3 mm, using a small
polytetrafluoroethylene tube to form a snare. LADSuperoxide Dismutase (SOD) Activity Assay
occlusion was induced by tightening the snare for 30
minutes, which was confirmed by the appearance of SOD activity was determined using the method of
epicardial cyanosis. Reperfusion was achieved hYishikimi et al (1972). Briefly, ug of total protein from
loosening the snare for two hours, and successftlle heart homogenate was mixed with sodium

reperfusion was verified by epicardial hyperaemia. pyrophosphate buffer, phenazine methosulfate (PMS), and
nitro-blue tetrazolium (NBT). The reaction was initiated
Biochemical Tests by adding nicotinamide adenine dinucleotide (NADH) and

incubating the mixture at 3@ for 90 s. The reaction was

Following the induction of ischemia-reperfusion,stopped by adding glacial acetic acid, and the absorbance
blood samples were collected from the retro-orbital plexws the resulting solution was measured at 560 nm. One
to measure biomarkers indicative of myocardial tissugnit of SOD activity was defined as the amount of enzyme
damage. These included lactate dehydrogenase (LDIquired to inhibit color formation by 50 % in one minute.
serum creatine kinase-MB (CK-MB), cardiac troponin |
(cTnl), and tumor necrosis factor-alpha (THE-The Catalase (CAT) Activity Assay
blood samples were centrifuged at 4000 pp0 min to
separate the serum. The serum cTnl levels were measured CAT activity was assessed using the method
using an enzyme-linked immunosorbent assay (ELISAJescribed by Claiborne.21 A reaction mixture containing
kit (JAJ International Inc., USA), while TNF-a levels werel.95 mL of phosphate buffer (0.05 M, pH 7.0), 1.0 mL of
assessed using a commercial ELISA kit from Assayprbydrogen peroxide (0.019 M), and 0.05 mL of 10 %
USA. The levels of CK-MB and LDH were determinechomogenate was prepared, making a final volume of 3.0
using commercially available kits (Randox LaboratoriemL. The decomposition of hydrogen peroxide was
Ltd, UK), following the manufacturers’ protocols. Aftermonitored by measuring the absorbance changes at 240
blood collection, all rats were euthanized by cervicaim. CAT activity was expressed as units per minute
dislocation. Heart tissue samples were quickly excisef;laiborne, 1985).
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Glutathione Peroxidase (GPx) Activity Assay Briefly, sections were deparaffinized, dehydrated,
and washed in distilled water. Tissues were treated with 20
GPx activity was measured following the methogig/mL protein kinase for 15 min at room temperature
of Rotrucket al. (1973). The reaction involved the(Boehringer Mannheim, Mannheim, Germany).
oxidation of reduced glutathione (GSH) to oxidizedEndogenous peroxidase activity was blocked by incubation
glutathione (GSSG) by hydrogen peroxide. A mixturavith 3 % hydrogen peroxide in methanol for 30 min at 37
containing 0.2 mL of 0.8 mM ethylenediamine tetraacetftC. The sections were then incubated with terminal
acid (EDTA), 0.1 mL of 10 mM sodium azide, 0.1 mL ofdeoxynucleotidyl transferase for 60 min at 3.
2.5 mM hydrogen peroxide, and 0.2 mL of homogenafeeoxyuridine triphosphate (dUTP) conjugated with
was incubated at 37C x 10 min. The reaction was digoxigenin was added to the 3'-OH ends of fragmented
terminated by adding 0.5 mL of 10 % trichloroacetic aci®NA. Labeled nucleotides were detected using an anti-
(TCA), and the mixture was centrifuged at 2000 ppit®  digoxigenin antibody conjugated to peroxidase. Sections
min. The supernatant was then mixed with 3.0 mL of Oere stained with diaminobenzidine (DAB), and
mM disodium hydrogen phosphate and 0.1 mL of 0.4 mNibunterstained with hematoxylin to visualize the nuclei.
dithiobis nitrobenzoic acid (DTNB). The absorbance of the
resulting color was measured at 420 nm. GPx activity w&tatistical Analysis
expressed gsg protein/miniM oxidized glutathione.
Statistical analyses were performed using SPSS
Histopathological Study software version 22. Quantitative data were expressed as
meanz standard deviation (SD). Differences between
The remaining portions of the rats’ hearts were fixegroups were analyzed using one-way analysis of variance
in 10 % buffered formalin, andBn sections were prepared (ANOVA), followed by Tukey's post hoc test for multiple
for routine hematoxylin and eosin (H&E) staining andomparisons. For histopathological data, the Kruskal-Wallis
TUNEL staining (terminal deoxynucleotidyl transferasdest, followed by the Mann-Whitney U test, was applied to
dUTP nick end labeling). Histological sections wereletect significant differences and compare ranked outcomes
assessed using a semi-quantitative scale in a double-blofcheart tissue damage. A p-value of less than 0.05 (P <
manner, based on the method proposed by Jatkakr 0.05) was considered statistically significant.
(2012). The severity of myocardial injury was graded on a
scale of 0 to 4, evaluating parameters such as inflammati®ESULTS
hemorrhage, necrosis, and degenerative changes (0: no
damage, 1: minimal damage, 2: mild damage, 3: moderate = The impact of aerobic exercise on serum levels of
damage, 4: severe damage). creatine kinase-MB (CK-MB), lactate dehydrogenase
(LDH), cardiac troponin | (cTnl), and tumor necrosis factor-
Microscopic observations were performed talpha (TNFe) in ischemia-reperfusion (I/R) injury is
measure and count apoptotic cells. For each section, fipgsented in Table II.
random microscopic fields were analyzed at 40x
maghnification using a Nikon optical microscope (model In the I/R group, significant elevations were
ECLIPSE E200, Japan). The number of apoptotic cells wabserved in serum levels of CK-MB, LDH, cTnl, and TNF-
calculated as a proportion of the total number of celts compared to the control group (P < 0.01). However, in
counted. Apoptotic cells were identified and quantifiethe I/R group subjected to eight weeks of regular,
using the TUNEL assay, following the manufacturer'progressive aerobic exercise, a significant reduction was
protocol (In Situ Cell Death Detection Kit, POD, Rochenoted in these elevated biomarker levels (P < 0.05). In
Germany). contrast, two weeks of aerobic exercise did not result in

