
INTRODUCTION

Epidemiological studies verify that hypertension is a serious
public health problem because it is a major and well-known risk
factor for the occurrence of several cardiovascular (peripheral
arterial disease, ischemic heart disease,aortic aneurysm) and
cerebrovascular diseasesresulting in multi-organ damage (1).
Renovascular hypertension (RVH), which is a form of secondary
hypertension resulting from fibromuscular dysplasia or
atherosclerotic renal artery disease, involves the activation of
renin-angiotensin-aldosterone (2) and sympathetic nervous
systems (3) and the presence of chronic oxidative stress (4).
Although RVH constitutes a small percentage of hypertensive
patients, it is the most common cause of hypertension that can be
surgically corrected (5). During the initial stages of RVH,
increased angiotensin II activity, which maintains the high blood
pressure, contributes to the progression of atherogenesis and

glomerulosclerosis by stimulating vasoconstriction, increasing
endothelin release, enhancing extracellular matrix deposition
and vascular remodeling (6). Reactive oxygen species (ROS)
further trigger the release of vasoconstrictor substances and play
an important role in the pathogenesis of hypertension-induced
organ failure (7-10). A number of studies have also demonstrated
that increased oxidative stress results in endothelial dysfunction,
causing reduced bioavailability of nitric oxide (NO), one ofthe
most powerfulendothelium-derived vasodilators (11-13).

Apart from various pharmacological treatments that target
high blood pressure, physical exercise as a non-pharmacological
approach was previously shown to delay the generation of
hypertension or to reduce the level of high blood pressure by
central and peripheral neurohumoral mechanisms (14-16) and by
correcting the imbalance between the production ofROSandthe
antioxidant defense systems (17). A number of well-controlled
epidemiologic studies with large patient groups have reported
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The importance of physical activity in the management of renovascular diseases is well-known, but lacks evidence of
underlying mechanisms. The purpose of the study was to elucidate the protective/therapeutic effects of regular exercise on
experimental renovascular hypertension (RVH)-induced oxidative stress and cardiac dysfunction. Wistar albino rats
underwent a RVH surgery (2K1C, Goldblatt). Three weeks later half of the rats started swimming exercise for 9 weeks (n
= 15), while the sedentary RVH group (n = 15) had no exercise during that period. Sham-operated control rats (n = 10),
had the similar surgical procedures but the left renal artery was left unclipped. Body weights were monitored, and blood
pressures were measured weekly using tail-cuff. Echocardiographic evaluation was performed on the 3rd week and on the
12th week of the experiment before the rats were decapitated. Heart and thoracic aorta were removed and serum was
collected, while aortic samples were put in a 10% formaldehyde solution for immunochemistry. Cardiac tissue samples
obtained from each animal were used for the determination of tissue myeloperoxidase (MPO) and catalase (CAT) activities,
malondialdehyde (MDA), and glutathione (GSH) levels. In the sedentary RVH group, aortic contractile response
(contraction/relaxation in isolated organ bath), left ventricular diastolic and systolic dimensions, and immunohistochemical
staining of aortic inducible nitric oxide synthase (iNOS) were increased, while ejection fraction and aortic endothelial nitric
oxide synthase (eNOS) staining were decreased. RVH in the sedentary rats resulted in increased pro-inflammatory
cytokines (TNF-α, IL-2, IL-6), lipid peroxidation (malondialdehyde) and neutrophil infiltration (myeloperoxidase activity)
along with reductions in antioxidant glutathione and catalase levels in the cardiac tissue. Exercise after RVH increased the
immunhistochemical staining of aortic eNOS, decreased iNOS staining and reversed the alterations in echocardiographic
and oxidative parameters. Regular exercise commenced after RVH surgery alleviated renovascular hypertension-induced
oxidative injury, by modulating oxidant-antioxidant balance via the involvement of the endothelial NO system.
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that the mortality risk of the hypertensive individuals is reduced
as their exercise capacity is increased (18-20). Exercise training
in hypertensive subjects was also shown to reduce left
ventricular hypertrophy or does not worsen the underlying
inflammatory burden associated with hypertension (21).
Similarly, exercise training in hypertensive animals was shown
to decrease blood pressure (22-24) while an increase in vessel
compliance (25) was reported.

