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Abstract: Background: We investigated the effect of post-myocardial infarction (MI) exercise on oxidative and
angiogenic mediators in the heart of rats with adrenaline-induced MI. Methodology: Forty adult male rats that were
divided into the following four groups: group I, sedentary control group; group II, exercised control group; group
111, sedentary infarct group and group IV, exercised infarct group. MI was established by subcutaneous injection of
adrenaline (2 mg/kg body weight) in two subsequent doses, 24 hours apart for 2 consecutive days. Sedentary and
exercised control groups received subcutaneous saline. The animals in groups II and IV started swimming
immediately after induction of MI for about 15 minutes daily for 5 days/week for 4 weeks. However, rats in groups I
and III remained sedentary throughout the experiment period. After 4 weeks, blood and heart tissues were collected
for the assay of cardiac enzyme markers lactate dehydrogenase (LDH), and creatine kinase (CK), vascular
endothelial growth factor receptor-1(VEGFR~-1), malondialdehyde and antioxidant concentrations. Results: MI
showed increased levels of LDH, CK,and malondialdehyde in association with decreased antioxidant
concentrations. However, post-MI exercise attenuated the effects of MI on oxidative stress markers and increased
antioxidant activity in cardiac tissue. In addition, cardiac VEGFR-1 was elevated significantly in the sedentary
infarct rats with more increase in the exercised infarct group. Conclusion: post-MI exercise training could reverse
the adverse effects of MI by reducing the extent of myocardial damage, attenuating the oxidative stress, increasing
VEGFR-1 expressions, and thereby increasing angiogenesis.
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1. Introduction leads to compensatory neovascularization to meet
Cardiovascular diseases (CVDs) have a high local metabolic demands of the heart [2].
prevalence in developing and developed countries The vascular endothelial growth factor (VEGF)
and myocardial infarction accounts for majority of system and its receptors (VEGFRs) are important for
deaths and disabilities [1]. After myocardial the physiological regulation of angiogenesis. Thus,
infarction (MI), specific growth factors promote they are considered prime molecular targets for pro-
cardiac angiogenesis by specific receptors in the angiogenic and anti-angiogenic therapies [4].
endothelium of the cardiac microvasculature, leading Hypoxia serves as a powerful stimulus for the up-
to improvement of blood supply to the infarction regulation of VEGFs and their receptors that
zone and its periphery [2]. Thus, it seems that the facilitate angiogenesis especially after myocardial
body already possesses an "in-house" rescue system ischemia [6,7].
to increase blood flow in ischemic circumstances. The VEGF family includes VEGF-A, -B, -C, -
Stimulation of this system, termed D, -E and PIGF (placental growth factor) [8] . VEGF-
neovascularization, could be a promising new A (VEGF) is the master regulator of angiogenesis
direction in treating CVD [3] during growth and development, as well as in disease
Angiogenesis is a process by which new states [9] .VEGF- mediated angiogenic response was
capillaries are formed from pre-existing blood vessels dependent on both vascular endothelial growth factor
in physiological or pathological contexts [4] .The receptor — 1 (VEGFR-1)  signaling and NO
process of angiogenesis in the myocardium is not production [10].
limited to the developmental periods of life, but may VEGFs are predominantly produced by
occur when the heart is challenged during ischemia endothelial, hematopoietic, and stromal cells in
[5]- It is important for the body to initiate the response to hypoxia [11]. They stimulate
angiogenic process in order to create new circulation proliferation, migration, and tube formation of
in ischemic lesions. Cardiac ischemic injury usually endothelial cells (ECs) through interacting with
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receptor tyrosine kinases, VEGF receptor-1, -2, and -
3 (VEGFR-1, -2, -3) [12].

VEGFR-1(or fms-like tyrosine kinase or Flt-1)
is widely expressed in normal and pathologic tissue
and contributes to the pathogenesis of many
neoplastic and inflammatory diseases [13].

VEGFR-1 is composed of seven extracellular
immunoglobulin-like (Ig-like) domain, a single
transmembrane region and an intracellular tyrosine
kinase domain that is interrupted by a kinase-insert
domain [14].A naturally occurring soluble form of
VEGFR-1  (sVEGFR-1), consisting of the
extracellular part of VEGFR-1, is produced from
endothelial cells [15] .

