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Abstract. Cardiac aging leads to structural changes such as cardiomyocyte hypertrophy, fibrosis, and 
reduced capillary density, increasing the risk of heart failure. This study examined whether moderate 
treadmill exercise could reverse these changes in aged Wistar rats (20 months old). Rats were assigned to 
sedentary (SED) or exercise-trained (EXE) groups. The EXE group underwent an 8-week treadmill 
program, and myocardial morphology was assessed histologically. Exercised rats showed significantly 
smaller cardiomyocyte cross-sectional area (300 ± 25 µm² vs. 350 ± 28 µm²; p < 0.01), increased capillary 
density (2,400 ± 180 vs. 2,050 ± 150 capillaries/mm²; p < 0.01), and a markedly lower collagen volume 
fraction (4.9 ± 0.7% vs. 8.7 ± 1.3%; p < 0.001) compared to sedentary controls. These results show that 
moderate exercise promotes favorable myocardial remodeling in aged rats, reducing fibrosis and improving 
vascularization. Regular aerobic activity may thus help preserve cardiac structure and function during 
aging. © 2025 Bull. Georg. Natl. Acad. Sci. 
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Introduction 

Cardiac aging is characterized by structural remo- 
deling of the myocardium, including cardio- 
myocyte hypertrophy, interstitial fibrosis, and 
microvascular rarefaction. In rats, the term “aged” 
typically refers to an age of 18-24 months, which 
corresponds to approximately 45-60 years in 
humans (Brown & Gonzalez, 2018). Throughout 
the aging process, the heart undergoes changes such 
as increased collagen deposition and myocyte 
enlargement, leading to myocardial stiffening and 
diastolic dysfunction (Ferreira et al., 2012; Gulati 
et al., 2019). While these age-related changes may 

initially be compensatory, over time they result in a 
diminished cardiac reserve and an increased risk of 
heart failure (Iemitsu et al., 2006). 

Regular exercise is a well-established inter- 
vention for mitigating the effects of cardiovascular 
aging. Exercise induces physiological cardiac 
hypertrophy ‒ an adaptive enlargement of the heart 
characterized by preserved or enhanced function 
and minimal fibrosis (Justyna et al., 2020; Lim et 
al., 2022). In contrast, a sedentary lifestyle or pa- 
thological stress leads to maladaptive remodeling, 
which involves significant fibrosis and myocyte 
loss (Lim et al., 2023). Numerous studies have 
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demonstrated that exercise in middle-aged or aged 
rats can attenuate age-induced myocardial changes 
such as inflammation, apoptosis, and fibrosis 
(Machado et al., 2021; Micheli et al., 2016). Spe- 
cifically, moderate-intensity exercise appears to be 
most effective at preserving cardiac structure and 
function (Navarro Hortal et al., 2019). Furthermore, 
exercise can stimulate angiogenic pathways, coun- 
teracting the age-related decline in capillary density 
(So et al., 2019). However, the specific morpholo- 
gical adaptations of the aged myocardium follo- 
wing a controlled, structured exercise regimen have 
not yet been fully elucidated (Turner et al., 2011). 

This study aimed to investigate the morpho- 
logical changes in the myocardium of aged Wistar 
rats following a structured treadmill exercise 
program. We focused on key histological and mor- 
phometric outcomes ‒ cardiomyocyte size, capi- 
llary density, and collagen content ‒ comparing 
sedentary and exercised groups of aged rats (Turner 
et al., 2013; Vina & Borras, 2007). We hypothe- 
sized that a moderate-intensity, long-term treadmill 
regimen would attenuate or reverse age-related 
myocardial hypertrophy and fibrosis while impro- 
ving myocardial capillarization (Xi et al., 2016). 
The findings of this study will provide insight into 
how structured aerobic exercise impacts cardiac 
aging, thereby helping to inform evidence-based 
exercise recommendations for older adults. 

 
Materials and Methods 

Experimental animals and groups. Twenty-
month-old (approx. 550-600 g) male Wistar rats 
were used in this study. The animals were housed 
in groups of 2-3 per cage under standard laboratory 
conditions (22 ± 2°C, 12-hour light/dark cycle) 
with ad libitum access to standard chow and water. 
All rats were acclimatized to these conditions for 
one week prior to the start of the experimental 
protocol. All procedures involving animals were 
performed in accordance with institutional ethical 
guidelines and were approved by the Animal Care 
and Use Committee. 

The rats were randomly assigned to one of two 
groups (n=10 per group): 
1. Sedentary Aged (SED) ‒ Aged rats that 

remained in their cages without any forced 
exercise for the duration of the study. 

2. Exercise-Trained Aged (EXE) ‒ Aged rats 
subjected to a structured treadmill exercise 
program. 
 

Treadmill exercise protocol. Rats in the EXE 
group underwent a progressive exercise regimen on 
a motorized treadmill set at a 0° incline. To 
minimize stress and prevent injury, the rats were 
first familiarized with the treadmill environment by 
walking at a slow speed (10 m/min) for 5-10 
minutes per day for two consecutive days. 

The 8-week structured training protocol was as 
follows: 
• Weeks 1-2 ‒ 15 min/day at a speed of 15 m/min, 

5 days/week. 
• Weeks 3-4 ‒ 30 min/day at a speed of 20 m/min, 

5 days/week. 
• Weeks 5-8 ‒ 45 min/day at a speed of 20 m/min, 

5 days/week. This phase included a 5-minute 
warm-up and a 5-minute cool-down at 
10 m/min. 
The exercise intensity was designed to represent 

a moderate workload (approx. 60-70% of maximal 
running speed for aged rats), as high-intensity 
training may be less beneficial in this population. 
To control for handling stress, rats in the SED 
group were placed on the stationary (non-moving) 
treadmill for a similar duration each day. Body 
weight was recorded weekly for all animals. All rats 
in the EXE group completed the protocol without 
injury, and protocol adherence was confirmed by 
monitoring running behavior. 

