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Abstract
Aging-induced progressive decline of molecular and metabolic factors in the myocardium is suggested to be related with heart
dysfunction and cardiovascular disease. Therefore, we evaluated the effects of exercise training and L-arginine supplementation on
oxidative stress, inflammation, and apoptosis in ventricle of the aging rat heart. Twenty-four 24-month-agedWistar rats were randomly
divided into four groups: the aged control, aged exercise, aged L-arginine (orally administered with 150mg/kg for 12 weeks), and aged
exercise + L-arginine groups. Six 4-month-old rats were also considered the young control. Animals with training program performed
exercise on a treadmill 5 days/week for 12 weeks. After 12 weeks, protein levels of Bax, Bcl-2, pro-caspase-3/cleaved caspase-3,
cytochrome C, and heat shock protein (HSP)-70 were assessed. Tissue contents of total anti-oxidant capacity, superoxide dismutase,
catalase, and levels of tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β, and IL-6 were analyzed. Histological and fibrotic
changes were also evaluated. Treadmill exercise and L-arginine supplementation significantly alleviated aging-induced apoptosis with
enhancing HSP-70 expression, increasing anti-oxidant enzyme activity, and suppressing inflammatory markers in the cardiac
myocytes. Potent attenuation in apoptosis, inflammation, and oxidative stress was indicated in the rats with the combination of L-
arginine supplementation and exercise program in comparisonwith each group (p < 0.05). In addition, fibrosis percentage and collagen
accumulation were significantly lower in the rats with the combination treatment of L-arginine and exercise (p < 0.05). Treadmill
exercise and L-arginine supplementation provided protection against age-induced increase in themyocyte loss and formation of fibrosis
in the ventricle through potent suppression of oxidative stress, inflammations, and apoptosis pathways.
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Introduction

Aging-induced progressive decline of molecular and metabol-
ic factors in the myocardium is suggested to be related with
heart dysfunction and cardiovascular disease. Biological ag-
ing is a regulated physiological process comprised of progres-
sive alterations in the function of living cells, time-dependent
loss of physiological integrity, senescence, and finally death.
From molecular point of view, aging is characterized by sev-
eral major features such as decrease in genome stability, which
is caused by increased DNAdamage and reduced DNA repair;
significant alterations in the regulation of gene expression,
alternative splicing, protein folding, and trafficking; telomere
shortening; mitochondrial dysfunction and dysregulation in
intercellular signaling pathways such as inflammation and nu-
trient sensors; and increased apoptosis rate [20]. With respect
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to cardiac aging, the number of heart tissue cells decreases
dramatically, which may lead to a decrease in cardiac pacing
[9]. Furthermore, elevated inflammatory response, increased
oxidative stress, and high levels of apoptosis are suggested to
be the most common features in cardiac aging.

Apoptosis is a well-regulated type of cell death with critical
functions in the maintenance of cellular homeostasis and bio-
logical conditions, as well as some pathological events such as
aging [38]. Chromatin condensation, cell shrinkage, and DNA
fragmentation are the most characteristic features of cells un-
dergoing apoptosis [38]. Accumulating studies have been re-
ported a significant increase in the apoptotic rate of
cardiomyocytes with aging because of the lack of myocyte
substitutability [15, 25, 36, 37].

Vascular disorders in heart failure can result in disrup-
tion of nitric oxide (NO) production. Disturbance in NO
production may be due to low levels of its precursor ami-
no acid (L-arginine) or a decrease in the expression of the
endothelial nitric oxide synthase (eNOS) enzyme [6].
Considering the important role of NO in endothelial va-
sodilation, regulation of vascular tone, and suppression of
platelet aggregation and leukocyte adhesion, studies have
been demonstrated the reduction of L-arginine levels in
patients with cardiovascular diseases [35]. Therefore, sev-
eral studies have examined the effect of L-arginine sup-
plementation. An increase in blood circulation was ob-
served in response to L-arginine supplementation, resulted
in increased exercise tolerance and skeletal muscle mass
[1]. In addition, L-arginine supplementation has been re-
ported to improve anti-oxidant enzymes and inflammatory
responses in the rat aorta [10]. L-Arginine alone or com-
bined with exercise training was found to reduce tumor
necrosis factor alpha (TNF-α), interleukin (IL)-1α, and
IL-1β [10], which could potentially lower apoptosis and
cellular aging.