The major pool of endothelial VEGFRI is
largely resident within the Golgi apparatus but
translocates to the plasma membrane by ligand or
agonist stimulation via a calcium-regulated process.
Translocation of VEGFR1 from the Golgi to
cytoplasmic vesicles and to the plasma membrane
required elevation of cytosolic calcium ion levels
[16].

In addition to its expression on endothelial cells
[2].VEGFRI1 is also expressed on a wide range of
non-endothelial cells, including vascular smooth
muscle cells, monocytes/macrophages, retina, brain
,osteoblasts, pericytes, placental trophoblasts, renal
mesangial cells and also in some hematopoietic stem
cells .VEGFR-1 expression is up-regulated during
angiogenesis by hypoxia [17]

VEGFR-1 is required for endothelial-cell
survival as VEGFR1 loss is associated with
decreased vascular sprout formation, migration¢ and
vascular branching [18]. Recently, much focus has
been paid to the endothelial-immune cell cross-talk in
regulating angiogenesis [19]. VEGFR-1 mediated
angiogenesis has been shown to be dependent on
monocytes [20].It is found that VEGFRI1 is a positive
regulator of monocyte and macrophage migration
asVEGFR-1 mediates collateral growth in ischemic
disease by mobilizing leukocytes and recruiting them
to the pericollateral space [21].

Cardiovascular risk factors are raised by
sedentary life style and ameliorated by physical
fitness in the general population [22]. Regular
exercise is rapidly gaining widespread advocacy in
the prevention and treatment of many CVD [23].

Post-MI exercise training studies have revealed
several positive effects on the improvement of
cardiac functions in patients with MI [24]. However,
the mechanism of exercise-induced benefit in MI
remains poorly defined. With this view, the current
study was designed to investigate the effect of
post- MI swim exercise training on oxidative and
angiogenic mediators in the heart of rats with
adrenaline-induced MI. We hypothesized that early
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exercise training after MI had myocardial salvage
and able to reverse the Ml-induced abnormalities,
thereby attenuating deleterious cardiac remodeling
and preserving post-MI cardiac function.

2. Material and Method

This study was conducted on 40 albino adult
rats weighing between 190-200g. They were allowed
to live at room temperature, fed ad libitum on
standard laboratory rat chow and had free access to
tap water. After the rats were fed for one week to
allow adaptation to the new environment, the rats
were randomly divided into the following four
groups each with 10 animals according to the

treatment and exercise conditions: Group |:
Sedentary control group ,Group II: Exercised
control group, Group Ill: Sedentary infarct group

and Group IV: Exercised infarct group.

The rat model of myocardial infarction was
established by subcutaneous injection of adrenaline
(2 mg/kg body weight) in two subsequent doses, 24
hours apart for 2 consecutive days [25]. Adrenaline
was purchased from local market. The sedentary and
exercised control groups received saline (1 ml)
subcutaneously once daily for two consecutive days
(24 hours apart).

The exercised infarct rats started exercising
immediately post-MI while the sedentary control and
sedentary infarct rats remained sedentary throughout
the experiment period. Rats were exercised by
swimming in a tank of water at 35-37°C with a
surface area of 2,830 cm?® and a depth of 60 cm. The
rats swam for about 15 minutes daily for 5 days /
week for 4 weeks. The determination of exercise
duration was based on the previous studies [26]. This
exercise regimen was well tolerated by rats with MI.
There were no mortalities during the four weeks of
exercise training.

Biochemical assessment of myocardial
infarction induced by adrenaline was done by
measuring the levels of marker enzymes lactate
dehydrogenase (LDH), and creatine kinase (CK) in
sera of rats twenty four hours after the second
injection of adrenaline. Blood samples were collected
from the retro-orbital plexus under light ether
anesthesia.