 
Tissue collection and histological processing. At 
the conclusion of the 8-week experimental period, 
all rats were weighed and subsequently euthanized 
via an overdose of ketamine/xylazine anesthesia. 
The hearts were rapidly excised, rinsed in ice-cold 



136 Ramaz Khetsuriani, Marina Pailodze, Anzor Gogiberidze… 

Bull. Georg. Natl. Acad. Sci., vol. 19(193), no. 3, 2025 

phosphate-buffered saline (PBS) to remove blood, 
gently blotted dry, and weighed. The heart weight 
(HW) and the heart weight-to-body weight ratio 
(HW/BW) were calculated as indices of cardiac 
hypertrophy. 

The left ventricle (LV) was dissected from each 
heart and prepared for histological analysis. A mid-
ventricular transverse slice (~2 mm thick) was fixed 
in 10% neutral buffered formalin for 48 hours. 
Following fixation, the tissue samples were dehyd- 
rated through a graded ethanol series, cleared with 
xylene, and embedded in paraffin blocks. Serial 
sections of 5 µm thickness were cut from each para- 
ffin-embedded LV sample for subsequent staining. 

 
Histological staining. 1) Hematoxylin and Eosin 
(H&E) Staining ‒ To evaluate general myocardial 
morphology and cardiomyocyte structure, sections 
were stained with hematoxylin and eosin (H&E) 
using a standard protocol. 2) Masson's Trichrome 
Staining ‒ To assess the extent of interstitial 
collagen deposition (fibrosis), adjacent sections 
were stained using a Masson’s Trichrome kit 
(Sigma-Aldrich, St. Louis, MO, USA) according to 
the manufacturer’s instructions. With this stain, 
collagen fibers are rendered blue, the myocardium 
red, and cell nuclei dark brown or black. 

 
Fig. 1. Hematoxylin and 
Eosin (H&E) Staining. 

 
 
 
 
 

 
Fig. 2. Masson's Tric- 
hrome Staining. 
 
 
 
 
 
 
 

Note. Images obtained from authors’ own histological 
material. 

Image analysis and morphometry. All morpho- 
metric parameters were quantified from the 
digitized histological images using automated 
image analysis software (CellProfiler). An observer 
blinded to the experimental groups performed all 
analyses. 

On H&E-stained transverse sections viewed at 
400× magnification, the CSA of individual 
cardiomyocytes was measured. To ensure 
accuracy, only myocytes with a nearly circular 
profile and a centrally located nucleus were 
included in the analysis. For each heart, 
approximately 100-150 myocytes from at least 5-7 
randomly selected fields of view were delineated. 
The average CSA (μm2) was then calculated for 
each animal and used for group comparisons.  

Capillaries, identified as small endothelial-lined 
lumens, were counted in 5-7 random fields of view 
at 400× magnification on H&E-stained sections. 
Capillary density was expressed as the number of 
capillaries per square millimeter (capillaries/mm²). 
In the same fields, the capillary-to-myocyte ratio 
was determined by dividing the total number of 
capillaries by the total number of myocytes. 

The extent of myocardial fibrosis was 
quantified on Masson's trichrome-stained sections. 
Digital images of the entire LV cross-section were 
captured using a tile-scanning function at 100× 
magnification. The total area of blue-stained 
interstitial collagen was measured and expressed as 
a percentage of the total tissue area. Large 
perivascular collagen deposits and any areas with 
sectioning artifacts were carefully excluded from 
the analysis. This value was reported as the 
Collagen Volume Fraction (CVF, %). 

 
Statistical analysis. All data are presented as mean 
± standard deviation (SD). Comparisons between 
the sedentary (SED) and exercise-trained (EXE) 
groups were performed using an unpaired, two-
tailed Student's t-test. Where appropriate, Pearson 
correlation analysis was used to assess the relation- 
ship between variables (e.g., CVF vs. CSA). A p-
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value of less than 0.05 was considered statistically 
significant. All analyses were conducted using 
GraphPad Prism 9 (GraphPad Software). 

 
Results and Discussions 

Exercise training affects body and heart weight. 
At the end of the 8-week study, the final body 
weight of the exercise-trained (EXE) rats was signi- 
ficantly lower than that of the sedentary (SED) rats 
(540 ± 40 g vs. 610 ± 35 g, respectively; p < 0.01). 

Consistent with the lower body weight, the 
absolute heart weight (HW) was also significantly 
lower in the EXE group compared to the SED group 
(1.45 ± 0.08 g vs. 1.60 ± 0.10 g; p < 0.05). However, 
when heart weight was normalized to body weight, 
the resulting HW/BW ratio was not significantly 
different between the two groups (2.68 ± 0.12 mg/g 
for EXE vs. 2.62 ± 0.15 mg/g for SED; p = 0.30). 
These findings indicate that the reduction in heart 
mass in the exercised animals was proportional to 
the overall decrease in their body mass. Gross exa- 
mination during necropsy revealed no observable 
differences in left ventricular wall thickness 
between the groups. 

 
Fig. 3. Final body 
weight (BW). Body 
weight of sedentary 
(SED) and exercise-
trained (EXE) aged 
rats at the end of the 
8-week study. Data 
are presented as 
mean ± SD. **p < 
0.01 vs. SED group. 

 
Myocardial histology and cardiomyocyte size. 
Qualitative examination of Hematoxylin and Eosin 
(H&E) stained myocardial sections revealed dis- 
tinct morphological differences between the 
groups. Myocardium from sedentary (SED) rats 
was characterized by visibly enlarged cardiomyo- 
cytes with heterogeneous sizes and irregular out- 
lines. In contrast, cardiomyocytes from the exer- 
cise-trained (EXE) group appeared more uniform in 

size and shape, with a more orderly cellular arran- 
gement. While lipofuscin pigment accumulation, 
an indicator of cellular aging, was observed near the 
nuclei in cardiomyocytes from both groups, 
exercise did not appear to affect its prevalence. No 
myocyte necrosis was evident in either group. 

Quantitative analysis confirmed these morpho- 
logical observations. The mean cardiomyocyte 
cross-sectional area (CSA) was significantly grea- 
ter in the SED group compared to the EXE group 
(350 ± 28 µm² vs. 300 ± 25 µm², respectively; p < 
0.01). This result demonstrates that the structured 
exercise regimen attenuated the age-associated 
hypertrophy of cardiomyocytes. 