Regular exercise plays a key role in preventing cardiovas-
cular disease and mortality in adults and the elderly. Regular
exercise improves aging-induced diminished cardiac capillary
density, which it is thought to optimize energy cost of carrying
oxygen in the heart [13]. Over the past decade, studies have
shown that regular exercise reduces cell apoptosis. Kwak et al.
showed a protective effect of 12 weeks of moderate-intensity
aerobic training against apoptosis by decreasing levels of cas-
pase-9, caspase-3, and Bax/Bcl-2 ratios in heart tissue of rats
[16]. Peterson et al. found that 9 weeks of moderate-intensity
aerobic activity can reduce Bax levels and decrease the activ-
ity of caspases and fragmentation of DNA in the heart tissue of
obese rats [23]. Therefore, regarding the beneficial anti-
oxidant and anti-inflammatory impacts of L-arginine and reg-
ular exercise training, we aimed to evaluate the effects of
12 weeks of treadmill exercise training and L-arginine supple-
mentation on apoptosis, inflammation, and oxidative stress in
the heart of aged rats.

Material methods

Animals

Twenty-four-month-old (n = 24) and 4-month-old (n = 6)
male Wistar rats were provided from the Laboratory Animal
House, Urmia University of Medical Sciences. The protocol
was performed according to the guidelines for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health (NIH publication), and approved by the
Animal Care and Use Committee at the Urmia University of
Med i c a l Sc i ence s , U rm i a , I r an ( e t h i c a l code :
IR.UMSU.REC.1396.434). All rats were housed under stan-
dard conditions (22 °C ± 2 °C, 50% humidity, and low noise)
with 12/12-h light/dark cycles and had access to commercial
chow and water ad libitum.

Experimental protocols

The aged rats were randomly divided into four groups (n = 6
in each group): the old-aged control, the old-aged exercise, the
old-aged L-arginine, and the old-aged exercise + L-arginine
groups. A young-aged control group was also considered.
The exercise training program was performed on a treadmill
with 0% grade for 12 weeks and 5 days in every week. For
familiarization with exercise program, all rats ran on a rodent
treadmill (Maze Router, Tabriz, Iran) for 1 week, 10 min/day,
on a 0% grade in a room with a controlled temperature (23 ±
1 °C). The main protocol began 1 week after familiarization.
The duration and intensity of the exercise were gradually in-
creased, in which the duration and intensity of each session
from 10 min and 17 m/min in the first week was increased to
60 min and 27 m/min in the sixth week and then remained
steady until the end of the intervention [11]. All of the exper-
iments took place at the same time in the morning. The re-
maining rats without exercise program were put on the tread-
mill similar with the exercise group but performed no training.
Theywere exposed to similar handling and noise in an attempt
to control for extraneous stresses. L-Arginine (Merck,
Darmstadt, Germany) was mixed with saline (0.9% w/v
NaCl) and orally administered with 150 mg/kg once a day
for 5 days in a week during 12 weeks [11]. For the animals
of the other groups, it was performed placebo gavage with the
same volume of solution, however, containing only saline.

Tissue preparation

At the end of 27th month, the experimental animals were
sacrificed 24 h after the last exercise program and treatment.
They were anesthetized using 5% ketamine (100 mg/kg;
Alfasan, Woerden, Netherlands) and 2% xylazine (40 mg/kg;
Trittau, Germany) intraperitoneally, and the ventricle area in
the cardiac muscle was removed. Tissues were fixed in 10%
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neutral-buffered formalin for 24 h and embedded in paraffin,
then dehydrated in ascending concentrations of ethanol for
1 h, cleared in xylene for 1 h, and impregnated with paraffin
wax for 4 h using a wax-embedding machine (Shandon
Histocentre 2, UK). Transverse sections of 5-μm thickness
were made by a paraffin microtome, mounted on coated
slides, and then dried at 37 °C on a slide dryer. All stages of
tissue processing and staining were performed by a technician
blinded to the treatments.