At the end of the experiment (after 4 weeks), all
rats were sacrificed under light anesthesia with ether.
Blood samples were collected for the assay of
myocardial infarction marker enzymes LDH and CK.
Animal heart tissues were dissected out, immediately
washed in ice-cold saline and a homogenate was
prepared in 0.1 M Tris-HCIl buffer (pH 7.4). The
homogenate was centrifuged and supernatant was
used for the assay of vascular endothelial growth
factor receptor-1 (VEGFR — 1), malondialdehyde and
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antioxidant concentrations. Samples were stored at -
80°C until analysis.

Estimation of Vascular Endothelial Growth
Factor Receptor-1(VEGFR- 1) in cardiac tissue
homogenate [27]:

VEGFR — 1 concentration was measured using
the quantitative sandwich enzyme immunoassay
technique. The optical density of each sample was
determined using a microplate reader set to 450 nm
and the concentration of VEGFR was calculated
based on standards and expressed in pg/mg of total
protein content.

Estimation of total antioxidant concentrations in
cardiac tissue homogenate [28] :

Total antioxidant capacity level was measured
using colorimetric method. The antioxidative
capacity is performed by the reaction of antioxidants
in the sample with defined amount of exogenously
provide hydrogen peroxide (H,0O,) .The antioxidants
in the sample eliminate a certain amount of the
provided hydrogen peroxide. The residual HO, is
determined colorimetrically by enzymatic reaction of
the colored product and blank absorbances. It was
read immediately against distilled water at 505 nm.
The total antioxidant concentration was calculated
by the following
equation: m M/L = AB-AS x 3.33

Estimation of malondialdehyde (MDA)
concentrations
in cardiac tissue homogenate [29] :
Malondaildehyde (MDA) levels were measured
using colorimetric method.Thiobarbituric acid (TBA)
reacts with MDA in acidic medium at temperature
of 95 degree for 30 min to form thiobarbituric acid
reactive product. The absorbance of the resultant pink
product was measured at 534nm, and the
concentration in sample was expressed as nmol/ml .

Estimation of serum Creatine kinase(CK ) and
Lactate dehydrogenase ( LDH ) [30,31]
Statistical analysis:

Data were expressed as mean +SEM.
Statisticaltical significance was assessed using
analysis of  variance (ANOVA) with P-value
of < 0.05 was considered as significant.

3. Results

Serum creatine kinase(CK ) and serum lactate
dehydrogenase (LDH) : Table |
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Myocardial infarction (MI) was proved by
measuring serum levels of CK and LDH twenty four
hours after the second injection of adrenaline. Both
were significantly elevated in the adrenaline -treated
rats reflecting heart injury.

At the end of the four weeks, a significant
increase in the serum levels of CK and LDH was
detected in sedentary infarct group as compared to
sedentary control one. A finding that is partially but
significantly corrected in the exercised MI group.
(F=503.334, p<0.05) and (F=370.542, p< 0.05)
respectively.

However, there was no significant difference in
serum CK and LDH concentrations between the
sedentary and exercised non-infarct rats.

Oxidant/antioxidant system markers
malondialdehyde (MDA) and antioxidant levels in
cardiac tissue homogenate: Table 11

The data on the levels of oxidant/antioxidant
system markers detected in the heart tissue
homogenate of the studied groups were shown in
table II. It was shown that MI induced oxidative
stress with increased levels of MDA when compared
to the control non-infarct group. In addition, MI
decreased the activity of total antioxidants
significantly when compared to the control non-
infarct rats. (F=57.093, p <0.05) and (F=209.564,
p<0.05), respectively.

On the other hand, the results showed that
swimming exercise attenuated the MI- induced
oxidative stress by lowering the levels of MDA when
compared to the sedentary infarct group. In addition,
swimming exercise in infarct rats increased the levels
total antioxidants significantly when compared to the
sedentary infarct animals. However, the results
obtained showed that swimming exercise attenuated
the effects of MI on oxidative stress markers and
increased antioxidant activity in cardiac tissue
homogenate yet; it did not reach the control non-
infarct value.