Table II. Effect of regular and increasing aerobic exercise on the serum values of LDH, cTnl, CK-MB aadrTikErats.
Evaluated factors

Groups LDH (1U/L) CK-MB cTnl (ng/ml) ~ TNF-a (pg/ml)
Control group 253.71+33.48 86.53+347 0.07+0.01 20.95+5.75
IIR 41757454 .11 184 .94 +8.66 0.71+0.08 55.61+10.92

IIR +2-week aerobic excise 399.48+55.33 172.11+7% 0.60+0.05 51.34+8.27

I/R + 8-week regular anch¢reasingaerobic egrcise 310.72+49.71  112.9+6.32 0.38+0.04 35.16£544

CK-MB: creatine kinase-MB, LDH: lactate dehydrogenase, cTnl: cardiac troponin 1oTFror necrosis factor alpha. a: stands for significant
difference of groups in comparison with the control group (P<0.01); b: stands for significant difference with the I/R @r@%).(P<
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Fig. 1. Microscopic view of rats' heart tissue (TUNEL staining, 100X magnification). A (Control group): healthy heart tissue wi
pathological changes. B (I/R group): numerous apoptotic cells are seen in light brown color (arrows). C (I/R group witbf 2-week
aerobic exercise): apoptotic cells are observed in light brown color (arrows). D (I/R group with 8-week of regular ambjineredsét
exercise): fewer number of apoptotic cells are observed in light brown color.

significant changes in the elevated serum values
14 5 of these biomarkers. Histopathological
T examination using TUNEL staining revealed
apoptotic cells as light brown to dark brown. A
significant increase in the number of apoptotic
myocardial cells was detected in the I/R group
compared to the control group (P < 0.01).
However, in the I/R group subjected to eight
weeks of aerobic exercise, the number of
. apoptotic myocardial cells was significantly
# " 5 % reduced compared to th&R group (P < 0.05).
Conversely, two weeks of exercise showed no
significant effect on the number of apoptotic

Fig. 2. Effect of regular and increasing aerobic exercise on the severity %?II§._F|gl_Jre 1 |IIustrat_es re_presentatlve_TUNEL
apoptosis in the studied rats' myocardial tissue. a: stands for significant differerté®Ning images, while Figure 2 depicts the
of groups in comparison with the control group (P<0.01); b: stands for significaRPMparative intensity of apoptosis across the
difference with the I/R group. experimental groups.

