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Nitric Oxide Synthesis Blockade Increases Hypertrophy and Cardiac
Fibrosis in Rats Submitted to Aerobic Training
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Summary
Objective: The objective of the present study was to evaluate cardiac tissue adaptations in rats submitted to aerobic
training after nitric oxide (NO) synthesis blockade.

Methods: The animals (n=48) were divided into four groups: sedentary (CONTROL group); hypertensive after administration
of NG-nitro-L-arginine methyl ester for 7 days (L-NAME Group); trained for 8 weeks through swimming exercises (TRAINED
Group);trained and treated with L-NAME during the last week (L-NAME TRAINED Group). All the animals were submitted
to the experiment procedures for blood pressure (BP) readings and cardiac morphometric evaluation.

Results: In comparison to the other groups, the L-NAME and L-NAME TRAINED groups were hypertensive (p<0.05);
however, BP elevation in the L-NAME TRAINED group was significantly lower than the L-NAME group (p<0.05). The
heart weight indexes for the TRAINED and L-NAME TRAINED groups were higher than the CONTROL and L-NAME
groups (p<0.05). Also they had presented higher rates of macroscopic cardiac area and cardiac fibrosis in relation to the
rest (p<0.05); comparisons revealed that the values for the L-NAME TRAINED group were significantly higher (p<0.05)
than the others.

Conclusion: Short term NO synthesis blockade in sedentary animals induced hypertension but did not cause cardiac
hypertrophy. In the trained animals, the inhibition of NO synthesis attenuated hypertension, induced cardiac hypertrophy
and significantly increased myocardial fibrosis, indicating that NO plays an important role in cardiac tissue adaptations
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caused by aerobic exercise. (Arq Bras Cardiol 2007;89(2):88-93)
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Introduction

The discovery of endothelial derived endogenous factors,
particularly nitric oxide (NO)', began a new chapter in the
understanding of cardiovascular pathology mechanisms, as
well as in methods of prevention and treatment.

NO, in addition to its potent vasodilator action, induces
other important vascular, renal and cardiac effects including
inhibiting platelet aggregation, modulation of the glomerular
filtration rate and effect on vascular and cardiac remodeling?®.
In turn the diminished endogenous NO production is related
to the reduction of endothelial-dependent vasodilatation in
patients with hypertension, hypercholesterolemia, diabetes
or arteriosclerosis®.

In relation to cardiac remodeling, NO seems to be an
important endogenous factor in the modulation of hypertrophic
growth, both indirectly through its hypotensive effect via
peripheral artery dilatation, promoting afterload reduction
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and through via ditation of the venous system reducing the
preload>®. Additionally, other studies have shown that NO is
also more directly involved in cardiac remodeling, since its
reduction causes significant morphological alterations such as
necrosis foci, increased fibrosis, apoptosis, reduction of cardiac
angiogenesis and consequent pathological hypertrophy’'".
Nevertheless, literature on cardiac hypertrophy development
and the effects of acute or chronic NO synthesis inhibition
with L-arginine analogous agents, such as N°®-monomethyl-
L-arginine (L-NMMA) or NS-nitro-L-arginine methyl ester
(L-NAME) that result in the consequent elevation of BP is
controversial?3'15,

On the other hand, aerobic exercise has been widely
used as an anti-hypertensive therapy to attenuate the effects
of cardiovascular risk factors. It has also been demonstrated
that aerobic exercise, in addition to promoting significant
alterations in cardiocirculatory autonomic control'®'?, also
induces tissue adaptations, mainly in the heart'*2?'. These
adaptations promote excentric cardiac hypertrophy (addition
of sarcomeres in series), which improves ejection function,
promotes increased life expectancy and helps prevent
cardiac events. Even though various mechanisms have been
indicated to explain these adaptations, very few studies have
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been conducted on the possible participation of NO in this
physiological myocardial hypertrophy modality as a result of
physical exercise.

Thus, based on the abovementioned facts, the objective
of the present study was to evaluate the effects of short term
NO synthesis blockade on cardiac tissue adaptations in rats
submitted to aerobic exercise.

Methods

All experimental procedures involved in this study were
approved by the ethics committee for animal experiments of the
University of Sao Paulo, Ribeirdo Preto School of Medicine.