Although the importance of physical activity in the
prevention of cardiovascular and renal diseases has been
demonstrated in many studies, the impact of exercise training on
RVH-induced vascular dysfunction and oxidative stress with its
underlying mechanisms has not been thoroughly elucidated yet.
Since hypertension is regarded as a chronic low-grade
inflammation with elevated plasma levels of the pro-
inflammatory cytokines in hypertensive patients (26, 27), the
impact of exercise on RVH-induced oxidative damage of cardiac
tissue needs to be investigated. Accordingly, through
hemodynamic measurements, biochemical and histological
analyses, we aimed to elucidate the therapeutic effect of exercise
training when performed after the onset of RVH.

MATERIALS AND METHODS

Animals

Male Wistar albino rats (300 – 350 g, 10 weeks old, n = 40),
supplied by the MU Animal Center (DEHAMER), were housed
in a humidity (65 – 70 %) and temperature-controlled room (22
± 2°C) with standardized light/dark (12/12 hour) cycles. Rats
were fed with standard rat pellets and tap water ad libitum.

All experimental protocols were approved by the Marmara
University (MU) Animal Care and Use Committee.

Surgery and experimental design

One day before the surgery, blood pressures of all rats were
measured and transthoracic echocardiography was made to
obtain the basal values. Following the anesthesia of the rats with
intraperitoneal injection of ketamine (100 mg/kg, i.p.) and
chlorpromazine (0.75 mg/kg, i.p.), two-kidney, one-clip (2K1C,
Goldblatt) procedure was used to induce RVH (28). Briefly, a
silver clip (internal diameter 0.25 mm) was placed around the
left renal artery of rats (n = 30), while the right artery has
remained untouched. Sham-operated control rats (n = 10) had
the similar surgical procedures but the left renal artery was left
unclipped.

Exercise was started three weeks after RVH surgery (n = 15)
and continued for 9 weeks without a prior training period and no
load was applied on the swimming rats. A moderate load
swimming exercise model was selected in the exercise groups
(29). Swimming sessions of 30-min were made in a cylindrical
glass pool (100 × 50 × 50 cm) filled with 35-cm high lukewarm
water and were continued 5 days/week for nine consecutive
weeks. Sham-operated control rats and half of the RVH group
that had surgery on the 3rd week (n = 15) were put on their feet
in a separate glass tank filled with only 5-cm water and were left
sedentary.

Body weights were monitored, and blood pressures were
measured using tail-cuff on a weekly basis throughout the
experiment. RVH surgeries of sedentary and exercised groups
were performed on the 3rd week after the blood pressure
recordings were taken. On the 12th week of the experiment, the
second echocardiographic evaluation was performed and the rats
were decapitated. Heart and thoracic aorta were carefully
removed and blood was collected for the measurement of serum

tumor necrosis factor-alpha (TNF-α), interleukin-2 (IL-2) and
IL-6 levels. Thoracic aorta was placed in a dish containing
chilled Krebs-Henseleit buffer solution aerated with 95% O2 and
5% CO2, while aortic samples were put in a 10% formaldehyde
solution for immunochemistry. Heart weights were measured
and cardiac tissue samples obtained from each animal were
stored at –80°C until the determination of tissue
myeloperoxidase (MPO) and catalase (CAT) activities,
malondialdehyde (MDA) and glutathione (GSH) levels.

Blood pressure measurement

Following the swimming sessions that were repeated for 
5 days of the week, 2 days of rest period was given. After this
interval and before a swimming bout was started, indirect blood
pressure measurements were made by the tail-cuff method
(Biopac MP35 Systems, Inc. COMMAT Ltd., Ankara, Turkey)
on the first day of the week. Rats were placed for 10 min in a
chamber heated to 35°C, and then a cuff equipped with a
pneumatic pulse sensor was wrapped around the tail of the rat
that was placed in an individual plastic restrainer. Blood pressure
recorded from each rat during each measurement period was
averaged from at least three consecutive readings on that
occasion. Blood pressure recordings were made before the first
recording of the rats that had a two-day resting.

Echocardiography

Echocardiographic imaging and calculations were done
using a 12-MHz linear transducer and 5 – 8MHz sector
transducer (Vivid 3, General Electric Medical Systems
Ultrasound, Tirat Carmel, Israel) according to the guidelines
published by the American Society of Echocardiography (30)
Under ketamine (50 mg/kg, i.p.) anesthesia, transthoracic
echocardiography was made from M-mode, and after observing
at least six cardiac cycles, two-dimensional images were
obtained in the parasternal long and short axes at the level of the
papillary muscles. Interventricular septal thickness (IVS), left
ventricular diameter (LVD) and left ventricular posterior wall
thickness (LVPW) were measured during systole (s) and diastole
(d). Ejection fraction, fractional shortening and left ventricular
mass and relative wall thickness were calculated from the M-
mode images using the following formulas:

% ejection fraction = (LVDd)3 - (LVDs)3/(LVDd)3 × 100; %
fractional shortening = LVDd - LVDs/LVDd × 100; left
ventricular mass = 1.04 × ((LVDd + LVPWd + IVSd)3 -
(LVDd)3) × 0.8 + 0.14; relative wall thickness = 2 ×
(LVPWd/LVDd) (30).