Immunohistochemistry for cytochrome C

Following cutting and drying, the ventricle cross sections
were deparaffinized in xylene and rehydrated using descend-
ing concentrations of ethanol; then, the antigen retrieval pro-
cess was performed in 10 mM sodium citrate buffer (pH 7.2).
IHC staining was conducted according to the manufacturer’s
protocol detection IHC kit rabbit-specific HRP/DAB (Abcam,
UK). Briefly, endogenous peroxidase was blocked in a perox-
idase blocking solution (0.03% hydrogen peroxide) for
10 min. Tissue sections were then washed gently with
phosphate-buffered saline (PBS, pH 7.4). Following this step,
we applied the cytochrome C–biotinylated primary antibody
(Santa Cruz, UK, 1:300) overnight at 4 °C. Subsequently, after
a washing step with PBS, the biotinylated goat anti-rabbit
secondary antibody was applied on the slides for 10 min.
After that, we added a DAB chromogen to the tissue sections
and incubated them for 10 min. The slides were counter-
stained with hematoxylin for 15 s and dipping in ammonia
(0.037 ml) 10 times and rinsing with distilled water. In con-
tinue, the sections were cover-slipped. Then, tissue sections
were examined using a light microscope and photomicro-
graphs. They were captured and analyzed using the ImageJ
software. In brief, the positive DAB-stained area as the posi-
tive area was automatically separated from hematoxylin
which represents the total area, in each digital photomicro-
graph. By using color deconvolution plug-in, images were
processed into a binary color image (black and white). The
percentage of positively stained area (represented by the black
color) was determined. Immunoreactivity for cytochrome C
was evaluated in ten consecutive sections representative to the
whole tissue section in each.

Masson’s trichrome stain for collagen and myocytes

Masson’s trichrome technique (Pajohesh Asia, Iran) was used
for evaluation of collagen fibers in heart muscle. The staining
was conducted based on the manufacturer’s protocol. This
technique was carried out from cardiomyocytes stain a bright
red, collagen fibers blue, and nuclei black. Briefly, ventricle
cross sections were deparaffinized and rehydrated through
decreasing concentrations of ethanol and then washed in dis-
tilled water. In continuation, we re-fixed in Bouin’s solution

for 1 h at 56 °C and rinsed in running tap water for 5–10 min
to remove the yellow color. Following this step, tissues were
stained with Weigert’s iron hematoxylin working solution for
10 min and washed again. Afterward, Biebrich scarlet–acid
fuchsin solution was used for 15 min. The sections were dif-
ferentiated in phosphomolybdic-phosphotungstic acid solu-
tion for 15 min after another washing step. For staining the
sections, they were incubated in aniline blue solution for
10 min, then rinsed in distilled water and differentiated in
1% acetic acid solution for 3 min. Ethanol 95% and xylene
were used for quick dehydrating and clearing, respectively.
Images were captured on a microscope (Olympus, Germany,
CH-02) and quantified using the ImageJ analysis program.
Serial sections in 6 rats/group were analyzed for percentage
connective tissue area.

Western blotting

One hundred milligrams of tissues was harvested from the
ventricle and washed with PBS. The samples were homoge-
nized in RIPA cold lysis buffer, containing protease and phos-
phatase inhibitors. Protein concentration was assessed by the
Bradford method with bovine serum albumin (BSA) as stan-
dard (Bio-Rad, USA). Fifty micrograms of protein was sepa-
rated on 10% SDS-PAGE gel and transferred onto
polyvinylidene difluoride (PVDF) membrane [41]. After
blocking with 5% skim milk in TBST (0.1% Tris-buffered
saline and Tween 20) at room temperature for 1.5 h, the mem-
brane was washed with TBST and incubated with primary
antibody followed by secondary antibody. Protein bands were
detected using the enhanced chemiluminescence system
(ECL) Western Blotting Kit (Amersham Pharmacia Biotech,
USA). Antibodies for Bax, Bcl2, pro-caspase-3 (Cas-3),
cleaved Cas-3, and β-actin were obtained from Santa Cruz
(UK).