Animals - Male Wistar rats (120 — 150g) were separated
in individual cages with controlled temperature (21°C) and
a 12 hour light/dark cycle. The animals were given animal
feed and water ad libitum for 3 days before the start of the
experimental procedure.

Experiment groups - The animals were divided into 4
experimental groups: 1) normotensive rats treated with animal
feed and water ad libitum for 8 weeks (CONTROL group;
n=12); 2) rats treated with animal feed and water ad libitum for
8 weeks, with L-NAME dissolved in the drinking water (70mg/kg)
during the last week (L-NAME group; n=12); 3) rats submitted
to swim training for 8 weeks (TRAINED group; n=12); 4) rats
submitted to swim training for 8 weeks and given L-NAME
during the last week (L-NAME TRAINED group; n=12).

Physical training - The 8-week swim training program was
conducted in a glass aquarium (100 cm long, 80 cm wide and
80 cm high) with heated water (30°C). Before beginning the
training program, the animals were submitted to a two-week
adaptation program, that is, the water exercise began with
10 minutes and was gradually increased to 45 minutes. After
the adaptation program, the animals were further divided
into subgroups of 4 animals and trained for 1 hour per day,
6 days per week. The animal groups that were not trained
were submitted to water stress for 2 minutes per day during
the training timeframe.

Experimental protocol - On the sixth day of the last
week, the animals underwent surgery with tribromoethanol
anesthesia (250 mg/kg, i.p.), to insert the femoral artery
cannula for BP monitoring. The animals remained sedated
with tribromoethanol for 24 hours after the surgery. When
the animals came to, BP was recorded for 30 minutes using a
pressure transducer (ADInstruments — MLT0380) connected
to the artery cannula that sent the signal to an amplifier
(ADInstruments — ML110) and then to a computerized data
acquisition system (ADInstruments - PowerLab 8/30). After the
BP measurements were recorded, the animals were sacrificed
and their hearts were removed, photographed and fixed in
formaldehyde (10%). The macroscopic morphometry was
conducted using Image J (NIH, 2004) software as per the
instructions in the online operation manual?>. Next, 3mm
thick cross sections of the heart were taken from two regions:
one at the entry point of the inferior vena cava into the right
atrium and the other at the mid third of the left ventricle. The
two section fragments were then processed and embedded in
paraffin. The histochemical methods used were: hematoxylin—
eosin (HE) staining to measure left ventricle thickness, and

Picro-sirius staining to quantify the cardiac fibrosis areas.
After HE and Picro-sirius staining, the left ventricle thickness
and myocardial fibrosis area were quantified using a video
camera connected to a standard light microscope that sent
the microscopy images to an image analysis system (KS 300
Kontron-Zeiss™). This system is basically comprised of a
standard light microscope connected to a color video camera,
a high definition video monitor and a processing unit with a
video card.

The left ventricle thickness of each case was estimated
using four equally distributed measurements in the area visible
on the video which covered the right, left, upper and lower
sides of left ventricle cross section on the slide. The slide was
positioned before the condenser and an x5 objective lens
was used for these measurements. An average left ventricle
thickness was calculated for each case using the measurements
from the four distinct positions on the left ventricle cross
section. Quantification of cardiac fibrosis was performed using
the accumulated mean calculation method, estimating the
number of representative fields. Eight fields were quantified for
each case. Fibrosis was calculated using the arithmetic mean of
the eight fields. A standard light microscope and polarizer filter
were used for visualization of the Pico-sirius stained fibrosis
areas; these areas were quantified morphometrically.

Statistical analysis - The results were presented as MEAN
+ SEM. A computer spreadsheet was prepared for statistical
analysis of the information using the software program
Sigma-Stat™, version 2.03. Analysis of normal homoscedastic
variables was conducted using ANOVA variance analysis with
the Tukey post-hoc test. Statistically significant difference was
established as p less than 5% (p<0.05).