Vascular reactivity studies

After removal of the surrounding connective tissue, fresh
thoracic aorta was cut transversely into rings approximately 4-
mm wide and mounted in an organ bath (Biopac MP35 Systems,
Inc. COMMAT Ltd., Ankara, Turkey) containing 20 ml of aerated
(95% O2 and 5% CO2). Krebs-Henseleit buffer maintained at
37°C. The rings were placed under a resting tension of 1.0g.
After a 60-min period of equilibration, the rings were exposed to
80 mM KCl. For the measurement of contractile response to
phenylephrine (10–9 to 10–3 M), cumulative concentration-
response curves were obtained in a stepwise manner, where the
consecutive concentration was added after the response has
reached the plateau. After completion of phenylephrine
concentration curves, tissues were washed 3 times in 30 minutes.
Then, on the rings that were pre-contracted with the submaximal
dose of phenylephrine (3X10–6 M), the relaxation responses were
evaluated by adding increasing cumulative concentrations of
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carbachol (CCh; 10–9 - 10–3 M). Contractile responses to
phenylephrine are expressed as percentages of the maximal
contraction induced by 80 mM KCl, and the relaxation responses
to CCh are expressed as percentages of the contraction caused by
3X10–6 M phenylephrine.

Measurement of cytokines in the serum

Serum levels of tumor necrosis factor-alpha (TNF-α),
interleukin-2 (IL-2) and IL-6 were quantified according to the
manufacturer’s instructions and guidelines (Biosource Europe
S.A., Nivelles, Belgium) using enzyme-linked immunosorbent
assay (ELISA) kits specific for rat cytokines.

Measurement of cardiac myeloperoxidase activity

Tissue MPO activity, which is frequently utilized to estimate
tissue neutrophil accumulation in inflamed tissues, was shown to
correlate significantly with the number of neutrophils
determined by histochemical analysis (31). The method used to
determine MPO activity in the cardiac tissues was similar to that
previously described by others (31). The cardiac tissue samples
(0.2 – 0.3 g) were homogenized in 10 volumes of ice-cold
potassium phosphate buffer (50 mm K2HPO4, pH 6.0) containing
hexadecyltrimethylammonium bromide (HETAB; 0.5%, w/v).
The homogenate was centrifuged at 41,400 g for 10 min at 4°C,
and the supernatant was discarded. The pellet was then re-
homogenized with an equivalent volume of 50 mm
K2HPO4containing 0.5% (w/v) HETAB and 10 mm EDTA
(Sigma). Myeloperoxidase activity was assessed by measuring
the H2O2-dependent oxidation of o-dianizidine 2HCl. One unit
of enzyme activity was defined as the amount of MPO present
per gram of tissue weight that caused a change in absorbance of
1.0 min–1 at 460 nm and 37°C.

Measurement of malondialdehyde (MDA) and glutathione
(GSH) levels in the cardiac tissues

Cardiac tissue samples were homogenized in ice-cold
trichloracetic acid (1g tissue plus 10 ml 10% TCA) in an Ultra
Turrax tissue homogenizer. Homogenized cardiac samples were
centrifuged at 2,000 g for 15 min at 4°C. The supernatant was
removed and re-centrifuged at 41,400 g for 8 min. MDAlevels
were assayed for products of lipid peroxidation by monitoring
thiobarbituric acid reactive substance formation as previously
described (32). Lipid peroxidation was expressed in terms of
MDA equivalents using an extinction coefficient of 1.56 × 10–5

M–1 cm–1 and the results are expressed as nmol MDA/g tissue.
Glutathione measurements were performed using a modification
of the Ellman procedure (33). Briefly, after centrifugation at
2000 g for 10 min, 0.5 ml of supernatant was added to 2 ml of
0.3 mol/l Na2HPO4·2H2O solution. A 0.2 ml solution of
dithiobisnitrobenzoate (0.4 mg/ml 1% sodium citrate) was added
and the absorbance at 412 nm was measured immediately after
mixing. Glutathione levels were calculated using an extinction
coefficient of 1.36 × 105 M–1 cm–1. The results are expressed in
µmol GSH/g tissue.