 
Fig. 4. Absolute 
heart weight (HW). 
Absolute heart 
weight of SED and 
EXE aged rats at 
the end of the 
study. Data are 
presented as mean 
± SD. *p < 0.05 vs. 
SED group. 

 
Myocardial capillarization is enhanced by 
exercise. Exercise training prevented the age-
related loss of myocardial capillaries. The capillary 
density in the left ventricles of SED rats was 2,050 
± 150 capillaries/mm², whereas in EXE rats, it was 
significantly higher at 2,400 ± 180 capillaries/mm² 
(p < 0.01). Furthermore, the capillary-to-myocyte 
ratio, an indicator of oxygen supply relative to 
demand, was significantly improved in the EXE 
group compared to the SED group (1.25 ± 0.10 vs. 
1.05 ± 0.08, respectively; p < 0.05). 
 
Exercise attenuates age-related myocardial 
fibrosis. Masson’s trichrome staining revealed 
marked differences in interstitial collagen 
deposition between the groups. The myocardium of 
SED rats displayed significant interstitial fibrosis, 
characterized by prominent blue-stained collagen 
fibers in the endomysial space surrounding 
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individual myocytes and in perivascular areas. In 
contrast, hearts from the EXE group showed a 
preserved myocardial architecture with only thin, 
delicate collagen strands, resembling the structure 
of younger, healthy myocardium. This qualitative 
difference was confirmed by the quantitative 
analysis of the collagen volume fraction (CVF). 
The percentage of the LV occupied by collagen was 
significantly lower in the EXE group than in the 
SED group (4.9 ± 0.7% vs. 8.7 ± 1.3%; p < 0.001). 
This represents an approximate 45% reduction in 
interstitial fibrosis in the exercised animals. As no 
large replacement scars were observed, the 
measured CVF primarily reflects diffuse interstitial 
fibrosis. 

 
 
Fig. 5a. 
Cardiomyocyte 
Cross-Sectional 
Area (CSA).  
p < 0.01. 
(Exercise reduces 
pathological 
hypertrophy). 
 
 

 
Fig. 5b. H&E-stained left ventricular myocardium. 
Smaller, more organized cardiomyocytes in the EXE 
group, compared to hypertrophied ones in the SED group 
(200 ×). 
 

 
Fig. 6. Capillary 
density in the myo- 
cardium. p < 0.01. 
(Exercise improves 
myocardial vascula- 
rization). 
 

 
 
 
Fig. 7. Collagen 
volume fraction in 
the left ventricle.  
p<0.001 (the fibro- 
sis indicator in the 
EXE group was 
~45% lower). 
 

Fig. 8. Exercise reduces 
myocardial fibrosis. Blue-
stained collagen de- 
posits are abundant in the 
interstitial space in the 
SED group but are mar- 
kedly reduced in the EXE 

group. Data are presented as mean ± SD. ***p < 0.001 vs. 
SED group. 

 
Conclusion 

This study demonstrates that the myocardium of 
sedentary aged Wistar rats undergoes significant 
adverse structural remodeling, characterized by 
cardiomyocyte hypertrophy, reduced capillary den- 
sity, and extensive interstitial fibrosis. However, an 
8-week regimen of moderate-intensity treadmill 
exercise effectively counteracted these age-related 
changes. The structured endurance training led to a 
significant attenuation of cardiomyocyte hyper- 
trophy, an enhancement of myocardial capillary- 
zation, and a marked reduction in collagen depo- 
sition. These findings provide compelling evidence 
that regular aerobic exercise promotes the bene- 
ficial remodeling of the aged heart, restoring a more 
youthful and healthy histological profile. Conse- 
quently, the exercised heart, with its preserved 
microvasculature and reduced fibrotic burden, is 
likely more resilient and functionally robust than its 
sedentary counterpart. 

The results underscore a critical concept: myo- 
cardial aging is not an immutable degenerative 
process but can be substantially modulated by 
lifestyle interventions. Our findings in an aged 
animal model suggest that similar, structured 
exercise programs in older adults could mitigate the 
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progression of cardiac aging and improve cardio- 
vascular health. This study provides a strong mor- 
phological basis for recommending regular phy- 
sical activity as a non-pharmacological tool to 
combat the structural decline of the aging heart, 
reinforcing the public health message that it is 
never too late to begin exercising for cardiac 
benefit. 

Future research should be build upon these fin- 
dings to elucidate the specific molecular pathways 
responsible for this beneficial remodeling and to 