Measurements of TNF-α, IL-1β, and IL-6

Rat-specific commercially available enzyme-linked immuno-
sorbent assay (ELISA) kits were used to quantify the serum
levels of TNF-α (Elabscience, Cat: E-EL-R0019), IL-1β
(Elabscience, Cat: E-EL-R0012), and IL-6 (Elabscience,
Cat: E-EL-R0015) proteins. All measurements were per-
formed according to the manufacturer’s instructions.

Measurements of total anti-oxidant capacity,
superoxide dismutase, and catalase

Total anti-oxidant capacity (TAC) and enzyme activities were
assessed over the supernatant part of 0.5% tissue homoge-
nates. TAC levels were measured by the FRAP method using
the TAC assay kit (Elabscience, CAT: E-BC-K225) according
to the manufacturer’s instruction. Fe3+-TPTZ was reduced by
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anti-oxidants and produced blue Fe2+-TPTZ under acid con-
dition. The anti-oxidant capacity of samples was calculated by
detecting the absorbance value at 593 nm and stated as milli-
moles per liter. Total SOD activities were alsomeasured by the
hydroxylamine method using the SOD assay kit (Elabscience,
CAT: E-BC-K019). The superoxide anion was produced by
the xanthine and xanthine oxidase reaction systems. The oxi-
dized hydroxylamine formed nitrite, which turned to purple
under the reaction developer. When samples contain SOD, the
SOD specifically inhibited free radical. The inhibitory effect
of SOD reduced the formation of nitrite, so the absorbance
values of samples were lower. The absorbance values of sam-
ples were measured at 550 nm and stated as units per milli-
gram protein. The catalase assay kit (Elabscience, CAT: E-
BC-K031) was used to evaluate the catalase activities in tissue
homogenate of all groups. The reaction that catalase decom-
poses H2O2 can be quickly stopped by ammoniummolybdate.
The residual H2O2 reacts with ammonium molybdate to gen-
erate a yellowish complex. Catalase activities were calculated
by production of the yellowish complex at 405 nm and stated
as units per milligram protein.

Statistical analysis

SPSS for windows (version 20, SPSS Inc., Chicago, IL, USA)
was used to analyze data. The values were reported as mean ±
SD. The Kolmogorov-Smirnov and Levene tests were used to
investigate the normality of the data and homogeneity of var-
iances in the groups. Given the existence of parametric con-
ditions, one-way ANOVA post hoc (Tukey and Dunnett) tests
were used to compare the mean between the study groups.
The statistical significance level was considered less than
0.05.

Results

Effect of L-arginine supplementation and exercise
on the expression levels of apoptotic genes
in the aging cardiac muscle

The expression levels of Bcl-2, Bax, and pro-Cas-3/cleaved
Cas-3 were determined by western blotting (Fig. 1). The levels
of Bcl-2, Bax, and Cas-3 were set as 1.00 in the young control.
The expression levels of Bax were 1.74 ± 0.04, 1.12 ± 0.02,
1.20 ± 0.04, and 0.88 ± 0.03 in the old-aged control, old-aged
L-arginine, old-aged exercise, and old-aged L-arginine + exer-
cise groups, respectively (Fig. 1b). Aging resulted in the signif-
icant increase in the expression levels of Bax as compared with
that in the young-aged group (p < 0.001). Accordingly, the ex-
pression levels of Bax were significantly suppressed in rats with
L-arginine supplementation and exercise program (p < 0.001).
Not surprisingly, co-administration of L-arginine and exercise