Measurement of catalase (CAT) activity in the cardiac tissues

The method for the measurement of CAT activity is based on
the catalytic activity of the enzyme that catalyses the
decomposition reaction of H2O2 to give H2O and O2 (34).
Briefly, the absorbance of the tissue samples containing 0.4 ml
homogenate and 0.2 ml H2O2 was read at 240 nm and 20°C
against a blank containing 0.2 ml phosphate buffer and 0.4 ml
homogenate for about 1 min.

Immunohistochemical analysis of endothelial nitric oxide
synthase (eNOS) and inducible nitric oxide synthase (iNOS)
protein distributions in the aorta

Aortae from all groups were fixed in a 10 % formaldehyde
solution and washed in tap water for 2 hours. Then the tissues were
dehydrated with increasing concentrations (70, 90, 96 and 100%)
of ethanol and cleared with xylene. Paraffin-embedded sections
that were cut at 3-µm thickness were de-paraffinized with xylene,
and rehydrated with ethanol and water. Antigen retrieval was
accomplished by Decloacking chamber (Bicare Medical DC2008)
in a citrate diva buffer (DV Sitogen 2004 LX, MX pH 6.2) for 40
min at 110°C. The endogenous peroxidase activity was blocked
with 3% H2O2 (ScyTek ACA 125) for 15 min at room temperature
and later rinsed with phosphate buffered saline (PBS). Blocking
reagent (UVBlocking, SycTek AA125) was applied to each slide
followed by 5 min incubation at room temperature in a humid
chamber. Sections were incubated for 1 hour at room temperature
with rabbit polyclonal eNOS antibody (1:100, eNOS Rabbit PAb,
RB-9279-P) or iNOS antibody (1:50, iNOS Ab-1, Rabbit PAb, RB-
9242-P1). Antibodies were diluted in a large volume of UltrAb
Diluent (TA-125-UD). The sections were biotinylated goat anti-
rabbit antibodies (TS-060-HR, SycTek ABF125). After slides were
washed in PBS, the streptavidin peroxidase label reagent (TS-060-
HR, HRP SycTek ABG125) was applied for 20 min at room
temperature in a humid chamber. The colored product was
developed by incubation with 3,3’-diaminobenzidine
tetrahydrochloride dihydrate (DAB) (Thermo Scientific RTU TA-
060-HD). The slides were counterstained with Mayer’s
hematoxylin (LabVision, TA-125-MH) and mounted in entellan
(Shandon Ref: 999040). Immunohistochemical staining was
photographed with light microscope (Leica 390-CU, Germany).

Statistical analysis

Statistical analysis was carried out using GraphPad Prism
6.0 (GraphPad Software, Inc. La Jolla, CA, USA). All data are
expressed as means ± S.E.M. Groups of data were analyzed
using one-way ANOVA followed by Tukey’s multiple
comparison test or Student’s t test where appropriate. Values of
P< 0.05 were regarded as significant.

RESULTS

Effect of exercise performed after the onset of renovascular
hypertension on blood pressure

The basal systolic blood pressures that were recorded before
starting the experiments were not different among three groups
(Fig. 1). As expected in the current RVH model, mean systolic
blood pressures measured on the 3rd week of clip placement were
elevated in the sedentary RVH and the exercised RVH groups
significantly as compared with the blood pressures of the control
group (P< 0.001), indicating the onset of hypertension. Even on
the 12th week, the high blood pressure of the RVH group that has
exercised for 9 weeks was not significantly different than that of
the sedentary RVH group.

Effect of exercise performed after the onset of renovascular
hypertension on cardiac hypertrophy and renal atrophy

In order to assess cardiac hypertrophy, the ratio of the heart
weight (mg) to the body weight (g) (HW/BW) measured on the
day of decapitation was used. The body weights of the rats were
increased gradually throughout the 12-week experimental period
without any significant differences among the experimental
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groups. However, the HW/BWratios calculated in the sedentary
and exercised RVH groups were significantly increased when
compared with the ratio of the control group (P< 0.001, Table
1), suggesting eccentric cardiac hypertrophy. Renal atrophy
index, which is the ratio of the clipped left kidney weight (mg)
to the body weight (g), was measured on the day of decapitation.
Renal atrophy indices of both the sedentary and exercised RVH
groups were decreased with respect to sham-operated control
group (P< 0.001, Table 1), confirming the experimental model
of hypertension.