Vascular Endothelial Growth Factor Receptor — 1
(VEGFR-1) in cardiac tissue homogenate: Table
1

Table II showed the levels of cardiac VEGFR-1
that were elevated significantly in the sedentary
infarct rats when compared to the non-infarct control
ones, with more increase in the exercised infarct
group. (F=403.452, p<0.05)
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Table 1: Serum cardiac enzyme markers creatine kinase (CK ) and lactate dehydrogenase (LDH) ) in the studied
groups at the end of the experimental period:

Group | Group 11 Group 111 Group IV F-value P-
(Sedentary (Exercised (Sedentary (Exercised infarct) value
Variables control) (N=10) control) (N=10) infarct) (N=10) (N=10)
CK (UIL) 84.4+8.6° 882+ 5.4° 183.5+ 6.7% 167.0+ 8.1 503.334* .000
LDH (U/L) 193+9.9° 194.1+ 8.8° 617+ 33.3* 503.8 +61.5% 370.542% .000
N: number of rats in each group, P < 0.05: Significant * : Highly significant
a: Significance between group III and IV. b: Significance between group II and IV.
c : Significance between group I and III
Table II: Levels of malondaldehyde (MDA) , total antioxidants and vascular growth factor receptor -1
(VEGFR -1) in heart tissue homogenates in the studied groups at the end of the experimental period:
Group | Group 11 Group 111 Group IV F-value P-value
(Sedentary control) | (Exercised control) (Sedentary (Exercised
Variables (N=10) (N=10) infarct) (N=10) infarct) (N=10)
VEGEFR - 1 106.746 £11.4°¢ 104. 988 £13.0° 205. 088 £9.4* 237. 646 £8.4® 403.452* .000
(Pg/mg protein )
MDA 48.844 £53° 47.929 + 4.9° 79.664 +7.5% 69.272 + 57.093* .000
(nmol/L) 8.0"
Total antioxidants 1.523 +2.6°¢ 1.514 £2.2° 1.053 +1.8* 1.250 £9.1* 209.564* .000
(mmol /L )

N: number of rats in each group

* : Highly significant

b: Significance between group Il and IV

P < 0.05: Significant
a: Significance between group III and IV
¢ : Significance between group I and II1
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Figure I: Comparison between the four studied groups regarding different studied parameters at the end of the
experimental period

CK : Creatine kinase

MDA: Malondialdehyde
VEGFR-1: vascular endothelial growth factor receptor — 1
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The purpose of this investigation was to assess
the potential protective role of swim exercise training
( ET ) in rats with adrenaline- induced myocardial
infarction ( MI) as the exercise-induced adaptations
within the heart that provide the protection were still

in doubt .

This was performed with reference to

cardiac enzyme markers, oxidative stress markers
and cardiacVEGFR-1expression .
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roup III

IV: Group IV

We explored this phenomenon in a rat model of
MI. The administration of adrenaline (2 mg/kg in two
subsequent doses subcutaneously, 24 hours apart)
had been found to cause infarct-like necrosis of the
heart muscle. Adrenaline-induced MI serves as a

well-standardized

model

because

the

pathophysiological changes following adrenaline
administration are comparable to those taking place
in human MI [32, 33].

337

editor(@americanscience.org




Journal of American Science, 2012;8(3)

http://www.americanscience.org

In the present work, the occurrence of MI had
been evidenced by the significant increase in the
circulating levels of cardiac enzyme markers,
creatine kinase (CK) and lactate dehydrogenase
(LDH) in adrenaline-injected rats compared to
control non-injected ones. This was found to be
consistent with previous reports [34].

It is demonstrated that blood concentrations of
cardiac enzyme markers are normally very low as a
result of physiological wear and tear of the cell [35].
Cardiac enzymes are often used as sensitive markers
of MI as when the myocardium is injured, these
enzymes can be released from the cells to blood.
Therefore, the blood levels of these enzymes reflect
the extent of myocardial injury [36].

In this study, the cardioprotective potential of
ET was evident by the observation that swim exercise
could significantly decrease the blood levels of
cardiac enzyme markers in infarct rats. Concerning
the issue of the association between cardiac enzyme
markers and ET, Nivethetha et al. [34] has been
demonstrated that cardioprotective effect of ET was
probably related to its ability to strengthen the
myocardial membrane by its membrane-stabilizing
action and reduced the extent of myocardial damage
thereby restricted the leakage of these enzymes from
the myocardium.