optimize exercise prescriptions for maximal anti-
aging effects. In summary, promoting regular, 
moderate exercise among the aging population 
represents a powerful strategy to preserve myo- 
cardial structure and function, thereby potentially 
reducing the incidence of age-related heart disease. 
The aged heart retains a remarkable plasticity for 
positive remodeling, a capacity that structured 
exercise effectively harnesses to preserve cardio- 
vascular health.
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აუმჯობესებს კაპილარიზაციას. ეს მიგნება ადასტურებს, რომ მიოკარდიუმის დაბერებას შეიძ- 
ლება ხელი შეეშალოს ცხოვრების წესის ცვლილებებით, კერძოდ დოზირებული ფიზიკური 
აქტივობა წარმოადგენს ეფექტურ სტრატეგიას ხანდაზმულ ასაკში გულის ნორმალური 
ფუნქციის შესანარჩუნებლად. 
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	Abstract. Cardiac aging leads to structural changes such as cardiomyocyte hypertrophy, fibrosis, and reduced capillary density, increasing the risk of heart failure. This study examined whether moderate treadmill exercise could reverse these changes in aged Wistar rats (20 months old). Rats were assigned to sedentary (SED) or exercise-trained (EXE) groups. The EXE group underwent an 8-week treadmill program, and myocardial morphology was assessed histologically. Exercised rats showed significantly smaller cardiomyocyte cross-sectional area (300 ± 25µm² vs. 350 ± 28µm²; p < 0.01), increased capillary density (2,400 ± 180 vs. 2,050 ± 150 capillaries/mm²; p < 0.01), and a markedly lower collagen volume fraction (4.9 ± 0.7% vs. 8.7 ± 1.3%; p < 0.001) compared to sedentary controls. These results show that moderate exercise promotes favorable myocardial remodeling in aged rats, reducing fibrosis and improving vascularization. Regular aerobic activity may thus help preserve cardiac structure and function during aging. © 2025 Bull. Georg. Natl. Acad. Sci.
	Keywords: aging, myocardium, exercise, fibrosis, angiogenesis
	Introduction
	Cardiac aging is characterized by structural remo-deling of the myocardium, including cardio-myocyte hypertrophy, interstitial fibrosis, and microvascular rarefaction. In rats, the term “aged” typically refers to an age of 18-24 months, which corresponds to approximately 45-60 years in humans (Brown & Gonzalez, 2018). Throughout the aging process, the heart undergoes changes such as increased collagen deposition and myocyte enlargement, leading to myocardial stiffening and diastolic dysfunction (Ferreira et al., 2012; Gulati et al., 2019). While these age-related changes may initially be compensatory, over time they result in a diminished cardiac reserve and an increased risk of heart failure (Iemitsu et al., 2006).
	Regular exercise is a well-established inter-vention for mitigating the effects of cardiovascular aging. Exercise induces physiological cardiac hypertrophy ‒ an adaptive enlargement of the heart characterized by preserved or enhanced function and minimal fibrosis (Justyna et al., 2020; Lim et al., 2022). In contrast, a sedentary lifestyle or pa-thological stress leads to maladaptive remodeling, which involves significant fibrosis and myocyte loss (Lim et al., 2023). Numerous studies have demonstrated that exercise in middle-aged or aged rats can attenuate age-induced myocardial changes such as inflammation, apoptosis, and fibrosis (Machado et al., 2021; Micheli et al., 2016). Spe-cifically, moderate-intensity exercise appears to be most effective at preserving cardiac structure and function (Navarro Hortal et al., 2019). Furthermore, exercise can stimulate angiogenic pathways, coun-teracting the age-related decline in capillary density (So et al., 2019). However, the specific morpholo-gical adaptations of the aged myocardium follo-wing a controlled, structured exercise regimen have not yet been fully elucidated (Turner et al., 2011).
	This study aimed to investigate the morpho-logical changes in the myocardium of aged Wistar rats following a structured treadmill exercise program. We focused on key histological and mor-phometric outcomes ‒ cardiomyocyte size, capi-llary density, and collagen content ‒ comparing sedentary and exercised groups of aged rats (Turner et al., 2013; Vina & Borras, 2007). We hypothe-sized that a moderate-intensity, long-term treadmill regimen would attenuate or reverse age-related myocardial hypertrophy and fibrosis while impro-ving myocardial capillarization (Xi et al., 2016). The findings of this study will provide insight into how structured aerobic exercise impacts cardiac aging, thereby helping to inform evidence-based exercise recommendations for older adults.
	Materials and Methods
	Experimental animals and groups. Twenty-month-old (approx. 550-600 g) male Wistar rats were used in this study. The animals were housed in groups of 2-3 per cage under standard laboratory conditions (22 ± 2°C, 12-hour light/dark cycle) with ad libitum access to standard chow and water. All rats were acclimatized to these conditions for one week prior to the start of the experimental protocol. All procedures involving animals were performed in accordance with institutional ethical guidelines and were approved by the Animal Care and Use Committee.
	The rats were randomly assigned to one of two groups (n=10 per group):
	1. Sedentary Aged (SED) ‒ Aged rats that remained in their cages without any forced exercise for the duration of the study.
	2. Exercise-Trained Aged (EXE) ‒ Aged rats subjected to a structured treadmill exercise program.
	Treadmill exercise protocol. Rats in the EXE group underwent a progressive exercise regimen on a motorized treadmill set at a 0° incline. To minimize stress and prevent injury, the rats were first familiarized with the treadmill environment by walking at a slow speed (10 m/min) for 5-10 minutes per day for two consecutive days.
	The 8-week structured training protocol was as follows:
	 Weeks 1-2 ‒ 15min/day at a speed of 15m/min, 5days/week.
	 Weeks 3-4 ‒ 30min/day at a speed of 20m/min, 5 days/week.
	 Weeks 5-8 ‒ 45min/day at a speed of 20m/min, 5days/week. This phase included a 5-minute warm-up and a 5-minute cool-down at 10m/min.
	The exercise intensity was designed to represent a moderate workload (approx. 60-70% of maximal running speed for aged rats), as high-intensity training may be less beneficial in this population. To control for handling stress, rats in the SED group were placed on the stationary (non-moving) treadmill for a similar duration each day. Body weight was recorded weekly for all animals. All rats in the EXE group completed the protocol without injury, and protocol adherence was confirmed by monitoring running behavior.
	Tissue collection and histological processing. At the conclusion of the 8-week experimental period, all rats were weighed and subsequently euthanized via an overdose of ketamine/xylazine anesthesia. The hearts were rapidly excised, rinsed in ice-cold phosphate-buffered saline (PBS) to remove blood, gently blotted dry, and weighed. The heart weight (HW) and the heart weight-to-body weight ratio (HW/BW) were calculated as indices of cardiac hypertrophy.
	The left ventricle (LV) was dissected from each heart and prepared for histological analysis. A mid-ventricular transverse slice (~2 mm thick) was fixed in 10% neutral buffered formalin for 48 hours. Following fixation, the tissue samples were dehyd-rated through a graded ethanol series, cleared with xylene, and embedded in paraffin blocks. Serial sections of 5µm thickness were cut from each para-ffin-embedded LV sample for subsequent staining.
	Histological staining. 1) Hematoxylin and Eosin (H&E) Staining ‒ To evaluate general myocardial morphology and cardiomyocyte structure, sections were stained with hematoxylin and eosin (H&E) using a standard protocol. 2) Masson's Trichrome Staining ‒ To assess the extent of interstitial collagen deposition (fibrosis), adjacent sections were stained using a Masson’s Trichrome kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions. With this stain, collagen fibers are rendered blue, the myocardium red, and cell nuclei dark brown or black.
	Fig. 1. Hematoxylin and Eosin (H&E) Staining.
	Fig. 2. Masson's Tric-hrome Staining.
	Note. Images obtained from authors’ own histological material.
	Image analysis and morphometry. All morpho-metric parameters were quantified from the digitized histological images using automated image analysis software (CellProfiler). An observer blinded to the experimental groups performed all analyses.