Apoptosis (%)
co

Groups
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Table lll. Effect of regular and increasing aerobic exercise on the rat's heart antioxidant status.

Parameters
G MDA (nmol/mg SOD (U/mg CAT (umol of HO, GPx (umol of glutathione
roups . - . M X
protein) protein) consumed/mg protein) oxidized/mg protein)

Control 8.11+1.54 10.18+0.72 1836043 2.53+0/14
IIR 13.27+2.65 6.33+0.61 11.25+0.3% 1.88+0.10
I/IR +2-week aerobic excise 11.88+2.74 5.92+0.50 12.16+0.38 196+0.11
R +8-week regular and 9.46+1.83 8.00+0.72 15.78+0.49 2.25+0.12

increasing aerobic excise

MDA: creatine kinase-MB, SOD: Superoxide dismutase, CAT: Catalase, GPx: Glutathione peroxidase. a: denotes significaatidiffereparison
with control group (P<0.01), b: denotes significant difference in comparison with I/R group (P<0.05).

The activities of antioxidant enzymes, including In the I/R group, the activities of SOD, CAT, and GPx
superoxide dismutase (SOD), catalase (CAT), and glutathiomemyocardial tissues were significantly reduced, whereas
peroxidase (GPx), and malondialdehyde (MDA) levels iMDA levels were significantly elevated compared to the
myocardial tissues are presented in Table III. control group (P < 0.01). However, in the I/R group subjected

T\ A S
L ; ; . -'\\'\. \ I ‘ AL
Fig. 3. Microscopic view of the rats’ heart tissue (Hematoxylin-Eosin staining, 40X magnificatiqi®ontrol group): healthy heart
tissue without any pathological chang@s(l/R group): extensive necrosis and degenerative changes along with severe necrotic changes
in heart muscle fibers (thick arrows) as well as diffuse infiltration of inflammatory cells (thin arrows), hyperemiajahtdstiha,
focal hemorrhage (arrowheads) are obvidlis(l/R group with 2-week aerobic exercise): degenerative changes and cardiomyocyte
necrosis (thick arrows), inflammatory cell infiltration (thin arrows), hyperemia, focal hemorrhage (arrowheads) &e(BBegroup

with 8-week regular and increasing aerobic exercise): focal accumulation and mild inflammatory cells infiltration (arreeex) are
among the myocytes.
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to eight weeks of aerobic exercise, the activities of SOD, CAIn contrast, two weeks of aerobic exercise didsignificantly
and GPx were significantly enhanced (P < 0.05), while MDAffect the activities of antioxidant enzymes or MDA levels
levels were significantly reduced compared to the I/R groum the myocardial tissues of rats. Table IV.

Table V. Effect of aerobic exercise on heart ischemia-reperfusion injury in the studied rats.

Groups degenfarative and _ degree gf Degre_e of Kruskal-Wallis
necrotic changes inflammation bleeding test result
Control 0.0+0.0 0.0+0.0 0.0+0.0
IIR 3.82+0.54 3.26+0.12 255+0.10
I/R+2-weekaerobicexercise 3.25+0.17 3.10+0.16 243+0.1% P<0.001
R+ 8-week reglar and 0.50+0.12 0.42+0.09 0.22+0.05

increasing aerobic excise
a,b: non-similar characters indicate the significance of difference between the groups.