Effect of exercise performed after the onset of renovascular
hypertension on echocardiographic measurements

Transthoracic echocardiography measurements (Fig. 2)
monitored on the 12th week are summarized in Table 1. When
compared to sham-operated control group, RVH caused
significant increases in IVS, LV end-diastolic and LV end-
systolic dimensions of the sedentary group (P< 0.01 – 0.001),
while these parameters were reduced in the exercised RVH
group (P< 0.05 – 0.01; Table 1). Furthermore, reductions in
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Fig. 1. Systolic blood pressure measurements in the sedentary sham-operated control (n = 10), sedentary RVH (n = 15) and exercised
RVH (n = 15) groups. Systolic blood pressure recorded by tail-cuff from each rat was averaged from at least three consecutive readings
on that occasion. “Week 0” represents the recordings obtained before clip placement, “week 3” and “week 12” represent the respective
weeks following clip placement. “Week 3” corresponds to the time-point for the initiation of exercise sessions and “week 12”
corresponds to the 9th week of the exercise sessions.
***P < 0.001: compared to control group.

Sham-operated 

control 

Sedentary RVH Exercised RVH

Cardiac oxidative stress parameters  

Malondialdehyde (nmol/g tissue) 17.2 ± 1.9 51.8 ± 4.2
***

 17.4 ± 1.2
+++

Myeloperoxidase (U/g tissue) 4.8 ± 0.8 13.2 ± 1.6
***

 4.8 ± 0.6
+++

Glutathione (µmol/g tissue) 3.5 ± 0.2 1.5 ± 0.04
***

 3.09 ± 0.1
+++

Catalase (U/mg protein) 231.2 ± 9.2 159.3 ± 11.9
***

 194.3 ± 11.8
+

Serum cytokine levels  

TNF-� (pg/ml) 25.3 ± 7.7 80.3 ± 6.4
***

 48.1 ± 8.6
+

IL-2 (pg/ml) 54.1 ± 13.2 180.3 ± 18.1
***

 97.0 ± 11.5
++

IL-6 (pg/ml) 8.0 ± 1.3 18.5 ± 2.3
***

 15.9 ± 0.5
**

Echocardiographic measurements 

IVS (mm) 2.2 ± 0.1 3.9 ± 0.2
***

 2.9 ± 0.2
+

LVDs (mm) 2.7 ± 0.2 5.0 ± 0.2
***

 3.6 ± 0.2
+

LVDd (mm) 4.3 ± 0.2 6.0 ± 0.2
**

 3.7 ± 0.2
++

Ejection fraction (%) 80.3 ± 1.2 67.3 ± 2.3
**

 75.6 ± 3.2
++

Fractional shortening (%) 49.3 ± 2.1 25.8 ± 2.3
***

 39.6 ± 2.2
++ 

Morphological changes 

Heart weights (mg/g body weight) 2.8 ± 0.1 4.1 ± 0.2 
***

 4.2 ± 0.1
***

Renal weights (mg/g body weight) 2.56 ± 0.13 0.92 ± 0.3
***

 0.6 ± 0.05
***

Table 1. Cardiac oxidative stress parameters, serum proinflammatory cytokine levels, echocardiographic measurements and
morphological changes in the sham-operated control, sedentary renovascular hypertension (RVH) (n = 15) and exercised RVH (n = 15)
groups. IVS, interventricular septal thickness; LVDd, left ventricular diameter in diastole; LVDs, left ventricular diameter in systole. **P
< 0.01, ***P < 0.001 compared with the control group. +P< 0.05, ++P< 0.01, +++P< 0.001, compared with the sedentary RVH group.



ejection fraction and fractional shortening observed in the
sedentary RVH group (P< 0.01 – 0.001) were found to be
elevated in the exercised RVH group (P< 0.01).

Effect of exercise performed after the onset of renovascular
hypertension on the contraction and relaxation of the aortic
rings

In the aortic rings of the sham-operated control rats, addition
of 10–9 to10–3 M phenylephrine cumulatively into the organ bath
caused a concentration-dependent contraction, reaching the 50%
maximal response (EC50) at the 7.83 × 10–7 M concentration (Fig.
3A). Both in the sedentary RVH or exercised RVH groups that had
a 9-week duration of hypertension after its onset, the contractile

responses of the aortic rings to phenylephrine were significantly
amplified, demonstrating reduced EC50 values (6.87 × 10–7 M and
5.9 × 10–7 M, respectively).

CCh added cumulatively at doses of 10–9 to 10–3 M to aortic
rings of sham-operated control group, which were pre-
contracted with the submaximal (60 – 70% of maximal
contraction) dose of phenylephrine (3 × 10–5M), caused a dose-
dependent relaxation response with an EC50 value of 1.84 ×
10–6 M (Fig. 3B). EC50 value in the sedentary RVH (1.42 ×
10–6 M) was not different than that of the control group, while in
the exercised RVH groups EC50 value of the relaxation
responses was significantly higher (3.62 × 10–6 M; P < 0.05) as
compared to the control group, indicating a decrease in the CCh-
induced aortic relaxation.