	On H&E-stained transverse sections viewed at 400× magnification, the CSA of individual cardiomyocytes was measured. To ensure accuracy, only myocytes with a nearly circular profile and a centrally located nucleus were included in the analysis. For each heart, approximately 100-150 myocytes from at least 5-7 randomly selected fields of view were delineated. The average CSA (μm2) was then calculated for each animal and used for group comparisons. 
	Capillaries, identified as small endothelial-lined lumens, were counted in 5-7 random fields of view at 400× magnification on H&E-stained sections. Capillary density was expressed as the number of capillaries per square millimeter (capillaries/mm²). In the same fields, the capillary-to-myocyte ratio was determined by dividing the total number of capillaries by the total number of myocytes.
	The extent of myocardial fibrosis was quantified on Masson's trichrome-stained sections. Digital images of the entire LV cross-section were captured using a tile-scanning function at 100× magnification. The total area of blue-stained interstitial collagen was measured and expressed as a percentage of the total tissue area. Large perivascular collagen deposits and any areas with sectioning artifacts were carefully excluded from the analysis. This value was reported as the Collagen Volume Fraction (CVF, %).
	Statistical analysis. All data are presented as mean ± standard deviation (SD). Comparisons between the sedentary (SED) and exercise-trained (EXE) groups were performed using an unpaired, two-tailed Student's t-test. Where appropriate, Pearson correlation analysis was used to assess the relation-ship between variables (e.g., CVF vs. CSA). A p-value of less than 0.05 was considered statistically significant. All analyses were conducted using GraphPad Prism 9 (GraphPad Software).
	Results and Discussions
	Exercise training affects body and heart weight. At the end of the 8-week study, the final body weight of the exercise-trained (EXE) rats was signi-ficantly lower than that of the sedentary (SED) rats (540 ± 40g vs. 610 ± 35g, respectively; p < 0.01).
	Consistent with the lower body weight, the absolute heart weight (HW) was also significantly lower in the EXE group compared to the SED group (1.45 ± 0.08 g vs. 1.60 ± 0.10 g; p < 0.05). However, when heart weight was normalized to body weight, the resulting HW/BW ratio was not significantly different between the two groups (2.68 ± 0.12 mg/g for EXE vs. 2.62 ± 0.15 mg/g for SED; p = 0.30). These findings indicate that the reduction in heart mass in the exercised animals was proportional to the overall decrease in their body mass. Gross exa-mination during necropsy revealed no observable differences in left ventricular wall thickness between the groups.
	Fig. 3. Final body weight (BW). Body weight of sedentary (SED) and exercise-trained (EXE) aged rats at the end of the 8-week study. Data are presented as mean ± SD. **p < 0.01 vs. SED group.
	Myocardial histology and cardiomyocyte size. Qualitative examination of Hematoxylin and Eosin (H&E) stained myocardial sections revealed dis-tinct morphological differences between the groups. Myocardium from sedentary (SED) rats was characterized by visibly enlarged cardiomyo-cytes with heterogeneous sizes and irregular out-lines. In contrast, cardiomyocytes from the exer-cise-trained (EXE) group appeared more uniform in size and shape, with a more orderly cellular arran-gement. While lipofuscin pigment accumulation, an indicator of cellular aging, was observed near the nuclei in cardiomyocytes from both groups, exercise did not appear to affect its prevalence. No myocyte necrosis was evident in either group.
	Quantitative analysis confirmed these morpho-logical observations. The mean cardiomyocyte cross-sectional area (CSA) was significantly grea-ter in the SED group compared to the EXE group (350 ± 28µm² vs. 300 ± 25µm², respectively; p < 0.01). This result demonstrates that the structured exercise regimen attenuated the age-associated hypertrophy of cardiomyocytes.
	Fig. 4. Absolute heart weight (HW). Absolute heart weight of SED and EXE aged rats at the end of the study. Data are presented as mean ± SD. *p < 0.05 vs. SED group.
	Myocardial capillarization is enhanced by exercise. Exercise training prevented the age-related loss of myocardial capillaries. The capillary density in the left ventricles of SED rats was 2,050 ± 150 capillaries/mm², whereas in EXE rats, it was significantly higher at 2,400 ± 180 capillaries/mm² (p < 0.01). Furthermore, the capillary-to-myocyte ratio, an indicator of oxygen supply relative to demand, was significantly improved in the EXE group compared to the SED group (1.25 ± 0.10 vs. 1.05 ± 0.08, respectively; p < 0.05).
	Exercise attenuates age-related myocardial fibrosis. Masson’s trichrome staining revealed marked differences in interstitial collagen deposition between the groups. The myocardium of SED rats displayed significant interstitial fibrosis, characterized by prominent blue-stained collagen fibers in the endomysial space surrounding individual myocytes and in perivascular areas. In contrast, hearts from the EXE group showed a preserved myocardial architecture with only thin, delicate collagen strands, resembling the structure of younger, healthy myocardium. This qualitative difference was confirmed by the quantitative analysis of the collagen volume fraction (CVF). The percentage of the LV occupied by collagen was significantly lower in the EXE group than in the SED group (4.9 ± 0.7% vs. 8.7 ± 1.3%; p < 0.001). This represents an approximate 45% reduction in interstitial fibrosis in the exercised animals. As no large replacement scars were observed, the measured CVF primarily reflects diffuse interstitial fibrosis.
	Fig. 5a. Cardiomyocyte Cross-Sectional Area (CSA). p < 0.01. (Exercise reduces pathological hypertrophy).
	/
	Fig. 5b. H&E-stained left ventricular myocardium. Smaller, more organized cardiomyocytes in the EXE group, compared to hypertrophied ones in the SED group (200 ×).
	Fig. 6. Capillary density in the myo-cardium. p < 0.01. (Exercise improves myocardial vascula-rization).
	Fig. 7. Collagen volume fraction in the left ventricle. p<0.001 (the fibro-sis indicator in the EXE group was ~45% lower).
	Fig. 8. Exercise reduces myocardial fibrosis. Blue-stained collagen de-posits are abundant in the interstitial space in the SED group but are mar-kedly reduced in the EXE group. Data are presented as mean ± SD. ***p < 0.001 vs. SED group.
	Conclusion
	This study demonstrates that the myocardium of sedentary aged Wistar rats undergoes significant adverse structural remodeling, characterized by cardiomyocyte hypertrophy, reduced capillary den-sity, and extensive interstitial fibrosis. However, an 8-week regimen of moderate-intensity treadmill exercise effectively counteracted these age-related changes. The structured endurance training led to a significant attenuation of cardiomyocyte hyper-trophy, an enhancement of myocardial capillary-zation, and a marked reduction in collagen depo-sition. These findings provide compelling evidence that regular aerobic exercise promotes the bene-ficial remodeling of the aged heart, restoring a more youthful and healthy histological profile. Conse-quently, the exercised heart, with its preserved microvasculature and reduced fibrotic burden, is likely more resilient and functionally robust than its sedentary counterpart.
	The results underscore a critical concept: myo-cardial aging is not an immutable degenerative process but can be substantially modulated by lifestyle interventions. Our findings in an aged animal model suggest that similar, structured exercise programs in older adults could mitigate the progression of cardiac aging and improve cardio-vascular health. This study provides a strong mor-phological basis for recommending regular phy-sical activity as a non-pharmacological tool to combat the structural decline of the aging heart, reinforcing the public health message that it is never too late to begin exercising for cardiac benefit.
	Future research should be build upon these fin-dings to elucidate the specific molecular pathways responsible for this beneficial remodeling and to optimize exercise prescriptions for maximal anti-aging effects. In summary, promoting regular, moderate exercise among the aging population represents a powerful strategy to preserve myo-cardial structure and function, thereby potentially reducing the incidence of age-related heart disease. The aged heart retains a remarkable plasticity for positive remodeling, a capacity that structured exercise effectively harnesses to preserve cardio-vascular health.
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Introduction