training program resulted in more potent effects on the expres-
sion levels of Bax. In this case, the Bcl-2 levels were 0.87 ±
0.02 in the old-aged group, 0.99 ± 0.03 in the old-aged L-argi-
nine group, 0.95 ± 0.02 in the old-aged exercise group, and
1.25 ± 0.05 in the old-aged L-arginine + exercise group (Fig.
1c). The expression levels of Bcl-2 were significantly lower
than those of the old-aged rats in comparison with the young-
aged group (p < 0.001). Therefore, L-arginine and exercise ad-
ministration alone resulted in the increased expression of Bcl-2
in the old-aged rats (p < 0.001). This effect was more potent
when the old-aged rats were treated with combination of L-
arginine and exercise program (p < 0.001). In addition, the eval-
uation of pro-Cas-3 and its cleaved form as an important trigger
of apoptosis showed that the expression levels of cleaved Cas-3
were significantly higher in the old-aged rats in comparison
with those in the young-aged group (p < 0.001). The mean
levels of cleaved Cas-3 expression were 1.76 ± 0.04, 1.9 ±
0.05, and 0.99 ± 0.02 in the L-arginine, exercise, and L-argi-
nine+ exercise groups, respectively. Also, the cleaved Cas-3
expression was remarkably lower than pro-Cas-3 in the L-argi-
nine and exercise groups, as compared with that in the old-aged
control (p < 0.001; Fig. 1d).Most importantly, the simultaneous
administration of L-arginine and exercise program resulted in
the potent suppression in activation of pro-Cas-3 to cleaved
Cas-3 in comparison with the L-arginine or exercise alone
groups (p < 0.001). Furthermore, in the calculation of Bax/
Bcl-2 ratio, we found that the results of L-arginine and exercise
showed the significant decrease for this ratio in the old-aged rats
(p < 0.001; Fig. 1e).

The expression levels of cytochrome C was also evaluated
by IHC (Fig. 2). In this study, paraffin-embedded cardiac tis-
sue sections were used to detect IHC staining of cytochrome
C. We found a significant difference in immunostaining for
cytochrome C between the groups. The old-aged group
showed greater immunoreactivity for cytochromeC compared
with the young-aged control group (p < 0.05). Additionally,
combination of L-arginine and exercise program resulted in a
significant decrease in immunoreactivity for cytochrome C in
comparison with each group alone (p < 0.05). Cytochrome C
releasing from the mitochondria results in the activation of
Cas-3 and hence induction of apoptosis. Therefore, cyto-
chrome C is a marker of apoptosis and cardiac damage. In
other words, we showed that cytochrome C levels and hence
cardiac damage were significantly decreased in the L-arginine
+ exercise program group.

Effect of L-arginine supplementation and exercise
on the expression levels of HSP-70 in the aging
cardiac muscle

In the next part of study, we measured the expression levels of
HSP-70, as a stress-induced protein (Fig. 3).When the level of
HSP-70 in the young-aged group was set at 1.00, the level of
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HSP-70 was 0.67 ± 0.02 in the old-aged group, 1.64 ± 0.02 in
the old-aged L-arginine group, 1.74 ± 0.05 in the old-aged ex-
ercise group, and 1.87 ± 0.06 in the old-aged L-arginine + exer-
cise group. Hence, the expression levels of HSP-70 were sig-
nificantly lower in the old-aged rats compared with those in the
young-aged groups (p < 0.001). Treadmill exercise and L-argi-
nine enhanced the expression of HSP-70 in the old-aged rats
(p < 0.001). L-Arginine and exercise program, in combination,
exertedmore potent increase in the expression levels of HSP-70
(p < 0.001).

Effect of L-arginine supplementation and exercise
on oxidant status in the aging cardiac muscle

Figure 4 showed the effects of L-arginine, exercise training pro-
gram, and their combination of the TAC content and SOD and
catalase activities. Our results showed a decrease in the
levels of TAC and enzymatic activities of SOD and cata-
lase in the old-aged groups in comparison with those in
the young-aged groups (p < 0.05). Moreover, we found an
increase in the TAC content in the L-arginine and exercise

Fig. 1 L-Arginine supplementation and exercise training change in Bax,
Bcl-2, pro-Cas-3, and cleaved Cas-3 levels after 12 weeks of intervention.
a Western blotting of Bax, Bcl-2, pro-Cas-3, and cleaved Cas-3 protein
levels.β-Actin was used as the loading control. b–dQuantitative analysis

of Bax, Bcl-2, and cleaved Cas-3 levels. e Quantitative analysis of Bax/
Bcl-2 ratio. n = 6 in each group. *p < 0.05 compared with the young
control; **p < 0.05 compared with the aged control; ***p < 0.05
compared with the L-arginine and exercise group. Cas-3, caspase-3