49

Fig. 2. Representative echocardiographic scans
of (A) the sedentary sham-operated control
group with normal M-mode view; (B) sedentary
renovascular hypertension (RVH) group with
increased interventricular septum and left
ventricular posterior wall thickness; and (C)
exercised RVH group, demonstrating normal
M-mode view as the sham-operated group.



Effect of exercise performed after the onset of renovascular
hypertension on the serum levels of pro-inflammatory cytokines

Serum levels of pro-inflammatory cytokines TNF-α, IL-2
and IL-6 were increased in the sedentary RVH group as
compared to the control group (P< 0.001; Table 1). In the
exercised RVH group, TNF-α (P < 0.05) and IL-2 (P< 0.01)
levels, but not IL-6 levels, were significantly depressed.

Effect of exercise performed after the onset of renovascular
hypertension on the cardiac malondialdehyde and glutathione
levels, myeloperoxidase and catalase activities

In the sedentary RVH group, cardiac MDAlevel was
significantly higher than that of the sham-operated control
group, indicating increased lipid peroxidation (P< 0.001; Table
1). Exercise performed after the onset of RVH abolished this
increase and returned the cardiac MDAlevels back to control
levels (P< 0.001). Similarly, MPO activity, which is accepted as
an indicator of neutrophil infiltration, was significantly higher in

the cardiac tissues of the sedentary RVH group (P< 0.001) as
compared to the control group (Table 1). However, exercise
significantly decreased the cardiac MPO activity when it was
performed after the onset of RVH (P < 0.001).

In accordance with increased MDAlevel and MPO
activity, induction of RVH in the sedentary rats caused
significant reductions in cardiac GSH levels and CAT
activities, when compared to those of the control rats (P<
0.001, Table 1). However, in the exercised RVH group, GSH
levels and CAT activities were replenished significantly (P<
0.001 and P< 0.05).

Effect of exercise performed after the onset of renovascular
hypertension on the immunohistochemical staining of inducible
nitric oxide synthase and endothelial nitric oxide synthase in
the aorta

Qualitative immunohistochemical analysis on the aortic
tissues of the sham-operated control rats revealed that the iNOS
immunoreactivity was evident in tunica media layer (Fig. 4A).

50

Fig. 3. (a) Concentration-response curves
obtained by cumulative addition of
phenylephrine (PE) to rat thoracic aorta. RVH
increased contractile activity of sedentary and
exercised RVH groups in comparison to
sedentary sham-operated control group (*P<
0.05). Points indicate percentage of contraction
induced by 124 mM KCl. (b) Concentration-
response curves obtained by cumulative
addition of carbachol (CCh) to rat thoracic aorta
strips pre-contracted with 30 mM
phenylephrine. RVH impaired relaxation
response in the sedentary group with respect to
sedentary sham-operated control group (*P<
0.05), and the relaxation response in the
exercised RVH group was higher than that of
the sedentary RVH group (+P< 0.05). Values are
shown as mean ± S.E.M. of eight experiments.



However, the iNOS immunostaining (dark brown) of aortic wall
layers appeared to be more intense in the sedentary RVH (Fig.
4B) and exercised RVH (Fig. 4C) groups as compared to the
control group. Normal eNOS immunoreactivity was observed in
the tunica media layer of the sham-operated control group (Fig.
4D). The dark brown immunostaining indicating eNOS activity
was more abundant in the exercised RVH group (Fig. 4F)
compared to the sham-operated control group. However, in the
sedentary group, the immunostaining of eNOS was not observed
in none of the layers of the vessel wall (Fig. 4E).

DISCUSSION

The present results demonstrate that blood pressure, aortic
contractile response, left ventricular dimensions, cardiac
oxidative damage and aortic iNOS staining were increased in the
sedentary rats, while eNOS staining in the aorta and ejection
fraction were decreased. Exercise after RVH reversed the
echocardiographic alterations and oxidative parameters and
increased the staining of aortic eNOS, indicating the positive
impact of exercise on RVH-induced oxidative damage and
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Fig. 4. Representative photomicrographs of thoracic aortae cross sections showing immunohistochemical staining for iNOS and eNOS
at tunica media (TM) and tunica adventitia (TA) layers of the sedentary sham-operated control (A, D), sedentary RVH (B, E) and
exercised-RVH (C, F) groups. Immunohistochemical staining was observed as dark brown on the background staining with
hematoxylin. Original magnification: ×100, inset: ×400.



cardiac dysfunction. The reversal of RVH-induced increases in
the pro-inflammatory cytokines and the oxidant/antioxidant
imbalance in the cardiac tissue implicate the therapeutic effects
of exercise on hypertension-induced oxidative injury.