Cardiac aging is characterized by structural remo-
deling of the myocardium, including cardio-
myocyte hypertrophy, interstitial fibrosis, and microvascular rarefaction. In rats, the term “aged” typically refers to an age of 18-24 months, which corresponds to approximately 45-60 years in humans (Brown & Gonzalez, 2018). Throughout the aging process, the heart undergoes changes such as increased collagen deposition and myocyte enlargement, leading to myocardial stiffening and diastolic dysfunction (Ferreira et al., 2012; Gulati et al., 2019). While these age-related changes may initially be compensatory, over time they result in a diminished cardiac reserve and an increased risk of heart failure (Iemitsu et al., 2006).

Regular exercise is a well-established inter-
vention for mitigating the effects of cardiovascular aging. Exercise induces physiological cardiac hypertrophy ‒ an adaptive enlargement of the heart characterized by preserved or enhanced function and minimal fibrosis (Justyna et al., 2020; Lim et al., 2022). In contrast, a sedentary lifestyle or pa-
thological stress leads to maladaptive remodeling, which involves significant fibrosis and myocyte loss (Lim et al., 2023). Numerous studies have demonstrated that exercise in middle-aged or aged rats can attenuate age-induced myocardial changes such as inflammation, apoptosis, and fibrosis (Machado et al., 2021; Micheli et al., 2016). Spe-
cifically, moderate-intensity exercise appears to be most effective at preserving cardiac structure and function (Navarro Hortal et al., 2019). Furthermore, exercise can stimulate angiogenic pathways, coun-
teracting the age-related decline in capillary density (So et al., 2019). However, the specific morpholo-
gical adaptations of the aged myocardium follo-
wing a controlled, structured exercise regimen have not yet been fully elucidated (Turner et al., 2011).

This study aimed to investigate the morpho-
logical changes in the myocardium of aged Wistar rats following a structured treadmill exercise program. We focused on key histological and mor-
phometric outcomes ‒ cardiomyocyte size, capi-
llary density, and collagen content ‒ comparing sedentary and exercised groups of aged rats (Turner et al., 2013; Vina & Borras, 2007). We hypothe-
sized that a moderate-intensity, long-term treadmill regimen would attenuate or reverse age-related myocardial hypertrophy and fibrosis while impro-
ving myocardial capillarization (Xi et al., 2016). The findings of this study will provide insight into how structured aerobic exercise impacts cardiac aging, thereby helping to inform evidence-based exercise recommendations for older adults.



Materials and Methods

Experimental animals and groups. Twenty-month-old (approx. 550-600 g) male Wistar rats were used in this study. The animals were housed in groups of 2-3 per cage under standard laboratory conditions (22 ± 2°C, 12-hour light/dark cycle) with ad libitum access to standard chow and water. All rats were acclimatized to these conditions for one week prior to the start of the experimental protocol. All procedures involving animals were performed in accordance with institutional ethical guidelines and were approved by the Animal Care and Use Committee.

The rats were randomly assigned to one of two groups (n=10 per group):

1. Sedentary Aged (SED) ‒ Aged rats that remained in their cages without any forced exercise for the duration of the study.

2. Exercise-Trained Aged (EXE) ‒ Aged rats subjected to a structured treadmill exercise program.



Treadmill exercise protocol. Rats in the EXE group underwent a progressive exercise regimen on a motorized treadmill set at a 0° incline. To minimize stress and prevent injury, the rats were first familiarized with the treadmill environment by walking at a slow speed (10 m/min) for 5-10 minutes per day for two consecutive days.

The 8-week structured training protocol was as follows:

· Weeks 1-2 ‒ 15min/day at a speed of 15m/min, 5days/week.

· Weeks 3-4 ‒ 30min/day at a speed of 20m/min, 5 days/week.

· Weeks 5-8 ‒ 45min/day at a speed of 20m/min, 5days/week. This phase included a 5-minute warm-up and a 5-minute cool-down at 10m/min.