Fig. 2 L-Arginine supplementation and exercise training change in
cytochrome C–positive staining after 12 weeks of intervention. a
Immunohistochemical staining of cardiac tissue with cytochrome C
(screen magnification = × 400). b Quantitative analysis of cytochrome

C. n = 6 in each group. *p < 0.05 compared with the young control;
**p < 0.05 compared with the aged control; ***p < 0.05 compared with
the L-arginine group
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groups compare with that in the old-aged rats. However,
the differences were not statistically significant (1.72 ±
0.72 vs . 1 .59 ± 0.12 and 1.87 ± 0.25 vs . 1 .59 ±
0.12 mmol/L). The mean activity of SOD in the L-argi-
nine, exercise, and L-arginine + exercise groups was
108.77 ± 9.54, 112.31 ± 12.74, and 162.15 ± 14.01 U/mg
protein, respectively. In addition, the mean activity of cat-
alase was 5.49 ± 0.83, 5.20 ± 0.61, and 6.86 ± 0.75 U/mg
protein in the L-arginine, exercise, and L-arginine + exer-
cise groups, respectively. Statistical analysis revealed
more significant effect for the combination of L-arginine

and exercise program in comparison with L-arginine and
exercise groups alone (p < 0.05) for SOD and catalase
activities.

Effect of L-arginine supplementation and exercise
on the pro-inflammatory cytokines in the aging
cardiac muscle

To gain insight into the inflammatory effects of our interven-
tions, we performed ELISAs to measure the levels of inflam-
matory mediators TNF-α, IL-1β, and IL-6 (Fig. 5). L-

Fig. 4 L-Arginine supplementation and exercise training affect tissue
levels of oxidative markers after 12 weeks of intervention. a Total anti-
oxidant capacity (TAC), b superoxide dismutase (SOD), and c catalase.

n = 6 in each group. *p < 0.05 compared with the young control;
**p < 0.05 compared with the aged control; ***p < 0.05 compared with
the L-arginine and exercise group

Fig. 3 L-Arginine supplementation and exercise training change in HSP-
70 levels after 12 weeks of intervention. a Western blotting of HSP-70
protein levels. β-Actin was used as the loading control. b Quantitative
analysis of HSP-70 levels. n = 6 in each group. *p < 0.05 compared with

the young control; **p < 0.05 compared with the aged control;
***p < 0.05 compared with the L-arginine and exercise group. HSP-70,
heat shock protein-70
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Arginine supplementation and exercise program resulted in
the suppression of inflammatory responses, which were
higher in the old-aged rats in comparison with those in the
young-aged group and indicated the marked reduction in the
levels of TNF-α, IL-1β, and IL-6 in the heart muscle of rats
rather than in the old-aged rats. Moreover, the expression
levels of all three inflammatory markers were more potently
reduced when rats were treated with the combination of L-
arginine and exercise program in comparison with each inter-
vention alone (p < 0.05).

Effect of L-arginine supplementation and exercise
on connective tissue and collagen in the aging cardiac
muscle

Initially Masson’s trichrome staining was used to visualize
fibrillar collagen that might be located in the extramyocyte
space. Our analysis showed an enhanced fibrosis in the heart
of aged rats in comparison with that in the heart of young

group (Fig. 6a). The positive staining for total collagen
(Blue) was greater in ventricle samples from the aged rats
compared with young rats. Both exercise training and treat-
ment with L-arginine reduced myocardial fibrosis and age-
related elevation in collagen-positive staining (Fig. 6). Clear
protection against age-related alterations in collagen fiber net-
work was observed, and a more potent effect was determined
in group treated with the combination of exercise program and
L-arginine.