Results

Table 1 shows that the L-NAME and L-NAME TRAINED
groups were hypertensive in relation to the CONTROL and
TRAINED groups. Comparison of the hypertensive groups
revealed that the L-NAME group was significantly more
hypertensive than the L-NAME TRAINED group (p<0.05). In
relation to heart rate (HR) the L-NAME group, in comparison
to the other groups, was tachycardic (p<0.05). On the other
hand, the TRAINED and L-NAME TRAINED groups were
bradycardic in relation to the CONTROL group (p<0.001).
When compared to the TRAINED group, the L-NAME TRAINED
group presented more intense bradycardia (p<0.05). Figure
1 shows the morphometric cardiac parameters for all study
groups. Figure 1A represents the heart weight index (mg/g)
for all groups and shows increases for the TRAINED (3.57 =
0.04 mg/g) and L-NAME TRAINED (3.79 + 0.08 mg/g) groups
in relation to the CONTROL (3.2 = 0.04 mg/g) and L-NAME
(3.29 = 0.04 mg/g) groups (p<0.05). Figure 1A also shows that
the L-NAME TRAINED group presented higher heart weight
indexes than the TRAINED group (p<0.05).

Figure 1B reveals that the left ventricle wall thickness was
similar for all study groups. In turn figure 1C demonstrates
that the cardiac macroscopic areas were unaltered for the
CONTROL (1.20 = 0.05 mm?) and L-NAME (1.14 = 0.03
mm?) groups; however, alterations were seen in the TRAINED
(1.49 = 0.03 mm?) and L-NAME TRAINED (1.66 = 0.03 mm?)
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Table 1 - Basal hoemodynamic parameters

Control
(n=12)
Mean blood pressure (mmHg) 99 = 4
Heart rate (bpm) 348 £ 5

L-NAME Trained L-NAME Trained

(n=12) (n=12) (n=12)

103 £ 2 130 = 5%+ 6@ == =
401 = 11* 316 = 6% 291 + 7%+

Values expressed as MEAN = SEM; CONTROL group; L-NAME group (NG-nitro-L-arginine methyl ester); TRAINED group and L-NAME TRAINED group. * P <
0.05 when compared to the CONTROL group; + P < 0.05 when compared to the [-NAME group; t P < 0.05 when compared to the TRAINED group.

groups in comparison to previous and individual measurements
(p<0.05), and the L-NAME TRAINED group presented the
highest values. Figure 1D represents the analysis of cardiac
fibrosis percentages by area for all study groups and shows that
the TRAINED (0.71 = 0.07 %) and L-NAME TRAINED (0.86
= 0.03 %) groups presented greater percentages of fibrosis
in relation to the CONTROL (0.56 + 0.03 %) and L-NAME
groups (0.60 = 0.05 %) (p<0.05), and when compared, the L-
NAME TRAINED group also presented the highest percentage
(p<0.05). Figure 2 shows a representative histological section
for each study group and demonstrates the increased fibrosis
found in the TRAINED and L-NAME TRAINED groups.

Discussion

The NO synthesis blockade using L-NAME in the sedentary
rats caused hypertension, however, no visible morphometric

alterations were observed in the cardiac tissue when
compared with the sedentary normotensive group. On the
other hand, aerobic swim training alleviated the L-NAME
induced hypertension during the last week of exercise.
Additionally, the NO synthesis blockade during seven days
in rats submitted to aerobic exercise induced significant
morphometric cardiac alterations.

According to all indications, attenuation of hypertension in
the TRAINED AND L-NAME TRAINED groups, demonstrated
the preventative effect of physical exercise during the
progression of this experimental hypertension model.
Nevertheless, in this study we were not able to identify the
mechanism responsible for hypertension attenuation. On the
other hand, various studies have demonstrated the importance
of physical activity as a preventative measure and treatment
for hypertension indicate some mechanisms that could
contribute to BP attenuation for both experimental animals
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Fig. 1 - Values are expressed as MEAN = SEM; A) Heart weight index; B) Left ventricle thickness; C) Cardiac macroscopic area; D) Cardiac fibrosis. * P < 0.05 when
compared to the CONTROL group; + P < 0.05 when compared to the L-NAME group; + P < 0.05 when compared to the TRAINED group.

Arq Bras Cardiol 2007; 89(2) : 88-93



Souza et al
Hypertension, exercise and cardiac tissue adaptations

Original Article

A) CONTROL; B) L-NAME; C) TRAINED; D) L-NAME TRAINED.