The exercise intensity was designed to represent a moderate workload (approx. 60-70% of maximal running speed for aged rats), as high-intensity training may be less beneficial in this population. To control for handling stress, rats in the SED group were placed on the stationary (non-moving) treadmill for a similar duration each day. Body weight was recorded weekly for all animals. All rats in the EXE group completed the protocol without injury, and protocol adherence was confirmed by monitoring running behavior.



Tissue collection and histological processing. At the conclusion of the 8-week experimental period, all rats were weighed and subsequently euthanized via an overdose of ketamine/xylazine anesthesia. The hearts were rapidly excised, rinsed in ice-cold phosphate-buffered saline (PBS) to remove blood, gently blotted dry, and weighed. The heart weight (HW) and the heart weight-to-body weight ratio (HW/BW) were calculated as indices of cardiac hypertrophy.

The left ventricle (LV) was dissected from each heart and prepared for histological analysis. A mid-ventricular transverse slice (~2 mm thick) was fixed in 10% neutral buffered formalin for 48 hours. Following fixation, the tissue samples were dehyd-
rated through a graded ethanol series, cleared with xylene, and embedded in paraffin blocks. Serial sections of 5µm thickness were cut from each para-
ffin-embedded LV sample for subsequent staining.



Histological staining. 1) Hematoxylin and Eosin (H&E) Staining ‒ To evaluate general myocardial morphology and cardiomyocyte structure, sections were stained with hematoxylin and eosin (H&E) using a standard protocol. 2) Masson's Trichrome Staining ‒ To assess the extent of interstitial collagen deposition (fibrosis), adjacent sections were stained using a Masson’s Trichrome kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions. With this stain, collagen fibers are rendered blue, the myocardium red, and cell nuclei dark brown or black.
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Fig. 1. Hematoxylin and Eosin (H&E) Staining.













[image: ]Fig. 2. Masson's Tric-
hrome Staining.















Note. Images obtained from authors’ own histological material.

Image analysis and morphometry. All morpho-
metric parameters were quantified from the digitized histological images using automated image analysis software (CellProfiler). An observer blinded to the experimental groups performed all analyses.

On H&E-stained transverse sections viewed at 400× magnification, the CSA of individual cardiomyocytes was measured. To ensure accuracy, only myocytes with a nearly circular profile and a centrally located nucleus were included in the analysis. For each heart, approximately 100-150 myocytes from at least 5-7 randomly selected fields of view were delineated. The average CSA (μm2) was then calculated for each animal and used for group comparisons. 

Capillaries, identified as small endothelial-lined lumens, were counted in 5-7 random fields of view at 400× magnification on H&E-stained sections. Capillary density was expressed as the number of capillaries per square millimeter (capillaries/mm²). In the same fields, the capillary-to-myocyte ratio was determined by dividing the total number of capillaries by the total number of myocytes.

The extent of myocardial fibrosis was quantified on Masson's trichrome-stained sections. Digital images of the entire LV cross-section were captured using a tile-scanning function at 100× magnification. The total area of blue-stained interstitial collagen was measured and expressed as a percentage of the total tissue area. Large perivascular collagen deposits and any areas with sectioning artifacts were carefully excluded from the analysis. This value was reported as the Collagen Volume Fraction (CVF, %).



Statistical analysis. All data are presented as mean ± standard deviation (SD). Comparisons between the sedentary (SED) and exercise-trained (EXE) groups were performed using an unpaired, two-tailed Student's t-test. Where appropriate, Pearson correlation analysis was used to assess the relation-
ship between variables (e.g., CVF vs. CSA). A p-value of less than 0.05 was considered statistically significant. All analyses were conducted using GraphPad Prism 9 (GraphPad Software).



Results and Discussions

Exercise training affects body and heart weight. At the end of the 8-week study, the final body weight of the exercise-trained (EXE) rats was signi-
ficantly lower than that of the sedentary (SED) rats (540 ± 40g vs. 610 ± 35g, respectively; p < 0.01).

Consistent with the lower body weight, the absolute heart weight (HW) was also significantly lower in the EXE group compared to the SED group (1.45 ± 0.08 g vs. 1.60 ± 0.10 g; p < 0.05). However, when heart weight was normalized to body weight, the resulting HW/BW ratio was not significantly different between the two groups (2.68 ± 0.12 mg/g for EXE vs. 2.62 ± 0.15 mg/g for SED; p = 0.30). These findings indicate that the reduction in heart mass in the exercised animals was proportional to the overall decrease in their body mass. Gross exa-
mination during necropsy revealed no observable differences in left ventricular wall thickness between the groups.



[image: ]Fig. 3. Final body weight (BW). Body weight of sedentary (SED) and exercise-trained (EXE) aged rats at the end of the 8-week study. Data are presented as mean ± SD. **p < 0.01 vs. SED group.



Myocardial histology and cardiomyocyte size. Qualitative examination of Hematoxylin and Eosin (H&E) stained myocardial sections revealed dis-
tinct morphological differences between the groups. Myocardium from sedentary (SED) rats was characterized by visibly enlarged cardiomyo-
cytes with heterogeneous sizes and irregular out-
lines. In contrast, cardiomyocytes from the exer-
cise-trained (EXE) group appeared more uniform in size and shape, with a more orderly cellular arran-
gement. While lipofuscin pigment accumulation, an indicator of cellular aging, was observed near the nuclei in cardiomyocytes from both groups, exercise did not appear to affect its prevalence. No myocyte necrosis was evident in either group.

Quantitative analysis confirmed these morpho-
logical observations. The mean cardiomyocyte cross-sectional area (CSA) was significantly grea-
ter in the SED group compared to the EXE group (350 ± 28µm² vs. 300 ± 25µm², respectively; p < 0.01). This result demonstrates that the structured exercise regimen attenuated the age-associated hypertrophy of cardiomyocytes.

[image: ]

Fig. 4. Absolute heart weight (HW). Absolute heart weight of SED and EXE aged rats at the end of the study. Data are presented as mean ± SD. *p < 0.05 vs. SED group.