Our findings reported a significant increase
in the levels of cardiac_malondialdehyde (MDA)
together with a reduction in the cardiac antioxidant
concentrations in the infarct rats when compared with
the non-infarct ones. Therefore, we postulated that
this might reflect heightened oxidative stress and
consumption of antioxidants which probably had
been reported to be causally involved in MI. Indeed,
our results confirmed previous studies that reported a
similar increase in the markers of oxidative stress
following induction of MI [37]. These studies
demonstrated that oxidative stress and generation of
its markers were strongly implicated in a number of
cardiovascular disorders including MI. These
oxidative insults induced by MI appeared to play a
major role in the pathogenesis of heart damage

There is growing recognition that oxidative
stress plays role in the pathogeneses of myocardial
repair/remodeling following MI, and antioxidants can
be an option for treatment of this disorder [38].

In the ischemic myocardium, reactive oxygen
species (ROS) are generated and directly injure the
cell membrane causing cell death. However, ROS
also stimulate signal transduction to elaborate
inflammatory cytokines in the ischemic region and
surrounding myocardium as a host reaction.
Moreover, calcium overload induced by extensive
ROS generation causes necrosis through enhanced
permeability of the mitochondrial membrane [39].
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In endothelial cells (ECs), many reports
observed that low levels of ROS function as
signaling molecules to mediate various biological
responses such as angiogenesis [40].

Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase was activated by ischemia and
considered to be a major source for cardiac ROS
production in the infarcted myocardium [41]. Even
though NADPH oxidase is a major source of ROS, it
has been reported that oxidative stress in the infarcted
heart can be derived from other sources. ROS can
also be produced intracellularly through electron
leakage from the mitochondria during oxidative
phosphorylation and through the activation of several
cellular enzymes, including xanthine oxidase and
nitric oxide synthase [42].

More benefits of ET had been proved in the
present work .A significant increase in the cardiac
antioxidants together with a reduction in the cardiac
MDA concentrations were observed in the infarct
exercised group when compared to the infarct
sedentary one. This observation gave the speculation
that ET could have a role in alleviating oxidative
stress in these animals. This beneficial effect of post-
MI exercise training was also shown by other reports

Many studies hypothesized that exercise-
induced increase in endogenous antioxidants might
be an important change contributing to
cardioprotection, especially in high-risk populations
[22]. Other investigators found that ET decreased
NADPH oxidase activity and consequently
diminished ROS production [44]. These might be
important mechanisms by which ET could mediate
its beneficial effects in MI condition.

Among the interesting findings in this study
were that cardiac vascular endothelial growth factor
receptor -1 (VEGFR-1) levels were elevated in
infarct animals. In agreement with our results, other
previous studies reported a similar increase in cardiac
VEGFR-1 concentrations in MI [45,46].

After MI, specific growth factors promote
cardiac angiogenesis, leading to a therapeutic effect
as revascularization is urgently needed in this
condition [47]. Vascular endothelial growth factor
(VEGF ) and its receptor VEGFR-lare closely
associated in human tissues and quantifying their
mRNAs might be helpful in evaluating angiogenesis
[48].

It is reported that the VEGF/ VEGFR-1
signaling is important in myocardial protection as
mice deficient in VEGFR-1 are more susceptible to
heart ischemia/reperfusion injury [49]. Interestingly,
V6 et al. [50] have been found that the VEGFR-1-
mediated response was rapid (2 days following MI).

In support of these assumptions, it has been
demonstrated that MI leads to an upregulation of
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VEGF and VEGFR-1 as cardiac myofibroblasts
isolated from the site of infarction were found to
express high levels of these growth factors [51].

ROS are critically important for VEGF
signaling as VEGF stimulates ROS production via
activation of NADPH oxidase in endothelial cells.
This ROS  production induces myocardial
angiogenesis [12,52].

Zhao et al. [38] suggested that following MI,
angiogenesis is mostly active in the infarcted
myocardium, which is coincident with enhanced
ROS.