It has been shown that physical exercise delays the
generation of hypertension and reduces the level of high blood
pressure (16) when exercise is started before the development of
hypertension. However, our data suggests that implementing
exercise sessions after the development of hypertension -
starting by the third week of RVH surgery - had no effect on high
blood pressure, but improved oxidative damage and cardiac
dysfunction. This anti-oxidant effect of exercise was reached
even no load adjustments were made throughout the swimming
sessions. These data implicate that starting exercise as a life style
change following the development of hypertension cannot
reduce blood pressure, but can be of benefit in controlling the
oxidant/antioxidant balance in the cardiac tissue.

In the long term, hypertension often yields left ventricular
hypertrophy, which is a major risk factor for the development of
coronary heart disease, ventricular arrhythmia, and sudden
cardiac death (35). Despite any changes in the heart weight, our
data revealed that induction of RVH in sedentary rats resulted in
increased left ventricular end-diastolic/end-systolic dimensions
and thickened left interventricular septum with a concomitant
reduction in ejection fraction. The occurrence of hypertensive
vascular disease involves several hemodynamic mechanisms
including myocyte hypertrophy, collagen deposition, increased
ratio of arteriolar wall thickness/lumen and coronary arteriolar
compression by the left ventricle (36). In addition, increased
oxidative stress was shown to play an important part in the
pathogenesis of experimental renovascular hypertension (37). In
vivo and in vitro studies demonstrated that vascular endothelial
cells release cyclooxygenase-derived endothelium-dependent
contracting factors and ROS, resulting in facilitated
vasoconstriction along with impaired endothelium-dependent
relaxation mediated by the NO production (12, 38-42). Since
eNOS has a major role in determining blood flow and resistance
(43, 44), impairment in its expression or its increased
phosphorylation, as well as the presence of oxidative stress, may
result in endothelial dysfunction (45). Our results revealed that
decreased eNOS and increased iNOS staining were observed in
the aorta of sedentary rats with RVH. In accordance with these
results, we also demonstrated that aortic contractile response
was exaggerated along with a diminished relaxation response to
CCh, showing that altered iNOS/eNOS activities result in aortic
dysfunction. Moreover, exercise reversed the
contraction/relaxation responses in parallel with a possible
improvement in endothelial function.

Evidence obtained from animal (46, 47) and human studies
(48, 49) indicate that oxidative stress induced by hypertension
cause damage in several target organs (50). On the other hand,
several antioxidants, including GSH, vitamin C, and superoxide
dismutase were reported to improve blood pressure control and
vascular function in animals with hypertension and
atherosclerosis (51, 52).As with the antioxidants, acute/chronic,
low/moderate-intensity exercise is well known to decrease the
elevated blood pressure and delay the onset of hypertension (53-
59) with a significant improvement in arterial and cardiac
remodeling (57, 60). Accordingly, when added to many
pharmaceutical antihypertensive therapies, exerciseis widely
recommended to reduce high blood pressure (58, 61). However,
it has been also reported that the best strategies to enhance
endogenous antioxidant levels may themselves result in
oxidative stress (62), and high intensity exercise may induce
oxidative stress due to the generation of ROS exceeding the
defense capacity of the tissues (63, 64). On the other hand, high
levels of antioxidant enzymes with a greater resistance to

exercise-induced oxidative stress have been observed in
individuals undergoing exercise (65, 66). In spontaneously
hypertensive rats, exercise has improved endothelium function
with increased elastin, fibrillin and eNOS content in the aortic
wall (67). In keeping with these data, the current findings
revealed that oxidative stress due to RVH was ameliorated by
physical exercise, while cardiac dysfunction was significantly
improved, suggesting that exercise-induced improvements of
cardiac function in RVH may be associated with reduced ROS
production. Despite the beneficial effects of exercise on RVH-
induced oxidative stress, RVH-induced hypertension was not
affected. In the 2K1C renin-dependent RVH rats, oxidative
stress is not the only involved pathophysiological mechanism. It
was shown that depression of the central atrial natriuretic factor
in 2K1C hypertension may further promote the elevation of
blood pressure (68). Thus, the central adaptations following the
induction of RVH that result in the hyperactivity of the arteriolar
smooth muscle could not be reversed by exercise.