Histopathological evaluation revealed that thef heart tissue damage (Powetsal, 1998). Thus, the
myocardial tissue of the control group was intact anfihdings of this study underscore the protective effect of
exhibited normal structural characteristics. In contrast, tlaerobic exercise on heart tissue during ischemic damage.
I/R group demonstrated significant pathological changeslarefati et al. (2016), demonstrated that moderate-
including degenerative and necrotic alterations dhtensity interval exercise significantly reduced serum cTnl
myocardial fibers, inflammatory cell infiltration, red bloodlevels in rats with ischemia-induced heart damage,
cell extravasation, and interstitial edema. However, in threinforcing the cardioprotective role of such exercise
I/R group with eight weeks of aerobic exerciseprotocols. Research also indicates that long-term
pathological alterations, particularly necrosis and leukocyé&xhaustive physical activity in humans lasting over an hour
infiltration, were markedly reduced. The remaining damagean elevate cardiac troponins, creatine kinase (CK), and
was primarily limited to mild interstitial edema andits isoenzymes (CK-MB) in the serum (Neumayral,
vacuolation of myocytes, particularly in endocardiaR002; Dawsoret al, 2003). Notably, endurance athletes
regions. Notably, two weeks of aerobic exercise did nand professional soccer players exhibit increased serum
mitigate the pathological damage observed nking the&nl levels, indicative of heart tissue damage (Owbkeer

groups and comparing their outcomes. al., 2007). While the precise cause of cTnl elevation
following intense or prolonged exercise remains unclear,
DISCUSSION oxidative stress, hypoxia, or cytosolic leakage due to

unstable ischemic heart tissue have been proposed as
Heart muscle fibers contain key enzymes, such asntributing factors (Satet al, 2004). Additionally, cTnl

lactate dehydrogenase and creatine kinase-M@evation may result from the hemodynamic and
(Haleagraharat al, 2011). In the present study, ischemiaphysiological pressures on the heart during exercise.
reperfusion (I/R) damage caused a significant increaseHiowever, in healthy athletes, such increases are often
the activities of these enzymes. Regular, progressivapserved without pathological significance during
increasing aerobic exercise over an eight-week peri@hdurance activities (Soozeeti al, 2010). Although the
significantly prevented this enzyme activity enhancementechanisms underlying the protective effects of exercise
due to I/R damage, suggesting that such exercise reducaghe heart remain a significant area of research, regular
heart muscle injury. Furthermore, serum levels of cardiand consistent exercise enhances myocardial tolerance to
troponin | (cTnl) in rats subjected to I/R damage werischemia-reperfusion damage (Leteal, 2000; Gatteet
notably elevated. cTnl, a protein found on actin filamentgl., 2012). Mechanisms of exercise-induced
regulates the speed and contractile force of cardiac cetiardioprotection include vascular development, thermal
This highly sensitive marker is predominantly secreted ingiress adaptation, and improved antioxidant capacity.
the bloodstream after heart damage or fatigue and can iI&tedies have demonstrated that long-term exercise
during severe cardiac diseases. In healthy individuals, cTerihances the activity of antioxidant enzymes, which play
levels are typically undetectable (Neumayral, 2002; a crucial role in protecting the heart (Freetkal, 2006).
Babuin & Jaffe, 2005). This protein's unique amino acilfloreover, ischemia followed by reperfusion leads to severe
sequence differentiates it from related isoformséNal, oxidative damage in rats’ heart muscles (Ketial, 2005;
2005). The exercise protocol used in this study—reguldokni et al, 2013). The generation of reactive oxygen
and progressively increasing aerobic exercise significantpecies (ROS) or the depletion of antioxidants induces
reduced serum cTnl levels in rats affected by I/R damagexidative stress and, subsequently, myocardial injury
Existing research suggests that cTnl levels reflect the ext¢Bawyeret al, 2002). Free radical-scavenging enzymes,
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such as superoxide dismutase, catalase, and glutathiomgcardial TNFa during severe ischemia, with or without
peroxidase, neutralize oxygen radicals (e.g., superoxideperfusion, has been well-documented (Irwtnal.,