Cardiac VEGFR-1 was specifically up-
regulated in hypoxia and on exposure to oxidative
stress. Cardiomyocyte VEGFR-1 activation by
VEGF induces compensatory hypertrophy and
preserves cardiac function after myocardial infarction
[53]. These observations provided strong support to
the interrelationship between myocardial ischemia,
VEGFR-1, and increased oxidative stress.

Following MI, VEGF recruits circulating blood
monocytes to the infarcted myocardium via
stimulation of VEGFR-1 [54] as VEGFRI is
expressed exclusively by monocytes. These
monocytes are differentiated into macrophages that
remove necrotic cardiac myocytes ; secrete
cytokines, and growth factors that restore cardiac
vascularization at a microvascular level [45]. It is
found that the migrating monocytes into the infarcted
myocardium produce large amounts of ROS [55].

Considering the effect of exercise on cardiac
VEGFR-1 , the present work showed a significant
increase in cardiac VEGFR-1 levels in rats with post
-MI swim exercise training. Accordingly, this was
another possible beneficial effect for post-MI
exercise training on myocardial function as these
higher levels of VEGFR-1 with exercise could be
predictor of enhanced angiogenesis with exercise.
These findings were in accordance with previous
studies that found that upregulation of VEGFR-1
levels in the infarcted mice heart in response to
exercise resulted in decreased infarct size and
improved angiogenesis [56].

Exercise training (ET) is associated with
adaptations in the coronary microvasculature
including the formation of new capillaries. ET does
not stimulate growth of coronary collateral vessels in
the normal heart. However, if exercise produces
cardiac ischemia, there is evidence that collateral
growth can be enhanced [57].

As regard the effect of swim -exercise training,
experimental studies have shown that this type of
exercise increased the capillary density of the heart
[58]. Some investigators revealed that rats exposed to
low to moderate exercise after MI offered beneficial
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effect while higher exercise intensity had detrimental
effects in rats [59].

Several mechanisms have been conducted to
explain the angiogenic stimulatory effect of exercise
training (ET). The activation of VEGF dependent
angiogenic pathways represents a crucial molecular
mechanism by which exercise triggers angiogenesis
[60]. Others have shown that metabolites stimulate
angiogenesis [61]. Interestingly; exercise activates 5'-
AMP-activated kinase which has been reported to
stimulate VEGF-A gene expression [62]. Moreover,
ET could enhance the vasodilatory response to
VEGF. In addition , ET in a mouse model was found
to increase endothelial progenitor cells (EPCs) and
enhanced angiogenesis [63]. This adaptation to
exercise ~was dependent on nitric oxide,
cyclooxygenase and tyrosine kinase receptor activity
[64].

Gavin et al. [65] found that inhibition of nitric
oxide synthase attenuated the exercise-induced
increase in VEGFR-1 mRNA by approximately 50%.
These findings suggest that exercise alters VEGFR-1
gene expression and NO is an important signal in this
process .These findings provide direct evidence of
exercise-induced angiogenesis and myocardial
salvage in the ischemic condition.

We concluded that early exercise training
especially swimming exercise after MI was likely
playing an important role in reversing the adverse
effects of MI by reducing the extent of myocardial
damage, attenuating the oxidative stress, increasing
VEGFR-1 expressions, and thereby increasing
angiogenesis. These improvements, in turn preserve
post-MI cardiac function. Indeed, exercise training
could provide future modalities in the prevention or
treatment of ischemic cardiac diseases especially in
those patients who are not suitable for currently
available treatment options, such as endovascular
intervention or surgical reconstruction. Therefore,
biological revascularization via exercise training has
emerged as a new therapeutic option and a positive
clinically relevant option in post-MI rehabilitation. In
addition, the present article attested the importance to
the therapeutic values of antioxidants.

Conflict of interest:

Based on our results, it was conceivable to
speculate that post-MI swim exercise training for
four weeks could not alleviate cardiac damage and
oxidative stress completely but at least has disease-
modifying effects. This might be due to short
duration of swim exercise training. So, we advise to
investigate the effect of longer duration of exercise
either by prolongation of exercise session or the
whole exercise period.
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