Myocardial capillarization is enhanced by exercise. Exercise training prevented the age-related loss of myocardial capillaries. The capillary density in the left ventricles of SED rats was 2,050 ± 150 capillaries/mm², whereas in EXE rats, it was significantly higher at 2,400 ± 180 capillaries/mm² (p < 0.01). Furthermore, the capillary-to-myocyte ratio, an indicator of oxygen supply relative to demand, was significantly improved in the EXE group compared to the SED group (1.25 ± 0.10 vs. 1.05 ± 0.08, respectively; p < 0.05).



Exercise attenuates age-related myocardial fibrosis. Masson’s trichrome staining revealed marked differences in interstitial collagen deposition between the groups. The myocardium of SED rats displayed significant interstitial fibrosis, characterized by prominent blue-stained collagen fibers in the endomysial space surrounding individual myocytes and in perivascular areas. In contrast, hearts from the EXE group showed a preserved myocardial architecture with only thin, delicate collagen strands, resembling the structure of younger, healthy myocardium. This qualitative difference was confirmed by the quantitative analysis of the collagen volume fraction (CVF). The percentage of the LV occupied by collagen was significantly lower in the EXE group than in the SED group (4.9 ± 0.7% vs. 8.7 ± 1.3%; p < 0.001). This represents an approximate 45% reduction in interstitial fibrosis in the exercised animals. As no large replacement scars were observed, the measured CVF primarily reflects diffuse interstitial fibrosis.
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Fig. 5a. Cardiomyocyte Cross-Sectional Area (CSA). 
p < 0.01. (Exercise reduces pathological hypertrophy).
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Fig. 5b. H&E-stained left ventricular myocardium. Smaller, more organized cardiomyocytes in the EXE group, compared to hypertrophied ones in the SED group (200 ×).
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Fig. 6. Capillary density in the myo-
cardium. p < 0.01. (Exercise improves myocardial vascula-
rization).
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Fig. 7. Collagen volume fraction in the left ventricle. 
p<0.001 (the fibro-
sis indicator in the EXE group was ~45% lower).



[image: ]Fig. 8. Exercise reduces myocardial fibrosis. Blue-stained collagen de-
posits are abundant in the interstitial space in the SED group but are mar-
kedly reduced in the EXE group. Data are presented as mean ± SD. ***p < 0.001 vs. SED group.



Conclusion

This study demonstrates that the myocardium of sedentary aged Wistar rats undergoes significant adverse structural remodeling, characterized by cardiomyocyte hypertrophy, reduced capillary den-
sity, and extensive interstitial fibrosis. However, an 8-week regimen of moderate-intensity treadmill exercise effectively counteracted these age-related changes. The structured endurance training led to a significant attenuation of cardiomyocyte hyper-
trophy, an enhancement of myocardial capillary-
zation, and a marked reduction in collagen depo-
sition. These findings provide compelling evidence that regular aerobic exercise promotes the bene-
ficial remodeling of the aged heart, restoring a more youthful and healthy histological profile. Conse-
quently, the exercised heart, with its preserved microvasculature and reduced fibrotic burden, is likely more resilient and functionally robust than its sedentary counterpart.

The results underscore a critical concept: myo-
cardial aging is not an immutable degenerative process but can be substantially modulated by lifestyle interventions. Our findings in an aged animal model suggest that similar, structured exercise programs in older adults could mitigate the progression of cardiac aging and improve cardio-
vascular health. This study provides a strong mor-
phological basis for recommending regular phy-
sical activity as a non-pharmacological tool to combat the structural decline of the aging heart, reinforcing the public health message that it is never too late to begin exercising for cardiac benefit.

Future research should be build upon these fin-
dings to elucidate the specific molecular pathways responsible for this beneficial remodeling and to optimize exercise prescriptions for maximal anti-aging effects. In summary, promoting regular, moderate exercise among the aging population represents a powerful strategy to preserve myo-
cardial structure and function, thereby potentially reducing the incidence of age-related heart disease. The aged heart retains a remarkable plasticity for positive remodeling, a capacity that structured exercise effectively harnesses to preserve cardio-
vascular health.
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ტროფიას, ზრდის კაპილარების სიმჭიდროვეს და ამცირებს ინტერსტიციული ფიბროზის ხარისხს. საკონტროლო ჯგუფის ვირთაგვებს აღენიშნებოდათ გადიდებული კარდიომიო-
ციტები, დაბალი კაპილარიზაცია და მეტი ფიბროზი. კოლაგენის მოცულობა საკვლევი ჯგუ-
ფის ვირთაგვებში დაახლოებით 45%-ით ნაკლები იყო, ვიდრე საკონტროლო ჯგუფში. კაპი-
ლარების სიმჭიდროვე ასევე მნიშვნელოვნად მაღალი იყო საკვლევ ჯგუფში, რაც გულის ვასკულარიზაციის გაუმჯობესებაზე მიუთითებს. ვარჯიშის შედეგად ვირთაგვებში ასევე დაფიქსირდა სხეულის მასის შემცირება და გულის მასის პროპორციული კლება. ეს ცვლი-
ლებები მიუთითებს, რომ ზომიერი გამძლეობის ვარჯიში ხელს უშლის ასაკთან დაკავ-
შირებულ გულის პათოლოგიურ რემოდელირებას. შეიძლება დავასკვნათ, რომ რეგულარული ზომიერი აერობული ვარჯიში ხანდაზმულ ვირთაგვებში იწვევს მიოკარდიუმის სასარგებლო სტრუქტურულ ცვლილებებს, ამცირებს პათოლოგიურ ჰიპერტროფიას და ფიბროზს, ასევე აუმჯობესებს კაპილარიზაციას. ეს მიგნება ადასტურებს, რომ მიოკარდიუმის დაბერებას შეიძ-
ლება ხელი შეეშალოს ცხოვრების წესის ცვლილებებით, კერძოდ დოზირებული ფიზიკური აქტივობა წარმოადგენს ეფექტურ სტრატეგიას ხანდაზმულ ასაკში გულის ნორმალური ფუნქციის შესანარჩუნებლად.
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