Recent data have suggested that one of the 3 polymorphisms
of endothelial NOS genotype (NOS3), which control the
synthesis of NO, could be associated with an enhanced risk for
essential hypertension in adults (69). Experimental studies have
also shown that endothelial injury aggravates the inflammatory
response through the loss of normal production of eNOS, while
its induction improves the injurious effects of oxidative stress
(70). In association with these data, the present study reveals that
the protection against oxidative stress afforded by regular
exercise in RVH involves eNOS upregulation and iNOS
suppression. Previously, different exercise protocols were shown
to reduce increased lipid peroxidation, xanthine oxidase activity,
nitrotyrosine and O2– levels, iNOS expression in various models
of hypertension (71-75). Although our present qualitative data
on the eNOS and iNOS staining do not provide concrete
evidence that could be confirmed by Western blotting, the
alterations in the overall staining of the tunica media along with
the contractility data suggest that both eNOS and iNOS activities
are modified by exercise in rats with RVH. Accordingly,
decreased iNOS staining and increased eNOS staining in the
aorta of exercised rats were accompanied with reductions in
neutrophil accumulation and lipid peroxidation, while GSH and
catalase were replenished in accomplishing the anti-oxidative
effect of exercise. In parallel to our results, a recent study has
shown that agents restoring vascular NO via the augmentation of
cytoprotective NO release were proved to reduce both
inflammation and hypertension in hypertensive rats with
diabetes (76).

In hypertensive patients, the plasma levels of the pro-
inflammatory cytokines were reported to increase, verifying that
hypertension is a chronic low-grade inflammation (26, 27).
Inflammatory active state in hypertension induces the activation
of numerous pro-inflammatory genes (TNF-α, IL-1β, IL-6, and
monocyte chemoattractant protein-1 (MCP-1) (77). Pro-
inflammatory cytokines have been found to activate ROS, which
in turn can activate various intracellular signaling pathways (78).
In the current study, exercise depressed RVH-induced elevations
in TNF-α and IL-2, suggesting the inhibitory effect of exercise
on pro-inflammatory cytokine production. However, RVH-
induced elevations in IL-6 were not significantly reduced by
exercise, which may be explained by the direct stimulatory effect
of muscle contraction on the generation of IL-6 as a myokine
(79). Blunted endothelium-dependent relaxation of pre-
contracted aortic rings and decreased eNOS expression observed
as indicators of endothelial dysfunction in the current study may
be associated with the overproduction of ROS, which have a
major role in the development and progression of hypertension
(78, 79). Thus, the decreased bioavailability of NO, as well as
increased ROS production, accompanied with the generation of
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inflammatory cytokines (82-84) could be contributing to blood
pressure elevation and the progression of renal disease by
facilitating the remodeling of the vascular wall. Although the
effects of exercise as a protective and therapeutic tool in
improving antioxidant capacity and reducing oxidative tissue
damage were extensively studied (85-91), impact of regular
moderate exercise on renovascular hypertension-induced
oxidative cardiac injury was not elucidated thoroughly yet. A
recent study has shown that exercise reversed the RVH-induced
blockade of endogenous NO generation within the
paraventricular nucleus (92). The present results indicate an
increment in cytokine levels in sedentary RVH (93), while
exercise exerted a protective effect on cardiac tissue concomitant
with a reduction in the levels of the pro-inflammatory cytokines.
In accordance with the pronounced activation of the
inflammatory markers, RVH in the sedentary rats elevated the
cardiac MDA levels and MPO activity and depleted the
antioxidant GSH and catalase contents of the cardiac tissue,
while regular swimming exercise performed after the onset of
RVH attenuated oxidative damage by up-regulating the cardiac
antioxidant defense system. Similarly, treadmill exercise has
resulted in the up-regulation of aortic and cardiac antioxidant
defense systems of hypertensive rats (72, 73). Meta-analysis of
randomized controlled intervention trials have shown that
exercise has more pronounced effects on the blood pressure of
hypertensive patients as compared to normotensive subjects that
have followed the similar exercise programs (55), and it is
widely recommended to all hypertensive patients (1, 94, 95).

Based on our results, it can be concluded that moderate
exercise ameliorates endothelium dysfunction and cardiac
oxidative stress even after emergence of hypertension, and
merits consideration as a preventive and a therapeutic tool for
renovascular hypertension. Physical activity, as a part of lifestyle
modification, should be considered as a common therapeutic
intervention for the control of renovascular hypertension and
associated cardiovascular outcomes.
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