Fig. 2 - Typical histological section for each studly group, showing the Picro-sirius stained cardiac fibrosis through a polarized filter connected to a standard light microscope.

and humans. Among the mechanisms indicated, it appears
that the reduction of cardiac and vascular sympathetic activity
associated with diminished peripheral vascular resistance is
involved'®#*2# Other studies also demonstrated that physical
training promotes BP reduction through the drop in cardiac
output, reduction of serum catecholamine levels and oxidative
stress*>*. Improvement in endothelial vasodilatation function
and alterations in the renin-angiotensin-aldosterone system
also appear to be involved?-32,

In relation to the absence of cardiac hypertrophy in the
sedentary rats submitted to experimental L-NAME induced
hypertension, it is possible that NO synthesis inhibition over a
period of seven days was not sufficient to cause hypertrophy.
Various authors that have demonstrated cardiac hypertrophy
induced by chronic NO synthesis blockade, used treatment
timeframes of more than four weeks even though the daily
L-NAME doses were lower than those used in our study?>23.
On the other hand, the purpose of the present study was to
investigate blood pressure trends and cardiac morphometric
alterations in animals submitted to an established aerobic
exercise protocol with the main objective of evaluating the
ability of the established training program to preventively
attenuate these alterations. The relevant fact of this study
was the observation that the hypertensive sedentary
animals did not present cardiac hypertrophy. whereas the
animals submitted to the 8-week aerobic exercise program
did. It appears that the two groups presented excentric
hypertrophysince, for all study groups, no difference was

observed in ventricle thicknesses which coul be associated
with an increase in the macro area of the trained groups. This
type of cardiac hypertrophy, called physiologic, is a result
of remodeling induced by exercise and in particular aerobic
exercise. It is caused by mechanical adaptations such as
ventricle wall dilation due to the volume overload induced
by the increased venous return. This dilation causes the
cardiomyocytes to add sarcomeres in series which increases
contractile strength®*. On the other hand, concentric cardiac
hypertrophy occurs in pathological conditions such as
hypertension. It is caused by the addition of sarcomeres in
parallel, however, with a large proliferation of fibroblasts,
which increases the extracellular matrix (fibrosis), apoptosis
and necrotic tissue. As a consequence, this series of events
leads to heart failure3*3.

Even though concentric hypertrophy, characteristic of the
hypertension, was not observed in this study, the L-NAME
TRAINED animals presented significant increases of fibrosis,
demonstrating the important role of NO in exercise induced
cardiac remodeling. The TRAINED group also presented
increased cardiac fibrosis, although to a lesser degree,
however, it is well known that this is common and is a result
of physiological hypertrophy due to the proportional increase
of all tissue components, or in other words, contractile tissue
(cardiomyocyte) and non-contractile tissue (connective tissue
and extracellular matrix)*.

The considerable increase of fibrosis presented by the
L-NAME TRAINED group seems to reflect the important
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role of NO in exercise induced cardiac remodeling. Some
authors have demonstrated that hypertension induced
pathological hypertrophy is a result of the action of humoral
factors, mainly angiotensin 11°°. The intracellular cascade
of events induced by these factors appears to promote,
among other effects, increased cardiac fibrosis, considerable
cardiomyocyte apoptosis elevation, contractile depression
and cardiac dysfunction in response to B-stimulation which
gradually progresses to lethal cardiomyopathy®-°. The
role of NO, in these situations is to prevent or attenuate
myocardial hypertrophy, cardiac fibroblast proliferation and
cardiomyocyte apoptosis. This effect appears to depend on the
production and release of bradykinin via the AT,R angiotensin
Il receptor, leading to the formation of NO (bradykinin/NO-
dependent), offsetting the pathological hypertrophy induced
by the activation of the AT, receptor'’. On the other hand,
even though the mechanism is unclear, NO is also involved
in the angiogenesis process, which explains the increased
cardiac fibrosis observed in the L-NAME TRAINED group®.
Generally speaking, exercise induces angiogenesis in various
tissues when they are stimulated. This is also true for the
heart muscle and the increased demand induced by exercise
promotes increased intramyocardial angiogenesis'™. Since the
NO production was blocked by L-NAME, it is possible that
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