Discussion

Progressive loss of cardiac myocytes associated with aging is
due to programmed cell death or apoptosis, enhanced inflam-
matory cytokines, and increased oxidative stress, hence im-
paired cardiac function [34]. In the present study, we evaluated
the effects of L-arginine supplementation and exercise pro-
gram, alone or in combination, on apoptosis, inflammation,

Fig. 5 L-Arginine supplementation and exercise training affect tissue
levels of inflammatory markers after 12 weeks of intervention. a
Interleukin-6 (IL-6), b interleukin-1β (IL-1β), and c tumor necrosis
factor alpha (TNF-α). n = 6 in each group. *p < 0.05 compared with the

young control; **p < 0.05 compared with the aged control; L-arginine
supplementation and exercise training; ***p < 0.05 compared with the

L-arginine and exercise group

Fig. 6 L-Arginine supplementation and exercise training affect
myocardial fibrosis after 12 weeks of intervention. a Paraffin-embedded
heart sections wereMasson-trichrome-stained for evaluation of fibrosis. b

Graphs showed the fibrosis area. n = 6 in each group. *p < 0.05 compared
with the young control; **p < 0.05 compared with the aged control;
***p < 0.05 compared with the L-arginine and exercise group
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and oxidative stress of cardiac muscle of the old-aged rats. We
found that administration of L-arginine combined with exer-
cise exerted potent impacts on the reduction of apoptosis,
significant induction in the expression of HSP-70, reduction
in inflammatory response, enhancement of myocardial anti-
oxidant defense system, and reversing of cardiac damage.
Increased level of apoptosis is demonstrated to be a common
event in aging process [15, 22]. Subsequently, aging also re-
sults in the dysregulation of key component of apoptosis in-
cluding Bcl-2 family and caspase signaling [24]. In spite of
numerous efforts to reveal the underlying mechanisms of ap-
optotic signaling in aging, the exact signaling is still unclear.
Since the heart is a post-mitotic tissue and myocytes lost can-
not be compensated, aging-induced progressive apoptosis is a
deleterious condition in the heart [19]. An accumulating body
of recent studies has evaluated the effects of exercise training
on the various aspects of aging such as apoptosis rate, oxida-
tive stress, inflammatory response, and potent signaling path-
ways and reported promising findings [3, 7, 29]. Kwak et al.
[16] showed that exercise training significantly protected
against the loss of cardiac myocytes and enhanced connective
tissue in ventricle of the aging rat heart. Exercise training also
significantly reduced apoptosis rate in the ventricle, through
reducing caspase-9 levels and Bax/Bcl-2 ratio by lowering
Bax protein expression and increasing Bcl-2 levels. Ko et al.
[12] showed that treadmill exercise alleviated aging-induced
apoptosis by lowering Bax/Bcl-2 ratio. In a study by Zhao
et al. [42], a short-duration swimming exercise significantly
augmented ventricular function, increased survival rate, and
suppressedmyocardial apoptosis via regulating the decreasing
activity of caspase-3. In accordance with aforementioned
studies, we showed that exercise training program resulted
in the significant attenuation of apoptosis in aged rats, which
was evident from reducing the expression levels of Bax and
enhancing Bcl-2 levels, hence lowering Bax/Bcl-2 ratio, as
well as suppressing the expression levels of cleaved Cas-3.

Another major consequence of aging is increased oxidative
stress and chronic inflammation, which are major causes of
tissue damages and hence induction of apoptosis, particularly
in heart tissues, which works continuously and is more sus-
ceptible to oxidative stress and inflammation-induced dam-
ages [32]. Increased oxidative stress is demonstrated to induce
the expression of stress sensors such as HSPs particularly
HSP-70, an activating factor of cell protection signaling path-
ways [26]. HSP-70 is also involved in the suppression of
apoptosis, hence promotion of heart survival [26, 43].