ions and hydrogen peroxide) and prevent the formatidi®99). Additionally, research has shown that myocardial
of hydroxyl radicals, serving as a defense system again#farction leads to apoptosis in both infarcted and non-
oxidative stress (Sawyet al, 2002). In this study, it was infarcted myocardium. Studies suggest that regulated
observed that the reduction in the activities of superoxidéNF-a production in physiological responses contributes
dismutase, catalase, and glutathione peroxidase in rats withcardiomyocyte immunity, typically observed during
I/R-induced damage was significantly improved througbxercise (Gwet al, 2014). However, excessive TNF-
long-term, regular aerobic exercise. Tofighal (2015), production during pathological conditions, such as
also confirmed the protective effects of prolonged exercisgchemia, promotes myocardial infarction and apoptosis
on I/R-induced heart damage by demonstrating improvéd cardiomyocytes (Saclkt al.,, 2002). Chronic
antioxidant enzyme activity. Such findings demonstrat@verproduction of TNF in the heart has been associated
that long-term and regular aerobic exercise enhances thi¢h functional impairments and the induction of apoptosis
antioxidant myocardial protective system, reducin¢Szabolcset al,1996). Linket al (2005), demonstrated
oxidative stress. This study also reveals that lipithat exercise reduces apoptosis and improves antioxidant
peroxidation is directly associated with the extent afapacity in cardiomyocytes, thereby mitigating chronic
cellular membrane damage in heart muscle fibers and theart failure. Similarly, Tofighet al (2015), found that
deactivation of enzymes. These results align with theerobic exercise reduces oxidative stress in ischemic heart
findings of Guptaet al. (2013), who reported similar tissues by lowering lipid peroxides and enhancing the
observations regarding lipid peroxidation in ischemiaantioxidant defense system. Reactive oxygen species
reperfusion heart damage. Previous studies have sugge$ROS) are potent mediators of apoptosis. The expression
that the damage to heart tissues following ischemia anfl Bax, a pro-apoptotic protein, and the activation of
subsequent reperfusion is primarily caused by lipidpoptotic enzymes such as caspase-3 and caspase-9 are
peroxidation induced by free radicals (Zhawal, 2006). heightened in response to oxidative stress, leading to
Malondialdehyde (MDA), a key end-product of lipidcardiomyocyte apoptosis (Cessetlal, 2001). However,
peroxidation, serves as an indicator of oxidative damagmndurance exercise has been shown to enhance antioxidant
Its elevated levels are attributed to increased free radiesdzyme activity, particularly superoxide dismutase, which
production and decreased antioxidant enzyme activineduces Bax expression and caspase activity while
This study demonstrates that long-term, regular aerolpcomoting the expression of Bcl-2, an anti-apoptotic
exercise significantly reduces the elevated levels of MDprotein. As a result, endurance exercise acts as a protective
caused by ischemia-reperfusion. The reduction in MD&echanism for maintaining heart function and preventing
levels can be linked to increased activity of antioxidamixidative damage (Siet al, 2004).

enzymes such as superoxide dismutase, catalase, and

glutathione peroxidase. These findings highlight thEONCLUSION

protective effects of aerobic exercise in eliminating free

radicals and mitigating myocardial damage caused by This study, supported by previous research,
oxidative stress. Additionally, this study shows thalighlights that long-term, regular aerobic exercise
ischemia-reperfusion significantly increases serum levedtrengthens the antioxidant defense system and protects
of tumor necrosis factor-alpha (TN#F- and induces myocardial tissues from oxidative damage caused by
extensive apoptotic changes in myocardial cells, indicatingchemia-reperfusion. Exercise prevents myocardial
severe heart tissue damage. However, long-term, reguliamage in both necrotic and apoptotic forms, reducing
aerobic exercise significantly reduces Thifevels and oxidative stress and improving overall heart function.
apoptosis in myocardial cells, further confirming théased on these findings, long-term, regular aerobic exercise
cardioprotective effects of exercise against ischemi& strongly recommended as a preventive strategy to
reperfusion damage. Microscopic observations in thisitigate myocardial oxidative damage caused by ischemia-
study revealed severe pathological changes in theperfusion.

myocardium of rats in the I/R group, including

cardiomyocyte necrosis, interstitial edema, leukocyt® CKNOWLEDGEMENTS. This article is derived from
infiltration, and bleeding. These findings emphasize thethesis approved by Department of Anatomy of TaMSC-
severity of myocardial damage caused by ischemiAU and all authors contributed equally to this work.
reperfusion. Notably, aerobic exercise was shown to

significantly prevent such pathological changesConflict of interest. The authors declare that there is no
underscoring its protective role. The generation afonflict of interest.
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RESUMEN: Restablecer el flujo sanguineo al musculo  Circ. Res., 89(3279-86, 2001.

cardiaco isquémico puede inducir mayor dafio al miocardio. Ehicco, A. J.; Johnson, M. S.; Armstrong, C. J.; Lynch, J. M.; Gardner,
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