Various studies reported the beneficial effects of exercise
training on the suppression of the inflammatory response,
boosting anti-oxidant defense system and decreasing the pro-
duction of ROS [2, 4, 27, 30, 40]. Lisa et al. reported that a 14-
week aerobic exercise program resulted in the significant sup-
pression of arterial inflammation in aged mice, as evident
from the significant decrease in the expression levels of IL-1

and IL-6, IFN-γ, and TNF-α [17]. Siu et al. [31] showed that
after 8 weeks of training resulted in the increased expression
levels of SOD and suppression of apoptosis in the ventricle of
aged rats. Soufi et al. [33] found that regular exercise modu-
lated age-induced changes in SOD and HSP-70. Old-aged rats
performing exercise program showed increased expression
levels of HSP-70 and SOD activities. Through these changes,
exercise effectively suppressed apoptosis in the rat myocardi-
um. In a study by Rinaldi et al. [28], it was reported exercise-
mediated protection against heart failure linked to aging is
related to higher expression levels of the HSP-70, and HSP-
70-induced suppression of apoptosis. Another study showed
that HSP-70 is involved in the Fas-mediated apoptosis to pro-
tect the cardiomyocyte from stress-induced injury [21]. The
results of this study were in agreement with the
abovementioned studies. We found that exercise attenuated
aging-induced decreases in the TAC levels and SOD and cat-
alase activities as major enzymatic anti-oxidants, and de-
creases in the expression levels of IL-1β, IL-6, and TNF-α,
as well as reduced expression levels of HSP-70. Therefore,
increasing oxidative stress and inflammatory response and
decreasing levels of HSP-70 during aging may be important
factors in increasing apoptosis and tissue damage of the heart.
Exercise could induce increase in anti-oxidant capacity of
cardiomyocytes through upregulation of major anti-oxidant
enzymes such as SOD and catalase, as well as overexpression
of HSP-70. Additionally, exercise could attenuate aging-
induced chronic inflammation in cardiomyocytes, hence
may effec t ive ly suppress apoptos is and protec t
cardiomyocytes against aging-induced tissue damages, as ev-
ident from the large reduction in the collagen accumulation in
ventricle and fibrosis.

L-Arginine is the biological precursor of nitric oxide (NO),
which plays a key role in the cardiovascular system [35]. A
grown body of studies has focused on the anti-oxidative, anti-
inflammatory, and anti-apoptotic functions associated with
aging. For example, in rats with chronic renal failure, L-argi-
nine supplementation improved kidney functions, decreased
systolic blood pressure, and decreased inflammatory cytokine
levels including IL-1α, IL1-β, IL-6, and TNF-α [10, 14]. The
enzymatic and non-enzymatic anti-oxidant parameters like
SOD, catalase, and ascorbic acid along with pro-oxidant pa-
rameters, such as xanthine oxidase, as well as index of oxida-
tive stress as protein carbonyl content and malondialdehyde
were modulated by L-arginine [18, 39]. Anti-apoptotic func-
tion of L-arginine is reported to be related to inhibitory effects
on the expression of the major apoptotic genes including Bcl-
2 family, caspase family, and cytochrome C [5, 8]. To the best
of our knowledge, the beneficial effects of L-arginine in aging
through inhibition of the apoptosis, inflammations, and oxida-
tive stress have not been studied. We showed that L-arginine
supplementation resulted in the significant increase in the
TAC levels, SOD and catalase activities, and HSP-70
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expression, hence boosting anti-oxidative status of the myo-
cardium. In line with this, the expression levels of inflamma-
tory markers including IL-1β, IL-6, and TNF-α were also
suppressed. In response to L-arginine supplementation, we
observed that apoptosis was inhibited by decreasing the ratio
of Bax to Bcl-2, and the decreased Bax/Bcl-2 ratio inhibited
cytochrome C release and caspase-3 activation and conse-
quently decreased apoptosis. Therefore, L-arginine and exer-
cise program modulated the enzymatic activities of anti-oxi-
dants, the expression levels of inflammatory markers, and
apoptosis key proteins in the aged-heart tissue. It was also
found that exercise training combined with L-arginine supple-
mentation induced more pronounced modulatory effects in
aged rats (p < 0.05).

Conclusion

Twelve weeks of exercise training combined with L-arginine
supplementation provided protection against age-induced in-
crease in the myocyte loss and formation of fibrosis in the
ventricle through potent suppression of oxidative stress, in-
flammations, and apoptosis pathways. We concluded that ex-
ercise and L-arginine supplementation improved specific cel-
lular signaling mechanisms involved in cardiac aging.
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